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Abstract

Peripheral nerve repair outcomes have lagged betontparable surgical techniques for
many decades. A number of advanced approaches biesre adopted over the last ten
years. In particular the application of electrichimulation during a repair is of great
interest. It is clear that electrical stimulatiohregenerating nerve tissue has a great many
effects and can improve functional outcomes forigpé$. This work has focused on
developing systems capable of applying accuratdraldields on the microscale within a
biodegradable conduit, powered wirelessly. Expentmevere conducteth vitro with a

view to making progress towards ianvivo implementation.

Electrical stimulation was applied to regeneratsensory neurong vitro, from a rat
dorsal root ganglion. Mechanical guidance cuesnalig neurons towards different
microelectrode configurations in order to recore ¢ffect of applied electrical stimulation.
This was performed using custom stimulation modufd-8 microgrooves and Ti/Au
electrodes acted as mechanical and electricalrespgctively. This method was employed
to great effect, identifying the effect of a numloérelectrical stimulation parameters. This
led to a stimulation protocol featuring a 1:4 dutycle, 20 mV amplitude, 100 Hz
sinusoidal signal. This produced a number of irseng effects, including neuronal turning
and a barrier formation. These results, demonstratahecellular level using a custom
device and an autonomous stimulation system iltessr progress towards an optimised

electrical stimulation waveform for neuronal growetimtrol.

A novel transfer printing process was developegrmduce patterned gold films on the
biodegradable polymer, polycaprolactone. Patteedt00 nm thick, was transferred to a
sheet of the polymer, producing a 15 turn, spiraductor. The inductor was then
electroplated to a thickness of @t and wire-bonded. Power and data were transferred
wirelessly to the receiver circuit. Receiver citsyiconnected to stimulation test modules
in planar form, delivered electrical stimulationweéorms to regenerating sensory neurons
on polycaprolactone. This stimulation resulted anfmement of the cells between two
pairs of electrodes, demonstrating the efficacyth&f novel receiver circuits. This was
achieved with four electrodes in a twin-barrier foguration. These results illustrate
progress towards implantatioim vivo, using remotely powered electronics to guide

regenerating neurons to their targets with micrcedeles.
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Sensing cell growth through changes in electricapadance is a well-documented
technique. A receiver inductor has been conneaerhto-2 cells in culture. Power was
transmitted to the receiver inductor through anuetive link. Changes in the cell-

monolayer have been detected at the transmittpubaircuit, showing that the impedance
changes are of sufficient magnitude to be reflettethe transmitter. Trypsin or EDTA

were added to confluent layers of caco-2 cellsaaehg them from the surface of the
microchannel electrode array. This detachment was sit the transmitter in the form of
transient voltage changes. Data was acquired ingusabview programming and PXI

hardware systems. This work illustrates progressatds biodegradable, passive cell
sensing inspired by radio frequency identificattenhnology, and electric cell impedance

sensing.
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1 Introduction

1.1 Motivation

Injuries to the peripheral nervous system are cempind extremely difficult to repair
using conventional surgical techniques [1, 2]. Fomal outcomes for patients are
typically poor and have not progressed much in ldst three decades. Traditional
approaches to repairing these injuries can be @ividto suture [3], conduit [4, 5] and
advanced techniques [6, 7]. If the two ends of iwendundle can be connected together
under no mechanical tension, a suture repair magdmtied. For those cases where a
section of the nerve has been lost, a conduit reyaau be used to bridge the gap between
the two segments. This can be done with a donarengegment, harvested from a trivial
nerve function, such as the sensation in a toelfg@se two techniques do not significantly
improve the rate of functionality that is recoverédss of function is common and often
unavoidable. This is caused by a wide range obfacfThe predominant factors are poor-
alignment of neurons and support cells to thegdgrthe injury response which prevents
immediate regeneration, and the formation of paisfar tissue between the two bundles.

This has driven researchers to design a wide rahgdvanced, functionalised conduits.

Advanced repair strategies have centred on furaliging the conduit, aiming to improve

outcomes in a variety of ways. Grooves can be gdalated at guiding regenerating cells
to their targets [9]. Growth factors and Schwanisaean be included or delivered over-
time to reduce the rate of cell-death [10, 11].sTjmoject is concerned with one particular
function, that of applied electrical stimulationpplied electric fields have been shown to
increase the degree of type-specificity [12]. Otbhenefits include an increase in the
number of sprouting neurons [13] and the improvenoémcarpal tunnel surgery outcomes

[7]. These positive outcomes are almost exclusidelyonstrated vivo.

This thesis describes the application of electald§in vitro, documenting their effects on
regenerating neurons at tloellular level. A number of effects caused by electrical
stimulation, assisted by the use of mechanicalangd cues, have been shown here. These
experiments aim to identify what electrical stintida protocol could enhance peripheral
nerve repair outcomes, to improve the understandingpow electric fields act upon
neurons. A novel transfer printing process has llemigned to produce wireless electrical
stimulation systems on the biodegradable polymetygaprolactone. These systems,
powered through a wireless inductive link, havevwaimdow alternating electric fields can

confine neurons between electrical barriers. Thimfinement provides a possible
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mechanism for wirelessly powered, electro-activatemtiegradable conduits to improve
repair outcomes. Confinement of regenerating aaldd improve the alignment to their
targets, leading to a higher percentage of reiraiem. Finally, efforts to produce a
passive wireless sensor, capable of measuringgomith through changes in the
transmitter output voltage, have been describeds $ansor, using caco-2 cells, could
eventually be integrated with any stimulation syste provide feedback for a number of
healing procedures. It could also be used to ineitee location of unhealthy tissue during

a repair procedure.

1.1 Project Scope

The aim of this work is to develop electrical citsuon a biodegradable polymer to
demonstrate improvements in the control of regdimgyraneurons. The circuits should be
powered through a wireless scheme and be capablteing wrapped around a nerve
conduit. The scope of the project, considering #ims, is to demonstrate and explore the
feasibility of five crucial elements that will allothe above aims to be met.

The specific elements that will be studied in firigject are summarised as follows:

* The optimisation of the electrical stimulation wiwen to allow neurons to
regenerate in a healthy manner.

* The demonstration that alternating electrical station can influence the growth
of regenerating neurons. In particular, the infeeemn the growth at the cellular
growth should ideally hold promise in guiding newsan an implant device.

* The development of a technique for patterning méhbads on a biodegradable
polymer to produce a receiver circuit capable dfvdeang alternating electrical
stimulation to regenerating neurons.

« The delivery of the electrical stimulation signaing a wirelessly powered receiver
circuit on a flexible, thin, biodegradable polymenlycaprolactone, showing its
efficacy as a neuronal guidance conduit.

* The design of a wirelessly-powered impedance-senapable of charting cell

growth over time.

1.1.1 Electrical Stimulation Parameter Space

A number of questions remain unanswered regardiegapplication of electric fields to
regenerating neurons. Whilst the behaviour of nesiio the presence of direct electric
fields is well understood, the same cannot be $aidalternating fields. This study

therefore intends to narrow the electrical paramspace. This will be done by applying
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electrical stimulation to regenerating neurons ssliadependent experiments, thus gaining
information about the effects that frequency, atagk, shape, modulation and duration
have. Within the scope of this project, it is daklie to identify an operating point that
allows repeated experiments to be conducted. Fample, it is desirable to find a
stimulation waveform that does not inhibit the gtiowf neurons drastically, which will
allow a number of different electric field protosab be explored. With more scope, the
ideal stimulation waveform could be found, but this &ybnd the scope of this pioneering

feasibility study.

1.1.2 Manipulation and Control of Neurons with Applied Electrical Stimulation

By identifying a ‘working electrical stimulationthe effect on regenerating neurons can be
documented through independent, repeated expesnmByiorientating the electric field in
different ways, it is hypothesised that a numbepuatfcomes will be displayed, such as
turning, barrier formation, guidance and alignmehiis will be done with different
electrode patterns and ways of applying the eledtald, within a narrow operating

window as dictated by the previous study point &ov

1.1.3 Enabling Technologies for Electronics on Polycaprolactone

The optimum biodegradable polymer for connectivgsue repair is polycaprolactone,
primarily because of its long degradation time (agpnately 2 years). In order to
demonstrate that the effective electrical stimalatprotocol can be delivered within a
biodegradable conduit, a suitable fabrication tépnm is sought to produce electronic
circuits on polycaprolcatone. This will be suffisteto demonstrate the efficacy of the
electrical stimulation on biodegradable substrédesguiding regenerating neurons. With

more scope, a fully biodegradable system couldrijemented.

1.1.4 Design and Set-up of a Wireless Link and Biodegradable Stimulator

To demonstrate that the approach described herel @tsuimplanted, a wireless power
scheme should be designed to power the electrtoaulator. The constraints on this
system are predominantly in the receiver, with enber of biodegradable constraints, such
as the size of implanted devices and the numbeowiponents. It has been decided that a
prototype wireless power system will be implemeraed used to stimulate regenerating
neurons thus showing the capability of the desmmwork in its end application. With
further scope, an optimised wireless link, eithethwmaximal coupling, efficiency or

displacement tolerance could be produced.
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1.1.5 Passive Wireless Impedance Sensing

In a nerve repair procedure, it would be of gretlityi to know how the repair is
progressing, providing feedback to patients as t@yhrough the healing process. One
way to achieve this could be through the inclusidra sensing mechanism, capable of
operating during the stimulation of the neuronse @esign and testing of a sensor system
capable of measuring changes in cell growth willelgplored here. The system has been
designed to be compatible with a biodegradable udéition system. This will be tested
with cell monolayers, measuring changes in elesitirapedance between electrodes. With
further scope this could be integrated with antaked stimulation system to demonstrate
their combined use as a bi-directional electri¢atibgradable nerve repair conduit.

1.2 Thesis Outline
This thesis is sub-divided into six further chaptek brief description of the purpose of

each chapter is provided below.

Chapter 2, the literature review, provides a detailed ovewiof the published material
that has had a significant bearing on the developrokthis project. The review is split
among the four key constituent subjects. The pergdmerve repair section documents the
efforts over the last few years to improve funcéiboutcomes for patients. A wide variety
of techniques, from mechanical guidance tubestraétat stimulation and action potential
re-routing have been described, showing whereptagect's approach fits in and how it
aims to improve upon existing studies, particulamlyerms of accurately applying electric
fields to regenerating neurons. Inductive poweriagechnique often employed in bio-
medical implants, is explained with the use of eomporary studies. Next,
microfabrication techniques for thin-film polymease examined, with their advantages
and disadvantages appraised. Finally, a brief gagor of some modern cell impedance
measurement techniques aims to show what the impedat cells can tell us about their

behaviour, with a view to including a similar systeluring a nerve repair.

An introduction to the electromagnetic theory usedthis study forms the bulk of
chapter 3. Fundamental laws, such as the Biot-Savart Law, wmed to describe the
operation of inductors. From this, an understandihthe ideal and non-ideal transformer
is provided, providing a means to understand howegpanay be delivered wirelessly to an
implant within a patient. Finally, some of the caeb-systems used within a wireless
power scheme are described. These systems forbethteck of a design approach and are

as such vital to understanding what selections mmeishade.
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The next three chapters, beginning watiapter 4, describe in detail the three branches of
experimentation used. Chapter 4 describes HhHowvitro electrical stimulation of
regenerating neurons can have a number of effetdstrical stimulation applied to free
neurons in an MEA and to pre-aligned neurons onstom device, resulted in different
growth profiles. The experiments in this chapterevdesigned to show how electrical
stimulation could influence neurons at the celllésel and how such effects could have a
positive influence in terms ah vivo peripheral nerve repair outcomes. The electrical
stimulation waveform, from an initial estimate, hlasen honed to produce consistent
outcomes. Work is on-going to optimise the paramsdbet these provisional results show

great promise in controlling the growth of regetieganeurons.

Chapter 5 describes the development of electronic systenth@ibiodegradable polymer,
polycaprolactone. This polymer, extremely difficutb work with in terms of
microfabrication, was patterned using a novel fi@mprinting process. Printed receiver
inductors allowed the circuits to be powered wsslg. These systems, used in a planar
form, were used to demonstrate confinement of regegimg neurons between two regions
of alternating electric field. This development, @infinement at the cellular level on
flexible biodegradable substrates, documents pssgréowards an electro-active

biodegradable conduit for ugevivoto improve functional outcomes.

Chapter 6 describes the steps taken to design and buildeless cell impedance sensor.
Based on electric cell impedance sensing theoiy, dpproach seeks to use a receiver
inductor to reflect changes in impedance with gefiwth and behaviour back to a
transmitter inductor. This passive receiver appnoscaimed at being implemented on
polycaprolactone for a biodegradable implementatiompedance differences caused by
changes in cell-electrode coverage were observeelessly using the caco-2 cell line.
Work is needed to improve the consistency and telde the technique further for use

with the biodegradable polymer.

Finally, Chapter 7 concludes the work presented and explores sontkeobptions for

future developments.
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2 Literature Review

This literature review describes the four key felf study that have inspired the work
towards a functionalised biodegradable conduit, gred inductively, to direct nerve
regeneration:

» peripheral nerve repair: surgical strategies anvduackd techniques
* inductive power transfer
* microfabrication technology for thin-film polymeystems

» electrical cell impedance sensing: applications

This project is concerned with the development siiigable electrical stimulation protocol
to enhance peripheral nerve outcomes. This protgboluld be delivered through a
wireless inductive link on a biodegradable, thimfisubstrate. A suitable electric cell
sensing system should also be developed with a wewmplementing it on a

biodegradable substrate. It is therefore felt ttnat four literature review sections are

applicable to this task and provide an excellestniework for subsequent design work.

2.1 Peripheral Nerve Repair: Surgical Strategies and Advanced
Techniques

Injuries to the peripheral nervous system (PNS)carmaplex and difficult to address solely

through conventional surgical techniques. In atgpé injury, the nerve is separated into
two nerve bundles. After the injury occurs, the dlerclosest to the spinal cord (proximal)
will attempt to regenerate towards the other buidistal). A major consequence of these
injuries to patients is the loss of motor and serfigonction, caused by poor regeneration
accuracy, scar formation and cell atrophy during tbgeneration process. This section
delineates contemporary approaches to peripherak mepair, in particular the use of

electrical stimulation, culminating in the identdition of the requirements of a state-of-
the-art repair conduit.

2.1.1 Suture Repair

If there is no loss of nerve-segment after theripju suture repair can connect the
proximal and distal nerve stumps together, as shoviigure 2.1. This must be carried out
without adding mechanical tension [3, 14]. The nefsaoften assisted with the addition of
Schwann cells (a key support cell) and fibroblaktswever, whilst a large number of
neurons will reach the distal stump, a significarportion will escape the repair site,

leading to reduced innervation, loss of functiod,an some cases, formation of neuroma
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(painful scar tissue). Suture repair is a relayivetraightforward surgical technique by
today’s standards, however the accuracy and outét®wigen poor in comparison to other
surgical procedures. This type of repair is notade for long gaps between the two

bundles because of the mechanical tension thisdanadlice in the nerve fibre.

Figure 2.1 a schematic illustrating a suture repdften termed an end-to-end repair, individual
fascicles within the nerve bundles are connectgdtter. The repair must not induce any

mechanical tension in the nerve and is therefoteapplicable to long gaps [14].

2.1.2 Tube Repair

Inert tubes or conduits can be used when a loasmk segment has occurred in place of a
suture repair. Typically the conduit is wrappeduaw the two nerve bundles, acting as a
bridge for regenerating tissue to cross the ingitg. These tubes are often made from
silicone [4, 5]. The primary advantages of a tudyeair procedure is the ability to bridge
long gaps, on the order of tens of millimetres, #mal ability to confine the regenerating
cells within the repair site. However, as is theecwith suture repairs, functional outcomes
for patients undergoing a conduit repair remainrp&arther complications can arise due
to constriction of the regenerating nerve bundlehgysilicone tube [15]. Conduit repair is
comparable to suture repair in terms of successeher for longer gaps between the nerve
bundles, the injury becomes increasingly difficidtrepair due to cell atrophy and poor
alignment to the target organ caused by the inetkdsstance and time taken to reach the

target.
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2.1.3 Donor Repair

Autologous donor repair is an advanced form of cinadr tube repair. A donor nerve is
added within a repair tube, reducing the effectigrgth of an injury site [8]. The
regenerating neurons can reach the donor nenadinfjra supply of support cells, helping
them to reach the distal nerve bundle. The donaften a sensory nerve that fulfils a
trivial function, such as the sensation in a toewkver, for some injury gap-lengths and
types, a suitable supply of donor tissue may bicdlIf to harvest. This approach is unique
in that, in the case of little or no functional ogery after a repair, the patient has lost the
donor function in the process. In general, the @ute from this repair is not significantly
superior to that of the suture or tube repair teples despite the addition of the donor

nerve.

2.1.4 Functionalised Tubes with Growth Factors and Support Cells

A promising development is the use of polymers amimg materials that encourage the
proliferation of neurons, e.g. glial cell-derivegunotrophic factor (GDNF) or nerve
growth factor (NGF) [11] and support cells, suctsabwann cells [10]. Schwann cells are
known to play a key role in the regeneration pregasnce including these support cells in
a nerve conduit should enhance repair outcomendrgasing the percentage of axons that
cross the repair site. In the same way, the adddfagrowth factors can provide a boost to
regenerating neurons as they attempt to bridge tepgir gaps. Advanced nerve repair
strategies should seek to deliver these cells,gpsrlusing drug-delivery techniques in a
conduit, in order to further enhance outcomes &tiepts.

2.1.5 Biodegradable Polymer Conduits

Biodegradable conduits eliminate the requirememtfédlow-up surgery to remove an
implant once a regeneration procedure has endedhdin primary advantage is that they
do not compress the nerve fibre in the latter stagjea repair [15]. Instead, the polymer
can dissolve over time, allowing the expansion loé herve bundle. Biodegradable
polymers are characterised by their degradatiore tffim months), mechanical strength,
melt and glass transition-temperatures and theiel l®f biocompatibility. Integrating
electrical and other functionality within a biodadable conduit is usually more difficult

when compared with other materials.



35

<& Collagen mesh ==

<& Smooth muscle =

# <=  Endothelial

Figure 2.2 (a) a schematic showing the composibiba small blood vessel and (b) a
biodegradable tube made from sheets of polycapratecdesigned to determine the tissue type in

certain locations within a vascular scaffold [16].

With a range of materials, and the addition of suppells, many authors have sought to
alter the surface properties of the conduit to mwprthe guidance of neurons to their
target. This desire for longitudinal alignment igtical to the success of a repair,
particularly for longer gaps and is the primarys@athat the traditional conduit repairs do

not work effectively.

2.1.6 Nano/Microtopography

Patterning sheets of the biodegradable polymer,ycppkolactone (PCL), with
nanopatterned surface cues and micro-topograpbtates the location of different cell
types within a conduit for vascular tissue engimgeapplications, as shown in figure 2.2
[16]. This is achieved using patterned surface gogohy. This approach of copying the
conditions within a nerve fibre should prevent nagaoutcomes, such as the formation of
neuroma, whilst ensuring the correct cell type Bche location and improving the

alignment through the use of topography.

2.1.7 Nanofibres and Microbraids

Nanofibres can be added within a conduit, altethregsurface topography. This has been
used to great effect, producing longitudinal growtbfiles of regenerating neurons [17,

18]. Nanofibres like these have been shown to Bectfe in aligning neurons and can

even induce turning, depending on the orientatiothe fibres. These biodegradable fibres
have great potential in aligning regenerating nesirimwards their targets. Microbraiding

of the polymer poly(lactic-co-glycolic acid) (PLGA}9], has produced large pores in the
polymer sheet by altering the braid pattern, ingirea the supply of nutrients to the
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regenerating cells, particularly in the centre. Ambination of nanofibres and
microbraiding may vyield interesting results in terrof cell growth and directional
alignment. These types of conduits require dedicédbrication tools for the braiding of

polymers which has limited the quantity of publidistudies.

2.1.8 The Action Potential: Indirect Repair Strategies

There are, in general, two types of peripheral @maepair strategy: direct repair using
conduits or sutures and indirect repair using acpotential re-routing. Action potentials
are electrical signals that propagate through gxamsveying information. Motor neurons
send electrical signals in the form of action pttds to muscles, causing them to flex or
contract. Sensory neurons work in reverse, takergary information back to the spinal

cord.

After a nerve injury occurs, action potentials cemlonger be transmitted to their target
and therefore the muscles cannot respond. Thisesamudoss of function for the patient.
Action potentials can be re-routed through an et@at interface to their destination as an
alternative to a repair procedure. This type oéifsice is used extensively in prosthetic
limbs, which use action potentials to control ai#fl end-effectors, such as robotic hands.
Indirect repairs such as this seek to overcome nwnihe challenges associated with
traditional peripheral nerve repair surgery, usimgroelectronics technology to bypass the

injury site.

In vivo recording of action potentials can be difficultthe impedance of the surrounding
tissue attenuates a large portion of the signadctital noise caused by crosstalk from
other nerve activity can create significant undetyain the measured data [20]. Action
potential parameters can provide a good indicatiotme success of a procedure over time
[21, 22]; for example the percentage of axons diriheir action potentials. Theoretically
techniques like these could give real-time feedkbatiowing a surgery to be scheduled if
the repair is not progressing as expected. Howexansdermal electrodes (often several
hundred in an array) increase the risk of infectiare likely to break, and limit the
mobility of the patient [23]. A wireless recordimgierface is much more desirable when

interfacing to action potentials.

2.1.9 Advanced tube repair strategies
The standard tube repair has been advanced fustherumerous ‘Swiss roll’ designs,
featuring multiple microchannels for regeneratiisgue to grow through. Lacour et al [6,

9] have developed systems on polyimide containiath bmicrogrooves and electrodes,
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depicted in figure 2.3. The electrodes can measeugonal activity, indicating how far a
repair has progressed along the tube with the miioaves used as guidance channels to
improve the accuracy of the repair. These condslitsw good promise in combining
guidance cues with action potential recording sirggle functionalised conduit. It would
be interesting to see such systems adopt a wirptaser and data protocol to alleviate the

issues associated with transdermal electrodes.
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Figure 2.3 the long microchannel electrode arragdiso bridge a nerve repair site. The implant is
sutured to the proximal and distal nerve bundldgs Bipproach uses transdermal electrical
connections and contains numerous microchanneld asguidance channels. The length of the
implant varies from 0.5 to 5 mm long, with a diaenetf 1.5 mm designed to match the rat sciatic

nerve [9].

Contemporary conduit repair design is increasimglgendent on the combination of many
different repair elements, which can be broadlyiraef as topographical, biological,
chemical and electrical guidance cues. It is usehile designing such conduits to bear in
mind some of the fundamental requirements of a @br{@4] as shown in figure 2.4.
Progressing from the basic requirement of a conakting as a bridge between the two
nerve bundles (shown in the centre of the figuiteg,authors have identified a number of
components that could assist the repair processds that allow nutrients to diffuse
into the injury site (Permeability) can increase thercentage of healthy cells within a
conduit. Added growth factors and supportive cslish as the key Schwann cells, can

have a critical effect on the repair. The three ponents shown below the basic conduit
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illustrate the desire to include directional groveies for the purpose of alignment and
control of regenerating tissue. Conductive polynmmaes/ provide electrical guidance cues
either as a voltage gradient, or as part of a cermp@lectrical system. Multichannel
structures split the repair into sections, mimigkthe nerve fascicles and avoiding mass
crossover of neurons. In an ideal situation, excm avould have a single microchannel for
a perfect repair, but there is a limitation on htbwm and complex a polymer conduit can be
made. Finally, internal frameworks can offer cedtefmination cues to increase the
fidelity of the repair, leading to correct tissugpe formation and location. The
effectiveness of the included features should bemexed, particularly for future design

iterations [1, 14].

Growth Factors
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Figure 2.4 depictions of some of the most desiraldments and approaches used for advanced
conduit repair strategies. Permeable conduits aguired to allow the diffusion of nutrients into
the injury site. Growth factors and support cellaypan integral role in the repair process.
Conductive polymers, multichannel structures arnerimal frameworks can all provide a measure
of control and a degree of guidance to improveabeuracy of a procedure [24].

Both synthetic and natural materials have beerisetil for nerve guides. The basic

requirements of permeability, biocompatibility, amporation of growth factors and
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Schwann cells, good rate of degradation, good respdo swelling [6] and mechanical
integrity [3] should be adhered to. Conduit repaiifer the most promise, but linking some
of the benefits of action potential recording oreating in a wireless manner could also
work well if integrated together. It remains a dbafje to integrate multiple functions
within a single repair conduit. However as the maithn techniques advance it is thought

that these systems may be realised and applieguigeisin vivo.

