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Photovoltaic retinal prosthesis with high

pixel density

Keith Mathieson'#, James Loudin"?*, Georges Goetz'3, Philip Huie'?, Lele Wang?,
Theodore |. Kamins3, Ludwig Galambos?, Richard Smith?%, James S. Harris3, Alexander Sher*

and Daniel Palanker'?

Retinal degenerative diseases lead to blindness due to loss of the ‘image capturing’ photoreceptors, while neurons in the
‘image-processing’ inner retinal layers are relatively well preserved. Electronic retinal prostheses seek to restore sight by
electrically stimulating the surviving neurons. Most implants are powered through inductive coils, requiring complex
surgical methods to implant the coil-decoder-cable-array systems that deliver energy to stimulating electrodes via
intraocular cables. We present a photovoltaic subretinal prosthesis, in which silicon photodiodes in each pixel receive
power and data directly through pulsed near-infrared illumination and electrically stimulate neurons. Stimulation is
produced in normal and degenerate rat retinas, with pulse durations of 0.5-4 ms, and threshold peak irradiances of
0.2-10 mW mm™?, two orders of magnitude below the ocular safety limit. Neural responses were elicited by illuminating a
single 70 um bipolar pixel, demonstrating the possibility of a fully integrated photovoltaic retinal prosthesis with high

pixel density.

degeneration (one of the leading causes of blindness in the
developed world!) and retinitis pigmentosa (the leading
cause of inherited blindness?) lead to the loss of photoreceptors,
but the inner retinal neurons, to a large extent, survive’™.
Electrical activation of these neurons can produce visual percepts
(phosphenes), thereby providing an alternative route to visual infor-
mation, raising hope for the restoration of sight to the blind.
Recent clinical trials with electrode arrays implanted either epi-
retinally (facing the ganglion cell side) or subretinally (facing the
photoreceptor side) have restored visual acuity on the order of
20/1,200 to subjects blinded by retinal degeneration®’. Although
this serves as an important proof of concept with clinically useful
implications, existing retinal prosthesis designs suffer from a
number of shortcomings. Many implants deliver stimulation
signals using serial telemetry and distribute them over the electrode
array via an intraocular cable®, a design that is difficult to scale to the
large numbers of densely packed microelectrodes required for
higher visual acuity. Additionally, the bulky intraocular receiving
and processing electronics makes surgery more complex and
increases the probability of undesirable side effects®. Finally,
retinal stimulation patterns in such systems are fully determined
by images captured by the external camera, regardless of eye orien-
tation. Thus, patients cannot use natural eye movements to scan the
visual scene, which is a very important feature of normal visual per-
ception. Devices with photosensitive pixels (such as that from
Retina Implant AG’) largely overcome the scalability limitation
and make use of natural eye movements, but still depend on external
power delivered via radiofrequency coils and a trans-scleral cable.
Our design overcomes these problems by using microfabricated
arrays of photodiodes driven photovoltaically. It has been shown
that subretinal photovoltaic arrays can stimulate the retina in vivo

Retinal degenerative diseases such as age-related macular

and provide signals to the central visual system when illuminated
by an intense full-field near-infrared (NIR) flash®. However, to
date, all photosensitive electronic systems have been either too
weak to produce patterned retinal stimulation!® or have required a
separate power source to amplify the ambient optical signals’.
Here, we describe a photovoltaic retinal prosthesis system design
in which video goggles deliver both power and visual information
directly to each pixel through pulsed NIR illumination, eliminating
the need for complex electronics and wiring schemes, and preser-
ving the natural link between image perception and eye movement.
We demonstrate the plausibility of this design through successful in
vitro stimulation of healthy and degenerate!! rat retina with NIR
light intensities at least two orders of magnitude below the ocular
safety limit. We also demonstrate the possibility of high-resolution
stimulation with retinal responses elicited by a single 70 wm bipolar
pixel containing a 20 pm active electrode and a local concentric
return electrode for improved isolation from neighbouring pixels.

