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Abstract: Polyimide has been widely applied to neural prdasthdevices, such as the
retinal implants, due to its well-known biocompdiip and ability to be micropatterned.
However, planar films of polyimide that are typlgaémployed show a limited ability in
reducing the distance between electrodes and iraggeell layers, which limits site
resolution for effective multi-channel stimulatidn.this paper, we report a newly designed
device with a pillar structure that more effectivéhterfaces with the target. Electrode
arrays were successfully fabricated and safely amjeld inside the rabbit eye in
suprachoroidal space. Optical Coherence TomogrépPByl) showed well-preserved pillar
structures of the electrode without damage. Bipsiianulation was applied through paired
sites (6:1) and the neural responses were sucligssftorded from several regions in the
visual cortex. Electrically evoked cortical potehtby the pillar electrode array stimulation
were compared to visual evoked potential underfield light stimulation.

Keywords. Polyimide; retinal implant; pillar; optical coheimn tomography; electrically
evoked cortical potential
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1 Introduction

Recently, efforts in neural engineering researchvision prosthesis such as retinal implants, optic
nerve implants and cortical implants, have incrdasdath several groups performing clinical trials
with the goal of achieving recognition of variougexts [17].

Visual perception is closely related to the qugntif information, and especially to the spatial
resolution. A 0.5 degree of visual angle which esponds to a visual acuity of 20/700 is considesed
the beginning point of the clinically useful viswaduity, thus the primary goal of the retinal phestis
is targeted to the 0.5 degree of visual angle A8ording to the minimal requirements for artificia
vision in psychophysical studies [9-12], at lea@D pixels should be integrated within about 5 degre
eccentricity. Moreover, for the safe movement & patient in a dynamic environment, 10-15 degrees
eccentricity [9, 10] should be recruited by an &ddal 200 pixels or so. Therefore, useful visioigint
be feasible for prosthesis containing more than&@g6ls in 10-15 degrees eccentricity. In the human
eye, 3.4 degrees eccentricity is equivalent to limdiameter on the retina, and as a result, 586Ipi
should be integrated into roughly in a 4 mm diamete

In clinical trials performed to date by severale@sh groups, only low density and comparatively
large size of electrode arrays have been appligih as a 16-channel electrode array in the eyar{@]

a 4 to 8 channel cuff-shaped electrode on the opiwe [1], and several prospective results were
reported. Although the resolution of the devicaas high, most of patients saw phosphenes and some
patients roughly described the position and shapbjects in front of them. Moreover, the recogiti
time of objects was relatively decreased and cgeceras the stimulation train continued. Because
recognition was performed only at extreme contnakite and black, and with not enough resolution,
these studies do not approximate clinically useiibn.

For more enhanced vision, high resolution systerite well-localized focal point stimulation
should be considered. There have been severakstiormake columnar type electrode arrays for
retinal prosthesis, including a gold-sited eleotradray connected to rigid multiplexer chip [13], a
flexible polyimide-based simple post structure [14]3D iridium oxide electrode on a polyimide
substrate with post and stacked hat structure fLBfnvoluted shaped electrode array [16] andlar pil
design for optoelectrical stimulation [17]. In thpaper, we present a pillar-shaped electrode &oray
local stimulation to lower the threshold by dechegshe geometrical distance between stimulating
sites and target areas.

2. Methods
2.1. Fabrication of the microelectrode array

The fabrication method was similar to establishext@dures for the preparation of polyimide-based
electrode arrays [18], briefly described in FigdreThe silicon wafer was pre-deposited withurh
silicon oxide by plasma-enhanced chemical vapoositipn (PECVD) as a sacrificial layer, and the
polyimide (P12525, Hitachi DuPont MicroSystem, USWas spin-coated up to 10m in thickness
onto the sacrificial layer. Triple layers of titam (500 A) - gold (3000 A) - titanium (1000 A) were
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sputtered in order and patterned for metal condandines. The lower titanium layer enhanced the
adhesion between the polyimide and the gold laymd, the thicker, upper titanium layer protected the
gold layer from oxygen plasma attack during sitd/ppening.

Figure 1. Schematic illustration of the electrode fabricati¢a) Sacrificial oxide layering

(1 um) by PECVD, lower polyimide (1Qum) by spin coating and Ti/Au/Ti (500 A/3000 A
/1000 A) by sputtering; (b) Upper polyimide coati@ um); (c) Reactive ion etching (30

um) for pillar definition; (d) Reactive ion etchifd@0 um) for site and pad opening; (e)
Ti/Au (300 A/3000 A) sputtering as seed layer ammbtpresist masking to localize the
electroplating. (f) electroplating (40m); (g) buffered HF etching for final release.