2.1.10 Peripheral Nerve Repair Strategies Summary

Different approaches to peripheral nerve repaomfrbasic techniques like suture and
conduit repairs to more advanced systems contaimulgiple functionalities, have been
delineated. This project is primarily concernedhwimproving functional outcomes in
cases where there has been a loss of nerve segmesmy conduit must act as a bridge
between the remaining nerve bundles. Conduit repaith biocompatible tubes are
ineffective whilst a follow-up surgery is requiréal retrieve the non-degradable material.
In contrast, biodegradable conduits offer an immatedbenefit to patients by eliminating
the need for a second surgical procedure, hensditi@ of research has been selected on
the basis that a tangible advantage is achievedetrately. The trade-off here is that
biodegradable polymers are, in the main, more aiiffi to process with traditional
microfabrication techniques when contrasted withemals such as silicone and polyimide

(which are often used as repair conduits).

Conduit repairs that include a donor repair areamobptimum solution to the nerve repair
problem. The concern with these operations is dlespite harvesting another nerve from
the patient (to the detriment of that function)significant improvement in functionality is
achieved for the patient. Whilst the use of a dameed never be precluded in the design
(as there is always space in the conduit for néisgie) it is thought that an elegant
solution should seek to achieve positive outcomiésowrt harvesting donor tissue.

The work in this project has focused on the indansof electrical stimulation within a

biodegradable conduit. However, the use of meclhhgigdance cues, microtopography to
determine tissue type and micro/nanobraids as rakgm cues are all excellent elements
worthy of inclusion within the conduit. It has bebayond the scope of this project to
include these in the conduits documented herejrbtite design of the conduit shown in
chapter 5, it can be seen that the electronic itit@s been designed to allow sufficient

space for other elements to be included in the-teng.
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Action potential re-routing strategies are of cdesable efficacy, particularly in

interfacing between prosthetic parts and healthyenéssue. Using electrical stimulation
within a biodegradable conduit, the aim here hanlie exact a direct repair solution in
the long-term by optimising one guidance elemdnis hypothesised that the overall aim
of improving each prospective guidance elementiatagjrating them together will yield a
direct nerve repair approach, without a donor newepable of restoring functional

outcomes for patients across a range of injurylgagths.

2.2 Electrical Stimulation

The Focus of this review will now turn toward theeuof electrical stimulation during a

nerve repair procedure as a tool for improving fiomal outcomes. Electrical stimulation

has a variety of effects when applied during a @eepair surgery. This sub-section aims
to outline some of the outcomes reported to datk the contemporary approaches to
applying electric fields within a condui vivo. Electrical stimulation of neurons can be
divided into two approaches: that of d.c. and electric fields.

2.2.1 Direct Applied Electric Fields

Direct electric fields have measurable influenceeromeurons particularly in terms of
alignment. Applying a potential difference, neurongl turn and grow towards the
cathode, often resulting in a faster rate of grotidn if there were no potential present
[25, 26]. It is not well understood why neuronsfprahe cathode, and what mechanisms
are at play at the cellular level. This effect ®enparable with the growth of bone towards
a cathode in the presence of a direct field [27te® fields could in theory be included
within some of the conduit designs discussed, yaining neurons to their target (and at
a faster rate). However the long-term health prokl@associated with prolonged exposure
to d.c. fieldsn vivo limit their use [28]. Implanted electrodes willyey time, dissolve toxic
ions into the surrounding tissue. Many reported. dechniques use relatively large
electrical currents, increasing the flow of toxams$ into the surrounding tissue [29]. For
these reasons modern research approaches havedamushe application of a.c. fields to

regenerating neurons as a safer alternative.
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2.2.2 ACFields

muscle

Spinal cord

Figure 2.5 the protocol established by Al-Majedlef(a) a schematic depicting the femoral nerve

motoneurons connecting to the quadriceps musclésrensaphenous branch connecting sensory
nerves from the skin. (b) the application of retame neurotracers to identify the distribution of

regenerating motoneurons. If motoneurons succégstdch the quadraceps muscle, this is

regarded as good type-specificity. Those motonewutiaat grow towards the cutaneous branch

have been unsuccessful in terms of regeneratioriterdfore decrease the rate of type-specificity.
(c) the stimulation of the nerve by applying a & between the proximal and distal regions of
the repair site, resulting in an increase in themher of motoneurons reaching the quadriceps

muscles and therefore an improvement in the typeifsgity [12].

Alternating electric fields, on the other hand, dam appliedin vivo without inducing

harmful tissue effects. The alternating electreddiprotocol developed by Al Majed and
Gordon [12] is the most widely used approach, patliin figure 2.5. Two electrodes are
applied across the conduit during a repair, applyatectrical stimulation for a certain
amount of time each day. The study found that ang bf stimulation per day produced
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the best outcome. The 20 Hz signal applied forlume per day improved type specificity
at the end of the procedure. Type-specificity iefier the percentage of sensory neurons
innervating a sensory neuron in the distal sturhp §iame measurement can be applied to
motorneurons). In the work reported in this theglgctrical stimulation was applied
continuously throughout each day. This was choseamieffort to maximise the chance of
observing different growth patterns. It was the aibf varying the duration of the
stimulation, in the same way as Al Majed et al, this proved beyond the scope of this
project. Preferential innervation of motor neurdng regenerating motor neurons (i.e. not
by sensory neurons) is termed preferential motonnegvation (PMR) and many
researchers have employed this protocol with vagrgiegrees of success. Since low type-
specificity decreases the amount of functional vecp a positive outcome of this study is
that specificity has been increased. N.B. a senaooy innervating a motor axon will not
be able to form a working electrical connection,[3Q].

It has also been shown, using their protocol tiat typical injury response can be
accelerated by applying alternating fields [7]thié initial injury response is accelerated by
a number of days, the regenerating cells will rettodir targets faster, reducing the
percentage of cell death in the target organ. Tépesents a good chance of, in turn,
gaining significant improvement in functional reeoy. It is thought that the mechanism
by which this protocol works is in the reduction aie-back (a process of ‘shearing’

damaged neurons) and an increase in the numbpraftsig axons [13].

2.2.3 Stimulation Frequency

Effects of electrical stimulation at different figencies have been published, but it is still
unknown exactly how the frequency impacts upon thgeneration process [31].
Frequencies in the range of 0-200 Hz are often usedectrical stimulation experiments
and the density of fibres after a repair seemsejpedd on the frequency of stimulation
used [32]. Selecting an electrical stimulation pagter and examining how it influences
the result of the repair could provide insight imitbat electrical parameter values form an
optimum stimulation waveform for a successful peei@l nerve repair. The frequency of
20 stimulation pulses per second has been usedstxddy by Gordon et al and is
biologically comparable to mammalian firing pat®ifor motorneurons [33]. In this work,
frequencies that are comparable to 20 Hz have bsed. Indeed, this frequency allowed
much better neuronal outgrowth, perhaps indicatwad) frequencies in excess of this value

do not allow adequate relaxation of the neurons.
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2.2.4 Application to Carpal Tunnel Syndrome

A.c. fields may be applied to other types of peenah nerve injury. Crush injuries and
carpal tunnel syndrome are two such examples. riflattstimulation, again using the
same protocol established by Gordon et al, has sle@nn to be effective in improving the

functional outcomes of a carpal tunnel surgeryshamvn in figure 2.6.
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Figure 2.6 (a) electrical stimulation applied toetimedian nerve in 3 month intervals. The
stimulation was designed to recruit discrete allmmthing increments in EMG potentials by
stimulating progressively more proximal sites.t{i® number of single motor units (MUNE) was
achieved through the ratio of the amplitudes ofdbepound action potential (CMAP) and the
single unit action potentials (S-MUAP). (c) the MBE)Nata for carpal tunnel release surgery
without stimulation and (d) with applied electricgtimulation. This is an example of how electrical

stimulation can improve functional outcomes forasb-type nerve injury [7].

2.2.5 Magnetic Fields

The application of magnetic fields in medicine & onusual, for example they are used in
magnetic resonance imaging (MRI) machines. Magrfedlds have been applied during
nerve regeneration experiments, though not as caoiyras electric fields. An applied

static magnetic field did not cause any significamprovements to nerve repair outcomes
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[34]. Alternating magnetic fields are, however ofoma interest [35]. Pulsed
electromagnetic fields are used in a number ofskioltreatments, but it is not clear what
effect, if any, they have on neural repair. A waaijanised study with accurate control of
the alternating magnetic fields at the cellularelefias yet to be conducted, with any
existing data showing negligible improvement ovemtools. In all likelihood, any
alternating magnetic field of sufficient strengtlilvinave an effect based on tleéectric
fieldsit induces in the tissue; therefore it is much drefiractice to deliver these electric

fields with accuracy and control, not as a consege®f applying a magnetic field.

2.2.6 Electrical Stimulation Summary

Applied electrical stimulation after a peripherarve injury has a lot of potential for
positive outcomes, particularly in the increasengiiry response, faster growth rates, and
increased type specificity. Direct electrical stlation, either through the use of constant
current or voltage sources, has a definitive eféectegenerating neurons. Neurons indeed
prefer to grow towards one electrode over the off@r example, a field magnitude of 0.2-
0.3 Vemt! can cause 55%-73% of neurons to turn towards atieode [36]. The ability to
implement a safe, direct stimulation implant rersaglusive primarily because of the
harmful effects associated with long-term implaotatof direct stimulation. For this

reason, alternating electrical stimulation has libersole focus of the work reported here.

Alternating fields have a complex relationship wittgenerating neurons, in that it is
difficult to know exactly what their effect is, gaularly in vivo. The protocol used by
Gordon et al [7, 12, 13] has shown some of thetpesoutcomes described above. They
theorise that electrical stimulation applied aféer injury may alleviate the effects of
Wallerian Degeneration and die-back, which in sistj terms are the death of supportive
and axonal cells in the distal and proximal stunipectrical stimulation may override the
signals here, initialising the recovery responsa quicker time.

To date, however, an accurate application of thiet#s at the cell level within a conduit
has yet to be displayed. With finer control, outesncould be better documented and
enhanced both by existing authors and new enttantise field. The difficulty faced by
new entrants is in the number of studies operatingdifferent nerves with different
electrical stimulation techniques. If the electrisimulation parameter space could be
diminished, a consensus of approach could be rdadbading to greater comparisons
between studies and assistance between authors.h@ki been the central motivation
behind this work and in particular the experimentshapter 4, which attempt to identify

what effect the different electrical stimulationrgaeters have on regenerating sensory
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neurons. This approaah vitro could help to identify how alternating stimulaticould
influence And change outcomes vivo by understanding the reaction of neurons when

faced with different electrical stimulation protéso

2.3 Inductive Power Transfer

Many bio-electronic implants use batteries as theurce of power. The energy from the
battery can be sufficient in some applicationsemharged via a wireless link as required
[37, 38]. There are many disadvantages associaitd the use of batteries vivo.
Peripheral nerve repair operations can often lastymmonths, which may be longer than
the life-time of the battery. Implantation of a teay inside the body can be dangerous
should the battery be exposed to tissue; usinggea Emount of encapsulation could in turn
compromise the space available for the rest ofitglant as well as increasing the
likelihood of a foreign body resporiséVireless charging of an implanted battery is a
useful technique. However it is better to power timplant wirelessly, eliminating the
battery and in some cases a second surgery to eemoWith these considerations in
mind, and in an effort to develop a biodegradalystesn, a wireless power and data

protocol is sought.

2.3.1 Inductive Powering

Inductive powering is a technique used to providergr and data over a wireless link to a
receiver circuit. Power is transferred throughriegnetic coupling between two inductors
operating as a non-ideal transformer. Early wirelshemes demonstrated radio frequency
applications, such as transmitting generic clook data pulses, or power [39]. This early
work described how coupling could be optimisedyall as outlining a design of a system.
Advanced systems have been designed to operatdeaodmplants [40] and retinal
devices [41]. These are characterised by long-teénplantation and by their data
requirements. These devices typically take sougtitflas an input and send it wirelessly
to the implant. The implant then converts the datstimulation pulses; which are applied
to the auditory nerve (optic nerve). This is a geample of action potential re-routing as
an indirect repair technique. For these systemhbjgh rate of data transmission and
bandwidth is often the most important factor, tewe the quality of information sent to
the appropriate nerve bundle. Inductive poweringised extensively in micro-electro-
mechanical systems (MEMS) [42], and in radio fregueidentification (RFID) systems
[43]. MEMS sensor systems, such as these, aregp@deadidates for inductive powering
due to their small size and the ease of fabricaimgductor on-chip.

! Larger objects inside the body are more likelintiuce a foreign body response.
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2.3.2 Optimisation of Inductive Powering Systems

Approaches to design of inductive powering systamesoften grouped according to which
parameter is of paramount importance. Seeking @pfficiency of the link [44] is useful
in minimising power consumption, thus allowing thee of a portable transmitter with
manageable energy requirements. This translatasdact increase in the quality of life
for the patient, allowing them a certain freedormalvement during a repair. Increased
data rates and bandwidth at the expense of theiesfty [45] may be used in a design
when the integrity, speed or quantity of data seatthe link is important. Reducing the
effect of coupling variations [46-48] is beneficial medical applications, allowing small
movements in the position of the transmitter cuffl ahe implant, without having an
adverse effect on the system performance. A compate power-transfer function for
variations in distance, angular displacement aterdh misalignment has been described
by Fotopoulou and Flynn [49]. Whereas the majooitystudies on this matter have dealt
with individual loops of wire, or used simplifiedadels of solenoid coils, their work uses
practical inductors which are of most interesthte biomedical field, that of planar spiral
inductors, both on PCB and printed. The graphsavigr transfer for different cases of
misalignment allow the designer to ensure the dessgsafeguarded against possible
coupling variations introduced by the three vaesbl

The design rules of planar thin-film inductors [54} and inductors in general [55, 56] are
of assistance when faced with tight geometric caigss, ensuring the designer can make
the best use of the space available by selectmgdirect inductor parameters. This again

can yield improvements in efficiency, penetrati@pith and cost.

Numerous design procedures for example systemavaitable and provide useful insight
into both the steps involved and the restrictiohthe technology [24; 25]. The design of
receiver and transmitter and the layout and geoongtoperties [46, 50, 52, 57] is a useful

guide during the design phase of the wireless link.

A power amplifier must be used to drive the lange$mitter inductor currents required to
induce power in the receiver. There are many ampifsuitable for this purpose, often

divided into their respective classes of operation.

Class E amplifiers are selected in most contempgaratuctive powering systems [58].
These amplifiers have very high efficiencies ondhaer of 90-100% and typically work at
one transmission frequency. Class C amplifiersadge used, with an easier design flow
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than class E at the cost of lower efficienciess€la, AB and B driver topologies may be

selected for rapid prototyping.

Class | Description

A 100% conduction angle, simple design flow, lodoagncy.

B 50% conduction angle, high cross-over distortsample design flow.

AB A push-pull driver with both transistors conduagt for more than a half-cycle.

Minimises the cross-over distortion found in clBstpologies.

—+

C Low power dissipation, high output distortion,ngaex design flow, curren

output. Often used in inductive powering.

Low power dissipation, voltage output, complesiga flow.

E Theoretically no power dissipation, output mustimned to one or more resonant

frequencies, extremely complex design flow, begeduo driving low-coupling

inductive powering systems.

Table 2.1 a description of some amplifier classepleyed in inductive powering systems.

Data telemetry is features extensively in inductposver technology to fulfil a variety of
functions, including monitoring the integrity ofahsmitted data [59, 60], external
regulation of receiver voltage [44], clock recoveatyhigh data rates of 1 Mbps [45], and
measurement of electrode potentials in cochleaftantp [40]. The transmission frequency
is usually in the 100 kHz to 10 MHz range to ensaffcient power transfer and to

minimise eddy currents in the surrounding tissue.

2.3.3 Inductive Powering Summary

Inductive powering is ideally suited to the longatepowering of medical implants. The

ability to work in a suitable frequency range (13 — 10 MHz) and the ability to use a
receiver inductor of suitable geometry for a nemgair conduit is a significant advantage
over far-field radio-frequency solutions. Classrivers are the optimum transmitter driver
for finished products. For rapid prototyping, ashe case in this work, class A, AB or B
drivers offer the designer greater flexibility asichplicity in delivering power and data to
the implant. A class AB amplifier has been seledidthis work to offer a balance

between efficiency, design flexibility and a praatiimplementation for many different

electrical stimulation experiments.

Different approaches to optimisation of inductiveké have been provided. These are
often a trade-off between efficiency, data rates$ mmsalignment tolerance. In addition, for
biodegradable systems, it is often desirable tarmsge both the number of components in



48

the implanted receiver, and the complexity of tmplant. In the long-term, it is thought
that optimising the inductive link for maximal efiéncy will improve the quality of life
for patients by the largest factor, primarily dodricreased battery-life. This will decrease
the number of charge-cycles required and thus &sang the mobility of the patient from
day to day.

Finally, data transfer methods are numerous anehofbmplex. It is favourable to use

amplitude modulation where possible, again to misénthe receiver components and the
complexity of the receiver. The transmission antengng of data has been separated in
this work (chapter 5: wireless electrical stimwdati chapter 6: wireless electrical sensing)
into amplitude modulation (for transmission) anddanodulation (for received data).

2.4 Microfabrication Technology for Electronics on Thin-film Polymers
Advanced conduits, powered through a wireless pogescheme, could greatly improve
peripheral nerve repair outcomes. It has been shbainthese systems are both complex
and difficult to design and build. Biodegradablelypwers cannot undergo traditional
microfabrication procedures due to temperaturemited and mechanical limitations. An
outline of the processing techniques available tfon-film polymers relevant to this
application is therefore necessary to understandt ws possible for advanced conduit

design.

2.4.1 Inkjet Printing

Drop-on-demand (DOD) inkjet printing may be usediéposit patterned thin metal films
onto thin-film polymers [61], operating in a sinmilaay to commercial inkjet printers. The
metallic ink often requires a sintering phase, eahgeratures far in excess of the melt
temperature of some polymers. Sintering at lowenpieratures may be achieved using
some specialist techniques to avoid damaging tiyame [62, 63]. Inkjet printing onto
polymers is commercially advantageous because didditive, i.e. no metal is wasted,
unlike subtractive fabrication techniques such itsoff and wet-etching. If specialist
sintering techniques can be used, inkjet prints@ iviable option for the production of
electronic circuits on flexible polymer substratesd would be more cost-effective than

other microfabrication techniques.

2.4.2 Nano Imprint Lithography

Nanoimprint lithography (NIL) requires a patternedster, or stamp and a target substrate.
The master is pressed into a photoresist film @olgmer substrate [64] at a temperature
above the glass transition of the polymer, at sigffit pressure to imprint the desired
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pattern. Metal can then be evaporated onto thenpalyfollowed by a lift-off process,
leaving patterned metal on the polymer substralterdatively, a wet-etch may be used to
yield the same result if a negative photo-masksedy65]. The polymer substrate must be
compatible with the lift-off or wet-etch techniqués addition, a layer of photoresist must
be spun onto the polymer and baked at temperaturéise order of 90 °C which may not

be suitable for some polymers.

2.4.3 Cold Welding of Metal Films

If a seed layer of metal can be evaporated or esattonto the polymer, cold welding may
be used to add patterned metal [66]. This procasse additive [67] or subtractive [68] to
produce patterned metal films on the substrateyighreg the seed layer can be removed,
for example by uniform etching. This technique tieggia robust substrate, to cope with
the high imprint pressure. The substrate must bapatible with the etching process
required to remove the metal seed layer. Cold wgldpbuld be best suited to the addition
of a small number of via connections, or in thearepf printed features by the addition of
replacement metal. This could have great utilitpiatotyping, and as an auxiliary process
to increase the fabrication design options.

2.4.4 Hot Embossing and Nanomoulding

A polymer can be patterned with microgrooves, paed other topographical features

using hot-embossing [16] or micro/nano moulding, [B9]. These techniques are similar to
NIL; with the difference being it is theubstratethat is patterned here (the photoresist is
patterned in NIL). Embossing and moulding can bedusith metal transfer techniques to

achieve both mechanical and electrical functiopalit a polymer substrate.

Polymers may be printed onto other polymeric salbss$ [71]. The degree of temperature
and planarization of the polymer during imprint @dier the nature of the feature produced
[72]. A subtractive process may also be used tectgkly remove regions of a material
[73]. This technique could be used to produce togyoigical features within a conduit in

conjunction with other printing techniques.

2.4.5 Patterning Using a Sacrificial Layer

A sacrificial layer of SU-8 photoresist enablesestVe metal patterning of polymer
substrates [74]. The adhesion properties of SUr8esas a good guide when developing
this process, as SU-8 is known to delaminate fromes materials [75]. Copperfoil can
also be used for this process [76] on polydimetlopfane (PDMS) substrates. In both

cases the resist baking step and the chemicals fosg@ocessing must not damage the



50

polymer. A multitude of sacrificial materials care tselected; based on the design

requirements of the fabrication process.

2.4.6 3D Stacking and Printing

Printing may be carried out in subsequent stepsdyming three-dimensional stacked

polymer structures [77, 78]. This 3D stacking canused to add polymer features to a
substrate, or to print different polymers onto eather. Drug release systems can be
designed using two polymers with differing degraatatimes. Combining sequential stack
printing with other fabrication techniques can letad 3D metal/polymer assemblies.

Techniques such as this one could be vital in askegnadvanced conduits, allowing each

element to be produced on independent stamps.

2.4.7 Transfer Printing

Transferring a patterned metal film from a mas&triemperature and pressure, onto a
polymer substrate, is often employed when the safiesis not compatible with traditional
metal patterning techniques, i.e. lithography;dift and/or wet etching. Transfer printing
is achieved through the use of a weak-adhesiorfact on the stamp. When the stamp is
removed from the substrate after a printing step, weak-adhesion zone is the point of
separation, leaving metal on the substrate. Mamiat@ns of transfer printing exist and
these are often tailored to the choice of polynmet metal. Some metals are easier to print
onto substrates and require less pressure e.divieeatetals like Ti and Al readily adhere

to substrates.

A flexible polymer may be spun onto a rigid subrarior to transfer printing. This
ensures the stamp can be brought into good confaromtiact with the polymer. Using a
release layer between stamp and metal, adhesiongyendifferences within the
stamp/substrate stack cause the metal to tramsteetpolymer, providing the pressure and
temperature is sufficient [79-81]. Alternatively ka-layer polymer stamp, with weak-
adhesion energy between the two polymer layerspeamsed to facilitate pattern transfer
to the substrate [82].
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Figure 2.7 a schematic showing the simultaneougtipg of a dielectric layer and metal

electrodes. (a) the printing stamp, containing gledes, interconnect and the dielectric is brought
into contact with the target substrate. The stamprconnect makes contact with the electrodes on
the device substrate, and after printing and renhoftshe stamp (b) a two layer structure remains

on the device substrate [83].

Metal and dielectrics may be printed simultaneaua$yin figure 2.7 [83, 84] or in several
sequential printing steps [85] on polyethylene piatbalate (PET) substrates, or on PDMS
[86]. Organic transistors and diodes can be fatgtcan this way, as well as plasmonic
structures. Printing in this fashion could be usedorm mechanical guidance cues and
electrodes in one or more printing steps. Singlatipg of multiple materials is
advantageous as it avoids multiple heating andspressteps, which can often deform the

previous printing work, particularly under high teenature and pressure conditions.

Careful consideration of the surface chemistryhef stamp and the substrate can increase
the quality of the printing process. For examplecbating a stamp in Au/Ti and printing
onto PDMS or PET, a TiOlayer at the interface forms a strong bond, resylin good
pattern transfer [87]. This thin layer of titanilenhances the printing process by acting as
a strong adhesion layer (the weakest adhesiorfasteis within the stamp). Similarly, a
self-assembled monolayer (SAM) may be added to ld govered stamp to act as a
‘sticking’ layer between metal and substrate. Thas been demonstrated on a number of

substrates e.g. Si, glass, GaAs andBBET shown in figure 2.8 [88].
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Figure 2.8 a schematic showing the transfer priggomocess of Au features on a non-planar glass
substrate from a PDMS stamp (a) and a photograghsamanning electron micrographs of the
nanopatterns produced by the technique [88].

Low-temperature transfer printing, augmented bysmpla treatment, may be employed if
the target substrate has a low melt-temperature [89ng plasma treatment, temperatures
as low as 60 °C resulted in pattern transfer. Modlifon of the surface chemistry has
increased the adhesion energy between substratstamgp. The energy is now strong
enough to pull the metal and dielectric stack fitbwen stamp. Printing may also be executed
in a subtractive manner, selectively removing métain a substrate to print a patterned
metal film onto a polymer [90].

2.4.8 Electroplating Inductors and 3D Metallisation
The fabrication of complex multi-layer metallic wttures incorporated within a polymer
may lead to increased levels of complexity and fioncwithin the implant. Inspiration and

ideas have been drawn from existing technologiadjqularly in the electroplating of 3D
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inductors [91-94]and transformers [95, 96]. Eleplating of CMOS compatible planar
inductors provided good reference material whenigdésy spiral inductors and in
particular designs for flexible interconnects ardnpr inductors [97]. Electroplating of

metals on polymers can make them more robust ahateethe resistance of electrodes.