System design

The photovoltaic retinal prosthetic system is shown in Fig. 1. A
pocket computer processes images captured by a miniature video
camera. A near-to-eye projection system (similar to conventional
video goggles) projects these images into the eye and onto a photo-
diode array using pulsed NIR (880-915 nm) light'>!3. Photodiodes
in each pixel of the subretinal array convert this light into pulsed
photocurrent. Iridium oxide electrodes deliver these stimulating
pulses to the retina, targeting primarily the surviving cells in the
inner nuclear layer (INL). Although an epiretinal photovoltaic
stimulation design is also feasible, subretinal stimulation of the
graded-response inner retinal neurons may provide some advan-
tages. For example, mediation by non-spiking neurons may result
in a more natural conversion of the pulsed spatiotemporal
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Figure 1| Simplified system diagram. A portable computer processes video images captured by a head-mounted camera. Video goggles then project these
images onto the retina using pulsed infrared (880-915 nm) illumination. Finally, pixels in the subretinal photodiode array convert this light into local

stimulation currents.
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Figure 2 | Subretinal photodiode arrays. a, Photodiode array consisting of 25 um pixels, each containing a ~10 um stimulating electrode (‘" in inset)
surrounded by the photosensitive area of a single photodiode. The return electrode common to all pixels is situated on the back of the array. b, Array with
three-diode pixels arranged in a hexagonal pattern. Pixels of 70 and 140 um in size were made. Central electrodes (‘2" in inset) with diameters of 20 and
40 pm, respectively, are surrounded by three diodes connected in series, and by the common return electrode (‘3" in inset). Pixels are separated by 5 pm
trenches to improve perfusion and for better isolation (140 pum pixel is shown in the inset).

stimulation pattern into bursts of spikes from the retinal ganglion
cells (RGCs). This is in contrast to the exact pulse timing required
for the direct activation of RGCs in the epiretinal approach.
Ambient light is too dim to produce sufficient photocurrent to
directly stimulate neurons, by a factor of at least 1,000 (refs 13,14).
We therefore use a NIR laser image projection system that produces
pulsed illumination of sufficient intensity to drive the photodiode
array, while remaining invisible to any remaining photoreceptors.
The pulsed light induces charge-balanced biphasic pulses in the
silicon photodiode array, thereby avoiding electrode erosion and
hydrolysis'>!. However, care must be taken to avoid excessive

retinal heating. The light-induced temperature rise must be kept
within the physiological range (below 1 °C) as codified in ocular
safety regulations!’. Such thermal considerations limit average retinal
irradiances to ~5.2 mW mm ™~ at the 905 nm wavelength used in
this study® (for derivation see Methods). In addition to the cumulative
effect of chronic exposure, the retina must not overheat during a single
pulse. For pulse durations in the range 0.05-70 ms, the limit for peak
irradiance is given by the equation 285t ~2°, where t is the pulse dur-
ation in milliseconds and the result is in mW mm 2 (see Methods).
For example, peak irradiance is limited to 285 mW mm * for a
1 ms pulse at a wavelength of 905 nm.
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Figure 3 | In vitro electrophysiology. a, Schematic of photovoltaic
stimulation characterization system. Both healthy and degenerate rat retinas
were placed between the stimulating and recording arrays, with the ganglion
cell layer facing the recording electrodes. The photodiode array converts
patterned 880-905 nm illumination into stimulation currents. b, An infrared
pulse, with variable pulse width and intensity, creates a charge-balanced
current waveform in each pixel of the photodiode array. The microelectrode
array records the resultant stimulus artefact and retinal responses from each
of the 512 electrodes. Stimulation is repeated at least 400 times for each
setting. The artefact is then subtracted and the recorded action potentials
undergo principal component analysis and automated clustering to attribute
spiking waveforms to over 100 RGCs per experiment.

Initial evaluation of our approach was performed using a photo-
diode array (ASR, Optobionics'?) in which each 25 pum pixel con-
tains a photodiode connected to a ~10 wm activated iridium
oxide film electrode. Although all pixels share a single large-return
electrode located on the back of the ASR, each pixel independently
converts locally received light into cathodal-first, charge-balanced
pulses (Fig. 2a).

