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Conclusions: These results provide a proof-of-concept that relatively large numbers
of 3D posts can be implanted into, and extracted from, the retina of mini-pigs. Our
surgical numbers were relatively small, especially for the extractions, and our conclu-
sions must be viewed with that limitation. Our methods are applicable for human
surgeries.

Translational Relevance: This study provides results of implantation and extraction
of relatively large numbers of 3D posts from the retina of minipig eyes. If similar
technology were used in humans, a 3D array of this type should lower perceptual
thresholds, provide safer long-term stimulation, and perhaps provide better perceptual
outcomes.
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Introduction

Visual prostheses are being developed by numer-
ous groups around the world as a strategy to restore
vision to patients affected by neural forms of blind-
ness.! 2’ Each of these approaches seeks to bypass
damaged or dysfunctional nerve tissue to deliver
visually relevant neural stimulation along surviving
visual pathways.?! >

The most significant challenge for any neurosen-
sory prosthesis is achieving a biocompatible interface
in which mechanical and electrochemical damage are
minimized to increase the potential for psychophysical
benefit. For a retinal prosthesis, there is the added
challenge of the need to deliver a sufficiently large
number of relatively small electrodes to enhance the
perceptual quality.’>>3! One dominant factor that
influences the potential for highly focal activation
of neurons is the distance between the stimulating
electrode and the target neurons.’?3* For instance,
in the dawn of visual cortical prosthetic research
in humans, it was demonstrated that penetrat-
ing electrodes enabled lower perceptual thresh-
olds and improved the quality of visual percepts
compared with stimulation delivered through surface
electrodes.*-13-16:24.34-38 At the level of the retina, we
previously demonstrated that a separation of only
50 um between the electrode and neurons increases
the stimulation threshold 2.4- to 8-fold, depending on
polarity.* Notably, electrodes positioned on either the
epi- or subretinal surface will lie at least 30 um from
neurons that are the intended targets of stimulation,
and thus would require higher stimulating charges.
The only strategy to minimize stimulating current is
to position the electrodes within the retinal neurons,
which is challenging given the delicate nature of the
retina.

Palanker et al.’”*’ were the first to demonstrate
that “penetrating” electrodes could be inserted into
a rodent eye without significant tissue destruction.
Our group extended this finding from the rodent into
a minipig model*! by leveraging, and then modify-
ing, surgical techniques that we had developed for
planar arrays in rabbit eyes.® As an extension of our
earlier work, herein we describe methods to microfab-
ricate a relatively large number of three-dimensional
(3D), nonelectrically active posts on a thin, polyimide
substrate and to implant these devices into the retinas
of minipigs. Our specific goals were to define device-
level factors that enable implantation of large numbers
of small penetrating structures into the retina toward
a future goal of human experiments that could poten-
tially yield: (1) lower perceptual thresholds; (2) safer
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long-term electrical stimulation; and (3) better percep-
tual outcomes than could likely be achieved with planar
electrodes. Given our longer-term intention to incor-
porate 3D electrodes into a device for humans, we
also sought to assess the biocompatibility of these
arrays, especially because the posts have the potential
to penetrate and disrupt the retina more than planar
arrays.

The protocol for this research was approved by the
animal care committees of the Massachusetts Insti-
tute of Technology (MIT) and the Veterans Admin-
istration Medical Center (VAMC), Jamaica Plain,
Boston. All animals were treated in accordance with the
Association for Research in Vision and Ophthalmology
resolution on the use of animals in research and the
principles of laboratory animal care. The fundamen-
tal surgical methods used in this study had been devel-
oped over many years and used to perform an earlier
biocompatibility study with planar electrodes*> and
later to remove planar electrode arrays from rabbit
eyes.® To then study the biocompatibility of penetrat-
ing electrodes, several additional years of work were
required to modify our surgical methods to enable
implantation of large numbers of penetrating struc-
tures into the minipig retina without inducing undue
damage. The results reported herein represent the
culmination of that earlier developmental work that
was performed with a much larger number of pigs.

Animals

Twelve Yucatan minipigs consecutively underwent
intraocular surgery to implant a 3D array into the
subretinal space. All pigs were female, typically 4 to
6 months of age, with a range of weights from 18 to
25 kg. Two animals underwent surgery to extract
the array months after implantation. One additional
minipig was implanted with our earlier planar array to
demonstrate the degree to which the retina thins in the
area overlying the implant as a guide for the height of
the 3D posts that would eventually be used.

