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Abstract

This thesis will focus on developimenis in coupling the multidisciplinarvy re-
search tnterests of Physics, Microengineerng and neurobiology towards the

development of a proof of concepi retinal prosthelic device.

With recent. developinents in low-power clectronics and semiconductor
fabrication techniques many applications in the lile sciences have emerged.
One such application is in the development of a retinal prosthelic device
which rvelies on the ability to record information {rom and leed informa-
tion directly to small retinal nemronal cells which are approximately 3pam
diameter. Where sucessful, we achicve the possibility of restoring sight 1o
people affected by degenerative visual discases such as Age Related Macu-
lar Degeneration and Retinisis Pigmentosa. Both these conditions aflect the
photosensitive elements of the ove vet leave the remaining pathways (o the

visual cortex, the area of the brain responsible for owr visual precepd, intact.

High-density electrode arvays aye beconing well established as tools {or
the measurement. ol neuronal signals. The fabrication of arrays on flexible
maderials allows [or 2D position sensitive recording of cellular aciivily in
vivo awd for the possibility of direct ¢ vévo stimulus. Using flexible polymer
malberialy (Pryalin PI12343), compliant with semiconductor [abrication tech-
nigues, a process allowing the [abrication of flexible multi-site mmicroelectrode

neuronal recording aud stimulating arravs is presentoed.




The development of hath 8 and 7 electrode areays on polyimide sal-
straves with 30 pm and 5 1 mininnun linewidths regpectively is deseribed.
Iinplementing ow noize amplification, 8 gV rms {bandpass typically 80-2000
Hz). the polvimide 8-clectrode arrays have been used to stimulate and record
electroretinogram and ganglion cell action potentials in wivo from the lrog

retina { Rane lemporaria).

Such arrays coupled to our application specilic pixellatad CRIOS scusors.
the IPIX, incorporating an ability to apply newral network slgorithing should
allow [or the recovery ol hasic functionalily in the humnan retina. Uhe 1P1X
detector is an Active Pixel Scnsor which responds o ineident light in the
visible region. It responds to the varving wtensily of light over 3 log units
and outpuis varving frequency voltage pulses of similar [orin Lo that of a

healuy retina.

Stimulation studies for electro-deposited platinum electrodes of 4 nA /m?
indicate upper breakdown limits for charge density approaching 100 @Cm™2,
lnvestigations of ltfetime stimuiation of a 50 gan diawneter electrode, of typical
nnpedance loss than 20 k2 at 1 klz, suggest operational limits aver lifetime
in Lie order of 10 4Cm 2. These charge densities are adeqgnate for neuronal

cell stimulation.

It is belicved thal the systern deseribed in this thesis can form the basis
on which to deploy a retinal prosthevic device. Morvegver. in the short term.

the information provided by this system will allow fov investigations iute
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deeciphering the “wiring diagram’ of the retina.
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Chapter 1

Introduction

Perhaps ome of the most signilicant interests of the last decade [71] has been
the convergence of multidisciplinary research activities within the fields of
physics, engiveering and nenvobiology. Detector developments within the
plivsies communify have henefited fram iucreased sensitivity and miniaturi-
sation, this in conjunction with the microfabrication techniques fonud in the
engiueering conunnnily, can be combined to provide a means of selective high
precision vemronal mouniloring [69]. The ability to wonitor multiple cellular

response in-vive opens naay exciting avenues i1 the field of nenvobiology [2].

One such avenue is in deciphering “wiring diagrams™ of nenronal circuitry.
Under situations where the neurones are active, deteclors positioned close
enongh will be able o detect the responsge. I we have muitiple detectors
i place then we can detect (he interactions between these nenrons under

activation. It follows additionally, if we gupply a response [rom a man made
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syslem that mimics this multiple response then subsequent neuronal layers
will respoud in a natural manner. 'This characteristic opeus opportunities
to restore function to areas whore the nalural ability ol the newrones to
respond has been compromised [21]. This thesis presents the ability to use
a CMOS imaging chip to respond to light, in a coded forin, with the outout
comparable witl activity recorded [rom a healthy retina. “T'hese streams
ol pulses are passed to a microfabricated avray of clectrodes which can be
coupted (o relinal tissue, The electrode arrays have been tested on the frog
retina. and have snccesstully recorded and stimulated retinal activity. This is

seen as the basis on which to develop a reiinal prosthesis in the long term.

An accessible region in which to study newronal aclivity can be Jound in
the eve. more specifically the retina, sce Fig 1.1. There are certain couditions
in which the retina can lose its Hpht sensitivity. When this occurs, i extreme
cases, the host will be rendered blind. 11 is believed that il the activity of
a fully funetional retina is recorded under natural light conditions, and this
nenvonal response understood. then by electrically sthnulating a damaged
retina in the regions that still function normally, we can induce the perceplion
of a visual scene [G]. Tt is also believed that through stimmlation of the retinal
cells, recovery of cellular functionality can be achieved and in effect allow for

visual rehabilitation [11. 12].

It is thevefore of greal scientific interest (o undersrand retinal processing
and how this can be used Lo reconstruct vision in blind patients. Given the

success of cochlear inmplants in restoring hearing Lo previously deaf subjects
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Figure 1.1: Left. A schematic of the eye with the position of the retina
indicated. Right. an expanded image showing in more detail the cellulm

layers which make up the basic structure of the retina.

and. that the technology behind the auditory implant is similar to that em-
ployed to the visual domain, it is with keen interest that the infancy period

of the retinal implant is monitored.

1.0.1 Applications of microelectrode arrays

The development of microfabricated microelectrode arrays for neurobiological
studies became established in the mid 90°s [136. 141, 144, 142, 149] and
they have [ound applications in many neurobiological studies. The ability
(ll‘ microelect l'n(lt‘ arrays Lo t‘lt'('ll'i(';)“\' ('nll})l!‘ Lo Il(‘lll")ll:ll t'('“.\ ;llnl ])]'H\Ml'

a useful means of electrically activating the cells has been well documented
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[138, 150, 163. 104].

The successiul application of wicroclectrode arrays ag tools to record long
term information from neuwrones of the retina and their pathways including
Lthe optic nerve and optic tectum [137, 157, 158, 159, 162, 140, 153] is well
established. In addition to the pursuil ol devices [or visual rchabilitalion,
the application of electrode arrays 1o record information in-vitro from the
central nervous system is anotlier area of enormous scientific interest [151,
162, 155. 146, 148). The application of microelectrode arraye have been
uselul in monitoring Parkinsons disease and wore recently, microeleclrode
arrays have fovnd an excellent application in the puwsnit of controlling and

monitoring epileptic activity 143, 147].

A further applicalion of microelectrode arrays has been {or studying and
directly influencing cell enltures and their growth factors (139, 142, 1534 witlt
results suggesting that clectrical stimulation and control of the surface pat-
tern of the clectrode arvavs can affect the patrerning of newonal nebworks.
Given the opportunity to monitor and affect the growth patierns ol newrones
through mulliples etectrode sites, an understanding of neural networking is
becoming available as is the ability to model such svstems [156, 164, 163].
More recently studies info the effects of drag evaluation using cultwed neu-

rones niilising the high seusitivity of clecivode arrays has developed (160].

The specilic tnterest for this project is the application of wicroelectrodes

as a means to restore some [orm of visual scusation. Several groups are using
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wicroelectrode technology to aid in the restoration of sight 135, 14, 130, 129,
16] with enconraging resulis. Fach research group is addressing the problem
of restoring sight lost tlhrough visnal degencration by different approaches,
b it stimnlating the cuter vetinal cells, stinnidating the oplic nerve ov brain
stimulation. The common fealure ts the use of microlabricated microclec-
trode arrays. These microelectrode arrays must be able to couple eleetrically
to the neurones and provide focussed stitulalion [rom the electrode sites,

whilst at, the sane tine maintaining biccompatibility.

Given the success of mieroelectrode arrays at helping (o nuderstand neu-
ronal signalling 1 helieve that the [abrication of such devices nn foexible snb-
strates will provide an allermative approach (o suceesstully providing a visual
sensation for some ftorms of blindness. Through the ability of the flexible sub-
sirates arrays Lo conform to the contours of the retinal surface, more efficient

conpling Lo retinal cells is likely with less (ramma at the cellular inter{ace.

1.1 Retinal Disease

The Tunction ol a retina can be compromised througlh damage, disease.
irawma and physiological dysfunction. Each of these degenerative occur-
rences affect the functionality of the retina in differing ways [100]. As such,
il s nnlikely that any one attempt 1o mannfacture a means 1o restore funclion

will be applicable to all.

In order to restore functionalily to the retina we must understand the way




i which the functionality has been reduced. For damage, this will he obvious
through lesions or detachment. Tranma however. is much more psychological
i eftecl. I this instance the retina is likely to remain fuactional with the
processing in the visual cortex becoming compromised [25]. Disease of tie
visual systein can impact various components of the visual pathway and will
reyuire specific tailoring of cogineered systcns to have maxiunm hewelit.
Physiological dysfunction is a complex arvea. however. there are two known
forms of degenerative effects (hat are well niderstood Age Relaled Macula
Degeneration (AMD) and retinitis Pigmentosa {RP). [n these cases, the un-
derstanding of the cause aund its long term impact to visual conformance
are well docuraented. We therefore benefit from histological knowledge of
the disease [rom cnset to complete blindness. 1n this instance engineered

systetus may offer ap ability to recover Tunctionelity [59, 124].

1.1.1  Age Related Macula Degeneration

Within the western world, age related macula degeneration is the most com-
moun eanse of blindness in persons over the age of 65, ranking second afler di-
ahctic retinopathy in paticnts aged between 45-64. Several factors have bheen
linked 0 AND including, hypertension, cardiovaseular discase, sex (wonien
are more likely than men to develop the disease), lipht ocular pigientation
and smoking [127 . The degeuervative offects of AMD affeet the pigmenl in
the epithelium layer of the relina and later kill off the cone photoreceplors
(See Fig 1.1). Approximately 1 person per hundred over 65 have eithor AMD

or R and this munber increases to 1 in 8 of people over 83.
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There arc two forms of AMD. wel and dry (atrophic and choroidal neo-
vascularization). Generally, the ocenrrence of abnormal new blood vessel
growth below ihe sensory retina or epithelium leads to haemorrhaging and is
respoustble for visnal desensitivity., The new vessel growth is complimentary
tw new fibrous growth which become the dominaut change to the sensory

retina.

1.1.2 Retinitis Pigmentosa

Retinitis pigmentosa is characterised by visual dysfunction of the photove-
ceptors and therealter subsequent cellular layers. It affects approximately
30,000 faunilies in the UK [127] and roughly 1.5 milliou people globally. Al
though RP is a group of disorders, the common form of degenerative effect is
through the reduction of rhodopsin in the retina, sespongible for the adsorp-
tion of light. The characteristic onset of RP is through loss of vods, see Fig
1.1, (which are responsgible for uight vision) and progressive loss of the visual
ficld. Subjects with advanced RP will have no retinally detectable respounse

1o light stimulus (110 electroretinogram response).

There have been many approaches Lo treat the disease with little or uo

henefit reported. These treatmenrs are similar to that used for AMI) and

Lave included minerals. ozone, muscle transplauls, cortisone and nore ve-

centlty high doses of vitamin A to slow the progressive rale of the discase

[110]. There is also research inlo gene therapy which is very wmuch in its

infaney although shows promise. In principal gene therapy is a preferred B
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treatment sirategy as it allows for targered regeneration of the neuronal Us-
suc. By the use of gene gnns to inject material directly into the cells or via
implantation of slow release capsules regenerative maierial can he localised
al Lhe retinal surlace (129, In this way adverse effects can be avolded and

dose levels monitored in a highly controllable way.

1.2 Prosthetic developments to restore vision

There are over 40 gronps around ihe wor'd looking Lo develop prosthetic
aevices to restore vision. Scveral are already looking at commercialisation
of guch devices including, Optobionics (www.optobionics.com) who have iin-
planted their silicon pixel detector into 6 patients for biocompatibility studies
over a period of 18 months, seen in fig 1.2, Second Sight{www. 2-sight.com)
who have reported the perception of visual phosphenoes upon stimulstion of
mumaa reting with their doviee in the short term [Gg 1.3, and the Dobelle
institute{www.dobelle.com) who have used a 31) bed of nails arrey implansed
in the visual cortox o restore some (orm of vision in 1 patient since 1998,
Each of these groups are reporting success in clinical trials of their devices

[13, 14, 23, 129] however, what is still not clear is whicli approach al restoring

vision represents the better opportunity long terni.

1The approach undertaken in this thesis is 1o conple the oplical detector
dlirectly to a microlabriacted array which is placed directly onio the surface of

the retina. In this way we use the natwral optics of the cyve to focus the image

onto the optical sensor. By the use of an active pixel sensor as the deteclor.

the opporlunity to programn a neural network oun chip exists and as such it

28



http://www.optobioiiics.com
http://www.2-sight.com
http://www.dobelle.com

Figure 1.2: An image of the Optobionics silicon device implanted sub-

retinally in the eye. npper left grey circle.

Figure 1.3: A schematic representation of the approach emploved by second

sight at restoring vision. The user wears a pair of eye glasses which record
and process the illl:l}.;t‘ before |r;|>>i|l{.1 the details lln'ullf_’\h an RF link to the

device which is coupled to the eye.
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can accommodate Lhe processing undertaken by the retina and be niodified as
our wnderstauding of the retinal cucoding develops. The Hexible polymetrie
material used for the microelecirode array (which couples to the retinal cells)
iz able to offectively commmnicate information to and from: the cells without
dainage due Lo the low tensile stress. In this way a unigne systent has heen

developed to realise in the long tenn a viable retinal prostheses.

In deterynining the success of retinal prostheses oulwith clinical trials we
must be satisfied with detecting yvesponses [rom celis that have heeu stimi-
lated. This is achieved by measiring the response of vetinal colls wnder natu-
ral light condlitions in the first instance, to show coupling between biological
Ussue and the engineered devices. We then look to apply an electrical signal
$0 the cells via our microengincered devices and detect a similar response.
This tvpe of lesting allows the determination of stimulation thresholds and
the eflect o Tocal stivaudation upon neighbouring cell activaiion [33]. I our
mamfactured devices elicit a response siilar to the response of retinal 1is-
sue vnder normal light illominated conditions then it is likely the device will

cause a nabwral response in the visual cortex.

In clinical (rials the measure of suceess is determined directly rom the
Liost. When an image is preseuted o the subject, with a prosthetic device
implanted, sensations in the form of phosphenes of light have been reportod.
[t has also been ostablished that stimulating different arcas of the retina or
visual corlex resuits in varying localities of the perceived phosphenes (small

white circles of light)[55. 67,. From these clinical trials we can be conhi-
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dent that existing approaches in the developments of a prosthetic device are.

although in their infancy, viable.

A key parameter in the development of a prosthesis is determining the
number of cells that need to he successfully stimulated in order that the host
will perceive an improvement in the visual sensation {(the cellular structure
of the eye is detailed in chapter 2). Recently it has been suggestod that the
nmunber ol retinal ganglion cells needing (o be stimulated by a prosthetic de-
vice s of the order of 625 (which is significantly below the 1,000,000 ganglion
cells found in the adult retina) with increases above this value offering, as we
would expect, increasing visual awareness {49, 50]. The fabrication of wicro-
alectrode arrays to have 625 stimulating sites in an area the size of (he retina
is currently well within fabrication capabilities. The power consumption of
the electrodes and localised heating of the surrounding cellular Gissue is likely

to limit the maximuin nuwber of clectrodes at this time [?.l].

Approaches to develop retinal prostheses can be separaled into 3 cate-
gories depending on which part of the visual system they couple to. Firsuly,
there are those which look to reconsiruct Lhe retinal [unction by coupling
oplical sensors directly to the relina, epi- and sub- retinal implants, This
approach requires Lhe greatest remaining functionality of the visual system.
Secondly, those which by pass the retina and couple devices 1o the opiic nerve,
the communication link between the retina and the brain, Thirdly, those

which stimulate visual cortex region of the brain directly [83].




Each approach at develoning a prosthetic deseribed previousty looks Lo
deliver an electrical signal Lo biological tissue. The arrangement of the eellu-
lar tissue fu eack of the 3 cases is significantly different. For retinal implant
devices, Lhe cells are relatively 2D in arrangement, typically 3 cells deep [11.
For the devices that look to stimulate the optic nerve, they have to be cuff
shiaped and stimulate cells which are contained in a cylindrical formation.
And finally, to stimulate the visual corfiex region of the hraiu, a device which

offers full 3D stimulating capabilities is required [61].

1.2.1  Retinal Implaats

Of the 3 approacies describoed, retinal implants benefit greatly [rom having
the easieslt access Lo newrones of the visual pathway., As such, the surgery
required to deliver au implaut to the desived location is the least difficult.
Situated al the rear of the eye. a functional retina has an avea of approxi-
malely bem? of oplically activate tissue. Once the retina is subject Lo a visual
scene, chemical interactions ocewr which relay this information as electrical
pulses o the hrain [27,. The information coutained in the visual scone is
coded as wrains of spikes bolh spalially and temporally [131, 132, 133]. IT' Lhe
retina is degenerate, the ability Lo convert the optical scene to an electrical

representalion is compromised.

However. if the output colls of the retina are atill hunctional (see figures
2.1 and 2.3), there exists a means ol passing electrical signals to the brain
even if these signals have to be generated oulwith the retina. Thus. a digital

imaging svstem coupled to Lhe retina serves 1o represent Lhe oplical scene in
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an electrical from. This information is then passed to the optic nerve in o

manner which is common lor processing by the brain,

The 2D arrangement of cells in the retina has the potential to couple
individual cells directly to a microfabricated detector array. This allows the
possibility of high resolution detectors with high precision to utilise much of

the surviving neuronal cells.

1.2.2  Optic nerve implants

Optic nerve buplants wiilise cufl electrodes that surround the 10° cells found
in the optic nerve [641. This technology is disadvantaged by the diffienlty
I stinudatihng spatially isolated cells, Any applied electrical signals will pre-
dominately have an effect on the outer cells of the optic nerve first in addition
to cells found further inside. At this time it is anknown il enough cells can
be gtimulated udependeutly to allow for nseful vision. It benefits from bhoeing
less invasive and of a lower clinical health risk than direct brain stimulation

and is less likely vo devach than retinally stimulating devices.

1.2.3 Deep brain stimulation

The mwost direct approach to restoring vision comes [rom stimulating Uhe
vignal cortex. This form of visual restoration requires the least amount ol
pathway function but has the higgest cthical consideration. Lortunately the
visual cortex extends inwards from the surlace of the braiu and is therefore
considered an accesaible region [61]. The visual cortex is a 3D slrneture. Al

though thare are currently 5 reported distinet [unctional layers. 1his munber
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could be as high as 15, The arca of the visual corlex is subject to chauge
depending upon the degree of visual sensation. A vealisable visnal prasthesis
for brain stimulation must be able to access Lhe discrete lavers of the brain

and be lixed in position post surgery.

Several groups are looking ai stimulaling the brain directly snd the Do-
helle institute has had clivical trials in place for almost a decade [16]. There
are 2 approacles ciurently under investigation, the first is surface mounted
clectrodes that stimulate the visual layers via increased clectrical stimula-
tion eurrents and secoudly by the nse of 3D probes, “bed of nails” which
are linplanted deep in the visual cortex, Each of the “nails” has multiple
slimulation or recording sites along its length and as such can access the 3D
structural lavers of the cortex [17, 18], Results from brain moniloring using
the 3D arrays has given rise to the wnderstanding of local cortical field ac-
tivity and have allowed for the determination of stimulation parawmeters Lthal
have led (o the perception of phosphenes of light throngh direct electrical
stimmlacion {16]. Patient mumbers arve low, and Dobelle has implanted only

1 palient with surface mounted electrodes.