2.4.9 Polymer Microfabrication Summary

There are clearly a number of options available rwkesigning a thin-film polymer
microfabrication process. Inkjet printing is a Vm@lwption, provided a suitable sintering
method can be employed. High-temperature sintexangdd not be used in this work, as the
chosen polymer (polycaprolactone) melts at apprakety 60 °C. Laser sintering requires
a complex instrumentation set-up and it proved hdythe scope of this project,
particularly when compared with the available miabwication technology in the James
Watt Nanofabrication Centre. Electrical sinterifgponted features offers a solution for
low melt-temperature polymers but this requiregédacontact areas to every metal node,
which impacts upon the possible design in a negatiay. Some printers have a resolution
of 50um at best, which may not be suitable for produdmductors with dense turns-

ratios.

Nano-imprant lithography is an excellent technitpué is unsuitable for this work due to
the incompatibility of PCL with the wet-etching andt-off techniques that are

subsequently employed with NIL. Cold-welding of aistrequires an initial seed layer of
metal. The weak mechanical properties of thin-firl€L render this technique as

impractical.

Hot embossing and nano-moulding are techniquesatiegperfectly suited to PQhecause
of its weak mechanical and temperature propertiies.envisaged that in future iterations
of the PCL construct produced in chapter 5, embgsand moulding could facilitate micro
and nanopatterning of the conduit to produce mpoes for nutrient diffusion into the
injury site and microchannels for improved mechahguidance and control. 3D stacking
and printing techniques offer further variationsprocessing if the PCL substrate should

be patterned in any way. This has proved beyonddbpe and requirements of this thesis.

Sacrificial layers could not have been employec leex the baking of the sacrificial layer
would melt the PCL substrate. Metal sacrificialdes/similarly could not be applied due to

the wet-etching step which would destroy the polysubstrate.

Transfer printing has proven to be the best praegssption for PCL. Producing patterned
metal films on a stamp allows standard microfabiecatechniques to be employed prior
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to printing. A novel variation of this techniqueshiaeen developed (described in chapter 5)
to produce patterned metal films on PCL. Surfacenubtry alterations were used

successfully, but were not required in the finagass.

2.5 Electric Cell Impedance Sensing

Peripheral nerve repair takes place over many nsowtth little or no feedback available
to monitor the progress of an operation. Electeit impedance sensing (ECIS) techniques
may provide a route to quantifying how a repaipliegressing, allowing medical staff to
intervene if progress is slow. This could also helpmprove subsequent future peripheral
nerve repair operations. Developing a technique tliks for use within a wireless conduit
could provide the means to chart cell growth oumet A description of some of the

applications and methods of ECIS sensing is nowigeal.

2.5.1 Electrical Cell Impedance Sensing

ECIS is now a commercial technique used to meabgrémpedance of the cell-substrate
interfacein vitro [98, 99]. As cells grow, their contact area witle substrate alters. These
changes in morphology, if happening on the surfécan electrode, result in changes in
electrical impedance. Measuring this impedanceigdicate at what stage of cell-growth
the cells are in, as well as other indicators,deample ECIS can be used to detect cell
death events in response to toxic agents [100-I0#% is of particular interest for nerve
repair applications if the nerve conduit is compieg the cells, causing cell death. If this
could be monitored wirelessly, surgery could beedcied to replace the conduit with a
larger version, avoiding the compression of thésc@&lectrical impedance measurements
can be used to determine what type of tissue snding an electrode [103]. In this way,
the position of a needle can be adjusted to ertbereorrect tissue type is surrounding the
tip. This could be of great use during a nerve irepacedure, indicating what types of

cells are present at certain locations over time.
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Figure 2.9 changes in electrical impedance in res@oto different growth phases of HepG2 cells.
Data is displayed as the mean impedance and timelate deviation. The phases are described as
(1) medium, (2) lag, (3) exponential, (4) stationaand (5) cell death [100].

2.5.2 Cell Sensing System Design

When designing impedance sensing systems, andrircydar when selecting operating
frequencies and voltages, good reference matesiavailable showing the electrical
response for culture medium and saline across @euof parameters [104]. In addition,
the variation of electrical parameters with salbha@ntration and electrode material has
been documented, aiding the design of impedancedbasasurement systems [105].
Some authors have used current-pulses to calcataeelectrical parameter, that of the
electrochemical capacitance [106]. Techniques sashthese often require dedicated
apparatus and specialised instrumentation. Systapeable of inclusion in a conduit would
be of great use in many applications. A methodepficating some of the results outlined
above, and sent to a cuff circuit worn by a patsotld allow real-time monitoring of
some injuries as they recover. In addition, theettgument of a biodegradable impedance
measurement system to achieve this would offebémefit ofin vivo functionality with all

the benefits of biodegradable conduit systems.
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2.5.3 Electric Cell Impedance Sensing Summary

Commonly employed with instrumentation, ECIS quaesi cell/substrate impedance
information through changes in electrical activity.order to be implemented as part of a
biodegradable implant, a simpler implementatiorsagight here. To achieve this aim,
instrumentation will be used to quantify expectedll cbehaviour, followed by
experimentation with minimalistic electronic cirtaii designed to be capable of

implantation on a biodegradable construct.

2.6 Summary

This chapter has described the four topics thatnfohe foundation of this project:
peripheral nerve repair strategies; wireless poamer data transmission; microfabrication
techniques for flexible polymer electronics; andctiical cell impedance measurements.
From studies in the literature it is clear thatipleeral nerve repair remains a challenging
operation characterised by poor functional recavapplication of electric fields during a
repair, as part of an advanced conduit design,roffauch promise in aligning and
increasing the rate of repair, towards improvingctional outcomes for patients. An
outline of inductive powering systems and microiedtion techniques associated with
thin-film polymers has sought to explain how sugltems could be implemented in a
conduit repair. Finally a brief explanation of sorentemporary approaches to cell
impedance sensing has been provided to show hatbde& could be included during a

repair to improve outcomes.
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3 Electromagnetic Theory

This chapter outlines the electrical and magndtaoty required to design inductively
powered biomedical systems. An overview of magniic principles is followed by a
comprehensive introduction to inductors and theie as electrical transformers. Finally,
the inductive powering subsystems and theory aserideed in detail. It is the aim of this
section to provide the reader with an insight itte design of the electrical systems used
to apply electric fields to neurons. The work insthproject is differentiated from
contemporary literature in the use of precise aledteld control using microelectrodes.
This is in contrast to the common approach invgviwo large electrodes applied to a
conduit repair. The success of this approach raresan understanding of the concepts

outlined below to ensure signal integrity and gadisystem performance.
3.1 Principles of Magnetic Fields

3.1.1 Parallel current carrying wires

Ampere’s law can be used to analyse the magnatic density when a number of
conductors are placed in close proximity; importatiien analysing inductors. Consider
the case of two parallel wires, carrying currenbpposite directions, as in power delivery

cables, shown in figure 3.1.

Figure 3.1 magnetic flux density from two paratiatrent carrying wires in close proximity [107].

WhereB is the magnetic flux density, F is the force agton the conductors, | is the

current flowing, R is the separation distance argld portion of the length of conductor.
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Ampere’s law is used in figure 3.1 to show how itiegnetic flux sums in the gap between
the wires, and cancels in the outer regions. Waasying power to a circuit are often
twisted together, to eliminate the inner magnétig density. If the currents flow in the
same direction, the opposite effect can be obseMad is the case in inductors; often an
inductor will have a strong magnetic field in thentre, caused by the summation of many

current carrying wire elements.

3.1.2 The Biot-Savart Law
The Biot-Savart Law describes the magnetic field &ked point from a conductor. It can
be used, for example, to calculate the magnetic dlensity at a point within a solenoid

inductor.

= P
e
0 r

"

N’

Figure 3.2 the magnetic flux density at a fixedhpdP, from a current carrying wire [107].

From the Biot-Savart law, the magnetic field atxad point, P from a current flowing in a
conductor can be found. Consider a current flowm@n infinitesimal section of length,

dl, of a current carrying wire as shown in figur2.3

_ Uoidlsin® (3.1)

dB
4rtr?

Where r is the distance to the point, P at an athgbethe conductor and, represents the

permeability of free space. This relationship isgoéat use in evaluating a number of
complex wire layouts and in calculating inductanedues. Inductors typically consist of
many loops of wire, hence calculating the magrféiic density at a distance from a single

coil of wire is a fundamental step prior to anatgsmultiple loops.
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Figure 3.3 the magnetic flux density, B, at a fipetht from a current carrying loop of wire: an

example calculation using the Biot-Savart law [107]

Consider figure 3.3, showing a single loop of wwigh a current, I, flowing. At a fixed
point, P, from this wire the Biot-Savart law canibegrated to calculate the net magnetic

flux density.

_ Holdlsin6 (3.2)

dB
42

The component of the vectoBahormal to the z-axis can be written

R
dB, = dB cosé = dB; (3:3)
Noting from figure 4 thatd = 90°,dl = Rd¢ and r = VR?+2z?2
tol R? (3.4)

dB,

= d
m(R? 1 2232 1
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The net magnetic flux density in the z directiorthe integral of this equation around the

loop. The normal components cancel leaving themzpoment as the only remaining flux

Uol R? fz" Uol R? (3.5)
: =@ 1 22 ), YT

The magnetic field at the centre of the loop,wken z=0, is

Hol (3.6)
B=-2
2R

3.1.3 Magnetic Field in the Centre of a Solenoid

The Biot-Savart law can now applied to the solenodlctor, i.e. a problem with multiple
loops of wire. The solenoid is a widely-used inductype, comprising a long wire
wrapped many times around a cylindrical core malteifhe solenoid is an inductor
geometry used in a wide variety of applications doedts ability to generate strong,

uniform magnetic flux densities with relatively lawrrents.

B —rereaconnannn cnnnanna B
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Figure 3.4 a schematic of a long solenoid and its-Bavart diagram [107].

For a solenoid with cross-sectional area, A, lengtimner radius, R and number of turns,
N; integration of the Biot-Savart law yields the gnatic field in the z direction as shown

in figure 3.4
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IR? 3.7
B, = Ho ' (3.7)
(2R + z?)2
and integrating along the length
HoNI (3.8)
VI + 4R?

which, for long solenoids (I>>R) reduces to

poNI (3.9

B=l

Hence, for solenoid inductors, a large turns-dgnsitl yield an increase in the magnetic

flux density.

3.1.4 Magnetic Flux
It has been shown how magnetic fields can be catledlat a distance from a wire or loop.
It is often convenient to use the magnetic flux, passing through an area, A, in

electromagnetic design problems
= #B.dA (3.10)

The magnetic fluxp is measured in Webers (Wb). One Weber per squateens equal to
one Tesla. The vectoAdrepresents an infinitesimal part of the total apmapendicular to

the surface.

Magnetic flux density
lines

Area, A

Figure 3.5 uniform magnetic flux density passin@tigh a surface area, A, at an angig[107].

For a constant magnetic flux density, as in figdu's the magnetic flux reduces to
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¢ = BAcosa (3.11)

The above equation reduces to the product, BAp&opendicular magnetic fields passing
through a cross-sectional area.

3.2 Inductance

Some fundamental laws illustrating the direction &alue of magnetic flux, flux density
and intensity have been described. The followingtiee will apply these laws to

inductors, and show how inductors can be usededriglal transformers. In general, an
inductor is an electrical component that storesgnm a magnetic field when a current is
flowing through them. Inductors are defined by thaitio of magnetic flux to their net

current flow

. NI_¢ (3.12)

Where L is the inductance in henries (H), N isnlienber of turnsg is the magnetic flux

and | the current flowing through the inductor.

3.2.1 Inductor Core Material

A ferromagnetic material may be used as the coemanductor, to increase the inductance
per unit area. However for biomedical implantsitmpossible to implant a ferromagnetic
core unless the implant is encapsulated in a bipedivie material, such as silicone. For
this reason air-core coils are used those implaatsdo not use encapsulation, particularly
for biodegradable systems. There are no bioconlpatilaterials that improve the value of
permeability. For this reason, throughout this ¢bapny inductors will be analysed as air-

core components and thus the permeability willHze: of free space.

3.2.2 Inductance of a Solenoid

When analysing inductors, which are often madefupamy turns, it is more convenient to
calculate the flux linkage. In a solenoid designisiassumed that all the magnetic flux
lines link each turn of wire, therefore the totagnetic flux linkage is the number of turns

multiplied by the magnetic flux
A=N¢ (3.13)

With the flux linkage expressed in Wb-turns. In erdo obtain an expression for the
inductance, the magnetic flux density must first dadculated. It is assumed that the

magnetic flux density is uniform and the flux odtsithe solenoid is zero. For a long
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solenoid with length, | much larger than the radigs and using the expression for the

magnetic flux density within a solenoid, the incarate becomes

L= NBA _ N*A, (3.14)
|

The magnetic flux density has been assumed to trelgnn the z direction, perpendicular
to the cross-sectional area, A. An important okestgon is that the inductance varies with
the square of the number of turns. Therefore #rgd inductance is required for a given

design, a higher turns-density should be usedicpéatly when space is at a premium.
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3.2.3 Inductance of a spiral inductor

The spiral inductor is widely used in MEMS and CM&yStems as it can be produced on
a single metal-layer (with a second layer usedaia gccess to the centre connection) with
rectangular tracks. Other types of inductor couwdbre practically implemented on CMOS
ICs. Microfabrication of spiral inductors can becamplished using lithography with
precise control over the dimensions; particulalg width of the tracks and the space
between them. Spiral inductors have a great adganter meander and zig-zag
geometries in that their tracks have positive miuittductance (the current in each track
flows in the same direction to its neighbouringkladMeander and zig-zag inductors are
useful if one wishes to use only one processing,sés they do not require a via

connection, however the inductance per unit areaaller for these two designs.
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Figure 3.6 (a) square, (b) octagonal and (c) hexaspiral inductor designs used when

calculating the theoretical value of inductance ftgnar spiral geometries [53].

Some spiral layout options are shown in figure (3quare, hexagonal and octagonal). A

modified Wheeler expression was used to obtairxaression for the inductance [53]

N?dgyg (3.15)

L:K1HO—1+Kp
2
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Where the average diameter has been defined as

d _ dout+din (316)
avg — T
And the fill ratio,p
_ dout—din (3-17)
dout+din

The parameters Kand kK are used to modify the inductance for the diffeiggometrical

layout options.

L ayout Ki | K2

Square 2.34 2.75
Hexagonal 2.33 3.82
Octagonal 2.2% 3.55

Table 3.1 K parameter values for different spielduts [53].

The expression for the inductance can be usedfioedan appropriate geometry, given a
target value of inductance. Alternatively, an iradion of the inductance value for given

geometric constraints may be obtained. The valuetlban be adjusted by varying one
parameter e.g. the number of turns. Note thattio&ress of the inductor has been ignored
as it has a negligible effect on the inductanceealbtained.

3.2.4 Energy Stored in an Inductor

Inductors and capacitors are energy storage compgnenlike resistors which dissipate
energy in the form of heat. The energy in an induis stored in the magnetic field when a
current is flowing through it. The energy storegisportional to both the inductance and

the current

P (3.18)

Where E is the energy stored, measured in Joules (J
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The quality factor of an inductor provides a measafrhow much energy is lost each cycle
due to resistive losses. An inductor with a higheality factor will consume less energy

per cycle. It can be expressed as

Energy Stored per cycle  wL (3.19)

lity Factor = B
Quality Factor Energy dissipated per cycle R

where R is the parasitic resistance of the induetod » is the angular frequency,
expressed in radians. Hence a good inductor shioatd minimal resistance. The quality
factor influences circuit behaviour in a numbemalys. In resonant or oscillating circuits,
energy must be provided each cycle to replacewhath is lost. Therefore larger quality

factors cause an increase in circuit efficiencydgucing power loss.

3.2.5 Self-Resonant Frequency
From the lumped equivalent circuit of an inducttire self-resonant frequency of the
inductor can be calculated using the expressionewnance of a parallel LC circuit

T ae ) (3.20)
e (-0 = i

Wherew, is the self-resonant frequency, R is the resigtasfcthe inductor and C is the

inter-winding capacitance, as shown in figure 3This capacitance is the result of

windings placed in close proximity, separated lalyedectric, usually air. In order to reduce

the winding capacitance, the separation betweernthector wires can be increased. It is
important to calculate the self-resonant frequemsy it is undesirable to work at

frequencies which are too close to this value. r&tjfiencies approaching the resonant
frequency, the impedance of the inductor variestdraly. This has an impact upon

practical circuits where variations in the intemding capacitance can have a large
influence over the impedance of the inductor. Tleguency of operation should therefore
be at least a decade below the self-resonanceeineguto avoid large discrepancies

between predicted and practical circuit performance
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5

Figure 3.7 the lumped equivalent model for an @recinductor, showing the resistance of the

inductor and the inter-winding capacitance.

3.2.6 Faraday’s Law

In order to analyse electrical transformers andictiste powering systems, it is necessary
to understand the method of inducing current arithge in an inductor. Faraday’s law of
induction states that an alternating magnetic fpgldsing through a loop shaped conductor

will induce an electromotive force (EMF) in thatnciuctor.

foa- @ @21
dt

WhereE is the electric field andlds an infinitesimal line segment of the conduciidne
integral of each induced electric field elementua the loop will yield a voltage
difference between both ends of the loop. Typicalty alternating current is used to
produce an alternating magnetic field, resultinguminduced emf in the loop. This effect
is widely used in electrical transformers. Usingdeay’s law of induction, the voltage

across an inductor may be found. The magnetictfiuugh a loop shaped conductor is
¢ =Li (3.22)

And therefore, the voltage across the inductor is

E.dl = —

>£ do (3.23)
dt
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di(t) (3.24)
dt

Where v is the voltage across the terminals ofitiskeictor. Thus, a change in current
through an inductor will cause a voltage differebe¢ween the terminals, proportional to

the rate of change and the constant, L, the indaetgalue. In the frequency domain

i_ o (3.25)
T
v =jwLl (3.26)

Lenz’'s Law states that if the ends of the loopeddoator were to be connected, the
current would produce a magnetic field that oppaseriginal changes in magnetic field.
This is important when considering the polarityimduced voltages within a transformer

system.

3.2.7 Mutual Inductance

7/ s , B
\\\\\\ I~ :j/f /// e
——— i v,()
//// 2l /: - _ /] \\
/ / ) \\\\\\ \
Primary Coil”” Receiver Coil
(Solenoid) (Planar Spiral)

Figure 3.8 use of a large solenoid to power a spmélnar spiral receiver inductively.

If two inductors are placed in close proximity tch other, one coil can be used to induce
a voltage in the other, as shown in figure 3.8.afernating current in the ‘primary’ coll
produces an alternating magnetic flux which lin&stlie second inductor, the ‘receiver’
coil. This alternating flux in turn induces a \age in the receiver inductor in accordance

with Faraday’s law.
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do(t) (3.27)

v, (t) = N, dt

Where N is the number of turns in the receiver inducterd & is the induced voltage

between the terminals of the receiver inductorywshim figure 3.9.

11 Il |2
+ A +

L1 L2

W

Figure 3.9 circuit schematic depicting two mutualtupled inductors.

Since the magnetic flux is linearly proportionakbe current in the primary inductor

2y (0) & N, dicligt) (3.28)
di .
v,(t) = My l;it) (3:29)

M12 represents the mutual inductance between the ndiactors; the subscript is used to
indicate which two inductors in any system are gaised for the calculation (note also
that Mi> = M21). Many factors influence the value of mutual indunce between two coils,
such as the geometry of the coils, the number mofsiuthe separation distance, angle and
displacement, and the properties of any matenmatheir vicinity. Any materials with high
permeability will have a significant effect. Foretbase of two mutually coupled inductors,
the self and mutual inductances both contributéhto voltage. The voltage across an
inductor is thus composed of a term dependant erctitrent flowing through it, and a
term caused by alternating currents in any mutuetlypled coils. For two mutually

coupled coils, the voltage across each inductor is

din(®) | diz(t) (3.30)

t)=1L
vy (t) 17 ¢ dt



70

dip(@) | du(®) (3.31)

v2(t) = Ly dt dt

3.2.8 The Transformer

i] o o iZ
'
N, N,

Figure 3.10 the ideal transformer.

If two inductors are wound around a magnetic coegemmal, the magnetic flux from the
primary coil can be assumed to link completely with secondary coil, forming an ideal
transformer, shown in schematic form in figure 3.I@ansformers are so named due to
their ability to step-up or step-down voltage andgrents. The relationship between the

primary and secondary power in an ideal transforser

Vlll = Vzlz (332)
It can be shown that

E B & B 1_2 (3.33)

V, N, L

i.e. if the voltage is increased at the second#ey,secondary current decreases. Thus the
power at the primary is equal to the power at tbeosdary, for an ideal transformer.
Practical transformers typically operate with sdosses due to flux leakage, eddy currents

in the core, or resistive losses in the windings.

3.3 Wireless Power Transfer Systems

There are a number of different topologies avadafdhen considering how best to transfer
power and data wirelessly. In biomedical appligaithe problem faced is how to couple
power through the skin, often to an implant budegp within the patient, at distances on

the order of 10-100 mm. In a peripheral nerve mepperation, the distance to the implant
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depends on the location and type of injury suffefidterefore, the chosen power delivery
system should be capable of meeting the specticstifor this range of separation

distances.

3.3.1 Ultrasonic Links

Ultrasonic waves are acoustic signals that haveeguéncy in excess of 20 kHz. These
waves can be used to send signals wirelesslycpkatly inside the body where the liquid
environment ensures the signal can propagate e#&ct They are commonly used to
monitor the health of unborn babies in the wombe@eming the skin barrier is achieved
with a layer of gel. Some researchers have overctiraeskin barrier with a pair of
inductors (inductive powering); the received povgethen sent to an ultrasound transducer
to transmit up to 70 mm inside the body [108]. Tikisin excellent example of combining
the merits of inductive powering (short distancebauteaneous) with the benefits of
ultrasound (excellent and long transmission ingilie body). The group were able to
couple 2uW of power at a total distance of 80 mm. Technidikesthis can help to reach

deep injury or implant sites.

3.3.2 Near-Field Versus Far-Field

At separation distances much smaller than the waggh of the electrical signal, near-

field analysis dominates. In inductive poweringsithe near-field case. The far field case
applies at distances much larger than a waveleingh the conductor. This is the case of
radiating fields. Inductive powering is advantageon that the receiver can be much
smaller, providing one wishes to operate at a segglhration distance (on the order of 10
— 50 mm). At higher frequencies, using a far-fielsbde of transmission, large eddy-

currents would be induced around the receiver amatanside the body. The practical

working range for medical implants, 0.1 — 10 MHzc¢lades far-field modes of operation,

assuming the receiver space is minimal [109].

3.4 Inductive Powering: Design Theory

Inductive powering is used in a number of applmadi from heavy industry as an isolation
mechanism, to micropowered implants for biomedasalices. As this project is concerned
with bio-implantable electronics, the case of lomwer, loosely coupled systems will be
outlined. These systems can be thought of as aapyinsircuit driving a non-ideal
transformer connected to a receiver circuit. In¢ase of biomedical systems, the primary
coil is outside the body and the secondary is impld inside. The characteristics of a

biomedical implant powered inductively, in termsm@insformer behaviour, are:
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» The efficiency of practical power transformers anethe order of 90% and above.
Inductive powering systems for biomedical devicas operate with efficiencies
below 1%. This is largely dependent on the distdetereen the transmitter and
receiver.

» Practical transformers use a ferrous core matenml,are tightly wound
concentrically. In biomedical systems both coils em-planar and separated by a
finite distance, on the order of a few millimetagsmore. As a biodegradable
device is sought here, ferrous materials have breluded from the receiver
design.

« Parasitic effects, particularly in the receiver,aiioe taken into account. The
parasitic resistance and capacitance of the reciengacts on the efficiency,
selectivity and the choice of transmission freqyenc

* Biomedical devices should be made relatively ingimesto variations in position
of the coils. This often translates into physicédlsge primary coils driving small

receiver coils, further reducing the coupling bedwéhem.

These factors all serve to reduce the efficienay tie magnetic coupling of wirelessly
powered circuits used for biomedical implants. Aatlioe of some of the design
considerations required for inductively powered limmps is provided in the following sub-

sections.

3.4.1 Design Problem

A schematic illustration of the design problem wn in figure 3.11. A transmitter
inductor housed within a cuff worn by the patiestitpuld send power and data to a receiver
inductor. The receiver inductor, fabricated on adegradable conduit, connects this
received power and data to suitable circuitry ttraet the data. The electrical stimulation

signal is then sent to microelectrodes with the airanhancing peripheral nerve repair.
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Figure 3.11 schematic illustrating the proposeddiogy for a functionalised, biodegradable
conduit powered through a wireless link. A transenitircuit worn as an external cuff by the
patient is used to couple power and data into #geiver circuit, built on polycaprolactone. The
receiver circuit converts the amplitude modulatadier signal into an electrical stimulation
signal, capable of influencing the growth of regaieg neurons. At the end of the repair the

conduit will degrade, eliminating the need for a@ed surgical procedure.