Pillar Arrays

Electrically inactive, 3D “pillar” arrays were micro-
fabricated at the Cornell NanoScale Science and
Technology Facility. The substrate was made of
polyimide, and the pillars were made of photo-
cross-linked SU-8, which is a widely used, gener-
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Table. Geometric Characteristics of Pillar Arrays

Number Substrate Thickness Range of Pillar Range of Pillar Range of Pillar
Pillar Version of Eyes (um) Height (um) Diameters (um) Densities (um)
Version 1 3 13 pm 70-128 pm 10-80 um 50-300 pm
Version 2 9 13 um 128 um 30 um 200 pm
Figure 1. Scanning electron micrographs of two different 3D pillar arrays. The substrate was made of 13-um thick polyimide; the pillars

were made of cross-linked SU-8 epoxy. Left: Example of an early test pillar array that contains 295 pillars, showing two different types of
geometries that differed in terms of pillar diameter (10 or 20 ym), and density. Middle: Preferred pillar array (63x magnification) used for
most implant surgeries. This array contains 126 pillars, in which each has a 30-um diameter and is 128-um tall, with 200-um center-to-center
spacing, covering a total area of 1.2 mm x 3.4 mm. Right: Magnified (422x) view of the preferred pillar array.

ally biocompatible, epoxy-based photoresist polymer.
The polyimide was initially spun onto a silicon wafer
and fully cured. Any outline shape of the polyimide
substrate was then defined by contact lithography and
reactive ion etching. SU-8 was finally spun on and the
pillars were formed by ultraviolet exposure with a mask
using contact lithography and wet chemical dissolution
of the non-cross-linked material. Initially, a variety
of pillar geometries (version 1) were used, with pillar
heights ranging from 70 to 128 um (Table; Fig. 1). After
examining initial histological outcomes from three
implants using version 1 arrays, we selected geometric
features for version 2 (Table) for the last nine implants.
For these latter surgeries, the polyimide foundation
on which the pillars were constructed was 1.7-mm
wide x 15-mm long x 13-um thick, over which 126
pillars were distributed. This density of the pillars was
chosen because of more well-preserved retinal architec-
ture that was found compared with more dense geome-
tries (results not reported here). The choice of pillar
height was based on achieving a desired goal of postim-
plant positioning of the tip of the pillars roughly at the
border between the inner plexiform layer (IPL) and the
ganglion cell layer (GCL).

Coatings

The 12 arrays received surface modifications at EIC
Laboratories (Norwood, MA) that included coating

with a ~1-um thick layer of Parylene-C using a
Specialty Coating Systems PDS 2010.#* Both the
monomer and coating equipment were obtained from
Cookson Electronics (Indianapolis, IN).

Implantation Surgery

All surgeries were performed by the same surgeon
(JC) between 2008 and 2013, either at MIT or the
VAMC in surgical suites that were similarly equipped.
Our detailed surgical methods have been previously
published.® In brief, for all surgeries anesthesia was
induced with intramuscular injection of Telazol, Zoetis
Inc. New Jersey (USA) (4 mg/kg) and xylazine (2.2
mg/kg) and maintained with 1% to 3% isoflurane
inhalation. To avoid excessive bleeding during surgery,
systemic hypotension (maintained at 45-50 mm Hg by
monitoring with an intra-arterial line while infusing
intravenous sodium nitroprusside 50 mg/250 mL) was
used during insertion of the pillar array to reduce the
risk of choroidal hemorrhage.