1.3 A flexible microelectrode array for in-vivo

retinal prostheses

As lias boen established, there are many possible approaches for retinal pros-

thetie implants. The approach 1 have underiaken is (or epi-retinal stimulation
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ol the retiual ganglion cells. A& process has been developed for the manulac-
ture of Bexible micracloctrode arrays whiclh cal acconunodale the curvaluare
ol the retinal surface and couple clectrically with the biological tissne [1]. 1
addition, thrangh collaboration with the Rutherford Appleton laboratories
an Active Pixel Sensar (ATS) lias been developed as the optical detector.
The eventual ain is to bond direcetly the APS onto the flexilile microelec-
trode array. As this PhD has looked Lo develop the proof of concept processes
and detector lor the next geuevation of implant this has not been the pri-
wmary focus. 1L s envisaged that the next generstion of the technology will

suceesshully realise this,

Owr fexible microclectrode arrays nidlise a commercially available poly-
imide, P12545 for the substrate and encapsnlation layers as it is hiocompat-
ible and complant with microfabrication techniques {128]. The availability
of a world-class research eleanroom facility at the Universivy of Glasgow has
enabled the development of multielectrode arrays. Collaboration with the
Rutherford Appleton Laboratory (RAL) has realised a lunctional ADPS pho-
todetector for our studies. Work undertaken au the Universily of Glasgow's
Insticute for Biomedical and Lile Sciences has successfully shown that we can
record and stimulate in-vivo rvetinal tissue in the Rana Temporaria rog [1].
fuis likely that the abilivy to vecord large volues ol data from experiments
with ever increasing stimulation clectrodes will he & key issue in the long
term development of nenroprosthetic devices. As the number of stimulation
sites increases the correlated respouse from the hiological neural network on

a larger scale can be recorded and as such the understanding of the complex
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processing invoived in the biological systein can bhe derived. The suceessful
experiinentation using the frog retina for this thesis is significant as the nen-
ronal cells are comparable in size to the cells found in the Inunan retina. In
this way it ean he expected that thresholds for stimulation of the frog retina

will be similar to those for nunan retinal tissue.

This thesis reports the suceess of developirg Hexible arrays which are
suitable for stimulating and monitoring retinal neurenal ganglion cells. The
characterisation of an aptical devcctor suitable Lo replace the optical sensi-
Lvity of the retina is presented and the results from in-vivo biological Lesting

is also showi

The manuer in which light enters the eye and is couverted (o clectrical
pulses suitable for represeniation of a visual scene in the brain are presented
in Chapter 2. The electrical vepresentation ol a light evoked response {rom
biological tissne is discussed. The functional layers of the retina and the way
the microclectrode arvays couple to the cellwlar layors are deseribed. The
koy functional concepts of the cye are explained and the way the engineered

devices can best describe them is presented.

T'he process by whicly the arrays are fabricated is described in chapter
3. The multistage processing steps required to realise o multi-site flexible
recording arvay is explained. The elecirical characteristics of the array elec-
trodes are shown, The scalability of the falirication process is outlined as we

develop the nunber of active elecirodes from 8 to 74.
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In chapter 4 the [PIX APS detector is described and characterised. The
IPIX chip is mounted oo a specilically designed PCB connectod to analogue
and digital lines through wire bonds., The frequency output response of the
detector to varying light intensities is shown and the oulpul vuader mono-
phasic and bi-phasic ontput settings is vevilied. The pixel to pixel wniformity
and crosstalk levels are measured. The peak Lo peak pulse height levels ave
cottfirtned and we show that the maximum ouspul level of 3.3V is in excess of
whal ig required for successful stimulation of retinal tissue. 14 is denousiratced
that the APS detector can be suceessiully operated [rom external applied

voltage pnlses and from Lhe intermal operative master clock.

The success of the microfabricated arrays for in-vivo studies is presented
in chapter 6. Resulls from experimoenlation indicate the success ol the device
in coupling to the biological tissne and hence its suitability {or recording and
stimulating retinnl cells. Anelysis of the experimental data shows that a SNT,
i excess of 18 is veadily achievable and verily the techniques employved in
preparing the biological tissne. The ability (o Initiale responses [rom retinal
gangliow cells Lo varying inpul pulse characteristics and derive a thresholed
voltage lor stimulation of 400mV for pulse durations of lms is presented.
1L is also shown that by incrcasing the applied voltages the number of cells

stimuiated increases accordingly.

Finally, in chapler 6 1 conclude the resulls from the studies nndertaken
fur this thesis. LThe successhul development of a lexible substrate micvoclec-

trode array of less (han 20pm has been achieved [or 8 and 74 electrode arrays.
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The platimun clectrodes exhibit impedances ol {ypically 20k and 50k al
1kHz as shown. (piimisation of the current densities for electrodeposition of
thie platinum electrodes was experimentally realised at 4nA/pn?. The inter-
channel resistance between the fabricated channels was measwred at 90G$
with inver-channel capacitance of 0.3pF. This resulis in diserete recordings
from independent electrodes with no ohservable eleetrical crosstalk hotween

channels.

The preparation of tie retinal {rana temporaria) tissue allowed [or excel-
lent electrical coupling herween the array electrodes and the biologival Lissue.
As a resulv signal to noise ratios of 25:1 were achieved upon recording ac-
tivated retinal cells. From the high level of conlidence in detecting actual
retinal tissue response we then looked 1o electrically stimulate the tissue to
detenmine threshold responses, For (he suecessbul stimulation of retinal cells
using arrays developed by the processes stated in this thesis it is concluded
that a vollage level of 400V was the minimumn voltage required to stimulate
an action potential response frow retinal ganglion cells. By applying voliage
levels above Lhis we conclude that we are able to activate and record aclion

potential responses [rom celis distant 1o the activation site.

The development of au application specific pivel dotector. the [PIXL al-
lowed [ov the reproduction of electrical ontpui wavelorins consistent with
typical action potential respouses upon detection ol light across a 10x10 ax-
ray of 100um pixels sensors. The output frequency of the waveforms in

response to the hght stimuivs incorporated the 1ms bi phasic nature of (yp-
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ical action potentials with a period and amplitude which conld be varied
as required. The amplitude of the output waveform: from the chip can be
raised Lo a maximmm level of 3.3V, in excess of what has been previously
described as necessary. The combination of the variable period and ampii
tude of Lhe response is seen as an importan! functional characteristic as we
leok to incorporate the internal processing undertaken by the retina. In ad-
dition, the possibility Lo utilise the neural networking architecture of the chip
will further compliment the application of the chip towards retinal prosthetic

developient. as understanding of retinal processing develops.

1.3.1 Overview of thesis objectives

The first step for any retinal prosthetic device is to develop a procedure
lov the successiu) fabrication of the key components. The [abricalion of
wicroelectrode arrays, which couple electrical systems to the biological tissue,
will be presented for planar flexible substrate materials conforning to the

cwrvalure of the retina, these are intended for in-vivo placement.

The development aud characterisation of an optical delector specifically
tailored to meet the demands of a visual prosthetic device will also be pre-
scnted. The (abricated device will have an optically sensilive mairix of 10x10
pixels. The design of the device Is such that the elecirical outpul from these

tight activated pixels will be in a form Lypical of a normal biclogical system.

3
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Finally, I will use my devcloped micvoclectrode arrayvs to record light ac-
tivaled responses [rom retina. T will look adeditionally to stimulaie the retina
clectrically with independent electrodes on the microelectrode arvay of wave-
forms typically recorded from the in-vive light response studies. From this,
a optimiun or tlireshold condition for the electrical stimulation parametoers

can be established.
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Chapter 2

Theory

The retina is best described in three diserete layers for o approach Lo
engincer a prosthetic device. The first layer, the optically sensitive biological
tissue of the retina, the rods and cones, convert the incident visual scene
into elecirical wavelorms., Onece the optical seene is detected, the outpul
{rowm the vetina is transferved through three cellular iayers to the ontic nerve
via the retinal ontput cells, the ganglion cells. We assunie the pathways
from the ganglion cell outpuls of the retina to the visnal corlex are intact,
sec Figwre 2.1, The ganglion cells represent the 3rvd layer of onr retinal
model. The remaining considerailon is the processing undertaken between
vhe photoreceptive cells aud the ganglion oniput cells. The intermediate
processing belween the cells in {his layer are compounded to be the 2nd
layer of owr enginecred model with the processing represeuted by a neuronal

network.
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Figure 2.1: Diagram of Visual pathway showing the eve, optic nerve and
visual cortex on right hand diagram. Exploded view of the retina is shown

on left.

Having described the layers of the retina as a 3-stage system our engi-
neered approach to representing this systems also is described in 3 levels.
The optically sensitive rods and cones are represented in our engineering ap-
proach by a 10x10 array of active pixels. The output waveform of the pixel
sensor is based upon previously recorded data from a light activated retina
[1. 5]. The next step was to incorporate functionality associated with the
processing undertaken between the photoreceptors and the ganglion cells on
the pixel array and this is achieved via a computer controlled neural network.
Finally. the detected and processed information must be coupled to the ex-
isting pathways of the retinal tissue, the ganglion cells, and this is achieved

through microfabricated electrode arrays.
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This chapter outlines the funciionality of the retina, the physiological
steps that govern the detection of an optical inage and how this is elec-
trically represeuted by neurological signalling. The processing nundertaken
by the reting to achieve this conversion is ontlined as is the approach o
reconstiuct this system via microeugineered “intelligent” pixellated optical
delecting devices. [ highlight the considerable engineering suceess achieved
and the difficulties experienced in implanting and controlling adecuate cou-

pling between the array and the retinal tissue surlace,

The feasibility of ouwr approach to develop a retinal prosthesis should he-
come apparent. The underlying Lechnologies used in developing our refinal
prosthesis are in some instances well known with the others developed specil-
ically [or this project. The approach undertaken in this thesis to combine
knowledge of existing particle phvsics pixel detectors with micro-engineered
aud nenrobiological systems as a complementary system is novel. Hopefully
the information presented within this chapter will convinee the reader that
the quesiion of “when” an implant will be available is more appropriate Lhan

“iT snch a device will ever he useful as an approach Lo yeconstruel visior.

2.1 The Eye.

The huinan eye is an exceeptionally complex pixellated detector detecting both
colomr and monochromatic vision. It does so at approximately 25 [rames por

second. Il is a dircet outgrowth of the brain and is casily aceessible though

43




careful surgery. Owing to the coniplexity of the fimetional aspects of the
eve. only a briel overview is mrovided with more detailed sections on arcas
of specific interest o the project. Scveral of the conecepts presented in this
chapier are derived from a loctnre course presented by Dr. J. 1. Morrison of

the lnstitnte of Biomedical and Life Sciences at the University of Glasgow,

2.1.1 Structure of The Eye.

The sclera and cornca provide the outermost provcctive layers ol the eye
and consist of Tayers of collagen, see ligure 2.2, The significant difference
between the (rausparent cornea and the opaque sclera vesults fronm the orderly
arrangeiment ol collagen. The sclera is penetrated by the aptic nerve and the
cilliary nerves at the rvear ol the eyve, which circle the optic verve at the

junction.

The iris (Goddess of the Rainbow) is an extension of the choroid {a tissue
layer richi in blood vessels that supplies oxyegen and nutrients to the photore-
ceplor layers of Lhe eye) and forms the pupil (deriving [rom pupilla meaning
little girl), an aperture of variable diameter controlled by the of smooth mus-
cle cells in the iris. The ivis is coloured depending on whether the posterior
surface only is pigmented {blue eyves) or both the anterior and postevior sur-
faces are pigimented (brown eyes). Circolar smooth mnscles form the sphine-
ter pupillae and act Lo constrict the pupil (miosis) while radial muscle form

the diletor pupillae are respensible for the dilation of the pupil (mydriasis).
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Figure 2.2: Schematic cross-section of the eve. highlighting the key functional

components.

The optical elements of the eye, including lens and cornea. attribute an
optical power of +55 dioptres (optical power = 1 / (focal length)) and are
responsible for the focussing of light from the outside world onto the retina.
The lens fine-tunes the focus and ensures the sharpness in visual acuity. The
human retina covers an area of about 5 square em and is situated approxi-
mately 18.2 mm behind the lens of the eye. Visual images incident on the
retina are more commonly referred to in terms of the are that they subtend
as opposed to their height and distance. By this notation. 1 degree of arc

spans a distance of 290um across the retina on average.




2.1.2 The Retina

The retina consists of ordered layers of tissue that can be {owd coating
the rear inner surface of the eye. Functionally, the relina converts incident
light into a series of electrical signals (similar in concepl to a digital imagiug
camera). Once the electrical signals are generated they propagate through
the layers of the retina belore heing passed along the optic nerve Lo the
visual cortex region of the brain. On propagating through the various layers
of the retina, Lhere are known to be several processing functions that ocour
and which act Lo converge the output from the 10% optical scnscry elenents
(rods and cones) to the 10% output cells of the retina (ganglion cells). There
is a key functional distinclion between the rods and cones iu Lhat the rods
funetion in dim Rght, scotopic viston, whereas the cones are responsible for

bright light or colonr vision, photopic vision.

A poinl Lo nole at this stage is that only the photoreceptors, the rods
aund cones, arc responsible for representing the visnal scene. A very small
number of ganglion cells are light responsive however are iuvoived only ju
maintaining circadian yhythm. Whenever reference is made to the stinmhis
of other cell types, it is important to note that this has included a response
frow the photoreceplors (or via owr externally generated representation of
these electrical signals) and is concerned with the elicited clectyieal response

that follows.
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2.1.3 Physiology

The retina (a net) consists of a combination of neural layers that are an
outgrowth from the brain (diencephalon innermost). The development of
the retina is observable at very early stages of foetal development. The
retina can be thought of as consisting of two primary parts (of combined
thickness 300pm): the pigment epithelium (PE) and the neuronal layers, see
figure 2.3. (There are five classified neuronal species found in the retina: the
photoreceptors, ganglion cells, horizontal cells, bipolar cells and amacrine

cells).

Pigment epithelium

Photoreceptors (light
sensitive) 108 Cells

Horizontal. Bipolar

and amacrine cells

(HC. AC) (processing) - @&
AC

Muller Glial Cells

Ganglion cells (MC)

(output) 10° Cells

Figure 2.3: Schematic of the retina showing five classified neuronal species

found in the retina and the layered structured of the cellular tissue.
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Adjacent to the P exist 1he photoreceptors which are linked o the gan-
glion cells via bipolar nevrons. Retinal neurones are arranged in diserete
layers with the cell hodies of the photoreceptor ecells forming the Ouler Nu-
clear Layer (ONL), the eell bodies of the hipolar cells form the Inner Nuclear
Layer (INL} and the cell bodies of the ganglion cells lorm the Ganglion Cell
Layer (GCL). Between these layers are the plexiform layers which contain
dendrites. narrow hranching projections {rom the neuronsl ceil hodies. The
dendrites receive impulses [orm the axons of other neuwrons and feed this to

the eell body.

There are many ccll types found in the discrete layers of the retina. Most.
important to ihis studv are; Horizomal cells, laterally orientated in the INL.

amacrine cells which connect between bipolar cells and ganglion cells.

There is considerable importance associated with the Muller Ghial colls
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which envelop all the neurones aud their processes acting as a discrete insu-
lating tayer. They exiend from the photoreceptors to Lhe inner margin of the

retina,

The gauglion cell layer forins an important. layver for (his project. The
ganglion cells are the output cells of the retina and feed the information
incident on the photoreceptors Lo the oplic nerve via axonal interaction, see
figire 2.4, In twun, the oplic nerve feeds information to the visual cortex
of the brain.  Histological sectioning ol the human retina reports arownd
10° ganglion cefls (eeding the optic nerve. In terins of our ambition for a
relinal prosthesis we need the conmections from the ganglion cells to the
vistal cortex to be intect. This is why we envisage owr prosthesis being
best suited 1o Age Related Macular Degeneration and Retinitis Pigmentosa
[L08]. Recent investigations have shown that the eflect of degeucration on the
ganglion cells is greater in subjects with RP than AMD though preservation

of ganglion cells still exists, [109]

It seeins counter intuitive thal the sei-up of Lhe retina appeass Lo work as
an apparent ‘back-propagation’ system. The light wnst travel the depth of
the retina Lo reach the rods and cones. The veason for tlie retina’s seemingly
inverted architeelure ig that the photoreceplors veqnive a continnous supply
of oxygen and a menns to reinove debris lrom the eontinnally regenerating
rods. Thus the reting evolved with the rods and cones positioned cloge Lo

the blood [low [ound at the rear of the retina or at the pigmeut epithelinm.
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Human fovea Har

Figure 2.5: A image of the human retina showing the fovea. photoreceptors
e =) g

and the displacement of cellular tissue around the foveal pit.

2.1.4 The Fovea

Within the retina there exists a pit of radii 5 degrees. This pit is a charac-
teristic of all primate retinae and is an area of increased cell density, an area
centralis.  Generally the smallest neurones are found in this area centralis
with dendrictic tree and axonal diameter increasing at increased eccentric-
ity. Primate fovea develop a further dimpling between 18-45 months after
birth and the area centralis is exposed via the displacement of neurones in
the ganglion cell layer (GCL) and inner nuclear layer (INL). This exposes
the foveal photoreceptors directly to incoming light and increases their light

sensitivity (as shown in Fig 2.5).

Within the central 2 degrees of the fovea. the only photoreceptors that
are present are cones (responsible for colour vision). In the primate f[ovea,

the cones are very slender to increase the packing density and are lpm in
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diameter with et futer cone spacing of (.50, [t is this fine mesk that is the
essence of our visual resoluvion. Ouiwith this area centralis the dismeter of

the cones increase and rods hecome involved in the visual sensation.

In general. the piotoreceptors ol vhe eye hyperpolarise when sulject to
light. stimulus (the strength of the clectric field across the cell is increased).
The amouent of hyperpolarisation that occars depends [ogarithmically ou the
intensity of the nput stimadus and lasis as loug as the stimulus remains
(negating the effects of retinal adaptation) [81]. Revinal adaplalion oecurs
in the presence of & continned uteusity background luminosity. Under such
couditions the retina “adapts? to the hackground aud exiracis the variation
In intensity as a percentage of vhe background. In this way the retina main-
taing ils visual acuily across scveval log mmits of intensity range. For this

reason the respouse of 1he cells is often called a graded potential.

2.1.5 Rod Function

The process by which light eutering the eve is absorbed by rod photoveceptors
and mediates an electrical response Lo the brain is explained only in brief here

and i detail in 24, 40, 41, 75, 78} and the following section, section 2.1.6

A rod is has [owr primary components. au outer segment which connects
to the pigient epithelium (PE). an inner segmen, a cetl hody and a fast act-
ing synaptic terminal wlich connects the rod to the neural pathway leading

to the optic nerve and the brain, see Bguee 2.6, The outer segiment eonlains
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Figure 2,60 A schematic image of a lnunan rod cell indicating the auter scg-
ment, iuner segient and the synaptic terminal. The ouier segement connecls

Lo the pigment. epithelinm.

a stack of disks that are continually replaced and ensures the health of Lhe
photorcceptor. The disks aud the surrounding membrane conlain yhodopsin
{also known as visual purple, and is the photo-reactive protein stored in
rad cells of the velina) which constitutes 85 per cent of the total amount of
proreim present in the onter segment. Rhodopsin is a rod speeific opsin (a
spectrally selective protein which accounts for spectral sensilivity) which is
responsible for photosensitivity. Photons entering the eye are absorbed by
the cis-retinal with the transduction cascade catalysed by the high concen-

Lration of rhodopsiu.