Achieving high spatial resolution may be complicated by the
interference of currents from nearby pixels as they travel to the
distant return electrode common to all pixels in this array
design'. One way of reducing such crosstalk is to provide individual
local return electrodes for each pixel. Although this solves the

problem of crosstalk, it also decreases the penetration depth of elec-
tric current into tissue'2. For this reason and to increase the dynamic
range of stimulation, our next-generation devices have local return
electrodes and three diodes per pixel, providing a substantially
higher current density.

Triple-diode pixels
Single photodiode pixels produce up to 0.5 V at physiologically safe
light intensities'>!8. Both in vitro'® and in vivo® data indicate that
this voltage can successfully stimulate the retina. However, larger
voltages can be safely applied in a physiological environment?°-22,
Pixels with three diodes in series can produce 1.5 V, which triples
charge injection on the sputtered iridium oxide film electrodes,
from 0.5mCcm * for a single diode to 1.5 mC cm 2 (ref. 18).
This increase requires three times higher light intensities, because
the photosensitive pixel area is now divided into three subunits.
We fabricated implants with 70 and 140 pm pixels containing
20- and 40-pm-diameter stimulation electrodes; the corresponding
pixel densities were 178 and 55 pixels/mm? (Fig. 2b). All implants
were 30 wm thick, to provide sufficient depth for absorption of the
NIR light in silicon (penetration depth of 905 nm light in silicon is
35 wm; ref. 23), but thin enough to be implanted subretinally.
Two sizes of arrays were constructed: 0.8 x 1.2 mm for implan-
tation into rats, and 2 x 2 mm for implantation into larger animals.
Trenches etched between neighbouring pixels provided electrical
isolation, eliminating pixel crosstalk within the silicon device.
Each pixel was provided with a local return electrode to constrain
stimulation currents to nearby neurons, improving the achievable
resolution of the prosthetic device.

Electrophysiological testing

The responses of six healthy and five degenerate'! (RCS, Royal
College of Surgeons) rat retinas were tested under subretinal photo-
voltaic stimulation by recording RGC spikes induced by NIR
stimuli. A schematic of the experimental set-up is shown in
Fig. 3a. Briefly, we placed an isolated retina between the photodiode
array and a multielectrode array (MEA) consisting of 512 electrodes
spaced by 60 wm (ref. 24), with the RGCs facing the recording elec-
trodes. The photodiode array receives pulses of patterned NIR
light projected through the transparent MEA and retina, and con-
verts it to electrical currents. Spontaneous RGC spiking was
recorded by the MEA and compared with RGC activity during
the application of infrared and visible light (spatiotemporal white
noise) stimulation, in the same preparation. The data were subject
to subtraction of the stimulation artefact and a neuron identification
procedure?*?’, resulting in the detection of spike trains from indi-
vidual RGCs. The data analysis is outlined in more detail in
Supplementary Fig. SI.

The area of the MEA was 1.7 mm®, over which 100 individual
neurons were typically detected. In the healthy wild-type rat
retina, we observed reliable responses to NIR flashes with a pulse
width of 0.5-4 ms. Without the photodiode arrays, the retinal
neurons did not respond to NIR light. The majority of neurons
responded with latencies of 10-70 ms, although some neurons
also exhibited responses with latencies in the 2-5ms range.
Following application of neurotransmitter blockers DNQX
(70 uM) and L-AP7 (200 wM), both groups of spikes disappeared,
indicating that these responses were elicited by stimulation of the
inner retina. Reliable identification of the sub-5ms spiking was
challenging because of the strong stimulus artefact, so we excluded
the sub-5ms latency responses from the subsequent
quantitative analysis.