An ab externo surgical approach was used to enter
the subretinal space via the superotemporal quadrant,
10 mm posterior to the limbus. A core vitrectomy was
performed using a vitrector (The Millennium Bausch +
Lomb, Inc., Rochester, NY), and a local retinal detach-
ment (i.e., “bleb”) was created by injecting balanced salt
solution via a Lambert cannula, followed by injection
of Healon (Johnson & Johnson, New Brunswick, NJ)
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Figure 2. Surgical implantation of a subretinal electrode array substrate in a pig. Left: OCT of a subretinal electrode array 1 month after
surgery. Typically, implantations include a 7- to 8-mm length of substrate material, the distal end of which contains electrodes distributed
over a 2-mm? area (although with some variation among different array designs). This OCT image reveals that the array achieves close and
conformal apposition to the retina (here shown over a 2.2-mm segment) without the use of a tack or adhesive. Middle and Right: Histology
of pig retina with immunohistochemical staining with DAPI that highlights neuronal cell bodies. Middle: Control retina showing the three
nuclear layers: ONL, inner nuclear layer, and GCL. Right: One month after implantation of a planar polyimide strip (yellow asterisk) without
3D features into the subretinal space. The ONL is substantially reduced in thickness. There were reduced number of nuclei in ONL and
disorganization of the cells. The white arrow shows the space was occupied by nuclei. The preferred height of the pillar arrays was based
on consideration of the degree of retinal thinning that occurs because of subretinal placement of the electrode array and on the desire to

position the tip of the pillars within, or at least near to, the IPL.

through the retinotomy. A scleral flap was made behind
the area of the retina that was intended for implanta-
tion. After cauterizing the uveal tissue exposed by the
flap, a polyimide “guide” (2 mm x 10 mm x 75 pum)
and overlying pillar array were simultaneously intro-
duced through an incision made into the uvea to reach
the subretinal space; the guide was retracted just after
the insertion was complete. The proximal, extrascleral
length of the polyimide strip was fixed to the sclera
(with sutures passed through customized eyelet holes),
and the scleral flap was closed with 7-0 Vicryl sutures.
Figure 2 left shows an optical coherence tomography
(OCT) image of the conformal alignment of the 3D
array to the subretinal surface. Figure 2 right shows
the degree of degeneration of the outer nuclear layer
(ONL) that occurs in the area overlying a planar array.

Explantation Surgery

Removal of the array was performed in two animals.
In the first animal, the array was extracted 3 months
after implantation, after which the animal was
immediately euthanized. In the second animal, the
array was extracted 2 months after implantation, then
the animal survived for another month so that the
subsequent histological analysis of the retina and eye
could assess the degree to which the extraction surgery
might have initiated inflammatory/fibrotic reactions.
After anesthetizing the animal as described earlier, the
initial step to remove the arrays involved resection with
scissors and forceps of the small amount of fibrotic

tissue that had formed on the posterior scleral surface
around the site at which the array had been inserted
into the eye. Then, the retina was separated from the
array by gently injecting balanced salt solution above
and below the polyimide cable via the ab externo
entry site that had been used to implant the electrode
array. After extraction, the scleral slit was closed with
sutures.

Examination Protocol

Clinical examinations and fundus photographs were
performed presurgery, at 1 week, and each month
thereafter postsurgery. In vivo images of the implanted
pillar arrays were obtained with a fundus camera and
with OCT (Zeiss Cirrus HD-OCT Version 3.0, Carl
Zeiss Meditec AG Goschwitzer StraBe 51-52 07745
Jena, Germany). The animals were followed 1 to 8
months after surgery; at the end of the specified
survival time, the animals were euthanized, and the eyes
were enucleated and prepared for histology.

Histological Preparation

The anterior segment, lens, and vitreous were
removed, leaving a posterior eyecup that contained
the sclera, choroid, retinal pigment epithelium (RPE),
and neural retina. The location of the extracted
implants was confirmed by gross observation and by
comparison to fundus photographs, and the orienta-
tion to the implanted area was marked by a suture
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to assure that histological slides were made immedi-
ately adjacent to the area where the array had been
implanted and extracted. The eyecups were fixed with
4% paraformaldehyde in phosphate buffer (PB) for
2 hours, then cryoprotected using a sucrose gradient
(5%-30%), embedded in Optimal Cutting Temperature
media (Tissue-Tek, Miles, Inc., Elkhard, IN), frozen,
then cut with a cryostat into 25-um thick sections that
were collected on Superfrost Plus slides (Fisher Scien-
tific, Waltham, MA). Sections were stored at —20°C
before being used for immunocytochemistry.