Once the light has been delected (he information is passed throngh the

layers of the refina, see fig 2.3 for diagrain. The Grst synapse involved is that
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between tue photoreceptors and the bipolar cells and is activated through
the ncurobransmitéer glhivamate. This inlormation is correlated with thal
passed betlween the horizontal eells (which pass information laterally across
the vetina Letween photoreceptors)found at the connceetion bevween the pho-
toreceptor / bipolar interface. This is the first step in processing the image
from the high number of photorcceptors to the factor of 100 less ganglion
vells, The bipolar cells then make connections with the ganglion cells in the
inmer plexiform layer. The inner plexiform layer has amacrine cells which
conuect. across mnltiple ganglion cells and mediate Lhe input from the hipo-
lox cells. After this stage of processing, the ganglion cells hecome active and

a signal is sent along the optic nerve [40],

The key contribnution to RP derives from the shedding of the outer disks
coptained in Lthe onser segment. Il the shedding of the disks is either ovey-
active or disrupted then the delicate renewing process of the photoreceptor

becomes iimbalanced and the onset of RP is likely.

2.1.6 The cellular resting potential

"1he fundamental relationship between ion concentration and ithe potential of
a cellular membrane is defined by the Nornst equation which was published
in 1888 [189;. Nernst derived this equation [vom statistical mechanics and it
wasg iator incorporated into the Coldman-Hodgkin-Kalz. The derivation ol

Lhis cquation is oullined in the following text as it helps oulline the processes
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involved af the cell surface [105]. These processes are lundamnental to action

potential formation and an understanding of ¢his is crucial o this thesis.

Congider a cell with a high concentration of a positively charged ion S
inside and a lower concentration of ion S ontside which are separated by a
membrane penneable only toion S, Owing Lo the large concentration gradient
across the meambrane ion S will diffuse out of the cell. The diffusion of ions

dowie a concenlyation gradient is explained by Fiek's Qrst law:

--p %

M diffs dx

Where Maises 15 the molar flux densgity of ion S {due to diffusion), ¢, is
the local concentration of S and Dy is the diffusion cocllicieut of 8. As the
diffusion of iai1 8 from the nside of Lhe cell to the nutside occurs, the outside
ol tha cell hecornes more positively charged with vespeet to the nside of the

cell. This movement of ions is defined by the electrophoretic {Drift) equation:

M drifts ~ H“‘._vcs ax

Where Mg is the molar flux density of fon S (due vo dvift),u, is bhe
wmobility of S in the meanbrane and ¥ is the potestial of the wentbrane.
The equations for diffusion and drift combine to give the overall molar flux

density:




MS :_Dv dcs —MSCS‘ i\E
T dx Cdx

In order vo get the cwrent frown molar flux you raust multiply by the

valence z; of the ions, and Faradays constant.
dc,

dy
—z F i &
N uS S dx

[s = “ZSFD

where F is Faradays constant, R is the gas constanl (8.314 J/mot K}, aud

T is 1he absolule temperature

Using the Nerst-Einstein relationship,

p = RET
F

and substlituting this into the current repregented form we oblain a com-

mon form of the Nernst-Plank Fouation:

[ =—7FD,| % LAY
’ dx RT = dx

By now setting t=0 as we are interested in the sieady state condition
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and integraling across the width of the membraue we oblain the Nemnst

Eauilibrium Condition:

Where ¥ is the potential inside the ccll, W, is the potential outside the
ecll [s]; i the concentravion of ion s inside the cell and [s], is the concentration

of ion s outside the ccell.

The use of the Nernst equation is limited to determining the potential
for a single type of ion, There are multiple types of Tons al a cell membrane
interface and the equilibrium potential depends on the permeability of the
membrane and the concontration of ions. I'he membrane polential in this
case 1s represented by the Coldman-Hodgkin-Kalz cquation where K is the

equilibrium resting potential:

2.1.7 Neuaronal Functionality and the Action Potential

Primary weurabiology investigations in the literature were concerned with
the wovewent of ions across the celjular membrane and the resulting change
iy poteutial. It is a direct result of this change in potential that all cellular

wechanising are controlled.

Any living cell has a snriace membrane calied the plasma wembrance.
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Where [A], (8] and [C] correspond to the relative concentrations of ions AR
and C and “" and “0" indicale either nside ov outside of the cell respec-
tivety. The notation AB and C represent the ions ol interest and P is the
pertacability of the cell membrare for a specified ion. The highest perme-
ahility of a cell membrane ai rest is for potassitun hence tlie resting potential

approximates to the Nernst approximation for potassinm.

This membrane separales the intracellular envivonment from the extracellujar
enviromnent. A hurther membrane is concerned with the nuclear region and
50 is termed the nuelear wembrane. Althougl each type of menmbrane tonds
to act as au impermeable barrier to the fHow of ions there exist agueons
pores deriving from the prescuce of proteins that permit specific transitional
ionic specics across the membrane. The thickness of the membrane governs
the transmembrane potential, Historically the potential is referenced o the
oulside of the cell and, for a small cell, is temporally uniform across ils
surface Lo within 100 pico-seconds [116]. The (ransmembrane potential for
cells found in the vetina is typicaily v the range of -50 to -80mV, see figure

a.7.

Should there be a sudden increase in the charge potenidal (resulling from
a flow of fous) across the membrane the magnitude of the voltage across the

membiane is also altered, This gives rise to a more negative (raysmembyrane
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potential. In this instance, the cell has become hyperpolarised. Shouwid there
exist a sudden decreasc i the charge povential then the cell is deerned 1o
depolarise. The change in charge potential resnlis froun ionic Lransfer througl
an aguecous pore aud a corresponding redistribution of charge. IL is Lhis

clectrotonic spread which conveys information across the bulk of the cell.

Agueous pore channels ave nol the only way in which ions can traverse the
membrane. There exist pumps and exchangers whichy exhibit other method-
ologies for variations in membrane potentials. Ior our stadies however. the
aqueous pores provide the ionic chanuels of interest, more specifically, they

are responsible for the existence of voltage-gated ionic channelling.

With the elecirotonic distrtbution ol charge, parts of the cell conlain
channels that are adapied to sense thiz Hnclualion in electric field and open
or close in response to it. Cells containing chauusels which respond iu this
way arve called voltage-gated ionic chancls, There are two types of voltage
gated channels boih acting in response to depolarisation of the cell. When
the depolarisation is sufficient to open the first af these channels, sodium
ions travel from a relalively high concentration owside the cell across the
mermibrane. The How of positive charge further reduces the diarge separation
across it causing further depolarisation.  In response, the second type of
voltage gated channel acts to raduce the raguitude of the depolarisation by
the slow opening of the patassiun: ion chaunel allowing the flow of the ions
out al the cell. lonic channcls are common to all cells, though in veurons

they respond to the variations in the transmembrane potential.
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40 Action Potential
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Figure 2.7: A schematic of an action potential (referenced intracellular). The
resting potential is commonly -70mV and peaks at +40mV when an action

potential occurs(modified from http://z.about.com).

The electrotonic signal is experienced very locally and does not allow the
propagation of information over long distances. However, axonal connections
allow the neuron to pass information over longer distances. The combined
effect of the voltage gated channels and the presence of the axon is what
gives rise to a measurable action potential from ganglion cells. Crucially.
for the production of action potentials depolarisation of the transmembrane

potential must oceur.

Once the action potential has been realised, the sodinm and potassium

levels are restored by the influence of pumps and exchangers.  Molecular
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punmps contained in the membrane push the sodium jous owd of the cell and
thus allow the potasshun ions to recover i the coll. Exchangers primarily
affect tire How of calciom and use lie energy gained from the flow of the

sodium and potassiun ions Lo provide e energy for the transfer.

Given the physical process ol spike train production {rom the chemical
imteractions iuvolved above. the significance of how this spike train informe-
tion relates to a visual scene is pertinent to the development of the huage
reconstruction. When exposed to a thine varied stinelus it is known that the
ganglion cclls respond with an initial brief cluster (olfowed by a sustained
period of iactivity [13]. I the data is analysed historically over many trials
then the clusters of spike trains can be geen to occur reliably on oecasion (o
within Ims. Coincidentally, the spike clusters that arve produced are not only
reproducible in their timing but also in the munber of spiking activity per
chuster. 1t is suggesied, though not published, that the key parameters in
the spike clusters [or the representation of the visual scene ave the timing of
tle initial spike vesulting rovt the optical stimulus and the nmuber of spikes
comained thercin, but not the timing between spikes for the even!. If this
result indeed holds trve taea it shnplifles the requireizents for spike train

deployment into the visual pathways frown owr [abvicated arvays [111].

G0




2.2 Diseases

From seetion 1.1 we know there are many diseascs that affect the functional
ity of the retiva inclading vascudar, inflammatory or infectious. For our ap-
proach i developing a retinal prostheses we require the functionality of the

pathways, irvespective of the cause, post-photorecoptors, to be maintained.

Both AMD and IRP are photoreceptor degenerative diseases that affect the
visual system as it ages. more specifically where it ages ourwith the normal
aging process. Both diseases more prevalent in persons aged over 50 years.
AMD and RP are respeclively the main forms of blindness in the western
world, AMD alfects 1 person per 100 over 63 with this nwmber reaching 1 in
8 of those over 85, RP affects approximately 1:3500 persous over 65 with 10

per cent of those becoming registered blind each year [128].

2.3 Prosthesis

The understanding of retinal function is a preveguisite to the possibility of

restoring sensory npul to the visual pathways. To achieve a retinal prosthesis
we are constrained by engineering capabilities and neuwronal requirements.
The extent the visual system will adapt to an “engineered” input is largely
unknown. It is therefore essential that we ensure our approach mimics closely
the abserved outpuls of retinal ganglion cells, even thouph this may prove to

be “over-engineered”.
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There are varicus approaches when attempling to restore the functionality

of the vetina, each exhibit advaulages and disadvantages. At this stage,

there is litile evidence 1o sugpest which will prevail in the eventual goal of

realising a retinal prosthesis. In primitive {erms the oplical systom can be
divided into the detector (the retina), higher order processing (visnal corex,
brain) and the intermediate connection (optic nerve). Electrical stinmlation
of any of these elements has been scon to offer some sensation of vision
[13, 14, 22). 'This is reported as the perception of phosphenes (generally
annnlar areas ol increased light intensity {or the subject). Stimmlation of the
optic nerve is nulikely to he able to offer the position sensilivity required for
functional vision given the 3D geometry of the cellular layer. Direct braiu
stimulation has ethical opposition and considerable consequences for surgical
complications. Retinal stimulation is hoped to provide the required spatial
awarcness and a minimal safety visk, though is limited to vepairing retinal

degeneration ouly.

2.3.1 Implanting

For the vetinal prosthegis to be viable, a weans of coupling effectively and
comsistently with the retinal output cells must be achioved. Tlie process
of implanting a device must be compliant with the cnviromwment of the sur
ronuding retinal tissue and non-agitating. Uhe device mugt thereflore e self
contained and surgically robust. For owr manufactared deviees this is a futare
consideration. However, we have been aware of these requirements aud the
fabrication process has incorporated miniaturisation capabilitics (an ability

to reduce the featnre size yeu maintain yiekl) ueeded for realisable retinal iin-
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b-retinal

epi-retinal

Figure 2.8: Schematic of the surgical locations of a sub-retinal and epi-retinal

implant. (Note the lack of external connections).

plantation from the engineering outset. Fig 2.8 shows the locations of retinal

implants either sub-retinally or epi-retinally.

A means of ensuring that the implanted device will remain in absolute
position irrespective of eye movement or cranial shock is of paramount im
portance. The possibility of implementing surgical tacks that will fix the
implant in position has been adopted by Humayun et al.[29. 35]. Other ap-
proaches include placing the array between the retina surface and the inner
lining membrane [113]. Either of these approaches could be eventually re
alised in our final array design and research in this avenue will prove which

is likely to offer the most suitable method for future implants




2.3.2 Biocompatibility

An important cousideration for implanting devices in the hody is that the
host will not reject them. The cousiderations lor biocompatibility are dis-
cussed in more detail in chapter 3, sections 3.2.1 and 3.2.8 and in velerences
[7. 9, 89, 91]. Fundamental requirements are that the device mmst be of
a size altowing for adequale positioning on the retinal swiace and provide

fong-term fimectional bhevelit post surgery.

The physical process of inserting sny form of neuroprosthesis is likely
to initiate the bodies natwral defence mechanisms (in the short term post
surgery). Careful attention must he given to ensure thal no excess inflam-
matory response from the host s likely. Tn addition, the material of choice
for the implant must ool initiale an imnune vespounse and hence a likely

rejection mechanism from the host.

2.3.3 Heating

Given the active pixel sensor is an electrically powered device, there will exist
local heating around the implanted array as the device dissipates power. The
amount of heal released could be of significant impact i tetiug of the effect
on retinal ecells.  Alternative approaches are underway (in other research
cstablishments 1671} to accommodate external imaging devices and pass the

detected and processed hnmage Lo an implanted array of clectrodes [3, 16, 29].
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Typically this is achieved nsing eve glasses with tnaging cameras substituting
the lens. This removes problems of electrically powering the optical detector
at the retinal surface and therefore Lenefits from removing any unwanted
localised heating of the retina. Detected information could either be hard
wired to the clectrode arvay through a sinall incision at the side of the relina
or alternatively, RE coupled throngh the use of wound wire coils. Both these
solutions have their asgociated problems but provide a suitable solution in

the first proof of concepl designs.

The agueous humour of the reting will offer sonic heat sinking capacity
for the active pixel sensor. The amount of heating that can be dissipated
in this way wmay not offer a suitable temperatwre gradient to accornodate
the local heating of the IPIX chip however. It has been reported [71] thal
a temperature increase of 0.4°C at (he retina swface may well degrade ils
lifetime although move recently [134] that 0.7°C may well be tolerable. It
is also likely thatl if the temperature increase is too greal, the rate at which
the waveforms are pulsed onto the retina can be reduced which will corve-
spondingly reduce the power requireinenls and hence localised heating al the

retinal surface.

2.3.4 Cellular Coupling to the Flectrode Arrays

In order Lhal a suitable electrical signal can be presented locally Lo the reiinal
surface, sufficient coupling between the vlecirode array and the retinal celly

must. be established. If the array is not coupled dirvectly to the gangliou
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cells of the retina theu the signal from the stimulation or recording site will
be dissipated acvoss w residial Andd Inyer. I the array is positioned on the
retinal surface with too muach pressure then it is possible the cells will be

damaged,

Achicving the optimal condition for coupling relies heavily upon the flox-
ihilily of the electrode avray. Primarily the substrate provides the major
mechanism for affecting the overall floxibility of the arravs, Previous at-
tempts at fabricating devices by the process outlined in section 3 has scen
the use ol kapton polyimide substrate materials rom 7.5 g (o 125 an Uhick.
The thinner substrates proved through previous engineering experience to be
very difficdt to fabricate on due to the need to use vacnum positioning tables
al various stages in ithe processing. The thickor subsirates were more sus-
ceptible to neural lissue damage when moving into contact (epi-retinally. see
fipure 2.8 for locavion) with the retinal tissue, see fignre 2.9 {or location of Lthe
IPIX array on the flexible substrate material and represented schematicaily
in the eye. However, by utilising multilayer methods of spinning polyinide
(P12545), we were able Lo control directly (and in sub 2.5 pm steps) the
thickness of the substrate layer and these problems weve largely overcome.

This is outlined in more detail in Chapter 3 scction 3.4,

The quality of the intetface between the electrodes and the retinal surlace
can be determined by utilising the recording capabilities of the arrays, (f
the retina 1s stimulated by light and the electrodes detect suitable signal

strengtll action potentials (Signal Lo Noise Rario, SNR. greater that 10}. the
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Monolithic active pixel sensor

Retinal surface

Figure 2.9: Schematic of the surgical locations of the Epi-retinal IPIX (mono
lithic active pixels sensor) chip implant on the flexible microelectrode array.
Although the exact position of the IPIX chip is variable it does indicate
a likely position for future in-vivo implantation (Note the lack of external

connections ).

coupling can be assumed to be good. Detection of an Electroretinogram
(ERG) response at this stage also indicates the health of the retina. This
method gives confidence in the success of the retinal preparation and the

positioning ol the array before electrical stimunlation studies are nndertaken.

Should there be a lack of signalling from the retina then there exists the
possibility of repositioning the array on the retinal surface. This may be
necessary on occasion due to the possibility of fluid lavers being trapped be-
tween the retinal surface and the arrays. If this is the case then the flnid
layers can be absorbed mechanically from the surface before the experimen-

tation is repeated. In these studies. due to the adsorption of oxygen from
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the atmosphere and the cold-blooded natwre of the frog, the preparation
will vemain viable for a few hours increasing the opportunity ol successtul

experimentation.

2.4 Neural Computation

The neural compntations perfored by the retina are extroemely commplicated
processes.  This processing is immediately apparent when comparing the
nnmber of output cells, the gauglion colis, to the optically sensitive cells,
the photorecepiors. We fiud there be a factor of 100 less ganglion cells than
pholoreceptive cells in the revina [188]. The processing is [urther complicated
given that there are many cell taypes that perform different tasks. There are
cells which respond (o the onset of lght, on cells [77]. cells which vespond
when gl stimulus is terminated, off cells, cells that detect motion only in
one direction [81], cells that detect only the edges of objects and cells that

respond oniy to either red, green or blue light.

Fach ol the cell types cann be identified by providing a sclective visual
stimnlation. Once Lhe eolls have been identified, differing stimulalion pat-
texms can characterise their function [86]. The difficulty is in ascertaining
whal computations are applicd by the visual system when multiple stumda-
tiow sites are activated. Moreover, determining what cell types are coupled

to proximal clectrodes is often not obvious [85].
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Given the presented diffienlties. the ability to ucorporate coding algo-
rithms to the detected image, allowing pre-processing of this information
before pasgsing to the relinal surface, should allow increased effectiveness.
There has heen a large volume of research into neural nelworking algorithins

with mawy forins specifically focussing on the retina [37].

2.4.1 Overview of the proposed technological model

A system has been developed thal conples electrically microfabricaled micro-
electrode arrays 1o biclogical vssue. v achileving this it is possible Lo mouitor
the ontput of the biological tissue in response to known light sthmnli. The
recorded activily recorded in this way can be used to programnme the output

of a specially developed pixel detector.

tn LLis study a 10x10 monolithic active pixel sensor (IPIX) has been
developed (o mimie the photoreceplors of the retina [or a prosthetic device.
The clectrical signals gencraled by the IPIX chip are designed o create
output action potential wavelorms from ganglion cells (nsing microelecivoce

arrays) in response to incident light.

Through successful development of the required microfabrication tech-
nigques and success of the IPIX chip when evaluated, it was possiblc for me
L develap a prool-ol-concept system using Hram and H0an stimulating and
recording clectrodes. The clectrodes were scen under experimentation 1o

couple extracellutarly, wilh high cellular precision, to ganglion cells of the
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reting. It was possible to achieve signal-to-noise ratios that were routinely
in excess of 1&:1 (see section 5} for the [ahricated clectrodes whilst vecording
frota vetinal cells. As a resulu of this snccess, a piatforin has been realised
that will allow [or the conpling of microfabricated microclectrode arrays and

electronic detector technologies that mimnic refinal response.