3.4.2 Coupling Factor
The coupling factor is a measure of how much offline generated by one coil, links to
the second coil; often expressed as a percentdge.fllix that does not link to the

secondary coil is wasted, i.e. it represents a ptss in the electronic system.
(3.34)

M
k= *100%
V6il,

Where k is the coupling factor; for an ideal tramsfer, k = 100%. A higher coupling
factor represents an increase in efficiency, as pesver is required for a given induced
voltage in the receiver. A low coupling factor (ilsomedical systems) requires a large
alternating primary current to generate enough reagflux to induce a sufficient voltage
at the receiver. Therefore the majority of the ggein the system is consumed in the
inductive link as wasted magnetic flux that does Imk to the receiver inductor. Figure
3.12 shows how the current flowing in a transmititetuctor can set up a region of

relatively constant magnetic flux density aroundeeeiver inductor. The simulation was
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performed with Opera (Vector Fields, Cobham Tedini8ervices, UK) using the
magnetostatic option. A current of 2 mA was used tfee transmitter current. ldeal
conductors were used to model an inductor. Anegron surrounding both inductors was
sufficient to illustrate the spread of the magnéiix density. Simulations like these can

greatly assist in determining the value of coupfagior and in design optimisation.

Map contours: BMOD
1.588737E-006

Transmitter inductor: worn as a cuff

1.400000E-006

r— 1.200000E-006

— 1.000000E-006

- 8.000000E-007

r— 6.000000E-007

[ Receiver inductor, curved around a nerve conduit
3.952494E-007

Figure 3.12 current flowing in a transmitter indoctproduces a magnetic flux density around the

receiver inductor. It is desirable to have a regmmear-uniform flux enveloping the receiver.

Since a higher coupling factor is often soughisiuseful to know how to achieve the
optimum coupling for a pair of inductors. An exmies for the maximum coupling has
been derived for a pair of coils, with diameteisatid d, separated by a distance, D,

illustrated by figure 3.13 [39]
, 3.35



75

Y

Figure 3.13 coupling factor optimisation betweew wo-planar inductors [39].

Hence for a given receiver diameter and separalistance, the transmitter diameter can

be calculated to ensure maximum coupling is achkieve

3.4.3 Equivalent Inductive Link Circuits

The design of loosely coupled systems can be diegblusing equivalent circuits with
ideal transformers, or with representative indugetlage or current sources, like those
shown in figure 3.14 [110]. These circuits are ubkeh analysing the primary and
secondary circuit together, and in simulating theiseuits. This figure represents a non-
ideal transformer a a T-model, an ideal transformih leakage terms, a model with
current sources and finally a model comprisingagdt sources. The latter model is of most

use as it is often easier to work in induced vatagnd measured transmitter voltages.
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Figure 3.14 equivalent circuit representationswbtloosely coupled inductors [110].

The square root of the ratio of the inductorssrdefined as

L (3.36)

L,

3.4.4 Induced voltage in a loosely coupled system

Biomedical implants often require a known valuesapply voltage, dependant on what
their function is to be, and what components amawéation signals are required. It is
therefore important to know what parameters deteemihe induced voltage in the
receiver. In the case of two coupled inductorsidgwa nominal load, first assume that the

primary current,iis purely sinusoidal and is of the form
i1(t) = I;sin(wt + 0) (3.37)

Where i, is the transmitter currenf; is the peak transmitter currens, is the angular
frequency in radiansand @ is the phase angle. Recall that the induced veltgthe

secondary is written

di, (t) (3.38)
dt

v,(t) =M

and differentiatingai
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v,(t) = MI,wcos(wt + 6) (3.39)

It is useful to express the induced voltage in teaithe peak voltage
V, = Ml,w = 2nfMI, (3.40)

where f is the frequency in Hertz. Finally it ca@ Imore convenient to use the coupling

factor in place of mutual inductance
‘72 = 27Tfi1k Lle (3'41)

The induced voltage is directly proportional to finequency, coupling, inductor values
and the primary current. N.B. that increasingok L, may cause the coupling to decrease
in some cases. It is therefore better to designtw inductors and maximise their
coupling for a fixed distance, before varying tltaes parameters to achieve the desired
induced voltage. These expressions are useful alysing the effect that a single

parameter will have on the induced voltage in #eeiver.

3.5 Circuits and Systems of Inductive Powering

The final section of this chapter describes somethef circuit elements used when

designing wirelessly powered implants. Receiveruifrelements convert received signals
into useful waveforms to be used in the targetiappbn, such as stimulation waveforms
or cell sensing. Circuits within the transmittere aresponsible for supplying large

alternating currents to the primary inductor tocs@ower and data to the receiver. They

may also be responsible for receiving data frominiant and data logging if required.

3.5.1 LC Tank Resonator

L c== =RrZ

Figure 3.15 a parallel LC tank circuit with a loadsistor, R.

A parallel resonant circuit consists of an inductarcapacitor and a (load) resistor as
shown in figure 3.15. Using the admittance of tineuit
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1 1 (3.42)
—=—+jwC+R
7" oL +jwC +

The circuit is said to be resonant when the impeéanri the inductor is equal to that of the

capacitor. It can be shown that the resonant frecyues

oo L (3.43)
0T JVIC

Whereawo is the resonant frequency. Figure 3.14 illustréiew, with the use of a parallel
capacitor, the voltage drop across the secondalyctor can be eliminated, providing the

circuit is tuned to the transmission frequency.

VL L1 L
X e

v 7 v/

\/ -/

Figure 3.16 cancellation of the secondary leakaghictance using a tank resonator.

Parallel LC tanks are used in the receiver cirtuiprovide a voltage source output. If a
current source output is preferred, a series LCuttican be used. Voltage outputs are
suitable for driving higher resistance loads, whereurrent sources are better suited to low

resistance loads.

3.5.2 Transmitter design

In order to adequately drive the primary inductathwa large alternating current, an
appropriate transmitter circuit must be designedvide range of amplifiers are used for
this task, with the class C (including saturatit@ss C) and E drivers dominating in the
literature due to their high efficiencies. Howeviiiese types of driver typically work at a
fixed operating frequency, which can make expertaleset-up tedious if one wishes to
tweak the supply frequency between experimentsssCAB drivers are less efficient, but

their ease of design and ability to work at a raofequencies (with a single component



79

change) makes them an attractive choice for prpioty When the experimental set-up

has been optimised a high-efficiency driver casddected to improve the efficiency.

The class AB amplifier uses a push-pull transistomfiguration and is shown below in
figure 3.17. A low power a.c. signal is appliednfr@a function generator, coupled to the
input of both transistors. Each transistor is tdrros for half a cycle, that is the npn
transistor is on during the positive half-cycle @hd pnp is on during the negative cycle.
Each transistor acts as an emitter-follower, camgrthe low-power input signal to a
high-power output signal. The output signal drittes primary inductor, inducing a voltage
in the receiver. A resonant capacitor is often emted in parallel with the transmitter
inductor in order to cancel out the primary leakagkictance.

N +ucc N

R1§
—I:T1

D1
VA
Signal In
? I/
[\
C1 02
v )
I: T2 —=C2
R2 2
GND

YV -Uee A4

Figure 3.17 a class AB amplifier, driving a pardlleC tank circuit.

Two diodes are used to minimise output distortiop,biasing both transistors on. The
downside to this is an increase in quiescent cumdren there is no input signal applied,

but it removes crossover distortion from the drigetput.

3.5.3 Amplitude Modulation

Amplitude modulation describes those systems whisk discrete variations in the
amplitude of the carrier signal to represent infation. Two waveforms are generated: the
carrier signal and the modulation signal. Theseagare modulated to produce the AM
output signal for transmission. The data can tremtiracted at the receiver by passing the
signal through a demodulator. The carrier, signdl @utput voltages can be expressed as



80

v.(t) = V.sin(w,t) (3.44)
v5(t) = Vsin(w,t) (3.45)
v, (t) = (1 + mv(t)). sin(w.t + ) (3.46)

Where m is the modulation index, having a valueveeh 0 and 1. The subscripts ¢ and s
denote the carrier and data signal parametersouitpt, v, is the modulated waveform,

which appears at the output of the driver.

s L] 1.5 2

/\ \ it
B SRVARVA ||l

S P e e

Figure 3.18 a 1 kHz carrier wave (a) a 100 Hz dsignal (b) and the amplitude modulated signal

(c). The modulation index is 0.5.

Amplitude modulation may be practically implementedvarying the value of collector
(or drain) voltage in the transmitter, thus varythg amplitude of the output voltage, or by
varying the collector current by modulating the dgasmitter, or driver [111]. Collector
modulation may only be used if the transmitter $rstor(s) are saturated.

3.5.4 Demodulation
The receiver circuit in an inductively powered imapl is used to demodulate the
transmitted AM signal in those systems that requia¢a transmission. A typical AM

demodulator circuit is shown in figure 3.19.
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Figure 3.19 a typical envelope detector schemabaosisting of an LC resonant tank circuit and an

envelope detector.

The receiver, shown in figure 3.19, consists offtllewing parts:

* The receiver inductor converts the alternating neéigrfields from the transmitter
inductor into an electrical current

« Aresonant tank capacitor tunes the inductor tatraer frequency, cancelling the
leakage inductance

* The AM signal is then half-wave rectified througkemiconductor diode, with a
filter capacitor to smooth the ripple voltage. A&&dl resistor is used to charge the
capacitor during the negative half-cycle. Thesedlwomponents form the
envelope detector and the output of this circaitks any changes in carrier
amplitude.

* The data signal can now be connected to the rabedfircuit and used as desired.

Amplitude modulation has one primary advantage avgrother modulation technique, in
that it is the easiest system to implement, pdertuin biomedical implants due to the
simplicity of the demodulation circuit. It can bmplemented using a relatively small
number of components, which is an important factdsiodegradable systems and in cell-

compatibility.

3.5.5 Eddy Currents
If a large conducting material is placed in closexpmity to an alternating magnetic field,
such as that found in a transformer, electric cusrevill flow in a closed loop in that

material. These currents, termed eddy currents,raheced in opposite polarity to the



82

alternating field, obeying Lenz’s law. In practi¢einsformers, laminated cores are used to
reduce eddy current losses. In bio-implantableesyst eddy currents can flow in the tissue
surrounding the receiver circuit and this shouldaeided for health reasons. Indeed it is
the presence of eddy currents that determinesgperdimit of transmission frequency for
an inductively powered implant. Typically an upperit of around 10 MHz is imposed to
avoid harmful levels of eddy currents, as the imdueddy currents are proportional to the

frequency of transmission.

3.5.6 Skin Depth
The skin effect is caused by the internal magrfegids within a wire, when an a.c. current
is flowing in that wire. This internal magnetic ltiecauses the majority of the current to

flow in the outer sections of the conductor, whiere are less flux lines.

1 (3.47)

Jrfuo

Wheres is the skin depth in metres, is the conductivity of the material andis the

5 =

magnetic permeability. The skin depth is the distalbelow the surface of a conductor that
the current has decreased by 1/e of its surfaagevdlhis effect is termed the proximity
effect when present in tightly wound inductors,tsas solenoids, caused by the magnetic
fields of adjacent conductors. Both of these efferduse an increase in the effective
resistance of the inductor, resulting in a lowealdgy factor. The resistance of a circular
wire conductor can be expressed in terms of its vhtue, multiplied by a skin depth

factor, where r is the radius of the wire andthis length of the wire.

EAY r (3.48)
R=Ry. [1 + 3 (%) ] for & > 5 (low frequency)
r 1 3 /26 ro. (3.54)
R=R;. [% + 1 + Q(Tﬂ foré < > (high frequency)
l (3.49)
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3.6 Summary

This chapter has described the electromagneticiptes that form the basis of electrical
induction. Inductors have been described in gregdildwith a focus on their best known
application: the electrical transformer. In bionwdiapplications, low coupling, wireless
power schemes dominate. The sub-systems requiregei@te these inductive links have
been shown with some basic concepts associatedthgihfunction. This chapter will be
used to design an inductive powering system capafbleansmitting power and data to a
biodegradable receiver circuit. Inductors are demigusing the coupling theory outlined
here. The equivalent circuits for inductive powgridescribed here have been used
extensively to ensure biodegradable receiver dsomuould fulfil the desired functionality

at reasonable levels of power consumption.
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4 Applied Alternating Electric Fields to Sensory Neurons In Vitro:

Effects and Outcomes
Electrical stimulation applied during a periphemalve repair can have positive outcomes.
However, inaccurate attempts at electric field oanin vivo are invariably seen; with
functional outcomes often comparable to controleexpents. Throughout this chapter,
applied a.c. electric fields are delivered in acme and controlled mannan vitro to
examine their influence over regenerating neurdnthecellular level. This approach,
using many different electrical stimulation wavefar across independent trials, aims to
identify the parameters that are most favourableetoronal alignment, manipulation and
growth.

4.1 Electrical Stimulation of Regenerating Dorsal Root Ganglia

The majority of electrical stimulation studies downt the use of alternating electric fields
in vivo. It is clear that the main difficulty lies in setang the electrical stimulation
waveform. This is because, almost without exceptiuntwo authors use the same set of

experimental conditions. Reported experiments daaynatically in the following way:

» The electrical stimulation parameters vary acragdiphed studies.

* Some studies do not provide enough information atheuapplied electrical signal
to be able to replicate the experimental technigoe.example, some studies quote
an amplitude “significant to cause an action po&htThis is not a precise value
and varies dependant anvivo electrode placement.

* The stimulation frequency can be either continuougxpressed as a train of
pulses occurring a number of times per second. Sbaakes use bi-phasic pulses
20 times per second, others use a 20 Hz squaresigivad. Again it is difficult to
compare studies with such a wide set of waveforapeb, frequencies and pulse
duration.

» Published literature can be divided by the useuofent sources versus voltage
sources.

* The value of electric field is often unknown; mamyhors use two electrodes at
either end of a conduit, but do not indicate theasation distance. The electric
field will vary at fixed distances along the condtaused by poor electrode
placement. Ideally one should use several elecsratieach end to obtain a

uniform field distribution from one end of the caiitto the other.



85

4.1.1 Experimental Technique

These factors maka vitro modelling of the repair extremely difficult. Themaihere was
to examine the outcome of electrical stimulatiomgsnin vitro model. This model began
with the use of multichannel electrode arrays (ME#®sculture dorsal root ganglia (DRG).
An autonomous stimulation system was designed usigview software (National
Instruments, USA) and PXI data acquisition hardw@Mational Instruments, USA).
Electrical stimulation waveforms were selected apglied in order to examine their effect
at the cellular level using precise control of éhectrical parameters. The following section

describes the experimental technique and the lingsalts.

National Instruments Labview software was seleetethe best candidate for the design of
an automated stimulation generator due to its uderface, ability to control electrical
instruments and compatibility with PXI acquisitidrardware. PXI is a platform from
National Instruments, used to interface a PC widltadacquisition cards. The block
diagram of the hardware is shown in figure 4.1.SEhehoices were made with a view to
designing a flexible hardware and software setagrnsure that any design challenges
could be met. Flexibility proved to be important éxploring a number of electrical
stimulation waveforms and in running experimentgamnallel. In the beginning it was not
known what the signal parameters would be andatoise called for a flexible approach to
waveform generation. A narrowing of the experimentaiables could then result in a
more fixed approach, leading to the fabricatiorce$tom electrode modules and a more
detailed knowledge of hardware requirements withieav to developing a system that

closely matches an vivo electrode design.
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Figure 4.1 the electrical stimulation hardware bkodiagram. National Instruments Labview
software was used to control analog input and ouBXi cards within a PXI chassis. A custom
interface PCB condensed the signal lines and akkbaaxess to the multi-channel electrode array.

A firewire camera provided time-lapse imaging foe duration of each experiment.

The Labview software is used to control two datquésition cards through a PXI chassis
connected via a PXI-express card within a PC. Gmé is primarily an output card, whilst
the other is predominantly an input card. Theselcare connected to a printed circuit
board (PCB) which forms the interface between tkéystem and the MEASs under test.
The PCB efficiently routes signals to the MEA. SeveMEAs can be tested in parallel,

increasing the rate of experimental data that eaadojuired.
The following list summarises the capability of gtenulation system:

1. Control of 32 independent output channels.
2. Control of 2 firewire cameras for time lapse recogd

3. Acquisition of 32 analog input channels.

For each of these experiments, a rat dorsal raoglge was used as a source of sensory
neurons. This DRG was seeded in the centre of tB& [drior to the application of the
electrical stimulus signal. It was hoped that byplging different electrical stimulation

waveforms across independent experiments, diffegeawth profiles would be visible. In
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particular, it was thought that neurons would akdong the direction of the applied field.
MEAs were chosen as a suitable device for this tduiieir flexibility and ease of cell-
culture (Multichannel Systems, Germany) shown guirfe 4.2. These devices contained 60

TiN electrodes on a glass substrate. Connectiome wade using a gold contact spring

connector (Multichannel Systems, Germany).

Figure 4.2 the multichannel electrode array usedpply electrical stimulation to regenerating
neurons from a dorsal root ganglion. The produadis the 60MEA500/30iR-Ti (Multichannel
Systems, Germany). The electrodes were spacednd@part. Each titanium nitride electrode was
30um in diameter. The electrodes are arrayed in aaegtlar 6 x 10 pattern. Scale bar (A)

10 mm and (B) 5 mm.

The cell culture technique can be found in appedix

4.1.2 Electrical Stimulation Waveform Selection

Two pairs of electrodes were used as a startingtpuwiith an alternating electric field
applied between each pair as shown in figure 48.8im was to observe how the neurons
regenerating from a DRG were influenced by thegpores of electric fields. Control
cultures, with no applied electric fields, shoudsd & random growth distribution emanating
on all sides of the DRG. Stimulated cultures shaald some form of alignment, attraction
or repulsion within the electric field regions.

4.1.3 Results
Control cultures evaluated how the DRG and regéingraneurons would behave in the
MEA environment. Control cultures showed a goodelewof random distribution,
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indicating a good control environment, as showrigare 4.3. The control results were

used as the reference for any modified growth lgofaused by applied electrical

stimulation.

Figure 4.3 control cultures on MEAs (A, BB-tubulin has been used in (C) to label the axons
(green), with s100 labelling the Schwann cells rédnon-oriented axonal and cellular network is
achieved, indicating a good control outcome. S&@@um. False colouring has been applied for

clarity.

Electrical stimulation resulted in aligned regetiera profiles, albeit on a limited
percentage of trials. This directed alignment cdusethe alternating electric field regions
was in some cases highly pronounced, and lessahéns. However, the majority of cases
were equivalent to a random control distributioheTobserved pattern of alignment was
inconsistent across the independent trials, whieldemit difficult to draw any accurate

conclusions from the experimental data.

—
: R 0)Y)
Regenerating
Sensory Neuruiis | i Austt : +/-

Dorsal Root

Figure 4.4 directed growth of sensory neurons feoregenerating dorsal root ganglion in
response to applied electrical stimulation. Foueatodes were used for the stimulation as

indicated on the figure above. These two pairdedftedes create two regions of alternating
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electric field. The voltage applied to the +/- déledes was 100 mV, with a separation distance of
1 mm. This has had a measurable outcome on theawuttyof neurons from the DRG. The

original micrograph has been colour —inverted fdarity. Scale: 30Qum.

Figure 4.4 illustrates the directed growth of newsrdrom a regenerating DRG. The
orientation of the neural network is in the oppegitrection to that shown in figure 4.5.
Note also from figure 4.5 that some neurons hawy yeonounced, straight, growth
profiles in contrast to the majority of the netwoilkhese results indicated primarily that
electrical stimulation can influence neuronal ghovett the cellular level. The directed

growth was of particular interest fam vivo peripheral nerve repair, where such growth

could be used to direct neurons to their targets.

Figure 4.5 directed growth of sensory neurons feoregenerating dorsal root ganglion in
response to applied electrical stimulation, showdngifferent directionality. A 100 mV, 1Hz
square wave pulse was applied continuously to ldxtredes as shown in (A). Axons and Schwann

cells were again stained f@8-tubulin and S-100 respectively (C). Scale b0
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Experiment | Stimulation | Stimulation | Stimulation | Stimulation Culture Time
Number Amplitude Frequency | Waveform Time Prior to

(n) (mV) (Hz) Shape (days) Stimulation (days)

1 100 20 Square 6 15

2 100 20 Square 16 1

3a 100 100 Square 8 1

3b 100 100 Square 8 1

4a 500 20 Sinusoidal 4 1
4b 1000 20 Sinusoidal 4 1

5 300 20 Square 6 1
6a 100 1 Square 25 1
6b 100 5 Square 25 1

7 100 5 Sinusoidal 38 6

8a 100 5 Square 16 1

8b 100 1 Square 16 1
9a 100 1 Square 18 1
9b 100 5 Square 18 1
10a 100 1 Square 31 1
10b 100 1 Square 31 1
10c 100 1 Square 31 1
10d 100 1 Square 31 1
1lla 100 1 Square 12 1
11b 100 1 Square 12 1
11c 100 1 Square 12 1
11d 100 1 Square 12 1

Table 4.1 electrical stimulation experiments onseey neurons in multi-channel electrode arrays.

Rows in bold type represent observed directionalgin versus controls.

Table 4.1 outlines the experimental parameters dsedg the stimulation tests. Some of

the key observations from this table of resultscartined below:

Initially, a 20 Hz square wave signal was chosefiiénced by the large number of
studies documenting such an approach. As an estimatas felt to be a good
initial electrical stimulation to induce a measueagffect.

The amplitude of 100 mV was estimated to be swfitio produce an effect,
whilst being safe enough to allow cells to prokifier.

A continuous stimulation pulse was selected, cotifig with some published
studies that suggest a short period of stimulgtiemday is optimal. Here the aim
was to maximise the chance of observing any eftegttimulating continuously,
treating the stimulation duration as a variablbeémptimised when fundamental
stimulation information was known. If there wereydrarmful effects from this
continuous approach, a shorter duration of stimargber day could be applied to

improve the cell growth.
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A series of tests designed to apply high voltageseewdevised, inspired by the low rate of
achieving a measurable outcome, with the resultsnsarised in table 4.2. The amplitude
of the electrical stimulation was increased eagh Hafore resting at a final value for the
remainder of the experiment. The aim of these exymts was to observe a directional
effect and thus identify what the minimum signalpéittde would be to obtain these
results on a consistent basis. The frequency wsaslalvered to 1 Hz, aimed to mimic a
d.c. signal. Despite using higher fields, no disi#e outcome was observed. However, it
was noted with interest that the DRG and neurongdcsurvive for long periods of time in

the presence of two high-voltage regions within #&A. This was a promising

development, defining an approximate upper limiawiplitude.

Culture Time
Experiment Stimulation Stimulation | Stimulation | Stimulation Prior to
Number Amplitude Frequency Waveform Time Stimulation
(n) (V) (Hz) Shape (days) (days)
12 a,b,c,d 0.5-0.8-1-1.2 1 Square 23 12
13 a,b,c,d 1.5-3-8-10 1 Square 15 6

Table 4.2 voltage step change, followed by proldreggosure to high electric stimulus. These
experiments showed that the dorsal root ganglioth @@urons could survive for long periods of

time in the presence of two high electric fieldioag.

4.1.4 Electrical Stimulation on MEAs: Summary

Some experiments did show a degree of alignmeatigith the majority of results were in
fact comparable to a random control distributioep®&ating any positive outcomes also
proved to be difficult and the long experimentaids caused a great delay in trying to use
new electrical stimulation signals. But, despitis,tit proved a valuable exercise in gaining
expertise in running such experiments as well asbleshooting some early problems in
experimental technique. These initial experimemnts MEAs indicated that alternating
electric fields could have a discernible influemcethe outgrowth of regenerating neurons.
Also, it was shown that regenerating neurons cgubav in the presence of these fields if
electrical parameters were comparable to those wdmule. This informed future
experiments, providing a range of amplitudes, feggies and shape of signal that could
be applied, safe in the knowledge that an expeiincenld be conducted. Subsequent
experiments would seek to improve the consisteri@gxperiments by achieving different
growth patterns in a repeatable fashion. This waslenpossible through the isolated,
significant results achieved here providing a degoé encouragement that positive
outcomes, namely alignment, could be achieved safa manner (with alternating, not
direct fields).



92

4.2 Electrical Stimulation of Aligned Neurons

The overriding factor determining the lack of swsavith MEA devices was the large
amount of spatial freedom which the neurons hathpawed with the electric field area.
They therefore had ample room to escape the alefigid regions. In addition, the
duration of the tests caused large delays in ologimformation on new parameters and
gaining feedback. These two factors have been sasehieby introducing a new hybrid
testing module. These devices consist of two distiarts: A central groove region where
the DRG is seeded, providing mechanical guidanas do the regenerating neurons,
followed by patterned metal electrodes, providitegtical cues when the neurons exit the
groove region. After approximately 5-10 days thereat outgrowths from the DRGs reach
the electrode area on both sides of the microgmovdis design allows for good
comparisons to be made, as each DRG will regenalang the mechanical guidance cues
i.e. their growth in the first week has been stadidad by the microtopography of the SU8
grooves. These devices ‘force’ the neurons to aatewith the electric field region by
aligning them towards it. For each device, twodeasin be executed at each end of the

groove region, increasing rate of data collection.