Histological Staining and
Immunohistochemistry

DAPI (4°,6-diamidino-2-phenylindole) was used
to stain nuclei of cells, including especially retinal
neurons. Immunohistochemical staining was used to
define specific cell types or elements. For instance,
rabbit polyclonal anti-glial fibrillary acidic protein
(GFAP; Cat# ab 7260, Abcam, Cambridge, MA,
1:32K) and mouse monoclonal anti-GFAP (Cat#
3670, Cell Signaling Technology, Danvers, MA) were
used to identify Miiller cells and gliotic reactions;
mouse monoclonal anti-pig CD45 was used to
label activated microglia (Cat# MCAI1222G, AbD
Serotec, Raleigh, NC); and mouse monoclonal anti-
synaptotagmin (Cat# mAb 30(asv30) developed by
Louis Reichardt and obtained from the Developmen-
tal Studies Hybridoma Bank developed under the
auspices of the Eunice Kennedy Shriver National
Institute of Child Health and Human Development
[NICHD] and maintained by the University of Iowa,
Department of Biology, lowa City, IA) was used to
label neuronal synaptic vesicles.

For conventional bright-field immunocytochem-
istry, the sections were processed using standard proce-
dures as recommended by the Vectastain ABC-Elite
kit for mouse or rabbit IgG (Vector Laboratories,
Burlingame, CA). In brief, sections were thawed at
37°C, rinsed in PB, and incubated in either 1.5%
normal donkey blocking serum (Cat# 017-000-121,
Jackson ImmunoResearch Labs, West Grove, PA)
or normal goat blocking serum (Cat# 005-000-121,
Jackson ImmunoResearch Labs) in PB for 4 hours
at room temperature. Sections were then incubated in
primary antiserum overnight, rinsed in PB, incubated
in biotinylated secondary antiserum for 1 hour, and
then in avidin-biotin reagent for 1 hour. Labeling
was visualized with 3, 3’ diaminobenzidine and H202
(DAB kit, Vector Laboratories). Control sections were
not exposed to primary antibodies, but otherwise were
processed similarly through all other steps.
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For confocal immunocytochemistry, the tissue
sections on slides were washed with PB to remove
excess optimal cutting temperature media. All
antiserum solutions were diluted in PB with 0.3%
Triton X-100 (PBtx). Nonspecific labeling was blocked
by incubation in 5% normal donkey serum (Cat#
017-000-121, Jackson ImmunoResearch Labs) in PB
for 1 hour. Sections were then incubated in primary
antiserum overnight at 4°C. Following incubation
in primary antiserum, the sections were washed in
PB and incubated for 2 hours in the appropriate
PB diluted (1:500) fluorescent secondary antisera,
either Alexa 488—conjugated donkey anti-rabbit IgG,
(Cat# A-11008, Molecular Probes, Carlsbad, CA)
or DyLight 649-conjugated donkey anti-mouse 1gG
(Cat# 715-495-150, Jackson ImmunoResearch Labs).
To control for nonspecific secondary antiserum stain-
ing, some slides were incubated in normal serum
without primary antiserum before the secondary
antiserum was applied. The slides were then washed in
PB and cover-slipped with glycerol and examined using
a FluoviewTM 300 confocal microscope (Olympus
Corporation, Melville, NY) with a 40x oil immer-
sion objective with a numerical aperture of 1.00. In
some cases, DAPI was added to the glycerol cover
slip solution to label all nuclei. For double-labeling
experiments, each secondary antiserum was excited by
a different laser wavelength (either 488 or 647 nm). As
a control for double labeling, each primary antiserum
was paired with the opposite secondary antiserum. The
stacks of 12 to 14, 1-um thick optical sections were
collected, collapsed, and converted to 8-bit grayscale
images using Image J software (Wayne Rasband,
National Institute of Mental Health, Bethesda, MD),
and then imported into Corel Draw 14 (Corel Corpo-
ration, Ottawa, Canada) for brightness and contrast
adjustment, arrangement, and labeling.