The design of the hexagonal close packed electrode geametry oflers the
lighest packing density of electrodes onto the retina swrface and henee the
highest possible realisable visual acuity. Finally, through the effective record-
iy of lavge volumes of experimental data the ability to decipher the wiring
diagrams of the retina becomes a possibility and therein the opportunily to

cevelop more appropriate neural network algorithms becomes a reality.
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Chapter 3

Fabrication

3.1 Introduction

In recent decades micro fabrication technologies have been in ever increasing
demand by cousumer electronics markets. As such, they have been subject
to exceptional technological advancements. Realisation of ninjaturised de-
vices coupding lighly resolved and spatially controlled features has cuabled
the possibility ol applying this technology to the biological sciences (more
specifically in the field of newronal exparimentation) and has become a mul-

tidisciplinary research interest.

There has been significant. rescarch interest in the application of multi-
ple micro-electrodes towards the study of retinal [unction [3, 4, 5, 129, 134.
1, 123, 102]. Previous to the application of micioelectrode arrays, research
recorded single unil responses using micro pipeite patch clamping (a thin

glass tube heated and stretched Lo form a needle like tip of a few microus
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diameler), but until recently there has been not existed the capability of
looking al global retinal responses by such means.  Fabricated microelec-
trode arrays offer a key advantage over patch clamping technologies as they
require only oue surgical step for positioning yet allow for the monitoring of
wualti-unit respouses through a 2-1) array of wuliipie vecording sites. This

Ey

multiple recording capability allows {or inereased functional nnderst anding

as Lhe interconnected pathways of the retiua are probed.

An

_

additivial henehit of G fulnicated microclecirode arrays is tle ability
10 use some of the electrodes Lo apply a controlled electrical pulse directly
to the relinal surface [57]. This allows the opportuuity Lo apply a kuown
wavelorin direclly onto the cellular iissue and measure, in-vivo, the nenronal
response. Hence, there is the opportunily to measure both the response of
light activated retinal tissue from the array recording clectrodes and 1o elec-
Lrically activate retinal tissue using the stimulaling electrodes. This pives
an opportunity to determiine eorrelated stimulation thresholds, The correla-
tion of the optical response of the retiua (move specifically the ganglion cell
bodies) with an eclectrical response is central to any [uture work on retival
prostheses. With the microelcctrode arvays we can mounitor responses from
electrically activated nenrons through nearest neighbow recording electrodes
and hence evaluate the respective threshold curvents. This will forther aid
neurobiologists to develop an increasingly more detaiied noderstanding of
retinal hmctionality through measuring correlated iunclionality. Fventually
this will enable the possibility of electrically stimulating the retina in a dis-

crete nigh donsity manner thns offering the possibility to restore some (orm
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ol useful vision.

Thers is consideralle diversity in the fabricasion methods and materials
chosen for development of microelectrode arrays [5. 167, 168, 169, 170] and
oach adrresys a different technolopical chiallenge. Many devices ave fabricated
on solid mwaberials snch as indium tin oxide or silicon which offer the possi-
bility of high electrode counts due to highly planar substrates and cxcellenl
compalibility with existing microfabrication technologies. They are however
unable to accowsodate any enrvatwre normally found in nowronal clusters for
implantation be it the retina or other arca of the central nervous system and
therelore they would be unable to maintain good cellular coupling in uhis
instance. My choice of flexible polvmetric substrate material addresses this

issue.

In comparison to other flexible microclectrode avraws that have been de-
veloped [171, 172, 173] the cacelul control 1o the scalabilily requiremenis
allows 1the arvays 1 have developed to realise high yields of devices with 5pm
clectrodes. This greatly exceeds the work in the feld especially al the high

electrode connts realised in this project.

This section outlines the procedure for the fabrication of microclectrode
arrays as used in neurobiological experimentation. In developing the array
[abrication procedure [ was keen to savisly biocompeatibiliv, Hexibility and
scalability demancs. In achieving this il 1s euvisaged that the fabrication

process will remiain viabice for arrays with increased electrode counts and
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densities as required for [uture higher density studics. The photolithographic
processes are oullined and the experimentally vealised microfabricated arrvays

presented.

3.2 Material biocompatibility

A key issue in Lhe design and fabrication ol our arrays has been to imple-
ment biocompatible materials. The scientific comuuumity has a great deal of
interest in this issue and, as a whole, suffers from the problem thal materials
technology develops faster than the standards (hal governs biocompatibility
testing can accomwodate. The International Standards Organisation (150)
kas produced a series of docwments (10993 series) [112] that govern the biolog-
ical requiverncints for an implant prior 1o clinical trials. A generally acceptol
definition of what we should expeet for biocompatibility is the ability of our
chosen material Lo perform with an appropriate in-vivo response for a specific
biniogical application [7]. More specifically. this defirition can be sub-divided

into key components and an implant can be considered biocompalible il

- 1t doces not induce a toxie, allergic or inumme sysiem response.

- It does not destroy or harm euzymes, cells or tissues.

- There is no evidence of thrombhaosis {formation of a solid mass of blood)
or twmours,

- Alter extended periods of implantation there exisws no evidence of fibrous

tissue encapsulation or rejectiou.




Even nuder guidance of thie above definition, biocompartibility is still dis-
puted and very mueh depends on the application of interest. Critically, he-
cause the immune respouse and repair functions of the lman body are
complicated, there ave no single set of tests that cawn offer positive conclu-
sions under all cases. In some cases the surface properlies ol the wnaberials
are crucial to the biological success of the implants and this is especially true
1F you require tissue o adhere to the device, whoreas in other applications
it ig more the physical properties (size, shape, stiffaess) (hat arve the major
determinants of biocompatibility especially if loacted on a peripheral limh

and likely to be subject Lo damage.

One of the many problems in ascerlaining biocomnpatibility is to specily
likely reaction mechanising and define the impact on the funclionality of the
unplant. This, coupled with the challenges in defining tests that can simulate
repeatedly (he hiological reactions, presents serious issues in the availahility
of suitable qualified materials. For the development of microelectrode ar-
rays it is hnportam. o ensnure biccompatibility at the design stage such that
the maximun achievable biological salevy, lunctiouaiily and stability can be

realised.

The most common materials [or subsirate or surface encapsulalion ave
epoxy restus, polvtetraflowroethyvlene, silicon rubbers and polyinides, The
polymers have proven 1o be biocomnpatible, insulating and stable upon long
teru implantation in the retina of rabbits and dogs {7, 9, 45]. They also expe-

rience very little gliosis. or proliferation of tissue which naturally encapsulates
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any [orcign body prior to rejection. They also bencfit (rom talerance to ster-
ilisation techniques including sutoclaving al 120°C awd the nse of high power
UV sterilisation techniques. A secondary advantage resis with the case of
fabricalion of Lhese waterials and that they allow for bulk and surface maod-
ifications through micro-engineering to increase their Mocompatibilily and
fexdbility as implants [52, 54, 88]. Another proven material for biocompati-
bility is silicon nitride {42} {SiN) which possesses excellent tolerances Lo the
fabrication techniques wsed for industrial miniaturisation. Silicon nitride,
however, is a very rigid material and cracks when Hexed. As such it is not. a

snitable material for a fexible in-vive uplant.

3.2.1 Electrode Biocompatibility

For microclectrode arvay recording elecirodes, Platinimm has proven to be
ihe material of cholce due (o its inert and stable nature [11]. Tt has been
suggested 180] that even afler extended periods of implantation the amount
of potentiaily hazardous platinum lons released into the surrounding tissue
may be neglecied. When stimvdating cells using platiim cleetrodes, it has
Leen scen for our [abricated San diameter eleclrodes Lhat platinum operates
close Lo its charge injection limil (which relates the maximum amount of
current thay ean be iujected {or a given pulse duration) ol 200:C per em?
measured using a hins {(800xs / phase) pulse. The charge density measured
from experimentation with varving size electrodes is shown in Figure 3.1. The
measurcments were made by placing the array in a hath of isotonic saline

and passing bi-phasic wavelorins of 500us per phase with varying amplitnde

76G




= 30us pulse width, 25uA amplitude
- 2ms pulse width, 500uf amplitude
= 500us pulse width, 150uA amplitude

)
;

T 1
E = Breakdown limit of electrode
e 1
81wm1r~—’ - =T
§ 10m
im
§ 100
1004 | 1
3
1o — - ~ S
1 : 10 T 100

Electrode radius (um)

Figure 3.1: Measured charge limit for electrodes of varying size. The applied
pulse was 500pus per phase and of varving amplitude until degradation was

seen. The Red, blue and green lines correspond to a simulated electrode.

through the electrodes. The waveform at which an increase in impedance
was measured on the electrode was taken to be the limit for the electrode, or
commonly called the breakdown limit. The maximum safe limit was taken

as being 1/10th less than this value.

Iridinm is also a material of interest as it builds up a stable surface oxide
coating. The main benefit reported is an increased charge injection limit
which permits larger possible stimulation currents [72. 80, 90. 97]. This
minimises the possibility of any surface changes occurring from the electrical
activity. Aside from current injection limits it is important to maintain the
voltage levels below 0.6V as this has been seen in experimentation to cause
the electrolysis of water and the evolution of hydrogen with the evolution of

7
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oxygen ocenrring where a voltage of 0.8V has been sustained [14].

A further issue ol biocomparibility coucerns the effects of permanent sus-
tained charge injection into the neuronal cells. It is known that swslained
electrical stimulation can damage lissue with gliosis (proiferation of con-
nective tissue or ghial cells), caleification (deposition of caleium salts) and
astrocytes (one ol the main supporting cells of the central nervous system)
[9]. Absence of danage to neuronal cells can be expected if the charge den-
sily remains below 100pC per cin? [191]. What is evident {rom our clectvodes
is that their charge injection capacity, measured using 500us per phase pulse
across various clectrode sizes, is well I excess of the lanits Lhat neuronal
damages is suggested 1o occur lor stimulation. The charge density thal was
measured is in excess of what is cownonly reported in literature and s likely
to result fromi a short Lesting period. If extended periods for deterinining the
damage Lhreshold were uscd, iv is likely that the value measured would be

more in agreement with published results {191, 190"

Part of developing new technologies is to evaluate risk properties gener-
ated by huplantation in a worst case scenario. I for any reason the body
either rejects the implant or infection oceurs, the health of the hosl becomes
a concern.  Fromn this view the approach to reconstructing vision from a
retinal stimulation zite provides significant benefits over cortical implants.
Should infection or rejection vecur in the retina it 18 iocalised i an area
wlichi should not provide any signilicant threas to the longevity of the host,

the sane confidence is diflicnll Lo apply to cortical implants.
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3.3 Lithography

Lithography is the means by which a predetermined pattern can he trans-
lorred selectively by masking material commouly referved o as resists (an
intermediate polymer material). A pattern can be ransferred outo the resist
by altering the photoreactive resist material via light illumination or alterna-
tively by bombardment with focussed eleciron heams. For imany years oplical
lithography {(OL) has been the dominant technology, sce fig. 3.2. Advances
in the spatial resolution achievable by optical patiern transfer has involved
moving iute the high Ultraviolet or extreme ultraviolel optical region. This
involves specialised and costly optics which have been offset in part by ad-
vances in developing materials allowing bigh contrast at lower wavelengths.
The technology of electron beam lithography has allowed feature resolutious
in the region of Smu. The main constraint of clectron beaw Hthography is
primarily the pattern transfer time. Morve recent developtuents however have
seen the application of imiltiple beams to overcome this Umitation. There
are live wain oniteria on which to base e selection of appropriate litho-
graphic techniques; cost, throughput rate, sealability, resolution and overall
fexibility. Although these factors are not of paramount importance in a re-
search environnent, the lmitatious of scalability, flexibility and resolution
bave uupacted the project as we endeavoured to accomumodate waler falyl-

cation techniques.

3.3.1 Photolithography

Optical lithography is typically subdivided ulo either coutact and projection.
k eraply Y1 3 1

Both have advantages depending on the application. Contact lithography
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Photoresist
coated sample

Figure 3.2: Photolithographic mask transfer using pr¢ yjection masking. The
lens allows for the reduction in size of the image while the wafer below is
stepped to pattern the whole area. In contact masking. the lens is absent
and the mask is in contact with the substrate material with light incident

normal to the surface.

as the name suggests brings the mask and the resist into contact before
illumination by the source. Projection utilises a series of lenses (fig 3.2) to
project the mask detail onto the resist material. Contact printing offers a
repeatable and cost effective method of resolving features of a few microns
although can suffer from defect contamination when multiple samples are

being masked.

The mask detail and the volume of samples processed at any time for
the purposes of this project favoured contact printing. Fabrication was un-

dertaken on a Karl-Suss contact mask aligner for S8-electrode arrays with
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sood success, The registration size, the factor governing how close subse-
quent layers can he aligned is approximately 5 jm with a resolution, using
Shipley 51818 photoresist, of approximately 2um, For Td-clectrode arrays
and for 3-inch waler [abrication of the &-clectrode arrays, a Karl Suss MAG
mask aligner was nsed realising registyation of approximately 1pon with the

resolution ihmited to 27am by the Shipley photoresist ol choice.

3.3.2 Electrode Array Layout

The Initial studies for the project involved the development of an &-electrode
array (2 colwmns of 4 cleclrodes)designed with a minimuom fealure size of
30pan. This was chosen principally to develop a process that could be used

[or the nexy genevation, hipher electrode count designs,

For the final design of the electrode arvay there was o vequirement for
stimulating and vecording sites ou the electrode array. The layoul of the
electrodes in this instance was [or a hexagonal close packed design as this
would allow the lhighest uniform packing density. It also allowed cach ol
the stimulating electrodes to be smronunded by 6 neighbouring recording
clectrodes. A singlo large electrode was included in the design to Lie used as

a reference or earth electrode.

81




3.3.3 Photolithographic Mask Design

Key to the realisation of optimised experiinental data is the careful alternion
to detail at the mask desigu stage. For the purposes of this project varions
designs were required. The prool of concept for nenronal signal recording
was achieved by an &-clectrode 30 gan minimum feature mask design. Once
the recovding capabilities were repeatably yealised the final design for the
reduced feature size. dum, 74-electrode avray. which incorporated stimulating

electrodes, was written as a photolithographic ask plate,

Design of the photolithographic mask plates was undertaken nsing L-Fdit
design software. On completion of the mask design it is written using e-heam
lithography to ensure maximum resolution and minimum defect levels. Onee
the design was written and tle wmask plale complete, a working copy would
be made and the original stored. This allowed [urther copics Lo be made
gquickly should the mask becowe dmnaged. 1t wag hinportant to optically
examine the mask as delects mtroduced onto the mask would likely huve a

severe hapact upon the quality of (he [abricated array al any later stage.

The final versions of the mask designs looked to inprove the volume of
samples that could be achieved in anyv [abrication run by uvsing 3-inch waler
substrates,  The large increase in arca ofered by the waler allowed 5 8-

clectrode arrays per nm and significantly vecduced 1he falwicalion overheads.




3.4 Device fabrication procedure

For the fabrication of the arrays [ used Pyralin P12545 polyimide. an estab-
lished high temperature polyimide coating used for a variely of microclec-
tronic applications [128]. The faciors governing this choice of waterial are

that it is:

~compliant with microfabrication techniques.

~flexible (with this a variable depowding on the wmuanber of spun layers).
-largely hydrophobic.

-insulating,

-biocompatible,

-of acceptable density (inertial constraints).

The matcrial also has a semi-lransparent appearance under aptical illn-
mination which proves usetud for failure analvsis and quality control of Lhe

multi stage [abrication procedure,

3.4.1 PI2545 Polyimide preparation

The PI2545 is stored in a freezer al ~18°C ta increase the shelf life (approx |
year) and a suitable vohwme must be allowed to warm Lo roomn temperatnre
and decanted [rom the storage vessel. This increase iu tewperature alds in
the out-gassing of bubbles introduced during the decanting process as well

as decreasing the viscosity, Thie method of spin coating a filin of polyimide
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Figure 3.3: Polyimide spin speeds vs. layer thickness

requires the application of liquid polyimide onto the centre of the sample.
When the sample is spun. the centripetal force causes an even spread of the
liquid polyimide across the sample surface. All bubbles must be removed from
the liquid polyimide as during the spin coating process, the bubbles cause
‘comet” like streaks in the surface film. Should bubbles continue to be present
ouce a suitable temperature of the bulk polyimide has been achieved, placing
in a vacunmn chamber (under low vacuun) will complete the outgassing pro-
cess. When the decanted polyimide has been elevated to room temperature.
control of the spin speed will repeatably control the thickness of the spun
layers. Multiple layers are achievable in this way allowing for control of the
overall polyimide substrate thickness. Once at room temperature the life of

the polyimide is reduced to a few days in the uncured state.

To ensure uniformity of the layers a polished 3 inch. 300 pm thick silicon
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waler is nsed as a substrate. This wafer Is used as a platforny for the fab-
rication process as the silicon is robust, fat, conforms with our processing
steps and is in good supply. The wafer plays no part in the (inal arvay and
15 removed as the final step in the fabricalion process. To hegin the process
of spimiing the polyimide layers, Lthe silicon waler is cleaned ultrasonically in
deionised water and riused with acetone and fuaily Isopropanol. Next, the
liggnid polyimide is applied to the wafer suriace and given a fow seconds to
settlo. ‘I'hereafler, controlled slepping of the spin speeds realises a unilorm
layer to within 0.2 gm. Figure 3.3 shows the effect of spin speed on the film
thickness, All flis were spun initially at 500 revolutions per winute (RPM)
for 10 secemnds belore ramping at 200 revolutions per secord until the desived
spin speed was vealised. The initial spin at 500 RPM for 10 seconds allows
for a Lhick and nop-mniform polyimide coverage of the waler swlace. The
final ramp to 2500 RPM is stepped over 10 seconds before being allowed to
spin lor 30 seconds. Once the spinning of the polyimide is complete, it s
placed on a hol plate for 2 wimtes at 140°C to soft bake. or initially cuve the
polyimide. Alter this bake cycle, further layers can be applied in the same

manner to achieve the desived Lhickness.

A [eature ol spinning wuultiple layers is heading’, a huild up of material on
the outer rim of a spun samuple as a result of surface tension. [ is Important
that the aunount of beading is minimised wlhen multiple layers arve required as
the progressive builc up of beading can compromise the contact hetween the
applicd photoresist and mask during the patterning process. One method of

reducing this, is to bring a swab liglhtly donsed in acelone into contact with
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the rim of the sample while spinning the surlace layers. The resulls of this
ietliod prove to be adequate for successful fabrication of the MEAs {(Micto

Electrode Arrays).

After the polyimide layers have been applied and the initial soft bake of
the sample (on the hot plate) is complele it nmst he oven haked in a nitrogen
atmosphere. The oven bake cvele requires the sample Lo be held at 100°C
for 1 hour and slowly ramped at a rate of 4°C / minute untit 200°C where it
rexnains for 30 winules. The fiual ramp to 350°C, again at 4°C / minute is
tirea the fival cure (midization} stage and is held for 1 hour, Careful control
ol the cooling rate, which must also be limited to 4°C / min, is required
to mintinise any possibility of jatroducing stress into the filhn and allow for
safe handling of tae fully cured flm. In the fully cured state, the filins are

tolerant, to microlabrication processing.

3.4.2 Mcthod for evaluating filim thickness and surface

roughness

A key pavameter affecting the Aexibility of the microelectrode arrays is the
thickness of polybinide that is wsed. The thicker the polyimide the less mal-

leahle to the retinal swrface i becomes.

[u order to address the issue ol Lhe thickness of polyvimide applied and
cnsure repeatability, a protocol for spinming the lavers was emploved. as
deseribed in section 3.4.1. The measurcinents of the surface roughness and

the il thickness were undertaken nsing a DekTak suzface profiler, For each
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spin speed, a layer of polyimide was spun on a piece of silicon and fully cured.
The [ayer was then cul i half and hall removed by mechanical peeling from
the surface of the silicon wafer. The step profile could then Le measured
from the surface profiler (this was repeated 5 times for each layer). This was
repeated several times for cach sample and is in good agreement with the

results published in the material datasheet.