4.2.1 Hybrid Device Design

Four electrode layouts within the hybrid devicesenbeen designed in an attempt to show
how the growth of regenerating neurons dependsi@rlectric field orientation, shown in
figure 4.6 as an illustration of predicted outcoraad in figure 4.7 as a detailed schematic.

The four different electrode designs used are lksAs:

1. Four electrodes perpendicular to the groove® ‘therpendicular” design. The
perpendicular design is aimed at demonstrating hegenerating neurons react to an

electric field normal to them.

2. Four electrodes parallel to the grooves: thealght” designThe straight design allows
for a number of field patterns to be investigatgedsticularly when using all four
electrodes. The primary aim of this type of deviseto guide the regenerating axons
between the two central electrodes. N.B. the etefigid in this design is perpendicular to

the aligned neurons coming from the groove region.

3. Four electrodes with right angled bends: tharffa’ design. The hairpin design is a
modified straight design with added bends aimeth@ducing turning in the regenerating
neurons. Four electrodes are used to allow expatatien with different electric field

patterns as required.
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4. Two electrodes with wider squared areas: Thedsg design. The square design was
used to investigate the effect of having two didtinegions of electric field. In the

narrower sections the field would be three timss iatense than that of the wider regions.

By aligning neurons before the application of eieat stimulation, a consistent set of
outcomes was achieved. It was still unknown whéiuemce the electrical stimulation

would have, particularly across each device, buvas known that these devices would
allow for rapid identification of electrical wavefo parameter values, in comparison to the

slow MEA experiments.
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Perpendicular Electrodes : Barrier to Growth? Normal Electrodes : Continued Alignment?
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Figure 4.6 schematic illustrating the predictedtdizution of neuronal growth in the presence of
different electrode layouts. The neurons will bstfialigned using SU-8 microgrooves. These
aligned neurons then encounter an alternating eleclield. These four patterns have been
designed to investigate the effects of a numbgeldfpatterns, to further the understanding of how

neurons are influenced by alternating electricdeel
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Outline of the devices used, showing the dimensions and
the layout of the electrodes and mechanical guidance cues

Microchannels made from Sum high SU-8
act as mechanical guidance cues
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All measurements in millimetres unless stated.

Figure 4.7 hybrid device schematic illustrating tlectrode designs used. The SU-8 microgrooves

are 12.5 um wide, spaced 124% apart. The microgroove area was reduced in sulisetgdesigns

to reduce the time taken for neurons to reach teet®des. The electrodes are made from 20 nm
Ti, and 200 nm Au. For each experiment, a dorsat ganglion was seeded in the centre of the

microgrooves.

4.2.2 Fabrication of Hybrid Devices
SU-8 microgrooves have been shown to be effectivaligning neurons, which when
coupled with the fact that SU-8 is transparent, @saka suitable choice as the material for

the microgrooves. The fabrication process cons$t$wo stages, the metal electrode
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patterning and the topographical groove sectiorpicted in figure 4.8, a detailed

I

description of which is provided in appendix A.
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Figure 4.8 exposure of S1818 photoresist (A) fatidby pattern development (B). Evaporation of
Au electrodes (C) and metal lift-off (D). SU-8 gvedalefinition using UV exposure (E) followed by

pattern development in EC solvent (F).

4.2.3 Electrical Stimulation Test Modules

After completion of the above fabrication procesach hybrid device is attached to a PCB
interface, shown in figure 4.9. The microelectrodes connected to the PCB terminal
blocks using low temperature soldering at 250 °QisTassembly is termed a ‘stimulation
test module’. The interface PCB used in the previexperiments can now be connected to
each of the stimulation test modules, connectiregthiio the PXI hardware used. This
modular device approach allows many hybrid deviqgeeements to run in parallel. It also
allows the devices to be unplugged from the interf@oard in order to exchange the
culture media each day. The same Labview softwame simulation signals to the hybrid

devices via the hardware set-up.
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Figure 4.9 a stimulation test module, containing werpendicular electrode configurations. 20
nm Ti and 200 nm Au electrodes are soldered at’25@\ section of the PCB has been removed,

facilitating the use of time-lapse recording.

Perpendicular devices contained two culture wshgwn in figure 4.9, made by attaching
plastic tubes to the substrate, whilst the othexeliesigns contained a single culture well.
Wires were soldered at temperature of 250 °C tegmedamage to the thin-film metal
electrodes. A rectangular cross-section was remdneed the PCB to allow time-lapse
recording during the stimulation experiment, shayihe effects of electrical stimulation

on the neurons.
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4.3 Hybrid Device Results

The results achieved using the hybrid devices aseribed in detail in the subsequent
sections. These devices saw consistent result®atcdmes varied across device design.
The outcomes are divided into the control cultuaed the four electrode designs. The
control cultures will be described first, to prowid baseline for the behaviour on the new

devices without applied electrical stimulation.

4.3.1 Control Culture on Hybrid Devices

For each control experiment a DRG was seeded irt¢h&re of the SU-8 microgooves.
The culture was allowed to grow past the groovet the growth in the electrode region
of interest. It was expected that the neurons walign along the direction of the

microgrooves, followed by spreading upon exiting tjrooves. However, each control
experiment caused a peculiar result. Independenthefelectrode design (i.e. for all

devices) the neurons were indeed aligned by thevesy but both sides of the network
turned right moving back towards the DRG, shown in figure 4lh0some cases, neurons
re-entered the microgrooves, performing a 180°.tAttempts have been made to identify
the cause of this behaviour, but as yet no soluhas been found for this uneven
outgrowth. This behaviour was observed for ele@socdonnected together (equipotential)
and for unconnected electrodes. Discrepancies ddus¢he fabrication process are often
to blame for these types of outcomes. However, woeld not expect both sides of the
culture to turn in the same direction every timdéeTmicrogrooves were effective in

aligning the regenerating neurons, which was areteol outcome.
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Figure 4.10 distribution of regenerating neuronarfr a dorsal root ganglion using hybrid devices
with perpendicular (A), hairpin (B), square-wave),(@nd straight (D) electrodes. The neurons
turn right upon exiting the microgrooves for allMiges that do not apply electrical stimulation i.e.

the control cultures. Scale bar: 1 mm. Colour irsien has been applied for clarity.
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These control results made comparison between Istietliand control experiments rather
difficult. Stimulated results are usually compateda random control distribution. A total
of 24 control experiments were carried out, alltdeag the same outcome. In the
following sections, stimulated results will be coangd to the control outcomes above.
This is less than ideal, but it is hoped that wtiencontrol cultures are improved, a proper
comparison can be done. The stimulated experimaetslivided into four sub-sections,

one for each electrode configuration:

Perpendicular
Straight

Square-wave

P wbd B

Hairpin

4.3.2 Perpendicular Electrode Results

The results from the MEA experiments were used stading point for the perpendicular
electrode experiments. Considering the large etefigld results, that seemed to indicate
that neurons could survive in the presence of kigtages, it was decided that continuing
this type of experiment would be a good startinghporhe initial experiment involved
applying a 1V, 1 Hz square-wave stimulation sigimathe aligned neurons exiting the
microgrooves. It was hoped that the neurons woelachi the electrodes and grow
differently by exposure to this high intensity @elThe hypothesis was that the electric
field, directed parallel to the neurons, would cmun to direct their growth.
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Figure 4.11 regenerating neurons, aligned from mggooves, approach the electrodes (A). The
red arrow denotes the stimulating electrode, wiih Iblue arrow indicating the OV electrode. A 1V
square wave signal, oscillating at a frequencylag 1s applied between the pair of electrodes (B).

The neurons are held at the stimulating electradeftime, with some retraction of the network
present (C). This indicates that alternating elexcfields, placed normal to the direction of growth

can act as a barrier to the regenerating neuroral&5 mm.
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As expected, and in stark contrast to the MEA aerpants, differences in the direction of
the regenerating neurons in response to appliedriel stimulation were consistently
observed. Initially, the dominant effect was a aetion of the neural network upon
reaching the region of electric field, shown inufig 4.11. The axonal network was unable
to grow back towards the electrode at any timegesting a mechanism inhibiting the
regrowth after the regenerating axons contact thetrecal field. This would seem to
indicate that the field must be decreased to pitetvenretraction and allow the neurons to
continue to grow. This effect has potential for répeutic applications in terms of
inhibition of growth of cancerous cells, scar fotroa and axonal deviation.

Repulsion area after 30min stimulation
100pm wide Au microelectrode

Fibroblasts

12.5um SU-8 grooves

Figure 4.12 fibroblast monolayer from a neonatal darsal root ganglion (DRG) culture repelled
by an electrical field. The fibroblast layer wappied and repelled by a 1V 1Hz square wave

electrical stimulation signal. Scale 1.

In the second experiment, shown in figure 4.143n&d neurons from the microgrooves
were allowed to grow over the electrodes priori® application of the stimulation signal.
Using the same electrical stimulation signal, a teas induced in the neuronal network
(including in the support cells). Again, this derstvated the effectiveness and
repeatability of the new hybrid devices in obtaghimeasurable outcomes quickly and
reliably. It was now known at this point that angitude of 1 V mm* would induce an

effect, that of extreme repulsion or tearing. Itswiherefore desirable to identify what a

safe level of amplitude would be.

A series of experiments, using step-changes iretéetrical stimulation parameters was
devised. These experiments sought to identify vdamameters had an influence on the
level of retractions and thus eliminate them byperoselection of the electrical stimulation
signal.
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The first step-change experiment began with a squave signal with 10 mV amplitude,
increasing by 10 mV after every hour (i.e. 10,20mV in discrete intervals). A retraction
of the neuronal network was observed despite usuwdy a low initial value of electric

field. Since such a small amplitude still inducetractions, this indicated that a different

waveform parameter must be the root cause of ghg\our.

The experiment was executed again using the saewriehdl parameters, but with a
sinusoidal signal. This test aimed to directly cangpsinusoidal and square wave signals
by observing any difference in retractions. A slowate of retraction was observed for
sinusoidal signals when compared with the previsgsiare-wave experiment. This
suggested that the decreased rate of change adgeokeen with a sine wave had a
favourable effect on the level of retraction. Allbsequent experiments used a sine wave

shape of stimulation signal based on the resuits this experiment.

Experiment Initial Voltage Start of Stimulation

Number Voltage Increment | Frequency | Retraction | Waveform Experiment
(n) (mV) (mV) (Hz) (Minutes) Shape Observation

1 100 0.05 1 30 square retraction

2 10 0.01 1 30 square retraction
Retraction
3 0 0.05 1 120 sinusoidal | with growth

slow
4 10 0.01 1 60 sinusoidal retraction

Table 4.3 step-change experimental results on éinegmdicular electrode design.

Table 4.3 shows the summary of four experimentsl useexecute the amplitude step-
change, comparing sinusoidal and square-wave sigi&le difference in the speed of
retraction indicated that other parameters could he changed in an effort to reduce the

retractions further.

Step-changes in the frequency of stimulation, wh#ihaim of attributing differences in the
rate of retraction with frequency, were performad.initial value of 2 kHz decreasing by
half every hour (2 kHz...1 kHz...500 Hz) was selectecha estimate, using an amplitude
of 20 mV. It was expected that a frequency of tailsie would not have any influence over
the neurons. As the frequency decreased, the tietntawould start at a certain value of
frequency. With knowledge of this value, a goodnesate of the optimum frequency could
be made. A retraction was observed consistent thhéhamplitude ramps, at the beginning
of the experiment. No meaningful conclusions alibet stimulation frequency could be

drawn as a result.
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4.3.3 Modulated Stimulation Results

With a frequency ramp showing no meaningful ddtaré¢ were a number of options on

how to proceed further. A higher frequency couldchesen, on the order of a few MHz,

and the ramp test repeated. At this stage it wiashfat the near 100 % rate of retractions
pointed to a different solution. In published lg&rre, a relaxation phase is often included
within the electrical stimulation waveform. Thidaals the neurons to come to rest prior to
the next pulse. A suitable electrical stimulatiagnal was designed with a relaxation

phase, with the aim of further reducing the retoans.

Following some published studies, 20 Hz was sele@s a good candidate for the
relaxation frequency. That is to say, 20 electris@inulation pulses would be applied
every second. A duty cycle was selected, that sfirhulation pulse to 4 periods of rest
(1:4). This translated to a stimulation frequen€y@0 Hz. The amplitude was chosen to
be as low as the stimulation system could provitéstvmaintaining a good level of signal
integrity. The value chosen was 20 mV. A sinusogighal was chosen as outlined in the

ramp section. This newnodulatedvaveform is shown in figure 4.13.
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Figure 4.13 a stimulation waveform featuring a d/off ratio. This waveform enhanced the

observed outcomes by minimising neural retractions.

A stimulation frequency of 20Hz, that is 20 stintida pulses per second, has been used
due to its relevance to the neuronal firing paterRor example, the cat hindlimb
motoneurons are characterised by different relaratimes, ranging from 20 to 40
milliseconds [33]. Therefore, a period of 50ms easuthat every motoneuron has

sufficient time to reach equilibrium, prior to rédeg the next burst of electrical
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stimulation. This has been the foundation of thedtlgesis here that 20 stimulation pulses

(each with a 100Hz frequency) allows equilibriunbreached on each cycle.

The retraction of the network happened at a sloaterusing this new modulated electrical
stimulation signal. It also allowed some growth tbke regenerating axons in close
proximity to the electric field area. This was anprovement in terms of the rate of
retraction. With this protocol, a barrier could feemed to neuronal growth resulting in

confinementather thamepulsion
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Stimulating Electrode

Figure 4.14 demonstration of the electrical barradfect without a retraction of the network. Cells
were held at the stimulating electrode in respaosthie applied stimulation waveform. Scale:

500um. The OV electrode is below the stimulatiegtedde.

Figure 4.14 shows a neuronal network after 23 daapsvth in the presence of the a.c.
barrier region while applying the new, modulatednstation waveform. This result
heralded a dramatic leap forward in comparisorhto retractions observed for previous
signals. It is clear that the barrier is confinthg cells to a region close to the electrode,
with a small number of cells able to cross theibariThe majority of cells are held behind
the electric field region, comparable to publish&tddies showing the formation of a

barrier using a.c. fields [112].
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4.3.4 Neuronal Turning on Perpendicular Electrodes: A new Effect Induced

with a New Stimulus Protocol
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Stimulating Electrode

Figure 4.15 Neurons held at the second electroaie Iéft), followed by reshaping of the network
(top right). Spreading of the network (bottom leftd finally perpendicular turning of the network

(bottom right). The OV electrode is below the sliting electrode.

Another interesting outcome was observed usingriévg electrical stimulation waveform.
Upon reaching the perpendicular electrode, the amesumwere held at the electrode for
approximately 7 days (figure 4-15 A, B). After thisne neurons on both sides of the
network turned at right angles and continued tonvgffigure 4-15 C, D). This represents
the first such directed turning caused by altengaglectric fields. This is analogous to
turning induced by d.c. fields [26]. Manipulatiomda control of neurons in this way
illustrates real progress towards electronic carfient and control systems for improved

peripheral nerve repair outcomes.

4.3.5 Perpendicular Barrier and Turning: Numerical Analysis

Further experiments were executed using the santellated stimulation signal, aimed at
repeating the electrical barrier behaviour. Theemesults shown below illustrate the same
effect, that of containment at the stimulating #lete, followed by some moderate

turning. This behaviour contrasts with the contruoltures, in that the right-turning has



106

been replaced with straight growth towards the w@mtng electrode. Subsequent
containment and turning further demonstrates thatternating electric field normal to the

regenerating axons has a pronounced effect whepamuth with controls.
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Figure 4.16 a further two experiments showing ttfiect of a modulated electrical stimulation

waveform on regenerating sensory neurons. The msusce confined near the electric field
region, followed by a period of spreading and tamiThis contrasts with the control outcome, in

that they do not turn right. Colour inversion haeeln applied.

Figure 4.16 shows two further independent resuligu the modulated stimulation
waveform, following on from the results shown igure 4.15. These results were analysed
using ImageJ image processing software, with theli® of that analysis depicted in figure

4.17.
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Figure 4.17 numerical analysis of perpendicularcéiede experiments, quantifying the

distribution of regenerating neurons after exititng microgrooves. Three independent

experiments for applied electrical stimulation ateown using three different colours (A).

Similarly in (B) the three independent control ekpents are represented with three different

colours. The electric field, normal to the groovegated a relatively even spread of neurons (A)

versus the right-turning behaviour common to colst(8).
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A circular selection was used to measure the ligtansity distribution for each angle.
Measurements were taken between 0 and 180 ° (acsethe), with 10,000 data points.
These distributions were grouped into angular im&0 degree intervals, shown in figure
4.16. A dark-threshold was defined for each imageguantify at what point at least one
neuron crosses an angle. The number of crossingammpilar bin was calculated and
collated. The analysis has been performed in thasmar to give an indication of the
angular distribution assuming at least one neurenagsing, thus removing ambiguity
between light intensity and number of neurons. GrApshows the stimulated cultures,
with each independent trial represented by a differcolour. Graph B shows three
independent control experiments, again using thii#ferent colours to differentiate the
independent experiments. The effect of the stimardais two-fold. Initially, the applied
alternating electric field attracts the neuronghi® alternating electrode. Here they are held
at this electrode before spreading left and rigist,they seek space to grow into. The
electrode is acting as a barrier to growth. Sinpeauliar control growth profile is present,
the stimulation appears to prevent the typicalgsatbf neurons turning right. It would be
interesting to monitor this attraction, followed lay barrier effect and spreading, in
comparison to a random control distribution. Thasrker formation could have great utitily
in neuronal confinement and control. Indeed thigibaeffect was integral to the results
reported in chapter 5, where two electrical basr@nfined regenerating neurons, creating

an alignment effect.

4.3.6 Square Electrode Results

The perpendicular electrode devices showed how ia gdaelectrodes generating an
alternating electric field could influence neurogabwth. Whilst this is a good consistent
outcome, it does not provide the sort of effect thaf positive utility within a nerve repair
conduit. What would be of greater utility is theseavhere the neurons, upon leaving the
grooves, continue to be aligned in the same dordiy some applied field. This alignment
should be capable of being applied to ‘free’ nesronce pre-aligned tests have identified
the correct electrical stimulation parameters. mbgt three electrode designs all aimed to
accomplish this through the alignment of neuronsouph a channel between the

electrodes.
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Figure 4.18 preferential growth on the OV electrgdiie arrow) of regenerating neurons from a
dorsal root ganglion on the square-wave electrodsigh. An alternating electric field was applied

between the top electrode (stimulating) and thédnokelectrode (0V).

The square-wave electrode designs feature tworetkxs in a straight pattern, with regions
of less electric field caused by a larger sepamnatistance. It was expected that neurons
could propagate through this channel, aligned tedain degree; with less alignment
observed in the wider sections. An interesting oome was observed; the neurons
preferred the OV electrode, shown in figure 4.18e Theurons would emerge from the
microgrooves, seek out the OV electrode, and upaching it would retract back to the
grooves. This ‘memory’ effect was observed on a lpemof samples and was completely
unexpected. This observation led to the developroéat symmetrical design, with four

electrodes i.e. the straight electrode design.

Another interesting observation found using theasepwave electrode design was that the
neurons were stretched, as illustrated in figu® 4This morphing of the network is an
unexplained phenomenon. Note also that the nedhan$rave managed to enter the square
wave electrodes seem to be truncated and almgsiedli This could be a promising effect,
although it is one which has not been repeated.



110

Figure 4.19 a regenerating dorsal root gangliortie centre of the microgrooves, displaying some

morphing of the regenerating neurons. Scale 1 mm.

4.3.7 Hairpin Electrode Results

The hairpin configuration was designed to guide fre-aligned neurons through a
channel, executing a series of turns as they paipdghrough. Results closely matched
the square-wave designs for the same reasons:etn®ns had difficulty entering the
electrode channel; there was a preferential eldetreffect, and there was in general a
barrier effect which prevented the neurons froneeng the channel. This design was in
hindsight rather ambitious, but with optimisatidntloe electrical parameters perhaps such
a design could demonstrate axonal turning and go&lan a controlled manner. Smaller
fields and a wider spacing between the electrode&lalso improve the results using the
hairpin design. Figure 4.20 shows a stimulatedltékait electrodes) versus a control (un-
stimulated, right electrodes) using the same DR@e difference in cell growth and
orientation is clearly evident. Particularly, agdime right hand turn seen on control side,
has been eliminated from the stimulated side thidhg application of the electric fields.
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Figure 4.20 retraction of the neurons subjectedlextrical stimulation (left side of the network))
versus the right-turning behaviour of the contrioles(right side of the network). Scale: 1 mm.

Stain: £3-tubulin.

4.3.8 Straight Electrode Results

In order to solve the issue of electrode prefereacgymmetrical system was introduced. It
was clear that using two electrodes, neurons weabla to move into the space between
them. If four electrodes were used to create twextatal barriers, as in figure 4.21,
perhaps some of the issues seen could be eradiddtese two barriers would enclose a
region in the centre, having zero electric fieldegBnerating neurons leaving the
microgrooves should have no difficulty in propaggtihrough this channel. Indeed they
should be in factonfinedto this channel by the surrounding electric fieddions. If this
hypothesis were proved to be true, this could titaie progress towards the use of

alternating electric fields as guidance taalsivo.
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Figure 4.21 introduction of a neutral channel iddavo barrier regions enclose a neutral zone,
allowing neurons to align through the channel. Thiss designed based on observations from the

perpendicular electrode devices.

Theoretically, using four electrodes configuredteate a neutral channel enclosed by two
barrier regions, the memory effect should be rerdoV¥ée neurons when presented with a
neutral OV channel and being attracted to bothteldes should pass through the channel
without bias. Results indicated that despite usingymmetrical approach, the neurons
were in general unable to enter the neutral chashelwn in figure 4.21. It is perhaps the

case that a series of ramp-tests as in the peqmdadexperiments is required, in addition

to tweaking of the modulation of the signal, wouédult in an increased flow of neurons

into the channel. In addition, examining the effectontinuous stimulation versus 1 hour

of stimulation could solve some of the issues olextto date.

4.4 Discussion

From sporadic alignment on electrode arrays, tsistent outcomes on hybrid devices, it
IS clear that alternating electric fields can hawariety of effects on the growth of sensory
neurons. Using four different device designs, nesiwere aligned with microgrooves as a
first stage by topographical cues. Next, usingeddht electrode patterns, and thus
different electric field patterns, many electrioabveform parameters were explored.
Perpendicular electrodes, orientated at 90 ° tartleeogrooves, could enforce a barrier to
neuronal growth. By introducing a modulated stirtiola signal, unique to this work,
retractions and tearing were replaced with safdimement of neurons at the electrode
site. Alternating fields have induced axonal tughat approximately 90 °; the first such
display using charge-balanced waveforms. Efforts uge electrodes in a channel
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configuration to continue the work of the topographcues proved to be more difficult.
Differences between stimulated and control cultunese observed, but results need
further optimisation to prevent retractions anawallthe neurons to enter these channels.
An interesting observation on control cultures, by neurons persist in turning right

upon exiting groove structures, remains a mystsrmucome.

4.5 Summary

The effects of alternating electric fields on segsweuronsin vitro have been analysed
using a number of electrode configurations and freth neurons, and pre-aligned neurons.
Pre-aligned neurons, obtained using SU-8 microtogmy, show much promise due to
their reduced experimental time and reliabilitymonitoring effects. The safe working
electrical parameters to induce controlled effectsneurons have been identified; though
have yet to be optimised further. A balance betwalagtaining a desired neuronal effect
and achieving a sufficient level of cell prolifacat remains the greatest challenge to using
electric fields to significantly improve periphenagrve repair outcomes for patients. It is
hoped that the results documented here provide $osight as to how alternating fields
should be applied and what fundamental wavefornarpaters should be applied. This
method of fixing all parameters but one to examimeeffect of electric fields on neurons
has not been documented elsewhere. The resultamgmted in this chapter form the
foundation of progress towards an advanced, eledtivated conduit suitable fam vivo
implantation. The following chapter describes thegpess towards this and how the
results in this chapter were used to gain a suftdesstcome from applied electrical

stimulation on biodegradable substrates, poweredciively.
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5 Alignment of Sensory Neurons Using Biodegradable Electronic

Systems on Polycaprolactone

Injuries to the peripheral nervous system are exhg difficult to repair due to poor
regeneration accuracy, scar formation, cell atragriy axonal escape.[1, 2] Functionalised
conduits are often used to improve repair outcons@sy electrical, biological, chemical or
mechanical cues. A novel inductively powered eleatrstimulation circuit on sheets of a
biodegradable polymer (polycaprolactone, PCL), bagn used to apply alternating
electric fields to sensory neurois vitro. Gold microelectrodes and an inductor were
fabricated on thin PCL sheets by contact printing ased to apply balanced sinusoidal
electric potentials to organotypic cultures of mgmting sensory neurons, resulting in
statistical improvements in the degree of longmatlialignment versus control cultures.
This work illustrates progress towards the uselif@ating electric fields in an electro-
active biodegradable device as an alignment tothl potential applications vivo e.g. in
nerve repair conduits. Functionalised biodegradabteluits using safe levels of balanced
a.c. electric fields could improve the outcomes pafripheral nerve repair surgery,
particularly if combined with other technologiesyjck as mechanical, chemical and

biological growth cues.