JL (]

(a) Sacrificial oxide layering (1um) (e) Ti/Au (300A/3000A) sputtering as
by PECVD lower polyimide (10um) seed layer and photoresist masking
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[
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In order to avoid trapping unwanted air, the uppelyimide layer was coated up to 4fn in
thickness by four repetitive spin-coating and ogifimocedures. In each repetitive procedureyrbOof
polyimide was spin-coated and cured on a hotplptéoul50 °C for 20 minutes, except that the final
curing was done up to 300 °C for 40 minutes antbsusd for 30 minutes. Donut-shape mask patterns
were introduced and the two-step reactive ion atgHRIE) was applied for pillar definition and
opening the electrode site in the pillar. Anothexrsking and the ©plasma reactive ion etching were
done to define the whole electrode shape. ToHdlpreviously defined excavation with gold in denut
shaped polyimide columns, titanium (300 A) and g@@00 A) were sputtered as the seed layer, and
the photoresist (AZ P4620, AZ electronic materidlesxembourg) was patterned to localize the
electroplating inside the excavation. The gold tetgtating was done and the final structure was
released by buffered HF etching.

2.2. Evaluation of the microelectrode array

The fabricated microelectrode arrays were examinetight and field emission scanning electron
microscopy. The impedance and the cyclic voltamyn@) of the microelectrode array were tested
in phosphate-buffered solution (pH 7.4) and theghatorage was calculated from the CV curve.

New Zealand White Rabbits were usediforivo evaluation of the pillar type polyimide electrode
array. All procedures conformed to the Associatfon Research in Vision and Ophthalmology
(ARVO) Statement on Use of Animals in Ophthalmicd aviision Research. The electrode was
implanted into a rabbit eye by transscleral supremidal approach. A 4 mm-length scleral incision
parallel to the limbus was made with a blade, 4 pasterior to the limbus at the 1 o’clock site. A 20
um-thick polyimide guide was used to enhance thertm of the electrode in the suprachoroidal
space and was removed after identifying the propplantation of the electrode near the visual gtrea
of the rabbit retinaln vivo stability of the implanted electrode array was oiieel by the fundus
examination and by the optical coherent tomogrggigrus OCT, Carl Zeiss, Dublin, CA, USA) [19]
for 4 weeks postoperative.

2.3. Electrophysiological tests

In vivo electrical stimulation was performed to evaludie functioning of the electrode array in the
real situation. Microelectrode arrays were impldnie the right eyes of eight New Zealand white
rabbits. Biphasic current pulse with variable pwdseplitude, duration, rate and phase was determined
by programmed switches in the custom-made curtenukator. Bipolar electrical stimuli were used to
stimulate the rabbit retina with the electrodesqahby surrounding six sites as stimulating eletds
to central one site as a reference [20]. With threwdation rate of 1 Hz and the duration of 1 mdée,
pulse amplitude was gradually increased fromAbup to 1 mA by several discrete steps, and the
electrically evoked cortical potential (EECP) ahé tlectroretinogram (ERG) were recorded on each
amount of amplitude. All the electrophysiologicasponses were recorded with a multi-channel
neurophysiological workstation (Tucker-David Teclugies, Alachua, FL, U.S.A.). To analyze the
regional responses in the visual cortex accordin@ye electrical stimulation of the retina, EECRsav
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recorded in twelve spots of the visual cortex. thlk spots were located around the area 6 mm to the
vertex from the lambdoid suture and 6 mm perpenaicio the right or left [21], and had a 2 mm
interval between each other as shown in Figure. Eagh recording point was explored with fine
dental drill without craniotomy. A disposable sieglubdermal needle (Rochester Electro-Medical Inc.,
Tampa, FL, U.S.A.) was inserted about fuf deep into the hole and the EECP was recorded. The
reference electrode was located 20 from the lambda to forehead. As a control, theuai evoked
potential (VEP) was measured under the full-figgtht stimulation (EW-202/LS-C, Mayo Corporation,
Kyoto, Japan)

3. Results and Discussion
3.1 Fabrication result

A pillar-shaped polyimide electrode array was sasfidly manufactured by the proposed method
(Figure 2). Thirty-micrometer-height pillars protled above the polyimide electrode surface and their
tops were covered with mushroom-shaped gold sitbgsh were unexpected results which added an
additional 15-2Qum of pillar height.

Figure 2. Result of the proposed fabrication process. (@}tEbdes in the stimulation site
(top view) and (b) the whole electrode array (sudew). (c) Oblique view of pillar
electrodes observed with the field emission scaneiectron microscope. (d) Diagram of
the manufactured pillar electrode.

AccV 'Magn WD ——— 50 pm
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3.2 Evaluation of the microelectrode array

The impedance of each electrode site was betwe&f 1o 30 K2 at 1 kHz. The CV was measured
as shown in Figure 3. The positive and the negateak were found at -0.5 V and 1.1 V respectively
on the first path of the CV, and the peak amplitu@es gradually increased and converged to -0.8 V
and 1.2 V respectively in their direction as theleyf the CV was repeated. The capacity of thegeha
storage was calculated from the CV curve by the timtegral of the cathodic current during the full
potential cycle between the sweep ranges, and 1288 @ C/cr.