Ior our chasen thickness, 5 Iavers were spun on the wafer surtace at a
specd of 2500 rpm resulting in a total film thickuess of 12.5um. The fiim
untformity at this stage was measured to be nniform Lo within 0.2 for the
bulk material with an increase in thickness al the outer rim of the sample
due to a small effect [rom beading. T'he swlace roughuess at this stage was
not detrimental to the [abrication of the devices and aller low power oxygen

plasma treatment offeved excellent adhesion for metal deposition.

The adhesion of mewals, both gold and titanivm, were excellent and no
problems were observed as long as the correct protocol of 4°C / minute ramp
rate was observed and a vacuum chuck holder similar in size 1o the silicon
waler was utilised. In instances where this was not the chosen procedure

small cracks could often be seen across the sample surlace.

3.4.3 Metal Deposition

The choice ol metals used in the fabrication of the microelectrode arrays must
ensure scalability, flexibility and biccowmparibility. With this cansideration.

the metals of choiee are gold (which is inert, highly flexible and can be easily
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removed wilh chomical etchants) and titarinm {offering flexibility at thick-
uess of & few 107 of mm and highly definable ustag dry elebing techniques).
These metals ave standard in most 1cetal evaporaszors and offer controllable

film thickness, to the level of o fow 10°s of nanometres.

Prior to lie deposition of metals. the surface ol Lthe cured polvimide film
was roughened Lo promate adhesion [99]. The roughening of the surface (in-
crease in the surface energy) was achieved via a low-pressure oxygen plasma
discharge, known ag ashing, The saanple was placed horizontally in the barrel
of Lthe ashing chainber and the chamber evacuated of atinospheric gasses. A
nitrogen flush was nndertaken before filling the chamber with oxygen. An
electrical discharge was initiated to abrade the sample swrlace for 4 minutes.
The ashing tivac was optimal at 4 minutes with apy [urther increase in time
seen to degrade the adhesion of Lhe metal to the surface of the nolyinide

filin.

The deposition ol the gold and titaninm metal layers wore undertaken
using a Plassys MEB430 electron beam evaporator. Samples were mounted
horizontally with their sowrce-sample distance large compared to the (cature
gizes,  Lw Uhis way, the evaporator can be considered unidivectional with
deposition of metal normal to the swrface. The rate and thickness of the
deposited metals were coutrolled by an intellemetrics [LY900 quartz crystal

wonitor o an accuracy of -/~ 5 percent.

For arrays ol minimumn leature siwe d0pn a seed layer of 30mm titanium
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mreceded a 180nm layer of gold 1o promote adhiesion, For leature sizes less
than B0 a single titaniwm layer between 130 and 150nm was deposited.
The reasons for the dual layer metal deposition on the larger feature size
devices is that we can remove thick layers of gold quickly {(approx. 2.5mm
/ sec) through wet chemical etching techniques. A thicker layer of gold is
preforved Lo a thick Litanium layer due to the availability of liquid cheinical
removal {wet etching, see section 3.5.2) and given the inercased tolerance Lo
flexing over titanium. Also, it is a noble metal and does not fonn a surface

oxide readily unlike titanium.

3.5 Etching techniques

Btching is the means by which we rewove unwanled metal regions through
the applicavion of lithograplic steps, The correct choice of the etching tech-
nique is governed by the feature size, metal uiilised and to a lesser extent the
substrate material. Metal layers are etched selectively by corvectly applying
chemical species to the surface. This can be in the gascous form, dry etch-
ing, or in the lguid form. wet ctehing. Both have relative advantages and
limmitations atd [or o process steps these are outlined in the following lwo

sections,
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3.5.1 Dry Etching

Dry etching uiilises ions in a gaseous mixtwre 1o remove wwanted metsl
regions. The physical aspect of the eich is increased by the application of a
DC bias between the loaded sample and the gas input vents which accelerates
the ions. A sccond method of increasing the physical nature of the eleh is
through a controlled increase in the gag pressure within the chamber. It iy
common that the chaxnber may contain several gasses ab any one Lime with
the ratios ol gases in the chamber also allecting the etcling rates and the
resulting cteh profile. Standaed processes iave heen mploved for the etching

of the titanium 5, 20. 82].

The distinet advantage offered by dry cteling motal layors over other
ctehing Lechuiques is the feature sizes thiat can be resolved. In a perfect situ-
ation, the incomning aceelerating ions can be assumed to conlact the sample
perpencicular Lo its surlace. This in theory would result in vevtical profiles
of the side walls on any remaining metal layers. In essence Lhis negates the
possibility of thinning the horizental features as material is vemoved in the
vertical divection ouly, In practice there is some slight latoral ctching but
the effects ave negligible for our feature sizes, The wnder etebing in the hor-
Izontal direction becomes important where you have an aspect ratio (depth
of cteh Lo surface feature widili) of approx T3:1. This ratio can be increased
shrough careful process control vnder optimal conditions to achieve 20:1 or
more. This therefore is the preferred method when featuve sizes below 104m

are required and gases for the eteling process ave available.
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3.5.2 Wet Eiching

I the wet etching process the lops are in liquid form. The process of etch-
ing in this iustance ig limited 1o chemical interactions and does not henefir
from: the added physical hnpact of accelerated ious in the perpendicular di-
reclion (as iu dry etching). Again we have chosen metal lavers where the

eteh chemistry is well known and available in onr laboratories.

In terms of the realisable feature sizes thal can be achieved, wet ctehing
is Hmited in compartson 1o that of dry etching. However, wet etching has

several advantages over dry etching:

-Cost.
-lase of use.

-Wide range of readily etchable metals.

The main Hmitation of etching in this way is that the cheinical removal
of metals is nol limited to the perpendicular direction bul has a significant
parallel (or horizontal) aspect to the etch. This is often obvious as a thinning
of the remaining features.  The amount of thinning is dependant on the
thickness of the metal layers and some control can he applied at the metal
deposition stage to limit this effect. Where the aspect ratio of the [eatnres
1o be resoived is less than 10:1 Lle process of wet elching is quick, efficient

and proves (o be a very valuable and reliable technique.
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3.5.3 Patterning the metal layers

Once a suitable choice of metals has bheen deposited the required microelec-
trode array pattern wuost be transterred. Ihis requires the seleclive removal
ol unwanted metal vegions. Many options are available for this and the most
suitable for our needs s to employ a positive photoresist {a material that is
photoreactive). The positive resist allows {or a direel copy of the mask detail
onto the melal surlace, whereas a negative resist (i it were used) would give

the inverse of the leatures o the mask.

‘The metal deposited on the substrate swlace is typically spin coated
with Shipley S1818 photoresist and the resist is baked in a 90°C oven for
30 minutes. A spin speed of 4000RPM for 30 seconds results in a £l of

thickness 1.8 gimn.

Once the photoresist has heen baked and the mask detail translerred by
ilnnination ander an intense UV source, the sample is lushed in developer
solution (111 ratio of concentrated developer with RO water) exposing thie
unwanted region of the metal layer. The meial layvers can be sclectively
ctched to adopt. the patternad profile of the remaining photoresist, For the
B-electrode arvays, the gold is wet etched using a potassium iodide solution
and the sced layer (adhesion promoter) of titanium etched using o 1:27 duted
solution of Hydrofluvic Acid (HF) and de-ionised water. The etch rate (or

gold is 2rm per second and titaniwn of the order 3.5mn por second. To
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Figure 3.4: An image of microfabricated titanium on polyimide substrate

material.

ensure that no unwanted material remains a technique of over etching is
employed and typically we add between 10 and 15 percent to the minimum
calculated etch time. The T4-electrode array (5um min feature) has the
titanium etched using SiCly in an Oxford Instruments System 100 plasma
dry etching machine. The parameters are 18mtorr. 9 scem and a forward Rl
power of 250W. An example of the microfabricated titanium as used in the

Td-electrode array can be seen in Fig 3.4

Once the mask detail has been etched from the metal layer. the remaining

photoresist must be removed. We remove the photoresist by either:

Flood exposure in UV light and then developing

-An acetone rinse




-Genlle agitation i n-busyl-acetate solution.

3.5.4 Surface encapsulation and vias opening

Once satisfactorily cleaned, (e final two lavers of nolvimide are applied in
the same way as the substrate layers. Afler oven baking Lhe polvimide, a
layer of photoresist, AZ4562 (a thicker resist than $1818) is applied and
patterned auch that the electrode regions and bond pads are defined for the
etching process. For the Spm minimum fealure size 74-electrode array the
polyimide is etched using o dry eteh Cof's/Oq plasina in & ratio of 80/20. For
the 8-clectrode arrays the polyvimide is loft soft baked at 200°C and rinsced
with developer solution, which wet elches the 50um vias in the surlace layer

[51]. The final process for the fabrication is to remove the photoresist and

cusure the layers are baked o 350°C. Figure 3.3 sbows an example ol a

74-clectrode array which has been surface encapsulated and has had the

vias elchied through the surface passivation layer. 'L'he electrode shown in

the wagnified image, at the top vight of Fig 3.5, shows a typical form {or

clectrodeposited plaiinum,

Once Lhe {abrication has been completed, the airays are removed from
the silicon carry waler by mechanicaily peching Lie layer or by immersion in
deionised water. The arrays ave then et to the desived shape and are ready
for connecting to (he amplification civcuitry, Figure 3.6 shows a plotograph

of a [ull 7d cleetrode array remnoved from the silicon carvy water.
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250 pum

Figure 3.5: An image of the 74-electrode array post surface encapsulation
and vias opening. The small image, top right, gives a high magnification
view (x50) of a single electrode. This electrode has been electrodeposited

with platimum.




Figure 3.6: An image of the full 74-electrode array post surface encapsulation.

vias opening and removal from the silicon carry wafer.

3.5.5 Platinisation of electrodes

After fabrication of the microelectrode arrays. the impedance of the gold
electrode sites are measured at 1kHz and 100mV (using a HP4274A LCR

meter) and are of the order of a few M), see fie 3.7 and 3.8 for a schematic
representation of the measurement technique for 8 and 74 electrode arrays.
For neuronal signal detection and stimulation studies this value must be sig-
nificantly reduced. There are several ways to reduce the impedance and the
most common techniques include: the electrodeposition of a higher surface
area material, modification of the surface profile throngh etching and deposi-

tion of iridium (which then undergoes cyclic voltametry) [30, 72, 88. 90, 98].

To achieve the redunction in impedance we employed the electrodeposition of
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platinum.

The clectrochenical deposition of platinum from an acgqueous solution,
with careful control of the current limits, results in a porous siructure, The
porous structure achieves an increase in surface area with respect Lo the geo-
metric avea. Commonly the porous structure is referred Lo as platinum black
due Lo the visibly dark nature of the electrode, fig 3.9 shows the experilen
tal arrangeient for the deposition of platinum from an aqueous solution of
platanic chiloride solution (74 electrode array). The platimun black electrode
satisfies bincompatibility vequitements although for long term stimmlation

the electrode may sufer some degradation 93, 95).

Ilor the electrochemical deposition of platinum black, a solution af 1%
platinic chilovide, 0.08% lead acetuie and 98.92% RO water is prepared and a
small volume carefully applied over Lhe eleclrode region. A platimun wire is
also irmmersed in the solution which dissolutes (upon currenl flow) to cnswre
a constant concentration of PL ions in solution as they are deposited on Uhe
electrode surlace. The electrodes are hold al a negative potential with respect,
to the platinum reference wive thus attracting the freely moving positively

chargaed platinum ions from the solation.
Initial attempts ai growing the platimun electrodes utilised a voliage
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Figure 3.7: A schematic showing the measurement technique for the deter-
mination of the impedance values for the 8 electrode arrays. The switching
unit for the 8 electrode array activates a single channel at a time and allows

for the measurement of the 1kHz. 100mV impedance value. The bath is filled

with buffered saline solution.
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Figure 3.8: A schematic showing the measurement technique for the deter-
mination of the impedance values for the 74 electrode arrays. The microma-
nipulator probes activate a single channel at a time and is stepped across all
the bond pads allowing for the measurement of the 1kHz. 100mV impedance

value. The bath is filled with buffered saline solution.
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Figure 3.9: A schematic showing the technique for the deposition of platinum
black from a platanic chloride solution. The Kiethly 427 supplies a constant
current and the micromanipulator is stepped across all electrode bonds pads

till platinisation is complete.
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Figure 3.10: Scanning Electron Microscope image of Electrode Showing sur-

face growth on polyimide under voltage controlled limits

controlled method to electrochemically limit the deposition rate. This results
in poorly formed electrodes which were frequently seen to prefer growing
along the surface of the polyimide layer as opposed to forming a protruding
column with a diameter limited by the radii of the via as see under scanning
electron microscopy. Fig. 3.10. Although this does result in low impedance
electrodes compatible with the requirements of biological experimentation.
the lack of confinement to the opening of the passivation and poor adhesion

limit the long term viability of such electrodes.

The preferred method for depositing the electrodes relies upon limiting
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Figure 3.11: 50umn feature 8-Electrode Array - The electrodes have been

clectroplated with platinum under a current limit of 4nA / jan

the current flow between the electrode and the platinum reference wire. This
controls the elecrodeposition rate and hence the electrode growth rate. In-
vestigations in altering the current limits showed that a current limit of 4nA
/ pm? is optimal with successful electrode growth achieved, sce fig 3.11. Re-
ductions to the current limit could be seen to deposit platinum metal ranging
from a smooth film at low current densities, (less than 0.6nA / gm?). through
to a growth of platinum ball like structures. The platinum ball structures
are of varying (and decreasing size with increasing current) size until at 4nA

/ pam*® the deposit was the highly porous platinum black structure.

In order to characterize the electrical response of the microelectrode ar-
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Figure 3.12: An example of the average clectrode impedauce measured lor
a S0pm electrode [romn an S-electrode array as a [unction of frequency as

measured in buffered salite solation. 3
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rays hupedance measirements of the 8 and 74-electrode arrays were por-
formed. The experimental resulls were obtained under the following con-
ditions. The electrode arrvay was covered with a 0.1 molar saline solution
and a platimun wire electyode was used Lo supply & sinusoidal AC voitage
of 100mV peak (o peak. A needle probe wade contact with the bhond pad
of the eleclrode under stndy. A llewlett Packard 4274A LCR weler was
used to vary the frequency of the 10thinV AC voltage sipnal and recoxded the
impedance of the elecirode. All clectrodes were measured 5 times and the
averaged reading taken. The experimental arrangement used (or recording
the mpedance is shownin (proviows) Bgures 3.7 [or the 50pm electrode and

3.8 [or the Hpm.

lmpedance values for the 50pmm electrodes, as used in the 8-electrode ar-
Tay, ave Lypically 25k(2, see figure 3.12. For the Spm T4-electrode arravs Lhe
mpedance is typleally hetween 50 to 100k€2, see fig 3,13, and this relates
divectly Lo the decreased surface arca in comparison (o the b0um cloctrodes.
These impedance values are suitable [or nenrobiologicel experimentation.
‘The electrodes are also robust and have been used {or multiple experiments
without the need to re-deposit or *top-np’ the clectrodes. When the array Las
been fested on several retinal tissves for long term experimentation however
it has heen seen 1hat the impedance of the electrodes does increasce. This is
primarily to the detachment of platinun onto the retinal tissue npon remaov-
ing. When several such tests are underiaken the platinum electrodes benelit

Lot o "top-up’,

104




360,90k -

300.0K

B

260.0K

200.0k ~

£0.0Kk -

100.0k —

Impedance ()

50.0k - \E__“"‘_.I_*—NI—_E—H-_;_

0.0 .-

T T T T T T T T LA B B '

1K 10k 100k
Frequency {(Hz}

Pigure 3.13: An example of tlie average clectrode impedance measured for
a Jpun electrode from an 7d-electrode array as a function of frequency as

measured v bullered saline solution.
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3.5.6 Model of cell-electrode interface

An important factor in the nse of microclectrodes to study cell behasiour
or influence it through the application of electrical stimulasion is Lo wnder-
stand the mechanism of what is happening at the cell-electrode interface.
Whenever a metal elecirode is places in an electrolyte (a solntion containing
maving ions) a cleetrachemical interface always oceurs. The interface can he

represented by capacitlive and resistive components.

The components of the electrochemical hiterface are dominated by 3 main
termng, the interfacial capacitance Ci, the charge transfer resistance Ri and
the spreacing resisiance Rs. An in-depth review of these components exists

(24" and only an overview is presented here.

The iuterfacial capacitance results from the space charge region formed
at the surface of the electrode when a metal is placed in an elecirolyte.
This model was first devised ny Helnloltz in 1879, and the region is known
as {he Helmboltz planc, and was further revised by Gouy - Chaproan and
Stern in 19130 LU arises from elecirons al the surface of the metal orion-
tating the ncarby of water molecules which act as a dielecliic medinm. As
such the Helmholtz model predicis that the layer would act as a simple ca-
pacitor. The revision by Gouy - Chapman and Siern advanced vhe model
proposed by llelmholtz by representing the capacitive region as more widley
distributed and allowed the space chiarge region to extend further o the
nulk electrolyte. 1t also added that the model for the dicleciric capacitance

was o a time averaged flow of jous as opposad wo Tlehnholty fixed sheet of
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ions approach. A detailed mathematical approach cau be found in several

books [174, 175}

In addition to the capacitive terin ahove there exists a resistive componennt,
acting in parallel al the iuterface. This resistive component is termed the
charge transfor resistance and results from the faradaic transier of charge

across thie interface [1706).

For our model, the last elernent thal need be considered is the spreading
resistance. This term affects how the spread of current from one electrode to
a reference occis. Tt can Le seon thar the effect of the spreading vesistance

varies as Lhe square root of the geometric area of the electrode [166].

With the consideration ol the above three elements, we can derive a simple
model {or the elect-ode electrolye interface that fiks well witli the measured
impedance graph from Mg 3.12. The model for a single cleclrode is shown i
Fig 3.14. Where, Ci is the nterfacial capacitance, Rt is the charge transfer

reststance and Rs is the spreadiug resistance.

As can be scen from this model, the respouse of the ayvstem to low [re-
quencies is dominated by the RL term owiug to the 1/ dependence of Lhe
capacitor. As the frequency is ihcreased the cffect of the Rt term decreases
and the Ci term starts Lo dominate. 'This explaing well the wrends scen [or

tlie mweasured iinpedance from a single elecirode.
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Figure 3.14: [lectrical revresentation ol the cell-electrode intevface for a

single working electrode,

The above model holds trie for single electrodes though as 1 am presenting
a mulliple miceroclectrode design we must include the effect of having another
clectrode positioned close by in the solution. In this instance there is a
parallel capacitive and resistive term linking the two electrodes. This can be

seen in IMig 3.15.

The net cffect of having the link hetween the 2 electrades is the inlro-
duction of erosstalk between the elecirodes. 1n order Lo reduce the effect of
the crosstalk the designs of the arrays has minimised the impedauce of Lhe

cell-cleetrode interface.