5.1 Polycaprolactone

Polycaprolactone (often known as pahgaprolactone) is a biodegradable polymer, found
in a wide range of applications. It is charactetibg a relatively long degradation time of
approximately 2 years, depending on the formulatibns biocompatible, with many
examples of good cell growth when used as a tissggneering substrate. It has a low
melt temperature of approximately 60°C and is deluh a number of solvents e.g.
chloroform and toluene. In this work, polycaprotawt pellets (Sigma Aldrich, UK) with
an average molecular weight of ~65,000, were dissbin chloroform (75% chloroform,
25% PCL). The solution could then be spun ontoliaosi or glass substrate. Once the
chloroform has evaporated at room temperatureP @le can be peeled from the substrate,
or processed further. PCL has been selected f&r phoject, primarily due to the
biocompatibility, and its long degradation time,igfhis important considering the long
period of time typically required for a successfarve repair procedure. In addition to
these properties, its flexibility (when in a thih¥f) is an advantage, allowing the
fabrication of tubular constructs designed to bapped circumferentially around a nerve

bundle.
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5.2 Design Procedure

The design procedure for a biodegradable recearet,the inductive powering system, is
provided below. The system shown in this chapter @en designed as a prototype to
show efficacy in guiding regenerating neurons. Mindess, the requirements of am
vivo repair conduit have been at the forefront throwghdVhilst the substrate is
degradable, those elements that are not degradhbidd be capable of remaining inside
the patient indefinitely. These elements shouldabesmall as possible and made from

biocompatible materials. The metal and dielectptians that were considered for this

project are:
« Gold * Silver ¢ Platinum « Palladium
e Titanium * Silicon-Dioxide * Silicon-Nitride * Titanium-Dioxide

Materials such as these may be used with the biadeble polymer PCL to produce
electrically active conduits for peripheral nerepair. PCL has been selected as a strong
candidate for the substrate material due to itg ldegradation time and its compatibility
with cell growth. Before describing the design flamvdetail, it is useful to outline the
target specifications of this system, which willapla key role in determining the

requirements of the inductive powering system.

5.2.1 Inductive Link Design

The biodegradable receiver circuit is powered usanginductive link. The functional
requirements of the design are shown below in &duf.. The transmitter must be capable
of transmitting enough power to provide the elealristimulation waveform to the
numerous microelectrodes. Data must be sent owelitk to provide the stimulation
waveform. The receiver circuit must in turn be dapaof retrieving this data and
supplying the electrical stimulation waveform te tlegenerating neurons. The link should
have a certain degree of tolerance for laterallacgment and misalignment between the
two inductors. The receiver should be capable tfllilng these criteria at separation
distances exceeding 5 mm. At present, the linkdisisted to give the required output
voltage. Planned future developments include tgeirement for an alignment technique,

and the analysis of the effects of misalignmentthed mitigation.
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Figure 5.1 schematic outlining the functional regmnents of the wirelessly powered, neural

stimulator.

It is desirable to meet the following additionaitera. These have been set with a view to

ensure the long-term goal of implantatiarvivois achievable:

* The quantity of receiver components should be mseohwhere possible.
» The size of the components should be on the ofdenu? or less.

* Components should be biocompatible and ideallydnoadable.

In this work, surface mount, off-the-shelf compaotsenere selected to develop the system
with accurate values and tolerances. With an optnhicircuit design and a successful
array of biological results, work could turn towarthe development and design of
biocompatible components of known value and utilyhen designing the receiver
circuit, the dimensions of the components werehat forefront of considerations. For
example, large capacitors, resistors and integreitedits should be avoided. This led to
practical compromises when designing the circuiganic thin-film transistors and diodes
could be employed in a biodegradable system, isorgahe functionality of the receiver.
In the first design iteration, basic functionaliyas sought, with a view to optimisation

over the long-term.

5.2.2 Receiver Inductor Design

The first design step centres on the receiver itmfu©ften in bio-implantable devices the
available space has been defined. In this casgjralgcal nerve conduit on the order of
tens of millimetres in length and approximately Hlimetres in diameter defines the
available substrate space. The receiver systemldshauproduced in planar form, then
wrapped around a nerve injury site by a surgeorthéice of receiver inductor can be
made based on these spatial and practical restr&ctiA solenoid inductor could be

wrapped around a nerve repair conduit, however gome of fastening would be required
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to link each inductor turn together. This is impieal, and would have to be performed as
part of the surgery. To avoid this complexity, arar spiral inductor was selected as the
most appropriate type to use. A planar spiral inolucan be produced with a single layer
process. The only challenge is to wire-bond thdéraénonnection to the rest of the circuit.
This is non-trivial on a thin-film polymer substeatvith thin-flm metal. The spiral
inductor is superior to zig-zag and meander indsatioie to its positive mutual inductance

between turns; hence a larger voltage may be intdpeeunit area of the inductor.

Next, it is desirable to maximise the value of reeeinductance for the space available.
However, with a view towards using a printing preséor the fabrication, a trade-off must
be made between inductance and printing yield. AtutB inductor measuring 6 mm X
6 mm has been selected to provide a sufficientevafunductance (1.2H), whilst being
small enough to expect a reasonable level of pignsuccess. The width of the inductor,
when rolled around a nerve diameter of 5 mm, issehao ensure the inductor does not
wrap underneath the conduit. The length, chosesgtal the width, could be increased to
give a higher inductance value, but this again tide-off with printing yield. Efficiency

and power transfer may be increased in the long-teith the use of a larger inductor.

The track width of 7um and spacing of 50m were selected to ensure sufficient
conductivity and keep the self-resonant frequerfcthe inductor high. These values also
ensured the inductor could have a relatively largmber of turns (15). The inductor, as
described in the fabrication section, is to be tebgptated to increase its conductivity and
therefore its quality factor. These values of getynallow this process to produce the
required thickness (30m) and prevent the tracks from touching (the tracéth will

increase after electroplating). After electroplgtinhe inductor tracks are modified to
100um wide, with 25um spacing. These are approximate values and depenihe

numerous electroplating factors.

5.2.3 Coupling Factor Simulations

Next, the transmitter inductor can be designed &tchhwell with the receiver inductor.

The transmitter dimensions should ensure a goageval coupling and a good tolerance
for variations in lateral displacement. Finite e@rhanalysis software (Cobham Technical
Services, Vector Fields Software, UK) has been usedbserve the distribution of the

magnetic flux density from a transmitter. A TOSCAgnetostatic simulation allows the
calculation of the inductance and coupling factorthe receiver and transmitter. Straight
bar ideal conductors model each inductor. A curretlA has been chosen for the

transmitter inductor to illustrate the distributioh the magnetic flux density across the
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receiver location. The surrounding portions of thedel have all been set to match that of
air. This has been done to simplify the procesanalysing many different coil geometries,
assuming the magnetic permeability of human tisswezjual to that of air. The energy in
the system was integrated to then calculate thectatice and mutual inductance as

described in chapter 3.

The aim of this design exercise was to have aivelsitconstant level of magnetic flux
density covering the location of the receiver intduc This ensures that there is less
variability in the coupling factor in response tddral displacement. This is a trade-off
with the value of coupling factor. This approactiksts an approximate balance between
the value of coupling factor and the displacementolerance.
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Figure 5.2 finite element analysis simulations stesl with the transmitter and receiver design.

J

The transmitter was chosen to provide a regionooistant magnetic flux density at the receiver.
The magnetic flux density is expressed in Tedtastransmitter current is 1 A. The separation

distance is 10 mm.

Figure 5.2 shows the magnetic flux density resgltinom current flowing in the
transmitter inductor. Note the large area of ngafeum magnetic flux density enveloping

the receiver. If improvements in efficiency takegedence, a smaller transmitter inductor
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may be used at the expense of the displacememnancle The transmitter selected for this
work is 25 mm x 25 mm, with a simulated inductant& uH. The variation of coupling
factor, and mutual inductance, as the separatstamnte is varied, is depicted in figure 5.3.
It is envisaged that a graph such as this can ée as a reference for different injury types
I.e. for the case of different distances to tharygite from the transmitter.
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Figure 5.3 simulated coupling factor and mutualunthnce variation with separation distance.
Simulations were performed with Opera (Cobham Tieathservices, UK) using magnetostatic

analysis.

5.2.4 Transmitter Driver Design

The receiver and transmitter inductors have bedmeate therefore the next step in the
design flow is the selection of the driver circdihe driver is required to provide the large
alternating currents that must flow through thengraitter inductor. It also must provide
some means of transmitting data to the receivers thata is to be converted by the
receiver to provide electrical stimulation wavefgrmto regenerating neurons.
Contemporary inductive link transmitters often aselass E amplifier [58]. Whilst these
amplifiers can reach efficiencies approaching 100%ir design is complex and must be

revised for changes in transmission frequency apgly voltage. Design flexibility was a
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key feature of this project, and for this reasdre tlass AB push-pull driver has been

selected as the best candidate for the transrdifitasr.

Bipolar darlington-pair devices were used in a ppgh configuration. Two PN junction
diodes bias each darlington-pair device at two {essiter voltage drops. This overcomes
the distortion loss common to class B configuratjost the expense of some power loss
when both transistors are briefly switched on (wheninput voltage is zero). The output
of the circuit is a parallel LC tank, tuned to ttiansmission frequency. This capacitor
must be changed in order to retune the circuit. diput inductor is made from copper

tracks on PCB, measuring 25 mm x 25 mm.

Amplitude modulation (AM) was selected as the bestins of transmitting data to the
receiver circuit. Demodulation at the receiver vabuhvolve a small number of
components when compared with other data transmnisgihemes, and is therefore better
suited for biodegradable applications. Base mootulavas used here i.e. an amplitude
modulated carrier signal was applied to the baseach transistor. The data signal was
supplied from a signal generator (Tektronix, US#pically with a modulation index of
50 %. Whilst this is a prototype, a battery powetehsmitter cuff would contain a
discrete signal source. The carrier frequency & 88z was selected to balance efficient
power transfer whilst being below the resonant degy of the receiver inductor
(13 MHz). The data signal was 100 Hz i.e. the @esklectrical stimulation frequency,

applied to the regenerating neurons.
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Figure 5.4 the inductive powering system schemaiit, the transmitter on the left and the
receiver on the right. The two transistors formase AB push-pull driver capable of driving the
large alternating current through the LC tank circtrhe transistors are biased with two PN
diodes to minimise crossover distortion. The irgighal is coupled in through a capacitor. This
signal causes small changes in the base emittéagml| causing large changes in the collector
currents of the transitors. Each transistor condutctr one half-cycle. The resulting a.c. current
through the inductor induces a voltage in the reeeinductor. This induced voltage is fed through
an envelope detector and a d.c. blocking capaaiiitin the resultant output used as the electrical
stimulation signal for the regenerating neuronschottky diode has been selected to lower the

required induced voltage.
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Figure 5.5 simulated receiver circuit voltages, sty the envelope detector output, and the
system output after the d.c. component has beeovean The simulations were performed with

pspice.

5.2.5 Receiver Circuit Design

With a suitable transmitter driver and data modafascheme, the receiver circuit may be
designed. The receiver must take the induced, ratetlilcarrier signal at the receiver
inductor, and extract the data signal. This sigiaal then be used to stimulate regenerating
neurons. The receiver consists of an LC tank rasonan envelope detector, and an output
capacitor to remove the d.c. component from theslepe detector output. The LC tank,
tuned to the carrier frequency, cancels the recéeakage inductance. The impedance of
this part of the circuit is therefore real and doated by the parasitic resistance of the
inductor. The induced voltage appears across amis tircuit. This induced voltage must
be of sufficient amplitude to overcome the diodentard voltage. The power from the

transmitter can be adjusted to ensure this isdke.c

The schematic of the complete inductive poweringteay is shown in figure 5.4. The

envelope detector consists of a Schottky dioddeadoresistor and a smoothing capacitor.
The envelope detector should track changes in thk signal amplitude, filtering the

carrier through the capacitor. The bleed resistiowa the capacitor to discharge during
the negative half-cycle. These changes in amplicgldgre around a d.c. voltage which
must be removed before the signal can be appliditetoegenerating neurons. This is done
through a series output capacitor. The simulatediver voltages are shown in figure 5.5.

The values used for the output and filter capaditave been selected with a view to
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minimising their size. Larger capacitors would regliuhe amount of carrier component
present on the output signal. However, smaller aomepts would have a greater impact on
in vivo performance. Smaller component values are easiatesign and build when

producing biodegradable components, in additidoeiag of suitable size for implantation.

5.3 Fabrication Process Development

The conduit material (polycaprolactone, PCL), ibiadegradable polymer with a long
degradation time and good cell growth propertieewelver there are a number of
significant challenges to be overcome before produan electrical stimulation system on
PCL:

1. The polymer melts at approximately 55 °C. A phdbalgraphy process is
therefore unsuitable.

2. The polymer is ideally thin and flexible when usesia nerve repair conduit,
making it difficult to process using conventionattiniques.

3. The polymer is mechanically weak, preventing the a$ many polymer
printing techniques, which often require a high imppressure.

4. The polymer is incompatible with most solvents usedvet-etching and lift-
off, preventing their use for patterning metal flnn particular the inability to

use acetone, methanol and isopropanol poses dicigrnichallenge.

Despite the challenges in working with PCL, there some advantages that have been
exploited in this work. Some chemicals are knownb® compatible with PCL; in
particular the use of AZ400k photoresist develagdkws the use of AZ series photoresist
[113]. The low melt-temperature of the polymer iisgoeat assistance during transfer
printing, preventing features on the stamp fronodefng due to excessive temperature or
pressure. The steps below outline how patternedfiims of Au can be transferred to the
thin-film polymer , used in this work to create &.tlirn planar spiral inductor (6 mm x 6
mm area, 7mm track width, 50um track spacing) as well as the electrical intensmh

and component footprints, shown in figure 5.6.
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Figure 5.6 schematic of the transfer printing pres¢o transfer patterned au films. AZ4562
photoresist, spun in two steps to a thickness @in30exposed through a photomask (A).
Development of the photoresist (B). Dry-etchinthefsilicon substrate, followed by evaporation of
400 nm Au (C). The stamp is pressed into polycaptohe on glass (D) at 65 °C. Removal of the

stamp (E) completes the transfer printing process.

5.3.1 Stamp Production

The printing procedure is divided into two sectiosimmp production and target substrate
preparation. The stamp is produced using photaitgohy and dry etch techniques,
described in a concise manner below. A detailedrge®n can be found in Appendix B.

1. Two layers of AZ4562 photoresist are spun ontdieosi substrate to a thickness of
30 um. The photoresist film is exposed to UV light thgh a photomask.

2. The exposed areas of photoresist are removed in0@&Z4leveloper, leaving a
patterned film on the substrate.

3. The substrate is dry-etched selectively, to a deptli5um with an undercut
profile.

4. The target substrate is prepared by spinning a lafy@olycaprolactone (25 % in
chloroform) onto a glass or silicon substrate.

5. The stamp is printed into the target substrate5ét@Gwith minimal pressure. The
stack is cooled to room temperature, followed byaeal of the stamp. This yields

selective pattern transfer to the target substrate.
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Figure 5.7 scanning electron micrograph showinggetched silicon pillar with a sloping
sidewall profile. The AZ4562 photoresist columangop. This profile isolates the metal on the

substrate from the metal on the photoresist film.

Figure 5.7 shows the printing stamp after step e Pphotoresist film sits on top of a
silicon column. The column has a sloped sidewalfiler designed to induce a
discontinuity in the gold metal film. This preveritse transfer of unwanted sections of
metal and greatly improves the printing yield. Thi®file was achieved by using the
Bosch process for deep dry-etching of silicon vaithincreased etch cycle, as described in
appendix B.
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Figure 5.8 a micrograph showing a section of theurh spiral inductor (left) and an image

showing the printed inductor and component footgrom polycaprolactone (right).

The fidelity of printed features is shown in figuse8. The 15 turn inductor segment
depicts the accuracy of the printing process. Timggu gold circuit (right) shows that the
process is capable of printing accurate featuressaca large area (the inductor is 6 mm



126

square). Figure 5.9 shows a printed schematic aeféstroplating to 30 um thickness and
the addition of gold wire bonds to connect the mggiral inductor connection to the
remainder of the receiver circuit. The debris seimer side of the circuit is a result of the
silver conductive paint, required to connect evemgtal node to the electroplating
substrate. This conductive paint is then removéat po wire-bonding and the component

attachment phase.

Figure 5.9 a printed receiver layout, featuring an x 6 mm spiral inductor and component
footprints. Gold wire bonds link the central padthe outer circuit, completing the circuit. The
printed gold is electroplated to a thickness of #8@ Contacts have been made to the ‘tabs’ to

allow electroplating. Scale: 5 mm.

5.3.2 Receiver Component Assembly

Components were attached to their respective fospusing silver conducting paint, as
shown in figure 5.10. Surface mount components \selected, in 0805 packages, with a
view to replacing these with biodegradable altewmeat These components offered
accurate values and predictable tolerances, whichldvnot have been the case with
biodegradable components. This property alloweddgoeplication of performance
between experiments. It was undesirable at thigesta introduce another variable, when
SO0 many parameters remained as estimates. It isdhtt@at by publishing this work and
highlighting the results obtained using this bia@deigble approach, components may be
sourced from interested authors in parallel tod&eelopment of these components as part

of the future work and developments.
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Figure 5.10 an assembled PCL receiver with surfammint components attached using silver
conducting paint (left). The same receiver rolledumd a plastic conduit. Components and wired

bonds are orientated longitudinally to avoid detagnt. Scale: 5 mm.

5.3.3 Quality Factor of Printed Inductors

A reasonable value of inductor quality factor isjured for efficient power transfer. A
value in the range 1 — 10 was selected. This eaghed the parallel receiver capacitor can
adequately tune the receiver inductor to the trasson frequency, and reduces the energy
lost per cycle. Figure 5.11 illustrates this effddte input voltage can be thought of as the
induced voltage in the receiver inductor. It cansken that at reasonable quality factor
values, the output voltage of the LC tank circsithigher than the induced voltage. At
quality factors lower than 1, the output voltagerdases as energy is lost in the parasitic
resistance of the inductor. The skin and proxineffects have been assumed to be
negligible at these frequencies. Simulations wedopmed using pspice. The parasitic
capacitance has been included in the parallel t@mpd89 nF). The parasitic components
of the parallel capacitor have been neglectedhasparasitic resistance of the inductor

dominates in this case.
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Influence of Inductor Quality Factor on LC Tank
Performance
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Figure 5.11 simulation values of the output voltafea parallel LC tank circuit relative to the
input voltage. Simulations were performed usingigespThe inductor value is ;4 and the
capacitor is 39 nF. The resistance of the indu@taralculated to give the quality factors shown, at
a frequency of 800 kHz. It can be seen that belawmity quality factor the output voltage of the
circuit falls below the input voltage. In a receivarcuit, this would put great pressure on the

transmitter driver.

Prior to electroplating, the quality factor is dretorder of 0.01, making it impossible to
induce enough voltage in the receiver at practicaismitter power levels. The quality
factor of the printed inductor was measured afterdlectroplating and wire-bonding steps.
Printed inductors had a parasitic resistance inrémge 3-172, which varied with the
electroplating process. The thickness of the edptated gold tracks is dependent on a
number of factors, e.g. temperature, current dgnsieed-layer quality and surface
roughness. It is this variability which impacts ngbe range of resistances achieved. Also,
any significant printing defects can result in leghesistances, which when accumulated
along the full length of the inductor could havsignificant impact. The measured quality
factor shown in figure 5.12 is compared with a dRinductor, with a parasitic resistance
of 10Q. The measured quality factor allowed these primeédctors to be used practically
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in the selected frequency band. Further improvestenthe quality factor could be made
by increased control of the electroplating, perh#im®ugh the use of a commercial
company. A larger inductor would also cause anease in the quality factor; however the

value here proved to be sufficient for the requieats of the project.

Quality

Dfl - E/.' lID 160
/ Frequency (MHz)

=+=Au inductor on PCL  -m=Theory

Figure 5.12 quality factor measurements of the tednnductor on the biodegradable polymer,
polycaprolactone. The theoretical value of qual#tgtor for a 1.2¢H inductor with a parasitic
resistance of 1@ has been shown to provide a comparison. The estimant frequency of the

inductor is 13 MHz.

5.3.4 PCL Electrode Module Production

The same printing process was used to fabricatdreties on PCL, used for cell culture
and applying electrical stimulation to the neuroRse electrodes were made with 400 nm
of Au. The planar PCL/electrode module, supportgd blass substrate, was then mounted
on a PCB. The Au electrodes were connected to @i &sing silver conducting paint.
Plastic tubes approximately 20 mm in diameter vedtached using silicone sealant to the

electrode modules to act as cell-culture wells.

5.3.5 Printing Reliability

One stimulation module was produced fmach experiment, thus the reliability of the
printing was critical to mass-producing these unipproximately 100 stimulation test
modules were produced for this project with a yieldaround 85%. The fabrication yield
was dictated in large part by the PCL substratachvbue to its high viscosity tended to
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form numerous air bubbles or gaps when spun oatibstrate. Missing segments in the
printed features would occur over the gaps. In otdeachieve consistency between
experiments, gaps in electrodes were not repasetd)silver paint (or other method; only

successfully printed electrodes were kept.

Printing success was approximately 40% for thetpdimeceiver circuits, again due in part
to the substrate and also due to the length oinithector. Longer conductors have higher
failure rates as any gap in the conductor is @&dagrint. The dimensions of the inductor,
6 mm X 6 mm, ensured a good balance between intrecid.2uH) and printing success.
Larger inductors were printed but with a lower sscrate. Larger inductors were held in
reserve, should they be required. Printing suceess dramatically improved by the
addition of the dry-etch step. This step completelynoved the possibility of undesired
metal being printed, preventing the inductor traitken being connected. With a dedicated
machine or tool to apply the printing pressure.farmity and yield would be sure to
increase when compared with working by hand. lmmroercial process, techniques like
cold-welding or 3D stack printing could allow thepeir of those printed samples that are
almost complete. In this way, small sections ofahebuld be added, saving some devices

which would be otherwise lost.
5.4 Experimental Set-up

5.4.1 Electrical Stimulation Protocol and Configuration -neutral channel

i L 20 mV 100 Hz Sin |
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Figure 5.13 quad-electrode stimulation module )lefth DRG clearly visible in the centre. A cell-
culture well was defined using a plastic ring, &ebWith silicone sealant. Connections to a printed
circuit board were made by silver conducting paifthe stimulus protocol and electrode

configuration used to create a neutral channellssahown (right).

Here, the problems described in the preceding ehapth neurons being unable to enter
the straight electrode configuration were overcofiités was done by simply seeding the

DRG in the centre of the electrode channel. Thé @dture technique is outlined in
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appendix C. The neurons were stimulated using regus stimulation protocol, using a
100 Hz sinusoidal signal of 20 mV amplitude (1 miectode spacing) depicted in figure
5.13. Four electrodes were used in a unique neah@hnel configuration, designed to
confine neuronal growth to this channel, creatingragitudinal alignment profile. Two
inner electrodes, having a potential of 0V, and touter electrodes with the signal
applied, created two a.c. barrier regions whichdéks could not enter. The stimulation
signal described here was applied over all independxperiments. The aim was to first
document a change in the distribution of the nesiramnd to then repeat this observation
over a large number of experiments. As this hasgat@uccessful, as will be shown in the
results section, it is hoped that a series of empmits examining the effects of the
electrical stimulation parameters may be employedking the results achieved using
wirelessly powered circuits, with those on pre+a¢id neurons, could further reinforce the
in vitro model described.

5.4.2 Hardware Set-up

Receiver circuits and stimulation modules were ratdéed on PCBs to keep them in place
during testing, as shown in figure 5.14. The reeeiwas placed directly above the
transmitter inductor, at a distance of 5 mm. Thiseanbly was placed in a hot-room
environment at 37 °C. Stimulation test modules wemelugged once per day to exchange
the culture medium. Control cultures were placetheasame room, at 37 °C but were not
connected. They were however, still connected ®C8 using silver conducting paint.
Regenerating neurons from a DRG were stimulated fdays. This was an estimate based
on the approximate number of days it would takddmonstrate an observable change on
the growth of the network. It was paramount nastiulate for too long, as the cells may
retract or die. It is hoped that the duration & é&xperiment will be optimised and an effort
will be made to make the PCL thin enough to faatiéit time-lapse recording of the

regenerating neurons.
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Figure 5.14 the class AB transmitter PCB, powedngceiver circuit on PCL. The receiver is then
connected to a twin stimulation module. Silver aatishg paint is used to connect PCB conductors

to the gold electrodes on PCL.