Clinical Examination

Twelve consecutive surgeries succeeded in implant-
ing the pillar arrays into the subretinal space. Ten of
the 12 surgeries were considered successful in that the
implant was inserted into subretinal space or extracted
without obvious surgical or postoperative complica-
tions, including significant behavioral change in the
animal, clinically detectable inflammation or infection,
significant hemorrhage, cataract, retinal tear, retinal
detachment, tissue incarceration, hypotony, prolifera-
tive vitreoretinopathy, or other untoward event that
could be construed as potentially threatening the health
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Figure 3. Funduscopic photographs taken at different times of the same 3D electrode array implanted into the subretinal space of a
minipig. Left: Intraoperative appearance just after insertion of the pillar array. The white arrows demarcate the edge of the retinal bleb that
was made to facilitate introduction of the array. A small hemorrhage is evident under the retina but above the array; this hemorrhage cleared
spontaneously within weeks. Middle: One month after implantation, there is seemingly good apposition between the array and the retina,
without obvious gliosis. The red and yellow arrows highlight two retinal blood vessels; the white area under the yellow arrow is a reflection
of light from the operating microscope. The penetrating posts can be recognized as small, white dots that appear in an organized pattern
across the polyimide strip (bronze colored structure). Right: Two months after surgery, there continues to be a clear and even view of the
implant through the retina. The red and yellow arrows highlight the same two vessels shown in the middle photograph. Although reflection
artifacts detract from the quality of the view, no obvious gliosis was identified clinically, and the retina appeared attached, with seemingly
well-integrated 3D posts. Although challenging to appreciate in the right photograph because of reflections, the location of the array had
not shifted, as can be judged by the consistent presence of seven rows of posts above the upper margin of the vessel highlighted by the red

arrow in the middle and right photographs.

of the eye, retina, or animal. Signs of postopera-
tive inflammation that were assessed included persis-
tent conjunctival injection, chemosis, and anterior
chamber reaction. Two surgeries were considered to
have failed because of fibrotic responses in the region
of the implant that were perhaps incited by intraoc-
ular hemorrhage. One initially catalogued as success-
ful surgery was complicated by a retinal detachment
14 weeks after implantation; the cause of the detach-
ment was penetration of the inner retina by the
relatively long posts that were used in the earlier
surgeries. Our earlier surgeries, and the result from one
animal included herein that had been implanted with
a planar array (Fig. 2, right), confirmed the expected
thinning of the retina overlying the implant, which
occurs because of degeneration of the outer retina,
presumably owing to blockage of nourishment from
the choroid. The degree of thinning varies somewhat
among animals, and our failed surgical outcome guided
refinement of a preferred length of the posts (to reach
the boundary of the inner plexiform and GCLs) for
subsequent implants, and no other retinal detachments
occurred thereafter. In the other nine successful cases,
the 3D posts penetrated the retina in a seemingly
uniform pattern across the array (Fig. 3).

Optical Coherence Imaging

Serial postoperative OCT examinations revealed
gradual resolution of subretinal fluid and gradual

integration of the pillars into the retina (Fig. 4). This
imaging also revealed that the subretinal substrate was
in contact with and conformal to the retina, which
enabled an even insertion of the posts up to the same
retinal depth.

On some OCT images, the pillars did not appear to
be perpendicular to the base. This appearance is likely
the result of two factors: (1) the darkness seen on the
OCT image is not the post itself, but rather the shadow
of the post, as the incoming light from the OCT is
blocked by the tip of the post; and (2) the OCT scans
may not perfectly align vertically over the row of pillars.
This explanation is made evident in the OCT image
of Figure 4, which shows only four posts even though
there were seven pillars in each row (i.e., it missed the
two left-most pillars and the one furthest to the right).
The misalignment also accounts for the relatively thin
shadow of the upper part of the left-most post, and
the wider than typical base of the second post from the
left.

Immunocytochemistry

Figure 5 shows a magnified image of a single,
128-um tall pillar that integrated into the retina and
reached our target location, that is, the border between
the inner plexiform and GCLs. This pillar height
was then used for the subsequent surgeries. Figure 5
left also shows a band of neuronal synapses (imaged
by labeling synaptic vesicles) within the IPL draped
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Fundus photographs (left) and OCT images of the retina (right) taken at different times in one minipig (different from the pig

shown in Fig. 2). The upper, middle, and lower rows show images obtained 1 week, 1 month, and 2 months postimplantation. The red asterisks
shown on the fundus photographs each highlight the same blood vessel. Upper row: OCT revealed subretinal fluid and fluid between the
array and retina that were not evident by clinical examination. Middle row: At 1 month, the retina is fully attached, and there is no subretinal
fluid, however, integration of the pillars cannot be visualized. Lower row: At 2 months, the retina remains fully attached, and there is no
subretinal fluid. The subretinal substrate is in contact with and conformally aligned with the retina, and the pillars evenly penetrate the
retina up to the junction of the inner plexiform and retinal GCLs. Optical shadows are evident beneath blood vessels, and the tips of the
pillars can be seen (but not the pillar shafts themselves). INL, inner nuclear layer.

around the tip of the posts, which will be the site at
which electrical stimulation will be delivered in future
experiments. Figure 5 middle further demonstrates
even positioning of pillars, with 200-um center-center
spacing, into the retina.