The single- and triple-diode devices elicited very similar
responses. Figure 4a,b describes a representative peristimulus time
histogram of the RGC response of a healthy retina to NIR
flashes of different peak irradiances and durations for the 140 pm

NATURE PHOTONICS | ADVANCE ONLINE PUBLICATION | www.nature.com/naturephotonics 3

© 2012 Macmillan Publishers Limited. All rights reserved.


http://www.nature.com/doifinder/10.1038/nphoton.2012.104
www.nature.com/naturephotonics

ARTICLES

NATURE PHOTONICS poi: 10.1038/NPHOTON.2012.104

Peak irradiance (mW mm~2)
6.9
35
1.8
0.7
0.4

Pulse width = 4 ms

Average no. of spikes/trial/5ms bin

Pulse width (ms)
—
-2
-
——05

Peak irradiance = 6.9 mW mm~™2

Average no. of spikes/trial/5ms bin &

o Moo oo om o) e 0 ‘ ‘ e o o ey
0 100 200 300 0 100 200 300
Time after stimulation pulse (ms) Time after stimulation pulse (ms)
c d
®
%) %) 3 7
€ €
o o
L L
o o =
£ £
5 A s 2
3 3
£ =
& Pulse width (ms) Iy = Peak irradiance
s 5 17 (MW mm~2)
2 o 2 @ ©°
VAN L JANRE:
O T T T T T T T T T T T T T T T T T T T T T T
0 1 2 3 4 5 6 7 0 1 2 3 4

Peak irradiance (mW mm~2)

Pulse width (ms)

Figure 4 | Stimulation of healthy retina. ab, Peristimulus time histograms showing the stimulated response of a wild-type rat retina, using triple-diode
devices, to different peak irradiances at a fixed pulse width of 4 ms (a) and for various pulse widths at a fixed irradiance of 6.9 MW mm™2 (b). ¢, Increase of
retinal response with peak irradiance for two pulse widths. d, Increase of retinal response with pulse width for two peak irradiances. Error bars denote

standard error of the mean.

triple-diode pixels. The change in the average number of elicited
spikes with the duration and peak intensity of the NIR flashes
(Fig. 4c,d) shows that varying either parameter can modulate the
retinal response. The strength—duration dependence of the stimu-
lation threshold (defined as a 50% probability of eliciting a spike)
is shown in Fig. 5ef, with the standard deviation shown as a
shaded area. With the 140 pum three-diode devices, the
threshold for 1 ms pulses was 0.9+0.2 mW mm 2, decreasing to
03401 mWmm > for 4ms pulses. For the single-diode
devices, the stimulation threshold for wild-type retina was
0.8404mW mm > with 1ms pulses, decreasing to
0.2+0.1 mW mm > with 4 ms pulses (Supplementary Fig. S2).
These results were obtained using full-field illumination of the
implants. All error bars in Figs4 and 5a-d denote the standard
error of the mean.

To check whether the observed RGC responses resulted from
photoreceptor activation by the electric currents, we selectively
blocked synaptic transmission from photoreceptors to ON bipolar
cells with L-AP4 (an mGIuR6 receptor agonist, 100 uM). As
expected, application of L-AP4 led to the disappearance of visible
light responses in ON-centre but not OFF-centre RGCs, as assessed
from the spike-triggered average of the RGC responses to the visible
spatiotemporal white noise stimulus?*-?’. In contrast, the responses
of the ON-centre RGCs to electrical stimulation were unchanged,
indicating that the stimulation is most probably not due to
the photoreceptors themselves, but rather due to activation of
the subsequent neuronal layers (see Supplementary Fig. S3 for
more details).

Degenerating retina is known to undergo significant anatomical
restructuring®®?’. We tested the effect of this degeneration on

photovoltaic subretinal stimulation by performing similar exper-
iments on RCS rat retinas 60 to 90 days postnatal, when the vast
majority of photoreceptors have degenerated. Again, we were able
to record from ~100 neurons in each preparation, with all five
data sets showing clear stimulation with a similar spatial distri-
bution to that observed in wild-type RGCs. Figure 5a-d shows a
typical response of one of the RGCs to NIR flashes of various dur-
ations and intensities (data for a triple-diode device).
Supplementary Fig. S2 shows the corresponding data for single-
diode devices. Figure 5e,f shows the strength—-duration dependen-
cies of the mean RGC stimulation thresholds for wild-type
(N=15) and RCS (N=24) retinas activated by single-diode
(Fig. 5e) and triple-diode (Fig. 5f) devices. The RCS retinal stimu-
lation thresholds with triple-diode devices were approximately two
to three times higher than in the wild-type; with single-diode
devices this ratio increased to up to six. For example, the 1 ms
RCS stimulation threshold was 2 mW mm ™ ? with triple-diode
devices, but 5 mW mm > with single-diode devices. At 4 ms the
thresholds decreased to 0.8 mW mm > for both the triple- and
single-diode devices. The observed thresholds are about two
orders of magnitude below ocular safety limits for both peak and
average power (Fig. 5e,f).