Figure 3. The result of the cyclic voltammetry of the elede array. The slew rate was
25mV/s and the voltage sweep was from -0.8V to JirPMe first 5 cycles.

2.0e-6

1.5e-6 -

1.0e-6 -

ol

o

¢

~
|

current (A)

o
o
]

-5.0e-7 -

-1.0e-6 -

-1.5e-6 T
-1.0 -0.5 0.0 0.5 1.0 1.8

voltage (V)

Fabricated microelectrode arrays were successiulbfanted in the rabbit eye (Figure 4). Fundus
examination showed that choroidal vessels run twerelectrode array and the stimulation site was
located near the visual streak. Optical coheremotgraphy (OCT) revealed that overlying retina and
choroids were intact without inflammation or swedliand the microelectrode array was located in the
suprachoroidal space in the cross-sectional viswface view of the retinal surface determinedhsy

inner limiting membrane showed the elevated reéitng the suprachoroidally-implanted electrode
array.



Sensors008, 8 5851

Figure 4. Suprachoroidally implanted microelectrode arrayhi@ rabbit eye observed four
weeks after implantation. (a) Fundus examinatioows&d that choroidal vessels run over
the electrode array and the stimulation site wastkx near the visual streak. (b) The
cross-sectional view (lower half) of the opticalhecent tomography revealed that
overlying retina and choroids were intact withonflammation or swelling. Indented

choroidal surface in the en face view (upper hedfjected the pillar structure of the

electrodes.
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3.3 Electrophysiological test

In vivo electrical stimulation showed the feasibiliy the fabricated microelectrode array in real
applications. The EECP was similar to VEP in thapghof waveform, although the electrical retinal
stimulation was localized in the posterior polee ®mplitude of EECP was increased according to the
increment of the stimulation amplitude. The thrdédhof the cortical responses to the electrical
stimulation of the retina was determined by theelisable N1 and P1 peak on the waveform, and this
was turned out to be about 100uA. The multi-redievaked potential recording in twelve spots of the
visual cortex showed good topographical correlabetween the EECP and the VEP in terms of N1
and P1 amplitude (Figure 5), although the amplitudgp of the VEP showed medially shifted
isoelectric contour compared to that of the EECP.
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Figure 5. (a) Location of the recording and reference etetgs for the EECP and the VEP
measurement in the rabbit. (b) Waveforms of the EE@d the VEP measured by the
multi-regional evoked potential recording in twelspots of the visual cortex, and the
isoelectric contour maps of the waveform amplitudese EECP and the VEP showed
good topographical correlation.
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The system proposed in this paper has the advantd#gamplicity of the fabrication process and
pillar shape plasticity. Intuitively, pillar height determined by coating thickness and the only
consideration is that the pillar electrode sitesusth be filled with gold or another kind of novel
material available by electroplating. During theogess, electroplating is restricted by aspect ratio
between bottom and sidewall height. Because plataogirs both on bottom side of the metal site and
the sidewall, an unwanted hollow can be createthduhe process by closure of the upper part before
filling up of the lower part. Though it's not knowyet whether this hollow area affects electrical
characteristics during electrical stimulatiorvivo, more sophisticated electroplating conditions $thou

be used in the future to avoid generating hollows.

In this paper, we fabricated a gold electrode abaglectroplating. This was done with a typical
setup and charge storage capacity was measuredabndated with a potentiostat (IM6e Impedance
Analyzer, Zahner, Germany). Cathodic charge stocageacity (CS was shown to be 0.223mC/&m
For sputtered gold in a general setup, it was shimare 0.239 mC/cfmwhich is almost similar to the
value for electroplated gold. Compared to populecteode site materials, this is 13 times lowemntha
sputtered iridium oxide (2.8 mC/é&nand similar to titanium nitride (0.25 mC/énj22]. Though we
have suggested a pillar fabrication process at time with gold only, our process can be easily
extended to other biocompatible metals by additiehectroplating with novel materials, such as Pt,
and sputtering of iridium oxide, TiN during the pealure.
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Electroplating also affects the shape of pillartHis paper, a mushroom shaped electrode site for
retinal prosthesis is reported. It is generatediyedge effect during electroplating. In our stutg,
mushroom shape was modeled to three half circleh@mooftop of the pillars. A careful field study
was not yet done, but the mushroom may contritufgetformance in two aspects. One is the shape of
surface. For mushroom type arrays, the site hasdge. This means that charges are not driven to
spatial regions, site edges, during electrical @@tion. Though the charge storage capacity is the
same, spatial dense charges may induce acceledtisite corrosion, so the absence of edges can
contribute to the safety of electrode sites of slaene type compared to the general edge shaped
electrode array. The other is the field overlapmAshroom shaped sample has a field overlap in the
range of each site. Under the same condition, feldrlap is more advantageous for enhancing
stimulus ability.