The finnl measurement from the arrays was to establish the iuterchannel
resistance and capacilance with a view o evaluating the crosstalk between

clectrodes, This was measured by probing hetween 2 of the Jongest parallel
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Figuve 3.15: Electrical representation of the cell-electiode interface [or a

single warking electrode.

melal vracks, which woere physically next 1o each other for the 74 electrode ar-

vay. This vepresented the worst case scenario [or uny of the channels both in :
the 50p spaced 8-electrode arrays end the dpm nearvest spaced lines on the
Td-cleclrode arvay. The value for the inter-channel resistance in Lhis instance )
was 90GQ with an inter-chamnmel capacitance of 0.3pF. This allows for dis-

crete and independent cellular recovding and stimulation (rom neighbouring
electrodes.
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Chapter 4

IPIX

For a visnal prosthetic device 1o be viable, a means ol collecting vigible light
and inlerpreting it in a manner similar to retinal nenrons is paramount. For
our purposes we have developed a silicon Active Pixel Sensor (APS) wilh
nenral network functionality. Although Lhe [ovea of the retina currently has
a rosolution {1z} in execess of what can be achieved by silicon detectors
( Bpm vesolution), the processing ol silicon has a continual drive towards
ever increasing miniaturisation. As such, we chose to inplement a silicon
haserl detector which is likely. in time, to henefit rom ever increasing scal-
ability. The detector was designed at the Rutherford Appicton laboralories
specifically to the requirements necded for a retinal implant chip. The work
in this chapier demonstrates the chiaracterisation of the detector 1o our spec-

ified requirements nud it’s applicability as a “subst’tute” retina.
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Figure 4.1: The 10x10 array of pixels is shown with the bond pads seen at
the outer edges of the chip. A magnified image of a single pixel can be seen

a the top right of the figure.

Our developed APS has a 10x10 array of 100x100 zun pixels and is called
the IPIX, an image of the chip can be seen in Fig 4.1 with a magnified image
of a single pixel at the top right of the figure. The sampling rate of the
pixels is 1kHz. Owing to the complex nature of the APS design. the neural
networking is not employed on-chip in this first rendition of the chip. The
neural network can be applied off chip via the control PC. For our initial
proof of concept development. the 10x10 APS array is suitable [21] with each
pixel producing 12kb/s of data. The next generation of the IPIX will be

25x25 array of pixels within 2mm x 2mm offering higher resolution.

This chapter introduces the various functional components of the IPIX

design. We look at the characterisation of the Voltage Controlled Oscillator
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(VCO) in lerms of the [requency response to the applied vollage, the dynamice
range of the photodiodes, the RMS output ou the stimulation pulse and pixel
crosstalk.  We show the VOO can respoud over a range of approximatcly
100Hz (+/- 5Hz) and that we can achieve stimulation pulses 1o a maxiymm

of 3.3V with RMS noise legs than 50mV.

Given the known response of retinal neavones under light stimulus, the
clectrical oulput ol the detector systemn was designed Lo incorporate this
vasponse [56]. As a design requirement, the specified frequency of outpul.
pulse was Ims relating directly to the texmporal palterns ol action potentials
previously recorded from the retinal ganglion cells. Moreaver the ability to
modify the oulpul pulse frequency and width [117], to address any variation
in the optimal conditions was requested and implemented on chip at the
design stage of the IPIX sensor. In addition 1o speeifying a vaviable temporal

nature to the pulse, an anplitude control {actor was also required. As a resalt

of having the ability to modily the output pilse characteristics in teimas of

frequency, pulse width and awmplitiude a desirable prool-ol-concept system
has been developed 1o probe and deterinine a successfuvl functional refinal

madel.

In addition to the options we have to aller time and size of the owi-
put pulse we have the option to change the ompul wavelorn 1o cilther a
monophasic pulse (synare wave) or a balanced hi-phasic response (posilive
o 4 e e TS | 1R0E K o, F - N X . P | as
and negative square wave of equal amplitude and temporal duration) see Fig

4.2, 'The option to utilise a bi-phasic response mimics more closely the nat-
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Iigare 4.2: Schematic of a mono-phasic pulse {Lop) and a bi-phagic pulse
(bottom). The time t corresponds to Tms for a monophasic pulse or 500
for the bi-phasic pulse. The bi-plasic pulse can bee scen to represent a charge

balanced system.

ural respouse of the positive and negative phase of an action potential (see
section 2.1.7 and fig 2.7 previously) and showld maintain a natural biologi-
al stindation system where there is no residual charge in the tissue post

sthmulus.

Further o this, an ability to wodify the optically detected signal to ac-
commodate corrclated newonal stimulation is seen as a valnable tool for

any prosthiesis. Bach of these components was specilied at the design stage
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and has been ncorporated into the APS designed in collaboration with the

Rutherford Appleton Labaratories.

4.1 The IPIX imaging device

T'he honaging sensor, the IPIX, has been developed through funding from an
[ingincering and Physical Science Research life sciences grant in conjunction

with the Rutherford Appleton researcli laboratories.

All PCB readout electronics and acquisition software have been developed
within the University of Glasgow hy Dr. K. Matideson. A snmmary of the
mput, output, bias and power pins are given o tables 4.7 through to 4.4 (see

end of chaptor),

4.1.1 IPIX Design

The IPTX cilp consists of & 10x10 array of pixel sensing elements fabricated
using a standard low power consumption complemeniary metal oxide semi-
conductor {CMOS) process. Eacli pixel is 100x100gmn and contains a single
photodiode, a voltage buffer and a voltage controlied oscillator (VCO) which

drive the bi-phasic output [123].

The owlputs from the pixels are read along cach row through a simple
shift register and pointer, with each colunn beiug read [ully within the row

switching time. The pixel outputs from each row are fod imo the VCO and
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the output from the VCO utilised to generate a bi-phasic waveform used for

retinal stimulation, a schematic overview is shown in Hgure 4.3.

Figure 4.3: Schematic of a Pixel ouboard the IPIX chip

The design of the IPIX chip allows for the characteristics of the stimulus
pulses (frequency, pulse width and amplitude) to be controlled from a source
external to the photodiode pixels. In this instance the output lines of the
photodiodes are disconnected from the input lines, the voltage buffer, and
instead fed out to the analogue input line of the National Instruments (NI)
control card. This voltage level from the photodiodes can then be altered
through the labview software and fed back into the voltage buffer on the pixel
(or neighbouring pixels). In this way external control signals can be applied
to the voltage controlled oscillator (VCO). allowing for signal processing off

chip.
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The readout of each colwmn, in {ull, is employed to aid incorporation of
on-chip newral network in Lhe next version of the chip. With the current
application of the neural network weighting Functions, undertaken external
to the chip, we have greater scope to change the architecture and weighting
requirements of the network. ‘L'he signals {rom the photosensor can he fed
to & computer with a traived neural network, be modificd accordingly and
passed baclk to the input of the bi-plissic wavelorin generator that conlrols

the sthnulus pulse.

4.1.2 Design Parameters

The IPIX chip is designed as a 10x10 mawix of total size approximately
2380pm x 2380;an. The optimal response from Lhe photodiodes are in the
in the 490-870nm range whick spans a significaul proportion of the visible
spectrum. The output frequency of the chip can be changed [rom 3Hz to
100Hz with the pulse shape switched between either mono-phasic or hi-phasic
m nature. The operational voltage is 3.3V, -1.65V and [.65V rails with
the power consmmption being typically below G.3mW per pixel to minimise
adverse effects of localised heating [119]. ‘The pixel to pixel uniformity is 5%
white operating in the linear range of the transistors, T'he processing ol the
chip is the 0.35pm AMS C35B4C3 process (118]. The use of smaller than
0.35pm techuology is an option longer term, as this would reduce the heat
dissipatian by reducing the power requirements. It would also aflow increased
pixel density per unit area. The choice of 0.35um technology is dictated by

e cost and reliability for this the Arst chip iteration.
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4.1.3 Photodiode

The photodiode is formed as an n-type well in a bulk p-type material. A typ-
ical 3 transistor readout scheme is employed with the photodiode to control

the reset, integration and readout (See fig 4.4).

Inside Pixel ResetV oltage—_r
Reset_I

Soutce
Follow er

Row
Select

i ————

Photodiode

Figure 4.4: A schematic of a photodiode showing the 3 transistor readout
g

scheme

When the reset voltage is applied. the capacitance of the photodiode is set

to a value limited by the voltage reset transistor. Integration in the photo-
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diode beging when the veset transistor is switched off and continues wntil the
row is revisited, typically at a rvate of 1kIlz. Photons arriving in the bulk of
the photodiode result in o photocirrent, the magnitude of the photocmrent
is hwited by the integration time (vow revisit time), assuming saturalion is
avolded. The magnitude of the plivtoctrrent is proportional to the incident
light fux in the bulk of the silicon detector. During the integration, the
photocrrent. discharges the photodiode pode wntil the readout through the

voltage buller (source follower) is initiated.

Even if the diode remained cowpletely in the dark, a diop will always
oceur in the photocwrrent due to darle currents, The magnitude of the dark
carent s minimal in effect, due to the relatively quick switching between
the pixels and the low leakage of the trausistors. It is more likely that stray
light. has a greater impact an the puotocwrrent levels. With carveful control
of the experlimental arvangeiment however it is possible vo mininise the affect
of stray light to allow confiderice in comparative resulis. A 3D surface profile
of & single pixel is shown in figure 4.5, the large sguave s a bond pad with

the photodiode situated al its bottom loft coruer.

4.1.4 Voltage Buffer

The voltage buffer stores the inpuat voltage (rom the photodiode before pass-
ing to the VOO, This is necesgary to maintain a true input drive voltage
(eliminate loading) in between row re-visits, As is common in this type of

application. it is a high input hupedance unity amplifier.




Figure 4.5: 100x100pm 3D scan of a single pixel, surface profiled at x100

\[.l‘.‘_(i”l!‘ 101011

4.1.5 Voltage Controlled Oscillator

['he Voltage Controlled Oscillator (VCO) is driven by the information con
tained in the source follower. The VCO converts the buffered input into a
waveform suitable for triggering the bi-phasic control circuit which in turn
outputs a stimulation Iblll\l' to the retinal ganglion cells. The hu(llwln’\ of
the output waveform is controlled via the input voltage to a comparator
within the VCO (typically between 0 and 2V). The voltage window set by
the uppel and lower thresholds of the comparaton determine the rate. for a
fixed voltage. at which the output of the amplifier will switch the state of

the comparator. The output frequency range of the VCO over the 2\ input
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range 1s 3Hz Lo 100Hz.

Owing to the hulk offect transconduetance [/10th of the voltage is lost on
cach of the 2 transistors for the NMOS and PMOS processes. This implies
thet L9 on 2V and 0.9 ou LAV would give 1.62V as the output of the tran-
sistor gystem, So the 2V operating range is reduced to 1.62V and therefore

thie frequeney vesponse of the VOO will be affected accordivgly.

The VCO block diagram is shown in fig 4.6. The clocks driving the VCO
(¢l and $2) are non-overlapping and generated on chip from a master clock.
The master clock frequency, gonerated ofl chip, is 10kHz. The ratio of ¢l
/ @2 ave such thal a single cyele will not be sufficiently large to change the
state of the comparator. The vavio of C2 and C3 affect the voltage step
observed from Vaup (the output from the awmplifier). The window of the
comparators thresiiolds determine the rvate at which the polarily switching

ol the comparaior is achieved in conjunction with the ¢l / @2 rale.

The value of the capacitors is small (a fow pF) and governed by space
restrictions ou chip. In effect this leads to a difference i the [requencies
gencrated by neighbouring pixels through thermal (I{TC) noise jitter. The
alue of the ITC noise effect at a frequency of 1.51Tx. the lowesl operational
frequiency of the chip and bence the [requency of largest KTC effect is mea-
sutcd as less than 0.1Hz, This will not compromise the functionality of the

device for retinal stimulation.
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Fgure 2 Voltage Centrolled Oscillatos Biock Diagram.

Fignre 4.6: VCO controlled oscilotor block diagram. The non-overlapping
clockk 91 and ¢2 which control the comparator swilching rale are shown.
The capacitors C1 aud C2 which affect the voltage siep from Vamp are also

evident.




Output Driver - Bi-Phasic

It is important that cach pixel can independently demonstraie a hi-phasic
ontput signal. Initially the frequency of the ouwlpnt pulse will be synciro-
nised via the initial reset, this however will be transient (1ms) as each pixel

therealter reacts Lo the diffeving light intensity presented.

The bi-phasic response [vom the central nine pixels is achieved using a
tri-state nverter. The inverter is bi-phasically optimised to respond to an
clectrode of impedance of 30kOhms at LkHz. Once the hi-phasic waveform
hag been gencrated, it s rouled to bond pads on the edge of the chip which
are wire bonded to the PCB. The PCL3 then roules (o the micro-clectrode

ArTays.

4.1.6 VCO Characterisation

Characterisation of the IPIX chip bas included examination of the output
frequency as a [unction of light intensity, varving output veltages, pixel uni-

formnity, noise and cross talk levels,

Frequency ontput vs VCO driving voltage

As has previously been discussed, the output {requency from the [PIX chip
is controlled through applicalion of a voltage contralled oscillator. Uhe inpul
voltage Lo the VCO governs the rate at which the thresholds of the cownpara.-

tor are reached, and therefore the requency of Lhe outpid.
| 3 !
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Comparator thresholds can be adjusted, thougl they have been fixed
throughout the testing (with & range of 2V) 10 aid Lhe repeatability of the

analysis.

The control voltages to the VCO, lor frequency analysis, are supplied
external 1o the chip, By switching off the photodiode responses and exter-
nally applying a sigual we henefit from the application of a calibrated, Ligh
precision and low noise voltage input to allow characterisation of the owtput

{requency response.

The response from the VOO Lo a stepped iupul voltage can be seen in
Iig 4.7. Theye apoears to he a switch on voltage for Lhie 3-slage transistors
at, 0.70V, this is higher than expected. We would expect a {requency varying
output response. although not likely a linear one, to occur at vollage values
only slightly in excess of 0.1V, A linear rosponse alter .75V is evident and
is ag expected. At 2.23V the voltage supply to the VCO is Buited by the
supply rail voltage with further stepping of the input voltage to the VCO
having no effect on the frequency. All 9 centre pixels, those responsible for

sliuntlating waveforins, can be scen to respond in a similar marner.

Figure 4.7 also shows the dynamic range thal is achievable frowm the IPIX
chip. The hashed bhox indicates the voltage that can be supplied [rom Lhe
photosensors and spans approximately 0.5V, This can be seen Lo correspond
to a frequency variation of 30Hz in the linear response region. The dynamic

range of the chip is fixed at 30Hz although the frequency span that this
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Figure 4.7: Frequency of the output stimulation pulses as a [unction of the

voltage supplied to the voltage controlled oscillator




incorporales can be shilted by the altering ol the thresholds of the com-
parator. An increased dynamic range can be achieved, il required. through
software modulation within the newrsl network programnming. For onr proof

ol concept however, this is not seen as a Hmiting factor.

The variatiou in the pixel to pixel response can be scen in Fig 4.8, The
frequency output of the VOO is measured via an Agilent Infiniiion 348311
oscilloscope as is the deviation in the cutpul frequency responuse for a fxed
VCO voltage. In the linear range of operadion (and helow a voltage of 1.75V)
of the VCO the pixel to pixel variation can be seen to be within +5%. Aftor
the 1.75V VCO supply voltage is exceeded, the variation becomes signifi-
cantly larger. This is due to the higher supplied voltage initiating a lower
[requency (a few Hz) vesponse of the VOO. A deviation of 0.1 or 0.2 Hz in
the low frecuency signal results in & relatively higher vatio of signal to jitter

than a siinilar deviation in a higher {requency signal.

Figure 4.9, shows the combined standard deviation in the pixel ontput
[requency averaged across all the chanuels. As the voliage ou the VCO is
mcreased the standard ervor associated wilh the frequency oulput can be
seen, This highlights morve specifically the rogion at which ihe 3-transistoy
svstem initiates. The Hnecar trend of the curve is iu agreement, with what
wonld norwally he expected for transistors operaling above Lhe switeh on
voltage. The reduction in the error with voltages above 0.7V is indicative

ol operating within the linear region of the transistor junctions.
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4.1.7 Light Response

The light response of the IPTX chip was determined under normal lahoralory
(uoreseent lighting conditions. The chip was placed in a bright well-lit room
and shiclded from stray, non-normal light, via an optically hlocking cyvlinder
placed normal to the surface. The light was allenualed via neutral density
filters placed on the surface of the cvlindrical shield, The absoluic intensily
was nol measured es Lhe response to the relative inteusily is scen as the

significant measnrentent.

The measure of the light response was undertaken with 18 filtered inten-
sities and can be seen in Fig 4.10. From Fig 4.10 the light response of the
detector can be seen 10 be Hnear (plotted on a log-linear scale) iv natuye
within the optimal conditicns of the VCO and span a frequency range of
approximmately 30Hz. It is possible Lo afiect the 30 Hz range in his instance

by controlling the row revisit time.

The light response also indicates (hat the first 5 nentval density Alters
had little effect on changing the frequency. In terms of the transmitted light
inteusily this correlates to a reguired attenuation of 75 %. Ilence under
normal lighting and under our standard operating conditions the voltage
level on the transistors are not reaching the 0.75V switch on requirements
as shown in fig 4.7 previously. Thereafter, vhe behaviour foliows a. linear
Irequency cutput in accordance with a linearly inereasing attermation. If the
master clock [requency is alteved on the chip and this re-visits Lhe pixels at a

ditterent. time interval {(slower) then the pixel integration time will be longer
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The red line is a least square fit to the experimentally realised values.
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from a single channel

and it is likely that there will be a more useful readout range of the pixels

PEEDOUSE,

4.1.8 Stimulation Pulse Amplitude

In addition to the ability to vary the frequency onrput of the detector. Ll
amplitude of his response can also be altered. This is varied on Lhe PCB
(via a potentiomeler} and allows the readonl electrouics to e be varied to a

maximum of 3.3V.

This it seen to be one of the key variables for our stimulation stndies.
Oue ol the principal aims of onr research is to experiinentally determine
the (hreshold Timits for repeatable stimmlation of relinal ganglion colls. The
ahility to easily change the output voltage of the IPIX stimulation pulse is

of sigrilicant benelit.
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The results for the RMS noise against Lhe stimmlarion pulse amplilude
are shown iu figure 4.11. The RMS noise level and the deviation on the RMS
noise level can be seen to increase lineavly above the 0.75V switch-on voltage

for the transisiors.

4.1.9 Pixel Cross Talk

The final measurement of the pixel regponse is to determine the associaied
crogs talk on neighbouring pixels with respect Lo the stimulation pulse am-
plitude. The ocatput voltage froum Pixel 1 was increased from 0.5V to 3V and
the effect on neighbowing pixels measured. Fig 4.12 shows the O stimulating

pixels and the exploded view the numbering used lor experimentalion.

The resulls for the cross talk studies can be seen in Fig 4.13 and Fig 4.14.
iy 4.13 shows the peak voltage cross talk on the neighbouring pixels as a
function of pulse amplitude. Al low pulse heights, below 1V, the eflccts of
cross Lalk are limited to ouly the ncarest pixels. The effects of cross talk are

not ever significant on pixels 7.8 ov 9 even at 3V pulse heights.

I fig. 4.14, the cross talk investigations are shown as a pereentage ol the
stimulus pulse amplitude (as applied Lo pixel 1) on the neighbouring pixels.
It cap be seen that each of the pixels offers a constant percentage value of
cross talk with increasing voltage application (o pixel 1. Additionally there
can be seen to be an expouential decay in the crosstalk value with the pixel

munber. Notiee also that no significant eross talk could be measured on
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10x10 Pixel Layout

3x3 Central region

4 5 6
7 8 9
Schematic showing pixel
numbering

Figure 4.12: Pixel layout showing the 10x10 array and then zoomed into the
central region. Bottom right is a schematic showing the numbering of the

pixels as referenced in this work.
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pixels 7, 8 or 9.

In view of the pixel layout (see Fig 4.12). it is likely that the main com-
ponent of the crosstalk measurements arise not from the chip but from the
layout of wires routing the pixel outputs on the PCB. See Figure 4.15 for the

] g 1 g

PCB layout with the IPIX chip located.
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CLS

IPIX Chip
9 Output Lines
(Stimulating Electrodes)

Recording Electrodes

Figure 4.15: PCB layout showing the 9 stimulating tracks close to each
other and the IPIX chip in the central region of the figure. The crosstalk
measurements are likely to be a result of having the output channels running

parallel.
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Table 4.1: The IPIX input pin abbreviated Lermns and full description.