In all data sets, the retinal responses contained spike bursts where
the number of spikes increased with both irradiance and pulse
width, with a mean latency of ~25 ms in wild-type retinas and
~35ms in RCS retinas. Bursts of spikes lasted ~40 ms after the
stimulus in wild-type retinas and 60 ms in RCS retinas. For the
single-diode monopolar devices, the maximum number of spikes
in the burst saturated at approximately four in wild-type retina
and three in RCS. The triple-diode devices were able to elicit
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Figure 5 | Stimulation of degenerate retina and strength-duration data. ab, Peristimulus time histograms showing the elicited response of RCS rat retina,
using triple-diode devices, at a fixed NIR pulse width (a) and at a fixed light intensity (b). ¢,d, The number of elicited spikes increases with irradiance (¢) and
with pulse width (d). e, Strength-duration plot for both wild-type and RCS rat retinas, showing the average stimulation thresholds for 10 neurons in both
healthy and degenerate retinas with single-diode devices. f, Average threshold values for triple-diode devices are plotted for six neurons in two preparations
(wild-type) and 14 neurons in a single preparation (RCS). In e and f, shaded and hashed areas represent the range of standard deviation, and bars indicate
the minimum and maximum for each data point. The optical safety limits for a single-pulse and continuous retinal illumination (15 Hz repetition rate) with
905 nm light are also plotted. Error bars in a-d denote standard error of the mean.

bursts of up to three spikes in wild-type and RCS retinas for the irra-
diance values shown. However, bursts of up to seven spikes could be
elicited in both wild-type and RCS retinas with longer pulse dur-
ations and higher irradiance, illustrating the extended dynamic
range of the triple-diode devices.

In wild-type retinas the firing rate increased from a spontaneous
background of ~3 Hz to over 100 Hz for a brief period (10-50 ms)
after the pulse. In the degenerate retina the spontaneous rate of
RGC activity is known to be higher’® and it increased from
~15Hz to 85Hz within a time window of 10-65ms after
photovoltaic stimulation.

RGC activity was elicited from an RCS retina with a NIR light
spot size as small as 60 x 60 pm with a threshold of

2.7mW mm > using 4 ms pulses on the single-diode device.
IMuminating a single 140 wm triple-diode pixel elicited RCS
retinal activity with a threshold of 4.1 mW mm™? for a pulse dur-
ation of 4 ms. Similarly, illuminating a single 70 um triple-diode
pixel for 4ms at 49mWmm > elicited a threshold
retinal response.

Discussion

Figures 3 and 4 demonstrate that elicited RGC responses can be
modulated by both light intensity and pulse width. The described
optical system uses a liquid crystal display (LCD) illuminated by a
laser beam to form patterns of NIR light (see description in the
Methods), enabling only intensity modulation within each video
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Figure 6 | Pillar arrays for improved proximity. a, Retinal histology of a flat
polymer implant in the subretinal space of an RCS rat, with the numerically
calculated current distribution from a 115 wm pixel (pixel schematics
overlaid). b, Retinal histology of a pillar array implant, overlaid with the
numerically calculated current distribution from electrodes placed on top.
Implants with pixel densities greater than 256 pixels/mm2 will probably
require the use of such three-dimensional geometries to achieve sufficient
proximity to target neurons.

frame. However, as the retinal response can also be modulated by
varying the pulse width, DLP technology (Texas Instruments)
based on an array of high-speed actuated micromirrors can also
be used®. Such a device would allow both the duration and
timing of exposure to be precisely controlled on the scale of individ-
ual pixels. In addition to higher throughput compared to an LCD,
this high-speed control would allow the sequential activation of
nearby pixels to further reduce pixel crosstalk.