5.5 Results

The results achieved using inductively poweredivececircuits on planar sheets of PCL
are outlined below. Results are sub-divided intotic and stimulated cultures. The aim,
to confine neurons between electrodes, has beemenet demonstrating for the first time
the action of alternating electric fields on regatiag neurons at the cellular level. Whilst
planar devices have been used here, supportedaby glibstrates, progress is being made

towards their implementation asvivo nerve condulits.

5.5.1 Control Culture Results

Control cultures showed a random distribution angreference for growing over the
surface of the Au electrodes. It is hoped that vtither experimentation using these
devices, an explanation may be found identifying ¢ause of this behaviour. Despite this
effect, the controls served as a good referencerngpare any applied electrical stimulation
growth profile. This was in contrast to the work pre-aligned neurons, where unusual
control results hampered the drawing of meaningfohclusions. With these control
results, attention can now turn to analysing thawated results.
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500 um

Figure 5.15 a comparison between the effects etrgdal stimulation from a wireless receiver (A)

and a control sample (B). The electrodes in thevzagample are confining neurons to a channel.

5.5.2 Electrical Stimulation Results

Using the device described above, experiments antfals were conducted by applying a
20 mV, 100 Hz signal to the cells in culture. I fhresence of the a.c. signal the induced
potential barriers, with a maximum electric fiell @2 Vcm?, confined the outgrowing
support cells and the regenerating axons to theespmetween the electrodes. This
phenomenon was not observed in the control cultur®re no a.c. stimulation was
applied to the electrodes. Six stimulated and sewostrol results were used across three
independent experimental trials. The micrograph&igure 5.15(A and B) demonstrate
this behaviour. Note that in the activated exantplgure 5.15(A)) there is no cell growth
on the electrodes, whereas in the control (Figulé(B)), growth is prolific over the

electrodes. The behaviour is repeated across tee thdependent trials.
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Figure 5.16 depiction of the aspect ratio measurgrthe extent of the neuronal network in the x
and y directions was measured three times for experiment (shown with a blue rectangle). An
average value was then taken and collated in terhe®ntrol and stimulation. This was performed

using ImageJ. Colour inversion has been applietthéooriginal image.

ImageJ software was used to measure the widtheangihl of the axonal network for each
sample, and its aspect ratio defined as the leoftine network divided by the width,

where the length was measured in the directiorhefrteutral channel, shown in figure
5.16. The standard error was used to quantify awcenainty in the aspect ratio. Measured
aspect ratios for stimulated cultures were sigaiftty higher than for the control cultures,

indicating a higher degree of longitudinal alignmas shown in figure 5.17.
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Figure 5.17 aspect ratio measurements from suadgessitrol and stimulation experiments, with
the standard error included. Stimulated culturesl loa average, higher aspect ratios, caused by

the confinement from the electrical stimulation.

The angular distribution of axonal orientation atselped to quantify the effect of the
electrical stimulation, with a distinct alignmentople for stimulated cultures. Polar
angular measurements were obtained by setting rk tti@eshold’ for each image, and
plotting an oval profile of the number of crossirthat exceed the threshold as shown in
figure 5.18. Experiments were conducted in thraeHss, with each module stimulated for
seven days at 37°C.
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Figure 5.18 polar angular measurements depictirgdistribution of the neuronal network.

Stimulated cultures had an elongated profile whemgared with control cultures.

5.6 Discussion

It has been shown here, for the first time, the afsalternating electric fields to influence
neuronal growth at the cellular level by wirelesisnalation of an electro-active device
fabricated onto a biodegradable material. To de #hinovel circuit on a biodegradable
flexible membrane has been designed and implemerfiéddies have shown the
effectiveness of electrical stimulation appliedidgra PNS repair in a variety of ways.
This study aims to provide the means to reliablyritaate a new type of device that will
allow the use of electrical stimulation by applyisigb-threshold inductively powered a.c.
fields, and that is suitable for implantation. Thedings reported here indicate that
neurons can be confined near an electrode usiegiarr of alternating electric field. By
growing the neurons between two electrodes, theonsuare faced with a barrier on either
side. It has been previously been establishednaions in culture will grow directionally
in the presence of a d.c. voltage, with the groedghe being repelled by the anode and
attracted to the cathode (cathode-preference) BiJause a wireless device was sought,
the effect of applying a high frequency (> 1 kHzg.astimulation was investigated,
however there was no observable cellular respamdbet applied field. The majority of
studies have shown the effects of electrical st@tmoh across the 1-200 Hz frequency band
[31, 32, 114]. The detection of a change in theymvith from a regenerating dorsal root
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ganglion (DRG) as a consequence of the applicatioa demodulated low frequency
(100 Hz) signal has been described. This 100 Hzasig slow enough to produce a barrier
effect [112], whilst being of sufficient frequencio enable practical electronic

implementation.

5.7 Conclusion

Electrodes printed by using a novel technique oh,RCbiodegradable polymer that has
FDA approval, have been used to apply alternatiegtic fields to sensory neurons. The
device is envisaged to be implantable, and delitlegselectrical fields using inductively
powered electrical stimulation from an externalreldss, source. The system has been
used to demonstrate increased alignment of sem&monsn vitro when compared with
control cultures. This confinement has been showid possible using sub-threshold
alternating electric fields by employing a novelrfelectrode configuration, creating a
channel with no electric field for neurons to prgate through. Further work is needed to
study the rate of growth and percentage of alignedrons by modifying the electrical

parameters, and to show that an electro-activatadahconduit can be made.

Rogers et al have reported on the use of silk abiodegradable substrate with
biodegradable, wirelessly powered electronics [11%hey demonstrate complete
degradation of their circuits in an effective manméowever, due to the thin-film nature of
the receiver inductor, the transmission frequesay the GHz range to overcome the large
parasitic resistance. This contrasts with the lotw@nsmission frequency reported here,
aimed at allowing this device to be suitable fgraieng injured nerve tissue deep within
the body, on the order of a few centimetres or moseng frequencies in the GHz range
are also likely to induce large eddy currents imr@unding tissue and may not be capable
of penetrating deep enough into the tissue forpperal nerve repair applications, but are

well suited to transdermal applications as dematedrin the reported publication.

Other work, such as that reported by Vladu [11@cplan emphasis on flexible electronic
interconnect on a biodegradable substrate. Thepiams can generally withstand large
deformations and are therefore highly applicablevéaring on the surface, or underneath,
the skin. These circuits, made from predominatalld dilms, could be subjected to the
electroplating process here to enable their ugsenpheral nerve repair surgeries. These
flexible interconnect devices offer much promisanaluding non-flexible items, such as

CMOS chips and passive components, isolating tmlem fmnechanical damage.
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The system reported in this chapter has the palawotbe usedh vivoto improve existing
repair rates and functional outcomes. It is alsmpmarable to contemporary wireless
biodegradable electronics, in that further bioddgkde component development is
required here, but the practical peripheral nergpair transmission frequency and
stimulation frequency has already been shown. lftolsed that there is good scope for a
valuable nerve repair system to be developed, perhath the inclusion of flexible

interconnect and biodegradable refinements.
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6 Wireless Electrical Cell Measurements

Electrical cell impedance sensing (ECIS) can represell-density and cell-death over
time as changes in electrical impedance. A suitat#éhod of measuring cell growth over
time within an implant is sought here. A wirelesgerface, capable of detecting cell
behaviour through measured data at the transmittes, thought to be applicable for this
task. Caco-2 cells were used for each experimgurted here. Caco-2 cells are a human
epithelial cell line, which resemble the lining thie small intestine. They readily form a
cell monolayer during tissue culture and are tleefideal for measuring electrical
impedance measurements as cells grow over theceurfeelectrodes. The cell culture and
addition of the detachment agents was performed@h&o Dejardin in the Centre for Cell

Engineering.

Impedance measurement differences between confiaad-2 cells and cells removed
using trypsin have been reported here. An indugie@ering system allows these changes
to be measured at the transmitter, with a view tdwalevelopment of an implantable,
biodegradable device. Wireless electrical measuné&nesing an inductive link powering

a passive receiver circuit, illustrates how chanigethe density of caco-2 cells can be
detected by measuring the transmitter output velta@ell-death events were detected
wirelessly in the same way. This vitro wireless sensing technique could be enhanced
and developed on biodegradable substrates, leadisgstems suitable for implantation.
There are many applications for this technique ia.gvound repair, peripheral and central
nervous system repair and in drug delivery, anegirition with neural stimulation systems

as a feedback mechanism.

6.1 Electrical Cell Impedance Sensing

As cells grow, changes in their size and denstsr dheir contact area with the substrate. If
these morphological changes occur over an electiattenge in electrical impedance can
be detected. ECIS is implemented using dedicatettuimentationin vitro to measure
changes in cell behaviour. In this way, measurexhghs in impedance over time can be
used to indicate the level of cell density, thealtmn of cells and the onset of mass cell
atrophy (death). Electrode designs can be targetéétect single, or multiple cell events.
The interface between electrodes and solution isngrortant factor in cell-impedance
measurement systems. When metal electrodes arergmthen an aqueous solution
opposing charges accumulate on both sides of thial/medium interface. The net charge
on both sides of the interface is equal. This ¢ffetermed the electrical double layer and

an effective capacitance, the double layer capamtal, can model this effect.
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Figure 6.1 a schematic illustrating how, as celtewy and cover electrodes, the path between
electrodes changes. This causes changes in thelanpe between electrodes.

6.1.1 Electrical Model

The current flow in an electrode-solution systemm d#e divided into two elements
representing the faradaic and non-faradaic cuftem The faradaic element is modelled
by the frequency dependant Warburg impedance aacyehransfer resistance in series.
These elements model how the charge transfer ¢uretraves. The non-faradaic process
charges and discharges the electrical double lagpresented by the interface capacitance
[117]. The faradaic and non-faradaic elements argarallel, connected to the bulk
resistance. The bulk resistance models the cuflentthrough the solution. This must
occur as the current flows through the bulk meditmreach the return electrode. An

equivalent circuit for one electrode-medium integfas shown in figure 6.2.
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Figure 6.2 the schematic representation of an etele/medium interface..4s the Warburg
impedance, Orepresents the interface capacitance.a@Rd R are the charge-transfer and

spreading resistances [118].

When a cell or group of cells starts to cover actebde, the cells block some of the
current flow to the return electrode. At low frequees, the current can flow laterally

between the cell and substrate gap and hence fedance should be the same with and
without cells. However it has been reported inrditere that the impedance, at low

frequencies, is lower with cells present (this mexplained). At higher frequencies, the
cells block the current flow from the electrodeysiag an increase in the impedance. This
is the theoretical basis for changes in impedaacsed by cells growing over electrodes
[118].

6.2 Wireless Cell Impedance Measurements

The techniques described thus far, using instruatiemt and dedicated software are
vitro systems. This section aims to introduce a metmableng wireless sensing of cell
cell-growth powered from an inductive link. The d®pment of these systems onto
biodegradable substrates has been reflected iohthiee of receiver circuit, and in other

considerations.

6.2.1 Radio Frequency Identification

Radio frequency identification systems (RFID) iseahnique for retrieving data from a
passive receiver ‘tag’. A transmitter inductor sepower to the receiver circuit when it is
within range. Power is sent to the RFID tag ané asatetrieved in the form of changes in
transmitter voltage amplitude. This is caused lagllmodulation within the receiver. RFID
technology is an example of changes in load impegldeing detected at the transmitter
inductor. If the changes in load impedance couldndeced as a consequence of changes
in cell-growth, this wireless scheme could prowvide means for real-time feedback for the
duration of many surgical procedures and woundheatcThis passive approach to cell-

sensing is ideally suited to a biodegradable implatattion. Figure 6.3 illustrates how this
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scheme may be developed on biodegradable subsiratesnjunction with a neural

Transmitter Circuit

stimulator.

Impedance Sensor/
Stimulus Electrodes Receiver Inductor
N =
/ EE
/
Electrical
Components PCL substrate

Figure 6.3 diagram showing the long-term goal @ tiopic, an integrated neural stimulator and

sensor, within a biodegradable receiver circuit.

6.2.2 Reflected Impedance in an Inductive Link

It has been shown that impedance changes in a eeraceiver, powered inductively, can
be detected at the transmitter. Faraday’s law dfigtion states that for two mutually
coupled inductors, if the current in the receivefuctor changes, the current in the primary
inductor must also change. Consider two mutuallypbed inductors, with a coupling
factor, k as in the schematic in figure 6.4(a). Hogivalent load impedance, seen at the
primary side is shown in figure 6.4(b) [109]. Theflected impedance will have a direct
impact on the electrical performance of the primarguit. Changes in the load impedance
can be detected here due to the change in theteflempedance. An equivalent circuit

referenced to the primary side of the circuit carcieated, assisting in the system design.
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Figure 6.4 two mutually coupled inductors (a) agtas a non-ideal transformer. The load

impedance can be expressed as a reflected impedaueing the circuit to the primary side (b).

6.3 Design

It is desirable to design a system capable of tlaechanges in cell growth using a
wireless, passive receiver circuit. The receivesusth be designed with a view towards
being implanted as part of a biodegradable sensdrséimulation system. The design
centres on the detection of changes in impedaraesed by differences in cell coverage
over microelectrodes. A suitable transmitter drigad receiver circuit must be defined to
accomplish this. In addition, the coupling betwées two inductors, which depends on a
number of geometrical factors, must be sufficiehilyh for a given separation distance, in
order to detect changes in impedance. The desdiose below outline the steps taken to
select the transmitter and receiver properties.

6.3.1 Transmitter Circuit Design

The choice of transmitter driver will have a sigraiht impact on how changes in the load
impedance of the receiver can be measured. Thectefl impedance will appear in
parallel with the output inductor. Hence the outpuituit of the driver is an important
factor in how changes in impedance will be measutedass AB driver provides a good
level of prototyping flexibility as it can drive wide variety of load impedances. For
example, this type of driver can operate with anthout an output resonant capacitor,
unlike many other topologies. This allows greakiftdity in both the transmitter output
circuit, and the receiver circuit. This allows eadere-design as required, based on the
level of impedance differences detected at thestratter. A high-efficiency driver may be
implemented beyond the prototype stage, to reche@dwer consumption.
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6.3.2 Receiver Circuit Design

With a suitable process to develop biodegradablmpoments, for example diodes,
transistors capacitors, inductors and resistonshdéu complexity can be included within

the receiver. However, it was decided that theahidesigns for a wireless impedance
sensor should be as simple as possible to ensvicglagradable implementation could be
achieved. It was therefore desirable to minimigerthmber of components in the receiver.
If a suitable degree of impedance change could dtecttd using this approach, a
biodegradable system could be implemented. With ithimind, caco-2 cells cultured in

MEAs were connected to a receiver inductor on PTORe parallel combination of their

impedance would be reflected across the induciie o the output of the transmitter

driver.

It was thought that this initial design would bédfsient to detect cell-impedance changes
at the transmitter. Capacitors, or other componemtsid be added in series or parallel to
change the response of the system. Components beuidided at either the transmitter
output, or receiver, or both as required. This ddaé of particular use when analysing the
effect of resonance on the measured impedance ebanthis approach could be
developed on PCL with a printed inductor and calttae well. Complex receiver circuits,

with active components, were not designed due ¢oetlirly stages of the biodegradable
circuit. It is hoped that in the future, the avhi&a components will allow for a more

advanced design approach, if required. Receiveuitsron PCB proved to be effective in

demonstrating the principle of operation. The eleat schematic is shown in figure 6.5.
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Figure 6.5 a schematic depicting the class AB drared the receiver inductor, connected to
confluent caco-2 cells. The cells were detacheagusiypsin or EDTA, causing a change in

electrical impedance.

6.3.3 Low Coupling Reflections

Often, in bio-implantable applications the separatiistance and tight space constraints
lead to low coupling between the transmitter anckiresr inductors. Since the reflected
load impedance is proportional to the square ofdbepling factor, low coil coupling
makes it incredibly difficult to detect changeslaad impedance when using a passive
receiver. High transmitter power output is requitecensure that a significant amount of
current flows to produce detectable changes inagelt This case decreases the accuracy
and increases the power required from the transmiti retrieve data. Variations in
coupling caused by movement of the inductors camisinterpreted as meaningful data.
This can be addressed in practice by designingsysem to be relatively insensitive to
coupling variations. In this section, the goal viagrove the concept, leading to design
iterations aimed at improving coil displacementetahce, signal noise and other

performance indicators.

6.4 Experimental Procedure

A twisted pair of wires was used to connect theeirasr inductor on PCB, to an MEA
containing the cell culture. This enabled the ustnme lapse recording. Confluent caco-2
cells were connected to the receiver of the indgectink for one hour prior to the
application of trypsin or EDTA. These agents, upogaking up the confluent cell mono-
layer, should cause a detectable change in theitopedance. This change in impedance
is measured as changes in the peak-to-peak traasmittput voltage. Cells were viewed



146

using time lapse recording, to verify that a changeéhe cell monolayer has caused a

change in the measured transmitter voltage.

6.4.1 Labview Programming

Circuit voltages were acquired through a PXI datussition system (National
Instruments). Acquisition was achieved using thesRB9 analog input card housed within
an NI-PXI-1033 chassis as shown in figure 6.6. lielwsoftware (National Instruments,
USA) was used to control PXI data acquisition haky Measurements were performed
using a differential configuration, measuring th@tage difference across each inductor
using sense-lines on the PCB. Data was samplediet the transmission frequency in
accordance with the Nyquist sampling criteria. Das acquired every minute for the
majority of experiments. This was reduced to 10osds in subsequent experiments to
reduce uncertainty in the measurement. Firewire ecas controlled using the IMAQ
Labview platform facilitated the time-lapse recowgliof caco-2 cells, matching voltage

changes with cell-density changes.

NI PXI-1033
Chassis

NI PXI-6259 PC
Analog Input

N
h 4

S

Transmitter PCB

—

hd

Receiver PCB

~»

A 4

Multi-Channel FireWire
Electrode Array Camera

Figure 6.6 the hardware block diagram depicting éx@erimental set-up used for the impedance

measurements.
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6.4.2 Cell Culture

Caco-2 cells readily from a confluent monolayevitro. Their spreading across electrodes
as they reach confluence provides the perfect tiondito measure changes in impedance
caused by cell-growth. This behaviour provides adgmepresentation of the general case
of a wound or injury during the healing processdétailed description of the cell culture

procedure is provided in appendix C.

6.5 Results

The results can be divided into two sections: inapeg measurements with a precision
LCR meter; followed by measurements with a wirelesiictive link. First, a precision
LCR meter quantified the electrical impedance afoafluent layer of caco-2 cells. The
same measurement was performed after the cells bemoh detached through the
application of trypsin. Trypsin is an enzyme theddks down proteins by damaging the
peptide chains. This process has been used h&angform a homogeneous monolayer of
caco-2 cells into separated, detached proteinsykras trypsinisation. Trypsinisation of
the cell monolayer has been chosen as a methodeaéuring the change in electrical
impedance from cell coverage, to cell detachmeng means of modelling the initial and
final conditions of cell-growth. These measuremeni&se performed across a range of
frequencies in order to asses which operating ppiovided the biggest difference in
impedance. This experiment would prove pivotalétedmining the optimum transmission

frequency.
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6.5.1 Impedance Measurements
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Figure 6.7 impedance magnitude values across fregueMeasurements were performed on

confluent caco-2 cells and on the same cells #fi@application of trypsin, causing their

detachment from the electrodes.

The impedance of a confluent monolayer of cacoid eeas measured with a precision

LCR meter, across the 100 kHz to 1 MHz frequenaygea Measurements were repeated

on the same sample after the application of trypsginclear difference in both the

impedance magnitude (figure 6.7) and phase angleréf 6.8) was evident from the

measurements. The measured data showed good tiorreleth expected results and

agreed with published literature showing the défere in impedance for cells versus no

cells [118]. The larger impedance for the cell-mager case agrees with the theory set

out at the beginning of this chapter. It was clbat lower transmission frequencies would

yield larger differences in the measured changempedance caused by cell-growth

changes.
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It was evident that working at a frequency of 16z kvould allow for measurable changes

in impedance, whilst achieving practical power sfan Operating an inductive link below

100 kHz is impractical because of the high powersconption.

Phase Angle Measurements
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Figure 6.8 phase angle measurements of confluet-2acells and detached caco-2 cells across

frequency.

6.5.2 Wireless Measurement Results

Trypsin is quite an aggressive method of breakipgthe confluent layer, and this is

reflected in the measured transmitter voltage cegndepicted in figure 6.9. The peak-to-

peak transmitter output voltage showed a large ghaafter the application of trypsin,

before settling to a steady state value. It wasadhtiat the steady state value was different

across experiments after the application of trypBiumther work is required to quantify

what the change in steady steady-state value mgnExperiments with trypsin illustrated

with clarity how detachment of cells from the etedes had a dramatic effect on the load

impedance and how these changes could be detadtezlteansmitter output circuit.
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Figure 6.9 the peak-to-peak transmitter outputagdt, showing how the application of trypsin
after 100 minutes led to a large transition spikilowed by a different value of steady-state
voltage. The output voltage reached steady-sta¢e approximately 20 minutes.

Figure 6.10 shows another result obtained usinustny with the time-lapse images shown
in Figure 6.11. The image on the left shows thefluent layer of cells on the electrode

array. On the right, the layer has detached froenstirface, and a tear in the monolayer is
clearly visible. This shows how aggressive the @amldiof trypsin can be. Some variability

in the results may be caused by the location ohtiles in the monolayer. This may also
serve to explain why the steady state-values ctam afiffer between experiments. Further
work is required to validate this experimentallyddn explain why the transient behaviour

is different for each experiment.

Caco Cells: Trypsin
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Figure 6.10 a second trypsin experiment, showiag tiie steady state value can return to the
same level. The voltage change for this experimvestless than the previous experiment. Trypsin

was added after 60 minutes.



Figure 6.11 a confluent monolayer of caco-2 cd#ft) and the layer after detachment of the

monolayer by application of trypsin (right).

6.5.3 EDTA

EDTA has many applications, but is often used tacte cells for passaging (subculture).
The cells remain functional and this is the primdifference between EDTA and trypsin.
Hence EDTA is not as aggressive as with trypsid, tars is reflected in the electrical data
because the cell monolayer is detached slower.lResare less distinct when applying
EDTA, though some individual experiments, suchheas tlepicted by figure 6.12, showed
good levels of voltage change at the transmittde.sDifferences between EDTA and
trypsin were matched in subtle differences in ttamgmitter output voltage. This shows
that this wireless cell impedance measurement tgolnis capable of differentiating

between trypsin and EDTA as additive agents. Howéawgher work is needed at higher
power output to obtain clear distinctions betweearoafluent layer and the application of
EDTA and trypsin.
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Figure 6.12 transmitter output voltage showing htbe application of EDTA induced a change.
EDTA was added after 60 minutes.

6.5.4 Cell-Death
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Figure 6.13 the long-term transmitter output voktaghowing the onset of cell-death. As the cells
die, a steady ramp is seen.

Wireless electrical cell measurements performed confluent layer, and a layer that had
been detached, showed a steady state responssyddlby a transient behaviour during
the detachment of the monolayer. These experimpragsided a change in output
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transmitter voltage caused by the switch from agenit cells to no-cells at the receiver
circuit. This proved that reflected impedance waffigent to detect changes in cell
density. The degradation of the cell monolayer a@® measured wirelessly over time,
leading to a steady ramp caused by cell-death, showfigure 6.13. Cell-death was
observed and inferred through changes in the cadduhe medium, and in viewing the
cells through a microscope. A single experiment tbeen performed in this way. Further

experiments could reinforce this behaviour.

6.5.5 Steady-Culture Impedance

The same wireless measurement technique was endplmyea caco-2 culture as they

reached confluence over a number of days. The empet, like those described above,

was conducted in a hot-room to allow space for ¢hectrical systems, had to run

completely without disconnecting the cells. Discecting the cells to feed and change the
media would have made it unlikely that the elealrondition would be exactly the same.
It was expected that as the cells grow, the outputsmitter voltage would change

gradually as the electrodes become covered. Tiperarent has yet to yield such a result,
it is felt by further electrical and cell parameataptimisation, discrete changes may be
observed. Experimenting with the number and sizeleftrodes used could also assist in
this pursuit. Finally, executing the experimenthitan incubator could drastically reduce

the electrical noise.

This experiment was designed to show the true egipdn of this wireless sensing
technique. Trypsin experiments showed good resttg, represented cell-growth in
reverse. During an injury or wound healing procedwells would spread to confluence
and it is this behaviour that is most desirablddoument. The change in density would be
slower, especially when compared with the rapicclaihent of a monolayer as is the case
during the application of trypsin.