Figure 5 middle and right also demonstrates glial
responses to the implantation of pillars into the retina.
For instance, GFAP staining (middle image) highlights
Miiller cells and astrocytes. Staining of this degree
is regularly observed over a wide field after essen-
tially any manipulation of the retina, and certainly
after inducing a retinal detachment, which is a prelim-
inary step in our implantation procedure. The CD45
antibody, which labelled activated microglia (Fig. 5,
right), demonstrated reaction only along the shaft of
the pillar. Although some gliosis was found around the

array in all specimens, in no case was there significant
gliosis at the top of the posts, where electrical stimu-
lation will eventually be delivered, nor were any posts
encapsulated.

The images of the pillars that showed tilting with
respect to the base (for instance, Fig. 5, left) are the
result of the histological processing of the tissue, which
requires freezing and cutting of the tissue and array
with a cryostat. By contrast, the unprocessed in vivo
tissue with perpendicularly oriented posts can be seen
in the OCT images of the same figure.

Explantation Surgery

Extraction of the electrode array was performed
without difficulty in 2 animals 2 and 3 months
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Figure 5. Immunohistochemical staining (transverse section) of pig retina 1 month following subretinal implantation of a 3D array. Left:
Single pillar (red asterisk; 128-pm tall; 30-um diameter) extending from the polyimide substrate (yellow asterisk) to the top of the IPL (red
arrow), just below the retinal GCL (white arrow). Nuclei are labeled with DAPI. Synaptic vesicles (a proxy for synapses) are labeled with
synaptotagmin (Mab30, green). The tip of the pillar electrode, which is the site at which electrical stimulation will be delivered in the
future, is capped by neuronal synapses at the upper aspect of the IPL. Inner nuclear layer (white arrowhead); ONL (red arrowhead); epi-
retinal surface (yellow arrow). Magnification: 60x. Scale bar: 30 um. Middle. Lower magnification (10x) view of the retina from the same
pig showing the position of three consecutive pillars (center pillar: red asterisk) with 200-um center-center spacing. The tip of each post
rests at the upper border of the IPL in red with Mab30. Glial acidic fibrillary protein (green) was used to label Mdller cells and astrocytes.
Nuclei are labeled with DAPI (blue). Scale bar: 100 um. GCL: ganglion cell layer; INL: inner nuclear layer; OPL: outer plexiform layer. Right:
Immunohistochemical staining (transverse section) of same pig retina shown in Fig. 5 1 month following subretinal implantation of 3D
arrays. Mouse monoclonal anti-pig CD 45 (red) was used to label activated microglia. Glial acidic fibrillary protein (green) was used to label
Miiller cell bodies and astrocytes. The yellow arrow shows the tip of a single pillar (white asterisk). There are some activated microglial cells
along the sides of the pillar and mild general upregulation of GFAP staining of the Miiller cells and astrocytes, but the tip of the pillar did not
elicit a prominent glial response. Magnification 60x. Scale bar: 25 um. GCL, ganglion cell layer; INL, inner nuclear layer; OPL, outer plexiform

layer.

postimplantation, respectively. In one case, the array
was extracted without any detectable resistance; in the
other case, there was some resistance to extraction,
which was relieved by a second transretinal injection
of balanced salt solution to further elevate the retinal
bleb under funduscopic guidance. Then, at the scleral
opening, forceps were used to gently retract the array,
without need for additional dissection of tissue. In
neither case was there detectable damage to the retina
after the explanation, at least as could be judged
with high magnification funduscopic viewing during
surgery.