The full-field stimulation thresholds were more than two orders
of magnitude below the ocular safety limit and were determined
using cathodal-first stimulation pulses. Thresholds for single pixel
stimulation were more than one order of magnitude below the
ocular safety limits. This could perhaps be lowered, by a factor of
between two and seven, if anodal-first pulses were to be used®.
Our fabrication process can be easily altered to accommodate the
opposite polarity.

As stimulation thresholds rapidly increase with distance to the
target cells'>*®, high-resolution retinal stimulation requires close
electrode-neuron proximity—apposition on the order of the size
of the stimulating electrode!?. To assess the proximity of the inner
retinal neurons to subretinal implants we fabricated 30-um-thick
(matching our active devices) polymer (Microchem SU8) implants
that can be sectioned together with tissue for histology. These
devices were coated with SIROF to match our electrode material
and implanted in the subretinal space of RCS rats for six weeks*.
The histological section of an RCS rat retina shown in Fig. 6a
demonstrates that the INL is separated from the implant surface
by 5-25 wm. Electric current must penetrate at least this depth to
ensure effective neural stimulation.

We have computed the current density distribution from single
pixels of various dimensions with the COMSOL Conductive Media
DC package, where the retina is modelled as a resistive medium.
Figure 6a presents the current density in front of a 115 pm pixel
with a 40 wm active electrode and circumferential returns, super-
imposed on a histological section of a flat implant in the subretinal
space of an RCS rat. The current penetrates sufficiently deeply to
provide targeted stimulation of many neurons in the INL. However,
smaller, 62 pm pixels with 20 wm active electrodes can affect fewer
such neurons, and will probably require either increased light inten-
sity or improved proximity for effective stimulation.

We have previously shown that retinal cells migrate inside and
around three-dimensional subretinal implants, an effect that may
be used to achieve intimate neuron-electrode proximity*®. The his-
tological section in Fig. 6b depicts an array of 15-um-diameter,
65-pm-tall pillars six weeks after implantation. The bipolar cells

surround the pillar tops, placing them in cellular-scale proximity
to the tips of the pillar electrodes. The computed current distri-
bution for this geometry overlies the histological section, demon-
strating that such pillar arrays can effectively deliver stimulation
currents to the INL, and could provide a mechanism for reducing
the thresholds and improving stimulation localization in
future devices.

Finally, the need to conform to eye curvature inherently limits
the sizes of rigid implants to at most a few millimetres. The use of
a flexible silicon substrate’® can overcome this limitation and
allow larger arrays to deform elastically to the curvature of the
eye. Trenches etched between neighbouring pixels lead to 0.5-pm-
thin silicon ‘springs’ (Supplemental Fig. S4a,b). Optical coherence
tomography shows a 6-mm-wide sample array with 75 wm pixels
conforming to the curvature of a pig retina (Supplemental
Fig. S4c), despite its very large size, a feat made possible by the
inherent two-dimensional deformability of the flexible silicon mesh.

Because the photovoltaic implant is thin and wireless, the surgi-
cal procedure is much simpler than in other retinal prosthetic
approaches. As in conventional subretinal surgery, the procedure
involves a partial vitrectomy followed by a subretinal injection to
create a retinal bleb. The implant is then inserted into the subretinal
space through a retinal incision, and the retina is reattached'. As
large incisions can complicate retinal reattachment, retinotomies
should be as small as practically possible. All pixels in the implant
function independently, so several smaller arrays may be inserted
through the same retinotomy to tile a large area.

In conclusion, we demonstrate that NIR light-induced photovol-
taic stimulation using a subretinal photodiode array elicits bursts of
RGC spikes in both healthy and degenerate rat retinas at irradiances
substantially below ocular safety limits. The response can be modu-
lated by either pulse duration or irradiance in each pixel. Such a fully
integrated wireless implant promises the restoration of useful vision
to patients blinded by degenerative retinal diseases.