6.6 Discussion

Some promising data has been obtained, particulaitty the application of trypsin to
remove the caco-2 cells from the electrodes. Howeaepeating the results on a consistent
basis has proved troublesome due to a number wirgad he electrical variability is on the
order of 5-10 mV over the course of the experimeatised by the difficult experimental
set-up. Within this margin there can be no ceryaom any changes. Progressing towards a
compact system, operating in an incubator will \adlee this characteristic. Some

experiments, when progressing from a cell-monolalyen detached monolayer, could be
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experiencing changes on this level of magnitudéat been shown using the time-lapse
recordings that as the cells detach, correspondhanges in transmitter voltage are
observed. Using a compact system in an incubaowith no time-lapse recording, could
yield the expected variations in impedance on aenwmnsistent basis. The incubator,
acting as a Faraday cage, would reduce the elgictnmise. An increase in transmitter
output power could also be employed to make theesysnore sensitive to changes in cell

behaviour or growth.

In terms of the steady growth experiments, a methiodchieving good culture whilst
maintaining the integrity of the electrical datasisught. With this improvement, culture
will be reliable and data can be gathered that dionibre closely resemble the expected
datain vivo. The number of electrodes used, and their sizeldcbe altered. A large
number of electrodes should yield step-changes hie impedance. This type of
measurement would be useful in a nerve conduittiolgethe cell proliferation through the
conduit over time, indicating the success or failof the procedure. Indeed using this,
subsequent experiments could be enhanced baseddeomdasured wireless impedance
changes over time. Further enhancements to theveeagrcuit could be made to include a
higher degree of functionality. Encoding the data@imodulation scheme could be used to
boost the signal at the transmitter. For examplenkasuring changes in impedance, and
encoding this as changes in the amplitude modula® in RFID systems could greatly
improve the accuracy and the amount of data that lma collected from within the

receiver.

6.7 Summary

A series of impedance measurements, both wiredvareless, have been used to chart
some cell outcomes, such as detachment, death mwdhg Wireless electrical cell
measurementsn vitro can provide a good model for changes in cell behavand
morphology. This model could be used as a tempbatanin vivo measurement system. It

is hoped that such a system could be integratel avibherve regeneration stimulator to
design a bi-directional system capable of providiegl-time cell growth information
during the repair procedure. Addressing some ofdhees reported here, such as noise and

set-up difficulty could push this technique forward
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7 Conclusion and Future Work

7.1 Summary

Innovative approaches to improving peripheral neegair outcomes have been developed
throughout this project. The effect of electricahmilation on regenerating neurons was
documented using a novel experimental set-up. [Edigo the demonstration of electrical
stimulation in a wirelessly powered stimulation mledon the biodegradable polymer,
polycaprolactone (PCL). Finally, an effort was maae demonstrate the efficacy of
reflected impedance changes caused by changeslligroeth as a passive sensing
mechanism. The conclusions from these three t@eslescribed in detail below.

7.1.1 Effects of electrical stimulation on regenerating neurons in vitro

The effects of alternating electric fields on regeting sensory neurons were thoroughly
investigated at the cellular level. Initial resuts MEAs showed sporadic alignment on an
inconsistent basis. Efforts were made to tune teetrical stimulation waveform to
improve the results, but to no avail. In contréisg¢, design and fabrication of novel hybrid
devices improved results dramatically. Hybrid degicconsisting of microtopography to
first align the regenerating neurons, followed bnegion of electrodes, allowed consistent
experimentation on the effect of the stimulatiomediical parameters, in particular the
shape, frequency, amplitude and relaxation timeewaried in a series of experiments
designed to optimise the stimulation signal. Froms,t a number of effects were
documented. An electrical barrier, neuronal turpiafgctrode preference and network-
tearing were all observed using alternating fiedthisa number of electric field patterns.
This represents the first such study of cellulde@s on regenerating neuroims vitro.
Furthermore, the use of mechanical cues to guideons to an electrical cue region is
new, and could be used for other types of investigae.g. different combinations of
guidance cues. These mechanical cues were vitacneasing the rate of experimental
data, when compared with results on MEAs, wherenéarons were afforded a much

higher rate of freedom.

7.1.2 Electrical Stimulation on Wirelessly Powered Biodegradable Polymers

A novel fabrication process was developed to predacreceiver inductor and inter-
connect on the biodegradable polymer, PCL. In pldoem, the PCL receiver circuit,
powered wirelessly, was used to provide electrgtahulation signals to regenerating
neurons, also on planar PCL. This was done witlew Yo developing these systems ifor
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vivo, advanced conduit repair. These circuits demotestraeuronal confinement between
two pairs of electrodes. This offers much promiseeéveloping conduits with an array of
electrodes, leading to improved guidance of regemgy neurons to their targets. This
system documents the first such use of alternatiectric fields, powered wirelessly, on a
biodegradable polymer.

7.1.3 Wireless Cell Impedance Sensing

With much inspiration from the multitude of applices of electrical cell impedance
sensing (ECIS), progress has been made here inogewg a wireless alternative. This
wireless, passive approach to cell impedance sgrss been used here to demonstrate
how changes in cell-growth over electrodes candieated at the transmitter side of an
inductive powering system. Using the caco-2 celklto form a monolayer, additives
designed to strip the monolayer resulted in twtestaf impedance. These changes, caused
by the disruption of the monolayer, were detectedha transmitter side. This type of
system could be included within an advanced, bicatple conduit as a sensor,
indicating how a repair is progressing. The systeas been designed to be capable of

integration with any biodegradable stimulation eyst

7.2 Conclusion

To conclude this thesis, the five elements of fibasibility study will be described in terms
of what has been learned and observed in referentlee original hypothesis listed in
chapter 1.

7.2.1 Electrical Stimulation Parameter Space

At the beginning of this study it was unknown wiedtect each electrical stimulation
parameter has on regenerating neurons. This stotdao identify, through a series iof
vitro experiments, an approximate working value for gaatameter. The work in chapter
4 was effective in achieving this aim. A stimulatisignal of amplitude 20 mV, sinusoidal
shape, 100 Hz frequency and occurring 20 timesspeond throughout the experiment
proved to be a good working point for the differamdls. It is recognised that this does not
represent theptimumstimulation signal. It does however allow theable execution of a
multitude of experiments, with the knowledge thedvgh of cells will occur and that a
discernible outcome may be observed. It is hopatltthis information, particularly in the
accurate control of electric fields at the cellulavel, may allow other researchers to

further explore electrical stimulation of neuromsido optimise the electrical waveform.
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7.2.2 Manipulation and Control of Neurons through Electrical Stimulation

The identification of a ‘working electrical stimtilan protocol’ allowed a large amount of
experiments to be conducted, each displaying effeat the outgrowth of regenerating
neurons. Through the use of 4 different electrageuts, and mechanical guidance cues to
provide alignment, a number of effects were obskrnieurons, when faced with an
alternating electric field that is normal to theutgrowth, are repelled by this field. This
gives rise to a barrier effect. With careful comesation of the electrical stimulation
protocol, neurons were able to be held at thisidraprior to their decision to turn at right-
angles to it. This turning effect is thought to the first demonstration using alternating

electric fields.

A number of interesting effects, though not of usere observed. A memory effect was
prevalent in unbalanced electrode configuratiorading to the preferential growth of
neurons towards one electrode. Upon reaching teistrede, the neurons are repelled,
never to return to the contact-site. This effecs waercome in the work in chapter 5 by
employing a balanced set of barrier effects, prisgnhe neurons with two OV electrodes.
This memory effect thus directly contributed to threlerstanding and successful outcomes

obtained on wirelessly powered substrates.

An interesting control outcome, that of neuronsaglsv turning to the right, remains
unsolved in its origin. Further work should seekidentify this as it may indeed be a

unique guidance mechanism in its own right.

7.2.3 Enabling Technologies for Electronics on Polycaprolactone

A novel printing technique capable of producing t@ated thin-flm gold on
polycaprolactone has been developed. It has beshtagproduce over 200 viable devices.
Wire-bonding and electroplating were also possibteugh empirical process design and
have proved invaluable, particularly in reaching peactical working transmission

frequency of 800 kHz.

7.2.4 Design and Set-up of a Wireless Link and Biodegradable Stimulator

The development of a reliable printing processH@L has resulted in the demonstration
of the effectiveness of alternating electrical sfi@ion in aligning neurons from a
wirelessly powered device. These devices, on biadizdple substrates, show that
alternating electric fields can confine neurons teeutral channel. This confinement, were
the device to be implanted, could result in inceelaaumbers of neurons reaching their

targets and thus improving functional outcomespfatrents.
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7.2.5 Passive Wireless Impedance Sensing

It was the aim of this work to develop a passiveeless cell impedance sensor, ultimately
capable of inclusion with a biodegradable condagign. Initial results reported here show
its ability to detect detachment of cell-monolayérsm the substrate. It is therefore
feasible, but as can be seen from the resultsapteh 6, further designs and experiments
are required to improve the repeatability. Effddsdetect subtle changes in growth over
time have proved difficult, but it is hoped thature experiments will overcome this
challenge. Another interesting outcome from thigtise has been in the detection of cell-
death events. This could provide a means to cifaftléath over time within a conduit,
leading to design iterations aimed at improvingrieat flow and cell proliferation within

an implant.

7.3 Future Work

Some of the key developments aimed at making pssgi@vards the development of a

system capable a@f vivoimplantation are described in this section.

7.3.1 Electrical Stimulation Parameter Optimisation

The investigation of applied electrical stimulatiparameters to regenerating sensory
neurons has opened up a number of possible avémeaplore. The interesting results for
control cultures on hybrid devices warrants furtlegperimentation. It is desirable to
achieve a random control distribution, which hagetsnot been achieved on these devices.
Perhaps a re-design of the electrode layout wittheddpassivation would remove the
tendency to turn right. Next, a multitude of expents, in the same vain as documented
here, could be carried out to further optimisedtuaulation waveform. In particular, being
able to allow the regenerating neurons to enter s$tmight, hairpin and other
configurations is a primary goal. With a re-desgnthe system to allow for smaller

electric field values, this may be achieved.

Taking data and observations from the hybrid deyidewould be interesting to see how
these results could be introduced back to ‘frealiraes. Using an MEA or custom
electrode modulevithout any mechanical guidance cues, this study would taireshow
some of the effects and outcomes without theirstemste. This is important in progressing
towards anin vivo implementation. Other electrode designs could &sodeveloped,

perhaps with different materials.



159
7.3.2 Biodegradable Conduit Developments

Work here has shown how wirelessly powered ciraitplanar PCL can confine neurons
between electrodes. There are a number of expetsntlegit can be carried out to lead to a
conduit design, capable of implantation. Furthetimisation of the electrical stimulation
waveform in conjunction with the work on hybrid dsss could yield improvements in the
level of cell growth, and in the observed effecheTdevelopment of biodegradable
components has been discussed and metal-insulatai-rfMIM) capacitors could be
suitable for this task. Work has begun on invesitigathe use of Ti@films between two
metal layers as a high dielectric material, prawdia large capacitance per unit area.
Conventional MIM components using silicon dioxidenitride are well documented and
could also be implemented. Diodes, also made fra®x Tould take the place of the
Schottky diode. A Pt-TiQTi structure has been investigated but furtherkwemeeded to
produce a practical diode. ZnO is another possidgerial, commonly used in organic
diodes. Many research groups have documented lzopgedf organic thin-film transistors.
These could lead to enhanced functionality withiia teceiver circuit, and in particular
could greatly enhance the capability of any wirglespedance sensor. It is hoped in future
work to develop these components, or to seek cmiddion with research groups that

produce them.

The wireless sensing results reported here arkein infancy. Further work is needed to
demonstrate the use of the circuits on PCL. Achigva level of consistency is also
required, to ensure changes observed in transmitikages are representative of cell
behaviour. Interesting work could centre arounduke of neurons, charting their growth
through a conduit. Alternatively, their action paials could be recorded and transmitted
over the wireless link. This would require a modvanced level of circuitry, but is not
entirely impossible. This would require the usetminsistors leading to a more active
receiver circuit. Work on steady growth of celldarharting that as changes in reflected
impedance is on-going. To date this has provedcdiffto implement due to challenges
associated with the experimental set-up and théamge of the culture medium (which
changes the level of impedance as the cells arewednand plugged back in). Continuous
experimentation led to failed cell-culture, andigt hoped that in future this can be
addressed. Biodegradable transistors would imptioedevel of voltage change seen at the
primary, by increasing the changes in receiver loadent. This load-modulation scheme

is at the heart of radio frequency identificati®F(D) technology.
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Implementing a wireless impedance sensor, baseeftected impedances, on the same
circuit as the electrical stimulator offers manyalkbdnges. However both systems have
been designed with a view to achieving this aimthBase the same transmitter and data
modulation scheme. Using different transmissiorguencies, separate branches of the
transmitter could be employed to separate the mndtest data from the received data.

Again, this would be much easier should the recaivatain biodegradable transistors.
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Appendix A: Hybrid Stimulation Device Fabrication

SU-8 microgrooves have been shown to be effectivaligning neurons, which when
coupled with the fact that SU-8 is transparent, @saka suitable choice as the material for
the microgrooves. The fabrication process cons$t$wo stages, the metal electrode
patterning and the topographical groove sectiopjotied in figure A.1. The fabrication
steps were carried out in the James Watt Nanofaiwit Centre within the University of
Glasgow. Quartz microscope slides (Newcastle Olptieare used as the substrate material
because of their strong adhesion to SU-8. The mtbsivas cleaned in acetone, propan-2-
ol and methanol for 5 minutes each, followed bynae in deionized (DI) water, again for
5 minutes. The substrate was then baked at 180’6 fminutes to remove any moisture.
S1818 photoresist (Shipley, USA) was spun ontogiertz substrate at 4000 rpm for 30
seconds. After a soft bake of 95°C for 2 minutes tasist was immersed in MF319
developer (Shipley, USA) for 1 minute to createudable sidewall profile for the lift-off
technique. The resist was then exposed to UV ligidugh a photo-mask using an MA6
mask aligner tool (SUSS MicroTec, Germany) for 8osels. The resist was developed
using MF319 developer for 75 seconds. Using a assetal deposition tool (Plassys
Bestek, France), 20 nm of Ti followed by 200 nm A were evaporated onto the
patterned resist film prior to immersion in acet@ies0 °C to perform lift-off, yielding

patterned metal electrodes on the quartz substrate.
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Figure A.1 exposure of S1818 photoresist (A) fadldwy pattern development (B). Evaporation of
Au electrodes (C) and metal lift-off (D). SU-8 gvedalefinition using UV exposure (E) followed by

pattern development in EC solvent (F).

The next stage of fabrication is the patterningbf8 microgrooves. The quartz substrate,
containing the newly added microelectrodes is @daor 5 minutes in acetone, propan-2-
ol and methanol followed by a rinse in DI watereTdubstrate was then baked at 180 °C
for 5 minutes to remove any moisture. SU-8 3005t@tesist (Micro Chem, USA) was
spun at 4000 rpm for 30 seconds. Following a rangoédbake of 65°C (1 minute), 95°C
(3 minutes) and 65°C (1 minute) the sample was saghto UV light through a photomask
for 25 seconds. The mask aligner was used to ertkargrooves were patterned in the
correct location. After exposure, a post exposwieelis required to further cross-link the
exposed regions of the resist. The post exposike bses the same baking cycle as the
soft-bake with the exception that the 95°C stefslfs 2 minutes. The unexposed areas of
SU-8 are then removed from the substrate by immersi EC solvent (Shipley, USA).
The sample is then cleaned using propan-2-ol. fpetie SU-8 microgrooves 12.&n
wide, spaced 12.pm are left on the substrate. The final step, hamhg of the SU-8
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photoresist, is achieved at 180 °C for 20 minutebdrden the resist film. This final step
prevents the microgrooves from delaminating duaggeous processing e.g. during cell-

culture.
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Appendix B: Fabrication Process Development: Electronics on PCL

C
[ Au B Az4562 [ Glass
|: Si |:| Polycaprolactone

Figure B.1 schematic of the transfer printing preg¢o transfer patterned au films. AZ4562
photoresist, spun in two steps to a thickness @in®0exposed through a photomask (A).
Development of the photoresist (B). Dry-etchinthefsilicon substrate, followed by evaporation of
400 nm Au (C). The stamp is pressed into polycaptohe on glass (D) at 65 °C. Removal of the

stamp (E), completing the transfer printing process

Stamp Production

The printing procedure is divided into two sectiosimmp production and target substrate
preparation. The stamp is produced using photagjitqgohy and dry etch techniques in the
following way. First, a Si substrate is cleanedaetone, methanol, isopropyl alcohol
(IPA) and deionized (DI) water, each for 5 minutésllowed by a blow dry in a
pressurized stream ofzNA dehydration bake in a 180°C oven for 5 minuggaoves any
residual moisture from the cleaning procedure. yetaof AZ4562 photoresist is spin-cast
onto the Si substrate using a spin speed of 1000 with an acceleration ramp of
250 rpmg for 30 seconds. A soft-bake on a hot-plate fomdiButes at 90°C causes the
solvent to evaporate from the photoresist. A sedayer of AZ4562 is then applied in the
same way; resulting in a 30n thick film of photoresist (2 x 1pm) on the Si substrate.
This resist height is sufficient to prevent the P€ilbstrate coming into contact with the
silicon wafer during printing and was found expeirtally. The resist film was left to
rehydrate overnight prior to executing the exposstep. Exposure to UV light was
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performed through a photo-mask for 110 secondsgu$ih second bursts between 10
second relaxation periods to allow any th escape (preventing the accumulation ef N
bubbles in the resist film). The exposed region®&s84562 were removed using AZ400k
developer in DI water (1:3) for 5 minutes. Any ksl photoresist layer was removed
using an @ plasma ash at 80 W for 2 minutes. The residu@rlayust be removed before

dry-etching to ensure the correct profile is achtkv

Figure B.2 scanning electron micrograph showingg-etched silicon pillar with a sloping
sidewall profile. The AZ4562 photoresist columangop. This profile isolates the metal on the

substrate from the metal on the photoresist film.

Next the stamp is dry etched using the Bosch psofmsdeep dry-etching of silicon in an
STS-ICP machine. A modified Bosch process is ussd ko create an undercut sidewall
profile by increasing the flow rate of §FAn increased rate of $ketches the protective

polymer coating the sidewalls, resulting in thehetg of the sidewalls. This causes a
sloping undercut rather than a vertical profilesaswn in figure B.2. The modified process
uses an Sfflow rate of 40 sccm, platen power of 10 W, ICRvpo of 600 W, and a

pressure of 10 mT for 5 minutes. This procedur@dsaany undesired regions of metal
deep within a silicon trench, with no connectionthee metal on the resist sidewall,
preventing the transfer of undesired metal to @& Bubstrate. Prior to metal evaporation
the photoresist film is subjected to a flood-expeswf 120 seconds, allowing the
subsequent use of AZ 400k for resist stripping.dvation of 400 nm of Au in a Plassys
metal deposition machine is the final step in tteemp fabrication process. The target

substrate must now be prepared before the pristgcan begin.
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Target Substrate Preparation

A SIiO; substrate is cleaned in acetone, methanol, IPACAndater, each for 5 minutes,
followed by a blow dry in a pressurized stream ef RCL in chloroform (1:3) is spin-cast
at 400 rpm with an acceleration ramp of 100 rprizs 60 s. The chloroform is evaporated
at room temperature until a p@n thick layer of PCL remains on the Si€ubstrate. Both
the target substrate and printing stamp are nowpteisnand ready to use in the printing

step.

il

Figure B.3 a micrograph showing a section of theur spiral inductor (left) and an image

showing the printed inductor and component footgrom polycaprolactone (right).

Transfer Printing

To begin the transfer printing, both the stamp #redsubstrate are placed on a 65°C hot-
plate. This temperature is chosen to be above #ietemperature of PCL. Upon reaching
a temperature of 65°C, the stamp is placed ontd*@k sample with enough pressure to
push the stamp into the polymer and left for 5 resuAfter this time the stamp-substrate
stack is removed from the hot-plate and allowedal to room temperature. The stamp is
then peeled from the substrate using tweezers. Ranad the stamp causes selective
pattern transfer to the substrate due to the pdbeson of the resist film to the Si
substrate. If the height of the photoresist is fingent, the PCL will come into contact
with the sidewalls of the silicon substrate, adingrstrongly to them, causing a failure of
the printing step because the stamp cannot be mneave for excessive force being
applied (pattern deformation is certain). At thiage, metal has been transferred to the
PCL substrate in a pattern defined by the photomaski, as shown in figure B.3. The
device is almost ready to be used but for two fateps: electroplating and wire-bonding.
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Figure B.4 a printed receiver layout, featuring aén x 6 mm spiral inductor and component
footprints. Gold wire bonds link the central padthe outer circuit, completing the circuit. The
printed gold is electroplated to a thickness of #8@ Contacts have been made to the ‘tabs’ to

allow electroplating. Scale: 5 mm.

Electroplating and Wire Bonding

Printed samples were then electroplated in goltingasolution at room temperature for 5
to a thickness of 3@m. This plating step reduces the resistance ofindactor from
several hundred Ohms down to a few Ohms, increagiegquality factor and thus
improving the performance of the inductive link.eTélectroplating step also facilitates the
use of wire bonding to connect the central inductmrnection to the rest of the circuit. In
CMOS technology, planar spiral inductors are coteteto the rest of the circuit using a
via on a separate metal layer. Several wire borete wdded to connect the inner contact
of the spiral inductor to the rest of the circgiiown in figure B.4. By wire bonding in this
way, only one printing step is required, with thieeAdbonds used as the second layer.
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Appendix C: Cell Culture Technique

Electrical Stimulation Modules on Polycaprolactone

Dorsal root ganglia (DRG) were isolated from 2-déy neonate Sprague-Dawley rats and
placed between the electrodes on the PCL/electramtiiles. The DRGs were then grown
for 15 days at 37 °C, 5% G@vith L15 media (Sigma) supplemented with 10% FRSF
2.5S (10ng/ml) (Invitrogen), n-acetyl-cystein (B0@ml) and 1% antibiotics antimycotic
(PAA p11-002). Half of the media (1%0) was exchanged every day. Cells were fixed and
immunostained foB-tubulin (mouse anti-TU-20 Santa Cruz). After theeriment was
complete, DRG were fixed in 4% formaldehyde/PBSusoh for 15 minutes at 37°C.
They were then permeabilized in perm buffer (1&8grose, 0.292g NaCl, 0.06 g MgCil2,
0.476 g HEPES 0.5ml Triton X-100 per 100ml PBS SighiK) at 4 °C for 15 minutes. A
blocking solution of 1% BSA/PBS was added at 3765 minutes. The blocking solution
was replaced by 1% BSA/PBS solution containing -B&ttubulin antibodies (1:100;
mouse anti-TU-20 Santa Cruz, California) and ad®&antibodies (1:100; rabbit Ab868
S100 Abcam, UK). The samples were incubated aC3ibf two hours then washed three
times with a PBS/Tween20 (Sigma, UK) 0.5% solutidrney were then incubated for 1
hour at 37 °C in 1% BSA/PBS solution containingOD lsecondary Texas-red anti-rabbit
antibodies (Vector Laboratories, UK) and 1:100 ibigated anti-mouse antibodies (Vector
Laboratories) and washed three times with Tweef.38/PBS. Fluorescein Streptavidin
1:100 (Vector Laboratories) in 1% BSA/PBS was thdded to the sample for 30 minutes
at 4 °C, before washing them again. The samplese weewed by fluorescence
microscopy, and imaged using a Zeiss Axiovert 20@mth a QImaging camera, running
on ImagePro+ (Media Cybernetics, UK). A total of dilBccessful cultures were used for

the experiments.

Multichannel Electrode Array Experiments and Hybrid Device Experiments

DRGs were isolated from 2 day old neonate Spragawel®y rats and were seeded in the
electrode construct. DRGs were then grown for 1fsd#t 37°C, 5% CO2 in well L15
media (Sigma) supplemented by 10% FBS, 10 ng/ml 2GE (Invitrogen), 5Qig/ml n-
acetyl-cystein and 1% antibiotics antimycotic (PAA1-002). Half of the media (130)
was changed every day. Cells were fixed and immtameed for3-tubulin (mouse anti-
TU-20 Santa Cruz). Samples were recorded by tirpseldight microscopy one frame
every two minutes. At the end of an experiment, @amwere viewed by fluorescence

microscopy.
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Caco-2 Cell Culture Technique for Impedance Experiments

Caco-2 cells readily from a confluent monolayevitro. Their spreading across electrodes
as they reach confluence provides the perfect tiondito measure changes in impedance
caused by cell-growth. This behaviour provides adgmepresentation of the general case
of a wound or injury during the healing processc@:2 cells were seeded on the MEA at a
density of 16 cell/mL in 600uL of DMEM (Invitrogen, Scotland) splemented with 10%
fetal bovine serum (FBS, Invitrogen, Scotland) arglutamine (2mM, Sigma) and grown
until confluence for 10 days at 37°C and 5%.CPBor those experiments that rely on a
detachment of the cell-monolayer, either trypsinE@TA were used to detach the cell
monolayer, in order to induce a sharp change iresapce. Confluent Caco-2 cells were
rinsed in 2.38g/L Hepes solution (Sigma, UK) anthdeed from the MEA aggressively
by a 0.25% Trypsin (Sigma, UK) in Versene/EDTA (@/2) solution, or slowly by the

Versene/EDTA solution only.