Retinal histology was performed in both extraction
cases. In one case, the animal was euthanized immedi-
ately after the extraction, whereas the other animal was
euthanized 1 month after extraction of the array. This
dual approach provided a comparative assessment of
retinal damage that might have occurred secondary to
the implant itself versus the surgical extraction of the
implant. In the latter case, biological responses might
have been initiated by the extraction that would have
been missed in the animal that had been euthanized
immediately after the extraction.

Figure 6 shows the results obtained 1 month after
extraction compared with retina from the same animal
taken at a substantial distance from the implanta-

tion/extraction site. The two images, which were taken
at the same magnification (i.e., 60x), show that the
site of implantation/extraction is thinner than the
“control” site. The reduced total thickness is primarily
the result of a thinner ONL, which is not unexpected
given that our array was placed in the subretinal space
(where it blocked choroidal nutrients to the retina).
This retina also shows slightly more gliosis than the
control. There is no other gross or other discernible
change to the integrity of the tissue. The lack of visual
evidence of where the posts had been positioned is
probably the result of tissue remodeling after the posts
had been extracted. We note with interest that the
thickness of the ONL in Figure 6, right, although
decreased compared with the control image in the same
figure, is thicker than that shown in Figure 5. This inter-
mediate thickness of the ONL 1 month after explana-
tion could plausibly be the result of repopulation of
neurons in this area. There is evidence from the work
of others that regrowth of ONL neurons can occur
in experiments in which there is chronic disruption
of the boundary between the outer retina and RPE,
especially in the context of a subretinal implant. We
conjectured that repopulation of neurons, if indeed this
had occurred, might have been induced by upregula-
tion and release of a diffusible growth factor.**
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Post Extraction

Figure 6.

Immunohistochemical staining (transverse section) of the same pig retina, far away from (left, “Control”) and immediately

adjacent to (within 100-200 microns) the site of implantation, then extraction (right) of a 3D electrode array. The array had been implanted
for 2 months, followed by a 1-month survival period. The nuclei of retinal neurons are highlighted by staining with DAPI (blue); neuronal
synaptic vesicles in both plexiform layers are highlighted with the Mab30 (red) antibody; GFAP (green) highlights Miiller cell bodies and
astrocytes. There is no obvious difference in appearance between the extracted and control retina, indicating that the process of extraction
did not cause any discernible damage immediately adjacent to the site of implantation, at least as can be judged by these methods. Magni-
fication: 60x for both images. Magnification: 60x for both images. Scale bar: 50 pm. GCL, ganglion cell layer; INL, inner nuclear layer; OPL,

outer plexiform layer.

Discussion

Specific goals of this work included defining device-
level factors that would enable implantation of large
numbers of penetrating structures into the retina of
minipigs. We also sought to assess the biocompatibil-
ity of our 3D arrays, especially because the posts have
the potential to penetrate and disrupt the retina more
than planar arrays. To achieve these goals, we devel-
oped methods to microfabricate 3D structures on an
ultrathin and biocompatible substrate and to surgically
implant the devices into the subretinal space, which
is our intended site of electrical stimulation in future
human experiments. Our interest in working with 3D
arrays was driven by our earlier findings that proxim-
ity of the stimulating electrode (which, in our design,
will be at the tip of the posts) to retinal neurons would
lower activation thresholds of the neurons.’®*> Lower
activation thresholds also would lower the stimulat-
ing charge densities, which should improve biocom-
patibility of the device and the survivability of the
electrodes,’739-40-46-52

Nonelectrically active posts were used to conduct
this anatomic assessment of the effects of surgery
and the biological reactions to the implant itself, and
in some cases, extraction of the implant. Implan-
tation and explantation of epi- and subretinal
planar eclectrode arrays have been demonstrated by
others.>”"!7 However, implantation and explana-

tion of relatively tall posts able to reach the inner
retina has not been shown before. The dummy 3D
posts used in this study did not contain metals to
deliver electrical impulses. The inclusion of metals
will slightly stiffen the arrays, which might require
fine adjustments in maneuvering the array into the
eye. The increased stiffness also will to some extent
promote rectification of the curvature of the array
once it is in the subretinal space. The potential impact
of these factors will be assessed in other in vivo
experiments.