For above reasons, we are now studying the fidgtedf mushrooms according to the reproducible
process of mushroom-shaped electrode array falmmcathough mushroom shapes can be a good
solution to reduce an impedance of electrode sitdéirhited surface area, all of sites cannot bethr
controlled due to uncertain factors during theiptasequence. In future work, the relation betwidsen
mushroom volume and plating time, including othargmeter variations, should be verified for further
applications.

The feasibility of the embossed pillar array insttle rabbit eyeball was shown byvivo OCT.
During insertion, the pillar electrode array dide&em to induce scratches or tissue damage iraretin
Wrinkles, which are presumed by slight retinal tagetachment during retinal surgery, were detected
in an immediate post-op OCT image. However, tidayers on the implanted electrode array gradually
smoothen after 4 weeks of implantation.

Choroidal vessels run over the electrode arraytb@dact that the stimulation site was located near
the visual streak in the fundus image support gasibility of the safe implantation of the fabreht
electrode array with the proposed surgical techmidine view of the choroidal surface determined by
the retinal pigment epithelial layer reflected thkar structure of the electrodes. This means that
proposed pillar electrode array may deliver theteleal stimuli to the retina more effectively than
planar electrode array does.

For the reconstruction of the cross-sectional vaéwthe OCT, acquired data are calculated under the
assumption that reflexes from the inner limitingmieane will form a linear or convex line. As a
result, a cross-sectional view cannot visualize itdentations along the choroid by the pillar
electrodes in this study. For the same reasorhdarhbrizontal cross-sectional view, a relativeyidi
sclera was shown to be reflected backward alongdige of the electrode array even thought theaetin
and the choroid overlying the edge were visualaedtraight lines.

In-vivo electrical stimulation and recording was done aochpared to a flash LED response. We
could not measure repeatability because acuterielcstimulation requires electrode insertion each
time before recording procedure, and the electsitdedestination was seemed to move slightly. i th
paper, one of the recording results was describesever, for whole area light stimulation, it was
shown to be repetitive.

In the result, peak response location of pill@ctbde array was similar to that of VEP peak. EEP
response area was smaller than VEP response aespeded. While, in multi regional EEP response,
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area broadness of pillar to whole area stimulabigrilash LED was not significantly different, peak
response amplitude between them had remarkableigadp 3-5 fold for both the N1 and P1 peaks.
Though stimulation threshold can be defined throtiglh EEP response in this setup, EEP peak
response discrimination according to locations ketwchannels needs to be more sophisticated in
future setup, for example, more dense recordingsspalditionally, the recording electrode insertion
setup also needs to be standardized. Recording degetermined based on the surface of skull to be
drilled. However, thickness of skull does not unifioin the whole area; it gets thicker in the dil@ct

of the vertex. Angle of insertion is also to be sidered. According to the delicate change of dglli
direction or electrode insertion direction, targee€a which is 1..um below to the surface can be
significantly changed up to several millimetersc&8ase skull surface is not flat in ordinary animals
including rabbits, a perpendicular insertion metsbduld be used for more reliable results, esdgcial
for multi-channel recording.

4. Conclusions

A pillar type polyimide microelectrode array and fabrication process are proposed to make an
effective stimulation for the artificial retin@asically, suprachoroidal implant is similar to seinal
implant. So our target is to stimulate bipolar/kontal cells theoretically. However, cell layersh®
stimulated are separated from implanting area lgy dbgenerated sparse photoreceptor layer and
choroid. We suggest the fabrication process ofwgdleinsulated pillar to reduce the target distance
and enhance the stimulation efficiency. Though e@ort preliminary result in this time, we expect
pillar shape can be an effective solution to resalie further enhanced studies, useful vision.

The suggested procedure is highly flexible for #pplication of effective stimulation study;
controllable height of pillar and variable choicé site material. Because the pillar is made of
polyimide with a metal core inside, the metal dimue and interfacing tissue can be protected during
insertion. Compared to the similar state-of-thestridies of pillar structures [14, 15], it has an
advantage of making a sidewall insulated pillanctire with same kind of insulator, polyimide.

In-vivo implantation was successfully performed in ralelygs without any damage to the adjacent
tissue and showed satisfactory stability for upgfdor weeks. However, histological study methods
should be improved by precision cutting of the skmpcluding sections of pillars in retinal tissue
without damage. Bipolar electrical stimulation wame and multiregional recording was established
to overcome regional response of the evoked palentiich is caused by electrical stimulation ohtig
stimulation.
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