Input Pins Type Description

RstB CMOS | Resel Signal to the VOO and logic

ClkRow CMOS i Clock to control the row select shift egister
Sin CMOS | Input to the row sclect shift register

RowRst CMOS | Reset signal Lo the pixels in a selected row.
RowSel CMOS | Controls the selection timing for the row.
Update CMOS | Stores the control voltage Lo the VCO in a row.

: Ext’hiRelClk CMOS | Alternative external clock for driving the Phi

Generalor
CllkSel CMAOS | Selects between MClk and ExtPhiRefClk.
MCIk CMOS | Master clock to control the Ri-phasic timer and Phi-
Genevator.
SreSel CMOS | Selecls internal / external source for all pixels

except the centre 9.

SreSelCntr CMOS Selects internal or external source for centre

-0 pixels, :

BiEn CMOS ¢ Enables / Disables the Bi Phasic operation.
TestIn Variable | External input to all except the cenire 9 pixels

Range 0.5V 1o 2.5V,

TestluCutrlj0:2;, | Variable | Fxternal inputs to contre 9 pixels

Range 0.5V 0 2.5V,
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Table 4.2: The IPLX ontput pin abbreviated ferms and il description.

Output Pins

Sout
PixCutj0:2;,
Pixlto9

Type | Description
CMOS | Outpui [rom the row select shoft register,
CMOS | Outputs frown the three central cohiuins.

CMQOS | Outpuis from the 9 central pixels.

Table 4.3;

—— —

The IPIX bias pin abbreviated tering and Mll desoription.

Bias Pins
Lth

Hih

ARef

Acas
RelChbn
RefCbp
RefAby

RefABp
PSkrefl
ColBias

Type

-1.15V
0.85
oV

0V
1501A
150pA
180uA

E A0 HA

100pA

H0A

Description

Lower threshold.

Higher threshold.

VCO amplifier centre voltage.

VOO amnplifier caseade device bHias.

NMOS hias to the window comparalots in the VCO.
PMOS hias to the window comparators in the VCO.
NMOS biag to the amplifier in the VCO.

PMOS bias to the amplifier it the VCO.

Bias to the PMOS source {ollower in the pixels.

Bias to the readout columns / NMOS souree followers.
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Table 4.4: A Tabhle 2

Power Pins

VDDD

GNDD

VDDA

GNDA

VRst
RelChp

Type
1.65V
-1.65V
1.65V
-1.65V
Variahle

1300uA

Description

Digital power supply.

Digital ground.

Analogue power supply.

Anaiogue growd.

Reset voltage to photodiodes in the pixels.

Power supply to the Bi-Phasic output driver.
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Chapter 5

Biological results from in-vivo

testing

5.1 Introduction

This chapter demonstrates the results thal have been achioved in-vivo with
the frog retina. We have successiinlly demonstrated Lhe feasibility of our
comtbined technologies to record activity from retinal neurones. Data indi-
cating the sunccessful stimulation of spatially disorete neurones in a contreollecd

manner is also presented.

The performance of our combined technalogics is evalualed as a prototype
design with a view towards a rotinal prosthesis. There have heen various
approaches globally exawmining the response of retinal cellular activity to

engineered devices [22, 28] however, the applied combination ol an active
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pixel sensor as an optical sensor with a flexible mieroelectvode array .5 specific
to the work undertaken within this thesis. Qur engineered representation of

the retina is shown in figure 5.1.

FEvaluation of the device in-vivo has been subject to the quality of the
recordings made [rom the retina. The detection of retinal aclivity indieates
the successiit preparation of retinal tissne. The recording of signals [rom the
multi-electrode array allows for an ingight imo the correlated signal process-
ing of the retina. Through multiple site recording, we can alse determine

with confidence threshold activation levels of retinal ganglion cells [37].

We have performed in-vivo experimaonts Lo evaluaie the thresliold limits
lor successtul stimwlation of the retinal ganglion cells. Using oue of the
eleetrodes as a stimudation site, we have passed an electrical signal directly
onto the retinal ganglion cells and used noighbouring electrodes to record
the resulting cellular activity [46]. The results from these nitial studies are

presented.

There is no inforamation presented on the qualification of the device as
at implantable retinal prosthesis. As such there has been no formial testing
to evaluate the biccompatibility of our system in-vivo. The matervials that
have been used arve known (o he blocompatible chrough cross reference with
other work in the field as covered lu section 4.7 and 4.8 and in relerences
[7, 8, 9. Indeed. the only true means of determining the viahility of a long-

term fmplant is through Geld stndies. Owvee the device has heen suecessfully
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Figure 5.1: Overview of engineering representation of biological system

and extensively proven to be a viable means of communicating information
to and from the retina we can evaluate the viability as a long term prosthesis
in further work as done in the work by the following groups [48, 52, 58, 60,

65. 70).

5.2 Sample Preparation

In order to achieve optimal electrochemical signal detection. good coupling
between the array and the cellular tissue must be achieved. Excess fluid on
the surface of the retina must be adsorbed to maximise the cell / electrode

interface. Once this has been satishied excellent results can be obtained.
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5.2.1 Biological Tissue preparation

All lissue proparation is conducted I accordance with home office regula-
tions. Animals ave only used that have been in storage for a short time dne

10 the altered feeding paiterns degrading the quality ol the retinal tissue.

With the brain and spinal cord of the frog, rana temporaria. destroyed
the heart can be observed to still beat. This adininisters a flow of oxygen
to the eve cup and helps preserve the integrity of the tissue [or extenderl
testing periods. The frog does not need to he maintained for the duration
of the testing as it functions well at room temperature whereas mammaliat

animals need carvelul anaesthesia and control.

All preparation of the lissue is conducted under rved light illumination
owing to the insensitivity of the frog retina for this wavelengtl. The upper

and lower evelids ave retoved at the first surgical step.

The reference platinum electrode is then inserted through the cenirve of
the frog body to ensure a suitable electrical ground for the experiniental

setup.

The cormea and leng are then removed and the aqueous hmour is ah-
sorbed from the eye. Failing to remove the [luld layers at this stage results

in o flow of liquid into the eyecup and would resull in shorting between the
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electrodes on the surface of the retina. The vitreons huinour is then removed
and this, being ol a gelatinous cousistency, does not pose 1he same require-
ment for fluid absorption. Genevally, the vitreous humour will detach wilh
the lens upon vemoval, providing the proper prepavation of the sample. In
geueral, the fuid layers of the retina are reioved four times using suitable

absorbing paper to ensura the likelihood of successful tesiing.

For ow arrangement, the right retina iz most olien used as it is more
easily accessible with onr apparatus, There is no difference offered hy either
retina and the left retina is utilised only if the right retina, under optical

inspection appears to be funciionally compromised.

The array and the relerence platinun electrode are then positioned onto
the retinal surface, Green LED illumination then provides light stimulus o
the retina and determines the suceess of tle preparstion. At this stage, the
array can be repositioned o ensure that there is maxinnan sigual strength
in the recorded ERG. Finally, the retina is allowed to sit for 30 minutes to
allow the re-absorption of any small amounts of remaining Auid and Lo allow
the pigiment (o redistribute post surgery. Thercaller, the experimentalion is

viable and optimised.

5.2.2 Initial preparation studies.

With the retina tissue prepared, the array is adjusted via a micro-manipulator
prey : A J |

to be in contaclt with the retinal surface. Initial measurenients of the rotinal
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response are undertaken with a platinum wire placed on the retinal surface.
Light intensity steps 0.1. 1, and 10 log units are measured and the response
logged. The array is then used to measure the response and a comparison
undertaken to determine the quality of the retina / electrode contact. If
under visible light conditions any variation is recorded via the array then the
array position is adjusted to minimise this effect and ensure consistency in
the future recordings. See Fig 5.2 for representation of the microelectrode
array inserted in the frog eyecup and in contact with the ganglion cells of

the retina.

Mircoelectrode array

Cortex

To
amplification
electronics

Electrodes

Pigment epithelium

Figure 5.2: Overview of preparation of the frog retina and the array im-
planted into the evecup. The electrode array is inserted with the electrodes

face down and in contact with the ganglion cells of the retina.
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In addition to adjusting the position of the arvay, adjusting the pressure
applied to the electrode region of the array on the retinal surface may he
required. In most cases this needs to be adjusted in paraliel with recordings
from tlLe neuronal cells, The array is designed such that exeessive force is
unlikely to be applied to the relina and caunse any long term damage Lhrough
compression. Thove does exist the possibility howeyer that significant pres-
sure whei applied to the vefina can degrade Lhe quality of the signals recorded
in-vivo. If there is a lack of pressure applied to the electrode region of the
array the electrical coupling to the cells will be Lmited and high notse levels

racorded.

5.2.3 Signal Amplification

The 8-clectrode arvays terminate with a 16 pin low noise LIMO conneclor,
sce TMig. 5.3, The wire connectious from the array to the LIMQO ave (inned
in a 350°C solder bath to reduce the impedance loss and signal noise. The
Td-electrode arrays are coupled Lo the readout PCB by a Jow resistivity gold
wire z-axis connector. Both these arrangements benefic from the ability 1o
remove and replace electrode arrays in a short timescale compared to the
viable recording Lime (approxinately 4 howrs due to the eold blooded nature
ol the frog and the absorption of oxygen o the atmosphere) of the frog
retina. This allows multipic exporimental investigations on a single biological

preparalion.

The recorded biological siguads from the retina undergo a x1200 fixed am-
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Figure 5.3: 8-electrode array connected to low noise 16 channel LIMO con-

nector

plification through a custom built module (each channel being AC coupled
to remove any DC offset, see appendix 1 for module layont) ensnring optimal
signal definition and reduced loss. Each stage in the design of the readout
employs low noise electronics and terminations. Our currently available elec-
tronics allow 16 channel amplification and will be extended in [uture work to
accommodate the 64 readout channels of the 74 electrode arrays (64 readout

+ 9 stimulating + 1 earth = 74 electrodes).

Recordings from the electronics in-vivo measure the noise level to be
typically below 81V over a frequency range of 3Hz to 8kHz. The output
from the amplifier modules are connected to a National Instruments data

acquisition card (E-Series, PCI) on a dedicated PC.
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Iy order Lo assess Lhe guality of the recorded signals from the array. an
array independent recording is made of the retinal response. This recording
i aclieved from a single strand of platimun wire placed on the stuface of the
refina and rouled out through an independent amplification module. This
separate single chaunel employvs a xL000 AC coupled amnplifier, 50Hz noleh
filter and a variable DC oftset. The cutput is read into the DAC card via
a monitoring oscillogeope. This allows [or the guality and viahility of the
refinal preparvation to be established prior Lo advancing the array omo the

relina.

5.2.4 Data Acquisition Software

The successful recording of retinal activity has Leen verified ulilising Lwo scp-
arate software programs. The first, WinWCP, was written by the University
of Strathelyde ‘19]. I'he scecond is custom designed software written by A.

Moodie (PhD student at the University of Glasgow).

Initial retinnl recordings wore undertaken via the WinWCP soliware which
allows for a maximum of 8 channels of recorded data. Tor the S-electrode
arrays Lhis goflware was adequate. The principal drawback was the inabitity
1o record large volumes of high resolution data over long time periods. This
was due to limitations n the [ixed size data buffer for each readout channel.
Data could be recorded for time periods of a few seconds if the resolution was
typically 10ms but at a resolution of 0.1ms (owr desired readout vale) the

available recording time was a few 100ms. For application to the 64 electrode
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reactout systemn, the 8-channel maximum readout capabilitics is nol suitable.

The soltware developed in house by A, Moodie has several key advantages
over the WinWCP soltware and addresses all of the foreseen shortcomings
of the WinWCD software. The first major advantage is the acalability ol
the recording package to monitor any numiber of chanuels. This is a key
advantage in the drive towards increasing eleclrode numnbers for correlated
sighal processing. The user interface is also tailored more specifically Lo log
the components of the study, through a header file, aud export the data in a
manner that is consistent with owr analysis packages. 'LU'he recording of the
data files is such that the data can be acquived at 10kHz for a time perind
only limited by the available disk storage. This is of enormons advaniage

and allows [or long experimental data acquisition periods.

5.3 Recorded Signals

‘The signals recorded from the retina are of small amplitude owing Lo the
cdetection of changes v cellular potential throngh the movemeut ol iong across
the cellulav membrane. Typically the signals will be of the order of a lew
100V, Given the low noise of the system {typically below 8p across all

channels: for a goad preparation) we can delect multiple cellular responses.
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Figure 5.4: Electroretinograin with superimposed spiking activity

An example of a typical response from the retina under a bright light
stimulus can be seen in Fig 5.4, The recording started at the onset of light.
time 0. Afler approximnately 8 ms, the photoreceptive cells have detected the
light stimuli and pass this information to the outpul cells {the ganglion cells)
and this responsc can be seen in Fig 5.4. There are 2 key componeats in the
recorded waveform, a slow response termed the Electroretinogram (ERG)
seenl to modnlate the sipnal and several shorter regponses superimposed on

this slow wavelorm, the action potential (AP).

The twa sipnals are significaut for retinal studies. The sigiral strength of
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the ERG indicates the health of the retina and the viability of the prepara-
tion, The ERG is a measure ol the mass response ol all ¢cells in the retina

under light stimulation.

The BERG is composed of 3 main components [135] classified as the a.
b, and ¢- waves. A overview of typical relative magniludes and temporal
responses of each of these components ave shown in figure 5.5. The origin of
Lhese components are from varying layers of the eye. The a-wave originates
in the photoreceptor layer. The b-wave was discovered (Dowling) to have
ils origins within the Muller Glial cells. Finally, the c-wave originates in the
pigment. epitheliuum laver whicli is verified by in-vitre studies. Each of these

components suns Lo have the form of ERG as shown in fgure 5.4.

The recording of the superimposed fast acting AP response on 1op ol the
ERG shown in fig 5.4 is the key subject of study for owr experiments as the
AP counlaing information correspouding the response from a single cell, in an
encoded manner, required by the brain. The time at which the Al signals are
evident and the munber of the APs contain all the relevant information on

the visual seene passed Lo the visual cortex from the retina [26, 76, 103, 124].

Ouce Uie signal strength of the ERG 1s determined it cau be filtered to
leave Liie AP response. This is typically achieved by Fast Fourier transform-

ing (FFT) the signal 1o remove all the [requency components helow 80Hz.
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Figure 5.5: The breakdown of a typical measured ERG response into its 3

main components. the a.b and c-waves.

As the AP response is of the 1kHz range, there is no signal loss resulting from
this analysis technique. Alternatively, a fitting algorithin can be employed to
the ERG and this subtracted from the dataset. This is the preferred method
for removing artefacts that are evident after electrical stimulation of the cells
and will be discussed in greater detail in subsequent sections.

By way of comparison. the reduction in the electrode size from 50pm
to S5pm allows for individual cell coupling. Shown in fig 5.7 is a single ac-
tion potential recorded from a planar array fabricated on Indium Tin Oxide
(courtesy of K. Mathieson). The inclusion of the 5pm result is to show the
capabilities of electrodes of this diameter in absence of data from the 74

electrode array.
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Figure 5.6: Recorded retinal activity upon light aclivation with the elec-

trovetinogram removed using a S0Hz high pass FFT ilter.

Onee the ERG sipgnal has been removed the AP information is more ev-
ident, Fig 5.6. There are muliiple APs shown in Fig 5.6. In effect, we are

recording multiple cellular responses on a single electrode. Owing to the 7un

dimneler cells that output the information from the retina, the ganglion cells,

and the 50pm diameter recording eleclrodes thiz is nol an nnexpected result.
I & ganglion cell is positioned direcily on top ol the electrode then large cell
responses can be seen. Fig 5.6. If recorded activity indicates a high density

of APs of visihly varving amplitude or pulse shape we can often correlate

1H2




T L T T

30 - '
g 150 1
B ano-
H 150+ .
R L
SR /
0 1 T k) L3
it 2.5 5 73

Figure 5.7: Recordings from a electrode ol 5;un diameter. The recording was

made on an ITO arvay of cleclrode size 5pm.

this to the detection of proximal {often multiple} cellular activily, As this
signal is superimposed upon the leading signal we get the offects of latent
pulse shiaping, amplitnde modulation or an excess of AP gpike trains over a
single unit response. This indicates the high guality of the system thal has

been developed and also the need to move [rown the 50um eleclrodes, used

biere, to smaller clectrodes. Alihough elecirodes of Spm were fabricated, they
were not used in conjunction with iu-vivo experimentation before the con-
clusion of this thesis. Parallel experimentation with electrodes of similar sizo
fabricaied at Glasgow University on TT'O array [5] have shown the viability

ol such studies.




5.3.1 Light Evoked Response

The retina responds to light in the manner of an all or nothing response.
Specifically, this means that a given intensity of light must be incident on
the retina before the retina will respond with an action potential. It follows
therefore that the intensity of light has a direct impact on the firing rate of
the cells and the output train of action potentials that will result. Higher
intensities of light can be seen to result in quicker response times from retinal
tissue when light is incident as a pulse. If the light is continuous in duration

the retina will light adapt.

dark-adapted human

2.0

-4.0

1%

Tims (ms)

Figure 5.8: Electroretinogram showing faster response [rom the retina to

increasing intensity for the human. (From Webvision.med.utah.ed)




The rale at which the retina responds to a given intensity of light is
evidenl {rom the rate al which the ERG develops and this can be seen in Fig
5.8. For 4 log units as shown, the form of the ERG can be seen to differ bolh
in terms of the amplitude and the time at which the maximuwm amplilude is
reached. The form of the ERG can also be seen to vary as the light reaches
high intensities. ‘I'he generally positive nature of the ER(G at low intensities
is preceded by a negative waveform at high intensitics. ‘This is a physiological
result and is indicative of the varions components that make np the ERG.
Specifically under high illwnination the a-wave proceeds the onset of the b-
wave. Qseillavory polentials also become apparent on the IRG as higher
intensitics (above a threshold) and correspond to the previously discussed

APs.

1t is conceivable therefore that if we can detect individual aclion potential
we ean neaswe Lhis response thue, or the difference in resnonses resulting

[rom varving intensities as shown in ¥ig 5.8,

lsvident [ov lower intensity light stimndi is that the rawunber of evoked

‘ responses is significantly less than for stimulus at higher imtensitios. At very
high intensities, the numnber of Al’s is also subject to reduction due to the

inhibitory nature ol the retina.




5.3.2 Cellular Classification

Given that there exist wmany cell types in the frog retina, and that they
respond e different components of the visual scene, we have looked ai de-
termining the cell type in contact with the array clectrodes. The celluiar

response nnder the onset of light has been demonstrated highlighting the

ON cell response, fig 5.9, There exist cells. which inverscly respond to the

termination of light {OFF cells). We have also beeu successful in the recovd-

ing of their response and this can he seen in ¥Fig 5.10. These individual
cell types were not directly targeted through experimentation, however, ow-

ing to the spread of these cell types throughout the retina we were able (o

repeatably record ON and OFF cell responses across multiple experiments.
K

The AP respouse of the off cells can be seen to be of similar magnitude

to the that detected from the ON response. This is as expected given the

cellular mechanism [or the generation of the AP is the same. Figure 5.11 [
ghows inultiple ERG recordings made from 4 50um electrodes at the aame :

e across 41 locations on the retina.
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Figore 5.9: Recordings [rom an 8-electrode array ol the ON cell response
in relation to the inftation of light at the retinal surface, Recordings were
made at 10kHz sampling rale and the recording starts at the onset of light

at the retinal swwiace. 1=0.