Methods

Infrared projection system. As LEDs cannot meet the brightness requirement of
our implant'?, the infrared projection system made use of an array of laser diodes
coupled into a multimode fibre to produce high-intensity illumination with reduced
coherence. A microlens array diffuser was used to improve homogeneity and
introduce a 5° angular spread to the collimated beam. Speckling at the image plane
was measured to be less than 1% (standard deviation). An ocular lens was used to
image a transmissive LCD panel onto the retina, similar to conventional video
goggles but with ~1,000 times greater peak brightness'2.

Triple-diode pixels. The triple-diode pixel photovoltaic arrays shown in Fig. 5 were
manufactured on silicon-on-insulator wafers using a six-mask lithographic process.
Light absorbed in the silicon was converted into a charge-balanced biphasic pulse of
electric current flowing through the tissue between the active and return electrodes'®.
(A detailed discussion of the fabrication technique is to be published elsewhere.)

Multi-electrode array recordings. Electrophysiological experiments began with
enucleation of the eye from an anaesthetized (35 mg kg ™' ketamine, 5 mgkg ™'
xylazine, 0.01 mg kg ™' glycopyrrolate) rat, which was subsequently euthanized.

A small piece of retina (~3 mm x 3 mm) was isolated and placed between the
recording array (ganglion cell side) and the photodiode array (photoreceptors side),
as shown in Fig. 2. The retina was perfused with Ames’ solution bubbled with 95%
oxygen and 5% carbon and kept at 25-30 °C. At least 400 NIR pulses were applied
for each parameter setting at a repetition rate of 2 Hz. Recorded voltage waveforms
from each of the 512 electrodes were analysed with the spike-finding software
described previously?*-?’. We calculated the stimulation threshold as the irradiance
required for 50% spike initiation efficiency, that is, eliciting on average one spike for
every two stimuli. Experiments were performed on five healthy wild-type rats and
four RCS rats, which model retinal degeneration!!. All experimental procedures were
conducted in accordance with institutional guidelines and conformed to the
guidelines of the Association for Research in Vision and Ophthalmology (ARVO)
Statement for the Use of Animals in Ophthalmic and Vision Research.

Optical safety considerations. NIR light (880-905 nm) is absorbed primarily by
pigmented tissues such as the retinal pigment epithelium, with a practically
negligible absorption coefficient (<0.06 cm™") in transparent ocular layers such as
the cornea, lens and neural retina. According to ocular safety standards®%, the
maximum permissible radiant power (MP®) that may be delivered chronically to
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the retina is MP® = 6.93 x 10> C,C,P ", where C, = 10%%2*~7% i the 700~
1,050 nm range, with C. = 2.5 at A =905 nm. Cg; depends on the angular spread of
the incident beam and for retinal spot sizes greater than 1.7 mm in diameter is
29.3 W mm % Pis the pupil factor, which models pupil constriction or dilation, and
is exactly one for infrared wavelengths in the absence of dilating drugs. For the
905 nm wavelength used in this study the average irradiance limit is 5.2 mW mm >,
For single-pulse exposure, the peak irradiance limit in the 0.05-70 ms duration
range is described by the equation®**' MP® = 6.93 x 10~ *C.Cgt ™ **, where ¢ is in
seconds. At 905 nm, MP® = 285t ?°, where  is in milliseconds and the result is in
mW mm 2. Both the chronic limit and the single pulse limit are plotted in Fig. 5e,f
as a function of pulse duration, assuming a pulse repetition rate of 15 Hz.

Temperature rise during in vitro stimulation. Light incident on a photovoltaic
prosthesis produces heat, resulting in a small temperature rise in the retina. NIR light
has a penetration depth in silicon on the order of 30 pm (ref. 23), and the
temperature rise by the end of a 1 ms pulse at an irradiance of 1 mW mm > does not
exceed 0.002 °C (for a 30-pm-thick device in water). With a repetition rate of 2 Hz,
corresponding to a duty cycle of 0.2%, the average temperature rise of a device
during prolonged irradiation in a perfused chamber is even lower. Such a minute
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