Our study demonstrated that: (1) a relatively large
number of 3D posts could be implanted into the retina
while maintaining the general integrity of the retina,
save for the expected loss of the ONL (which occurs
with chronic placement of a subretinal membrane, as
discussed later); (2) relatively large numbers of 3D
posts can be positioned within the retina and provide
minimal physical separation between tip of the pillars
and neurons or neuronal; (3) conformal alignment
and similar depth of penetration of the 3D posts can
be achieved over the length of the array; (4) stable
positioning of the array of posts over a period of up
to 8 months can be achieved without use of tacks
or adhesive; (5) penetration of posts into the retina
can be performed without inducing significant gliosis;
and (6) a thin film substrate with 3D posts can be
extracted from the retina and eye months after implan-
tation without causing significant damage. All of our
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specimens showed degeneration of the outer retina,
which was expected to occur.

The pig retina, like the human retina, has a dual (i.e.,
retinal and choroidal) blood supply, and a subretinal
implant blocks diffusion of oxygen and metabolic
transfer between the outer one-third of the retina
and the underlying RPE. This outcome is acceptable
for this experimental model because the pattern of
anatomic degeneration is grossly similar to blinding
diseases that we are attempting to treat, namely retini-
tis pigmentosa (RP) and macular degeneration (it is
not known, however, if this type of induced retinal
degeneration includes the well-established patterns of
“retinal remodeling” that Marc so convincingly demon-
strated in RP).>* The thinning of the retina induced
by our implants in these pig studies approximates the
retinal thickness that will be found in the human disease
state. As such, the outcomes of these animal experi-
ments informed our decisions about a preferred pillar
height that likely will be appropriate, perhaps with
some modification, for humans. The microfabrication
methods used for these arrays could easily be modified
to adjust the height of the posts to reach any desired
location in the retina.

We will not know with certainty if our posts will
penetrate the outer boundary of an end-stage human
RP retina with the band of glial hypertrophy that
develops in the outer retina in patients with RP,
which Marc emphasized in his seminal histological
studies.>*>> However, our intuition is that the posts will
be able to penetrate the membrane given the substantial
malleability of soft tissue when chronically opposed to
a firmer object.

Our work in a large mammalian eye extends an
initial observation of Palanker et al.’’ that penetrat-
ing electrodes could be positioned within the retina in
much smaller rodent eyes. They also used an inactive
array of pillars (10-um diameter; 65-um height)
with variable center-to-center spacing.!? Later, Flores
et al.>® from the same group reported no visible gliosis
in 90% of the implanted arrays (excluding two cases
with gliosis from surgical trauma) in RCS rats, and
like our work, variable height of pillars that could
be designed to reach desired depths of the retinal
architecture. Our use of larger eyes enabled testing
of the device geometries, surgical tools, and surgi-
cal methods that are compatible for use in humans,
and thus our model is well-suited for regulatory work
needed to obtain US Food and Drug Administra-
tion approval for future implantation of a retinal
prosthesis.

A weakness of this study is the relatively small
number of surgical experiments that are reported,
especially for the extraction studies. However, the
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methods used herein represent the culmination of
many years of evolution in our surgical methods, which
began in rabbits and then progressed to a large number
(>100) of surgeries in minipigs. Data reported in this
manuscript represents a consecutive series of surgeries
performed with methods and devices that derived from
our most successful earlier experiments. Although our
results confirm that our methods enable implantation
of 3D arrays, the relatively low numbers, especially
for the extractions, do not provide sufficient perspec-
tive about the consistency of being able to perform
such maneuvers or the biological outcomes regard-
ing cellular survival or gliosis. Thus our results should
be received as being preliminary rather than defini-
tive evidence in support of our conclusions. Our next
step is to conduct additional procedures to improve
the perspective of outcomes as part of preclinical
implantations in minipigs toward the goal of achiev-
ing regulatory approval for human implants in the
future.

Conclusions

Since these experiments were conducted, our team
has produced electrically active 3D structures with
similar geometries. These electrically active devices
will be used in head-to-head experimental studies in
animals and humans to validate the theoretical expec-
tations of lower stimulation thresholds with penetrat-
ing versus planar electrodes. In addition to improved
biocompatibility and survivability of electrodes, the
anticipated lower stimulation charge levels needed to
induce perception should confine the electrical fields to
a relatively small cluster of neurons, which theoretically
should provide more spatially detailed vision compared
with prosthetics with planar electrodes.
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