5.4 Stimulation Studies

For any lorm of retinal prosthesis to be viahle, a means of eliciting a re-
sponse in the neuronal pathway nwst be established. ‘T'he approach we have
developed to record neuronal information has proved thal good contact with
the retina Las been achieved. This is a prerequisive to the following retinal

stimulation studies.

It is important to evoke the signal in a way Lhal is comparable o the
natural response. As we have demonstrated., we can record APs temporal and

amplitude characteristios ((igs 5.6-5.11). A stiinulus pulse should incorporate
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Figure 5.10: Recordings from an S-electrode array of the of cell respongse in
relation to the termination of fight at the retinal suwrlace. Recordings were
made at 10kllz sampling rate and the recording starts at the ternination of

lighit on the retinal surface, time = 0.

this fnformation aud locally influeree ganglion ccils on the vetinal surface,
By this means we can seiectively influence the locality of visnal stimulus on

the retina with this information being conveved to the visual cortex.

5.4.1 Single electrode stimulation studies

QOur initial investigations for stimulation of the retina were undertaken via a
single electrode on the 8-electrode array. A variable amplitude square wave
vollage pulse was applied to the clectrode, and the response of the retina

could be detected on the neighbouring recording clectrodes.
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Figure 5.11: Recordings from 4 electrodes of 50an diameter. The 4 elec-
trodes are showing the OFF response at independent points on the retinal
surface. The light termination started at time 0 and recording continues for
100 ms. The amplitudes of the responses are all of the order -200 1V to 100

1V.

5.4.2 Stimulation Artefact

When an electrical stimulus pulse is applied to the retina. the comparatively

large voltage pulse forces the (1‘('<~m'(11'1%5 channel) amplifiers of the system to




saturate. The net effect is that there is a recovery time for the amplifiers
which is of the order of several 10's of us for low voltage pulses. It can
be seen that action potentials are superimposed on this artefact at voltages
above the stimulation threshold of approx 400mV. See Fig 5.11 showing the
associated artefact with applied voltage stimulation. It follows therefore
that the applied voltage pulses to the biological system should be as low as

required for electrical activation of the tissue.

L Artefact associated with applied voltage
1 stimulation
920 - Stim100mV
. 1 Stim200mV
T Stim400mV
i 1 '4 Stim600mV
=) '_‘\ Stim800mV

Voltage (uV)

T 3 T * T X T v. T . T 1 = T & W 2% ol

0 10 20 30 40 S0 60 70 8 90 100
Time (ms)

Figure 5.12: The stimulation artefact as recorded on a 50um electrode 50pm
away from the stimulation site. The amplitude of the artefact was measured
for 5 voltage increments for a lms pulse applied to. and measured [rom the

same electrodes.

In order to analyse the data. the stimulation artefact must be removed.
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We have investigaled two separate methods [or achieving this. The fivst is the
stingple fitting of aa exponeutial decay which wiznies the RC decay component
of electronics. Although this method can be fitted m good agreement with
the falling curve. the combined overshoot of the electronics and recovery,
especially at voltage levels above 400wV stimulus, is not described well by

this model.

The sceond method volves Gtting o non-linear carve to the recorded
data. In order to achieve this suecessfully without adversely affecting the
recorded action potentials the fitting carve nmst be sampled at a period in
excess of the pulse width of the APs. Failure to achieve this will fit the curve
ta the APs and upon subtraction of the artefact, data corresponding to the
APs will be removed, A fitting period of 3ms between data poiuls, somwe 3
times larger than the Fequency response ol an AP. Using this method we
cau achieve excelleut correlation in our fitted curve and a high confidence in
retaining the AP as shown in Fig 5.13, a measured waveform of an aclion

potential.

Once a suitable curve hias been fitted to owr data, we FI'T our data wilh
a low frequency cut off limited at 80Hz. This removes additional noise in
relation to mains noise and the HRG response. Ounce this is achieved the

data is in an analytical form suitable for neurobinlogical signal analysis.
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5.4.3 Voltage threshold for cellular stimnlation

Giveu that we cau success[ully record and manipulate the dala into a coupar-
ative form we can look more specifically at determining the effects of applying
o voltage stimmili. The first key investigation is to determine at what voltage
we can elicit a response [rom the retinal cells in a manner similar to that

recorded wnder light activation or so called threshold conditions.
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Fignre 5.13: Measured wavelorm ol a single action potential recorded from

a 400mV applied elactrical pulse.

In order to minimise effects of gpontaneous firing from the retinal tissue
affecting our analysis, experiiments were repeated to ensure consistency. The
stimulation cirenitry allowed voltage pulses to a maximum of 2.3V o be

applied. At this vollage the potential to damage the cells exists so studies
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were limited (o 1.4V,

Lor our studies it was discovered thal a vollage of 400V was the min-
imum voltage level required to repeatably elicit a retinal action potential.
Typically, a single action potential would resull. For vollages in excess of
this threshold level. the vesulting response of the retina included multiple
Al's. Inlerestingly, the nereased volbnge levels did not inflnence siguificantly
the rate at which the initial AP was recorded. "I'he amplitude of the recorded
APs was. as expected, not influenced by the amplitude of the stinmdus voli-

age.

5.4.4 Action Potential recording from an applied volt-

age stimulus

Given thal the environment for Lhe stimulation studies was vot allerved Lhougli-
oul the period ol viable retinal recordings, nvestigations were undertaken to

determine il temporal pattems of APs could be observed.

In order 1o determine the temporal AP information fromn the response to
an applied clectrical input we flrered the raw recorded data as described in
section 5.4.2. Using multiple stimulation experinents, approximately 18 lor
each voltage lovel used, we could detect trmne AP responses from any noise
i the systen. AP responses filtered b this way resutled in variances in

recorded timescales of less than 0.1ms.
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A point to be constantly aware of is the need to ensure that the system
ol applying the electrical pulses is optimised such that the minimum voltage
required for stimulation is used. It has been shown in chapter 4. section 4.1.9.,
that there is associated crosstalk with stimmulation pulses and that although
it has not been seen to be significant in affecting the quality of the recordings

made it is still however a possible source of noise.
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Figure 5.14: Temporal occurence of APs over 18 trials in response to an

applied voltage pulse of lms.

The relationship to the response of the retina at the stimulation threshold
voltage level of 400mV and at a voltage of 200mV (half the experimentally
realised required voltage level) can be seen in Fig 5.14. The key components
shown in Fig 5.14 are the confinement of the initial APs to within 10ms

for the 400mV stimulus and the lack of any other significant recorded AP
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activity thereafter. There is no such peak for the 200mV stimulus pulse and
this is indicative that locally the threshold stimulation voltage value has been

reached.
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Figure 5.15: Temporal spike occurence in response to applied voltages of

400mV and 1200mV

The correlation of the 400mV threshold voltage to a voltage significantly
in excess of this value, 1200mV can be seen in Fig 5.15. There exists an
obvious difference in the retinal response in this instance. At 1200mV the
number of responses and the spread in the timing at which APs are evident is
broadened to across a range of 25ms post stimulus pulse and it is difficult to
discern a single peak. The broadening in the detected signal may result from
stimulation of cellular tissue deeper in the retina and hence, it takes longer
for the signals to pass to the output cells being monitored. Alternatively,

it is possible that cells much further away on the retinal surface are being
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activated and a response is being detected from a longer range.

In order to show the quality of the fabrication , Fig 5.16 shows an image
of an electrode array post experimentation. As can be seen, there is no
delamination of the polyimide multiple layers and the electrodes are still
visibly in LL‘HNl condition, with the t-\'('('])liull of electrode 6 which was non-

functional from the outset.

Figure 5.16: Image of a microelectrode array post test. As can be seen the
electrodes are still well coated with platinum black (except for electrode 6
which was not working pre test) and there is no delamination of the polyimide

lavers.

5.4.5 Stimulus Range

The final investigation, using a single stimnulus electrode. looked at the range

of mfuence of an applied stimulus pulse. Through applying the stimulus at
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one edge of the 8-electrode array it was possible to record activity along the

lenguly of the 50an pitched clectrodes of the areay, see Agure 5.17 aud 5.18.

For a pulse of 400mV, dava from the nearest neighbour to the stimuloling
electrode (507un) indicates that 34 action poleutials are deteclted within 15ms
with moze than hall (18) occurring within 25ms of the stimulation pulse. For
a yecording sile 1680um from the stimulating electrode, 16 APs are detected
with 4 occurving in nnder 25ms.  This indicates that the 400mV Uivesh-
old voltage can inflnence the membrane potential significantly al a range ol
160m. Alternatively, a 40051V pulse applied as a local stiinulus can affect

an output ganglion cell approximately 15 cells away.
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Figure 5.17: Graph showing the time of detection of AP’s on electrodes with

varying distance from the stimulation electrode.
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Figure 5.18: Graph showing an increased time resolution of fig 5.15 indicating
o o ¢
more specifically the detection of AP’s on electrodes with varving distance

from the stimulation electrode.
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Chapter 6

Conclusions

A svstem has been described that combines the technalogies ol engineering,
physics and neurobiology to execellent offect and does so via the protoltyping
of a retinal prosthesis. Described in this thesis is the cuimination of research
pioneering the use of flexible substrate technologies as a platforn on which
Lo deliver Lhe capabiliby Lo record and stimulsie, in a non-invasive manner,
retinal neuronal tissue, The application ol our systems for monivoring and
inducing a voltage response from neurones of the visual system has been
presented and Lherein the possibility of rehabilitation of sensory perception

in the retina has realistically been developed.

We leok [orward, with anticipation, to the development of microclectrode
amay systems as an approach to address many of the limitations posed by
single unit respouse weagurements carrently available via neurophysiological

patch clamping or micro-pipette techniques. Through the work wndertaken
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in this thesis to record (rom large numbers ol neuronal cells and through the
studies by Humnaywn, Zrenuer, Litke, and Riszo [33, 84, 82, 13], an under-
standing of neural coding in the retina is being established. Tt is my beliel
that through the multiple simultaneons recordings of stimulated activity, by
the means developed and described in this thesis and more broadly in this
ficld, we can suceessfully ciaploy owr understanding of the neurval systoms to
interact and communicate information to and from retinal ganglion cells and

allow for vchahililation of visual sensation.

The fabrication of flexible substrate arrays posed wany difficulties espe-
cially as the ability to scale the dimensions of the arrays while maintaining
a standard process was paramount. What was achieved, was a scalable,
flexible, reliable and biocompatable fabrication process complimented with
electradeposited platimun electrodes providing a stable platform for electrical
coupling to retinal ganglion cells, Other than polyimide [173] based micro-
electrode arrays, the use of PDMS [114] is also hecoming established as a
uselul and attractive alternative material [or electrode [abricalion. PDMS
however, currently lacks the scalabilily and vield requirements 1o bc usc-
ful in high density array development [177; and lacks the ecase of control
aver flexibility the fabrication technicues for polytimide offers. My fahricatedd
polvimide arrays were typically no more than 18pm thick as this was the
ideal rigidity for testing purposes and upon electrical characterisation ex-
hibited more than 830G Ohin inter-channel resistance with the inter-channel
capacitance of the order 0.3pl". This allows for discrete, independent cellular

recording and stimulation.




For platinum electrodes of 50pm diameter an electrode-clectrolyte inter-
facial impedance of 20kOhus at kIz was typical. For electrodes of 5pan an
impedance of 80k was measured al TkHz. From hwnau siudies by Humayun
{35] and work undertaken by Rizzo, [57] the characteristics of my fabrvicated
Bum and 50pm clectrodes are similar to those used for their 400pm and 100
g1, 5K electrodes which were snecessful tor vetinal stidies [180]. What has
Leen achieved in this thesis is the realisation of electrode diamevers that per-
mit increased densities over previous studies. The use of my Span [abricated
eleetrodes has been estimated to allow for normal visual resolution or & reso-
lution of 20/20 [96] as opposed to 20/200 at a resolution 50 and a 20/400
resolution with electrodes of 100um, which are still significantly smaller than
those used by Hlwmavun for in-vivo studics. Of the current successful trials
only Greenberg and Strett [178, 130, 180] have reported fabricaling electrodes

ol 801 or less.

The development, of o hexagonal close packed array svslem on Gexible
substrates with 74d-electrodes is also in excess of what has heen realised as
functional arrays both within the research environment and commericially
[33, 104, 177, 126]. 'L'he scalability in the fabrication process alse ensures
that shiould the layout or size ol eleclrodes require to change then Lhis can

he accommodated 1o some extent. in any future triais.

A key henefit of our system wag the ability to record, at high densities,
independent responses from spatially discrete neurones. The combination of

owr low noisc (ol typically 8zan BMS in-vivo) recording eleclronics {compara-
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ble to what is currently commercially available [104, 126]) are complimented
by the technigues for preparing the retina and commounly achieved a signal 1o
noise ratio of 25:1. This allowed {or o high degree of confidence in determin.
ing actual retinal regponse upon stimulus and the determination of accnrate
measures for both optical and clectrical stimulation thresholds. For the Rana
Temporaria frog an electrical stimulation threshold for healthy retinal action
potential activation was 400mV (lor & typical 30mn electrode), this is siguif-
icant as the gize of the cell stinulated by this voltage is comparable Lo that

fonnd in the foveal region of the primate visual system.

The delection ol the visual scene was undertaken using a specifically
designed optical sensing aclive pixel sensor, the 1IPEX. The 10 x 10 CMOS
pixellated device was fahricated via a standard 0.35um process with total
ditmension 2mm x 2mn. Each pixel was seen to respond Lo inecident light
through the on-pixel photodiode. This is an advantage over other systess
in that there is no need for external optically sensing svsiems and thag thore
ave 100 independent sensing pixels [179, 35, 181]. As its outpul, the IPIX
chip responded wilth a series of frequencies similar 1o the action potential
response ol the retina and of a period dictated bv the intensity of the incident
Helit, The outpul frequency response of the [PIX was bi-phasic, and charge
halanced, with the peak voliage variable to a maximum of 3.3V, Importantly
to the ellcctiveness of the IPIX chip as a ~subsatituce” retina, the frequency,
amplitude and period of the response to light stimulus can be easily varied.
This, in conjunction with the neural networking capabilities of the chip allows

the possibilily to incorporate efficiently the nowal coding outcomes from
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retinal studies.

6.0.6 Future Work

This thesis has initiated rescarch nto flexible substrate polvimide based de-
vices Lhat can De seen to offer the possibility, in the longer term. to restore
vision. Clearly however there exists a substantial gap between the devices
that have been described in this thesis and devices which will ever be consid-
ered as potential implantable devices. 1t iy my belief that for the suceessiul
culmination of this research, o global collaborstion is required. There are
several arcas that wonld be of benefit to this project and are arcas I would
liked to have researched. They will remain as hurther work [or (his project

and will hopelidly one day be realised.

In order to gain the maximiim benefit frora the pixel sensor and deliver
this information to the retina. the neural network architecture of the retina
must. be understood. What is not known is the form of the network that
the architeelure should be based upon {106, The reasons for this are that
we are limited by our incompleie knowledge of the cellular vesponses of the
retina anc the aiversity of their functions. Without knowing how the retina
processes the visual seene we cannot conclude what is the hest architecture
for neural networks. Although there has heen a body of work undertaken to
achieve this, the results of in-vivo experimentalion are nol trivial to deler-
mine without divect feedback [vom the subject {29, 81, 102]. There exists the
possibility ol performing experiiments ou Lhe stoal which will give an indi-

cation of the feasibilily of computationally generated neural networks. The
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binoenlar vision of the stoat is represented as two independent bnages on
the visual cortex. Dy this means we can stimulate one retina with a Joown
image and record the response from the visual cortex. The other velina is
stimulated by the TPIX chip and recordings of activity in the visnal cortex
made (hopelully with reasonable spatial resolution). By correlation of the
optically vecorded image respouse, in relation to the respouse under electri-
cal stimulation conditions from the [IP1X, we can “tunce’ the neural network
1o optimise the evoked response. Under stimulation hoth optically and via
the [PIX, with the same image represcoted. a swnmation of response in e
visual cortex should be observed., This is an approach thal may well be

adopled in uture trials.

What is also nol undersiood is il the retina has become demaged through
degenerative diseases, now does this affect the processing in the remaining
tissue and is Lthe stimulation thresholds for activation of the tizsues affected.
We have shown wilh a high degree of success the ability to stinudate heallly
retinal tigsue. We have not evaluated, nor had any means to evaluate, Lhe
requiretnenlts (or stimulating tissne which has become degenerate. i is con-
ceivable thiat 1he stimulalion thresholds will be similar as the tissue nearest
the array electrodes, (he ganglion cells, have heen shown through physiolog-
ical studies to be affected last by AMD or RP [185, 186G, 187]. Future work
to identify this a3 a measured result from the electrode arvays would he of

significant Lenefit to the sciensific connnuily.

As with any [abrication process, several materials were utilised wich the
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devclopment of the polyimide based microelectrode arrays allowing lor the
best use of aur [abrication [acilities and forming the hasis of the arrvays pre-
sented in this Lhesis. As previously suggested, a material which showed
significant promiise and may well be a possible substitute for polyimide as
a platformn {or the development of flexible arravs is Polydimethylsiloxane
{(PDMS) [10]. The main fabrication chaienge for this material is its low sur-
[ace energy. This ig cvident through the poor adhesion of depogited metals
onlo ivs surface. Various approaches were mndertaken taroughout this thesis
in attempis to niilise PDMS, including oxygen plasma surface treatment. Al-
though it was possible to fabricate low electrode connt arrays on PDMS, the
possibility to establish a scalable process was never realised. This was further
limited by the expansion of PDMS while under vacuum. High purity, low
resistivity metal deposition reguires a high vacuum level and PDMS would
expand, even i under Leusile stress, to offer a0 “hervingbouce™ stimeture upon
relaxation [107]. For our high density fabrication tochniques we reguired a
linear swiace profile. Where this was not possible, electrical continnity across

the entire surlface layer was dilficult to achicve,

The project has offered a cxcellent platfonn on whick to build future
microelectrode arrays and | believe it can forim the basis on which to build
single cell stimulating devices. We have shown the ability to clectrically elicit.
a response from tissue tihough Lave not managed to confidently and reliably
place the device in-vivo to stitmdate and record [rom single cells. The anal-
ysig of the recovded wavelorins using principal component analysis or cross

correlational analysis [182, 183, 184, imay herald this spatial inlormation.
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With the development of higher density arrays, the dependency ou “oll-line”
technigues such as principal component analysis will decrease through the

physical realisation of single cell recording,.

As technology advances, and the confidence in engineered neuronat de-
vices hecames established, 1 belicve that the vetinal prosthesis described in
this work will e a viable approach to reconstruet vision. 1t is also possi-
ble that through our understanding of the retina, a direct outgrowtl of the
brain, we will begin to uncover the mechanisms behind many more neureonal
dystrophies. Through continual support of nearoscientists, engincers and
physicists [ beliove that what is deseribed in this thesis may one day become

a plaiform for the regeneration of highetr sensory, cortical functionality.
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Appendix A

appendixl

A signal initially undergoes a x2 gain from a bufier amplifier. A second ain-

plification stage AC couples the signal to remove any DO offset and provides
a %100 ampbification. This aanplified signal is then Gltered by a B0Hz notch
flter to romove any mains interfevence. A final stage provides a x5 ampli
fication factor providing a total gain of 1000 for the system. The bandpass
[or this cirenit is 7kilz to 8kHz (-3dB point}. The lavout for a single channel
ear be scen in fgare for appendix 1. This is replicated 16 times for the 16

channpel amplification module.
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