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Abstract

Retinal degenerations and optic neuropathies often lead to death of photoreceptors or retinal
ganglion cells, respectively. Stem cell therapies are showing promise for these diseases in
preclinical models and are beginning to transition into human trials, but cell delivery and
integration remain major challenges. Focusing on photoreceptor- and progenitor-directed
approaches, in this article, the authors review how advances in tissue engineering and cell scaffold
design are enhancing cell therapies for retinal degeneration.
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Retinal degeneration often ends with death of retinal neurons, such as photoreceptors in
retinitis pigmentosa and age-related macular degeneration, and retinal ganglion cells (RGCs)
in glaucoma. Although neuroprotective therapies may save these cells before they die, for
example, using neurotrophic factors, stem cells or gene therapy, for many patients who are
later in the disease process and have lost these cells, cell replacement therapy remains a
major goal. Transplanted photoreceptors and their precursor retinal progenitors cells (RPCs)
may integrate into recipient retinas, form mature morphologies, create synapses with host
retinal neurons and restore light-evoked electrical responses [1]. Furthermore, in rodent
models lacking rod function, cell transplants are able to re-establish some functional vision,
for example, in maze navigation tests [2]. While these early data are promising, cell
transplant therapies remain plagued by low cell survival and integration at the transplant
site, as well as difficulties in retaining injected cells in a targeted focal region, such as under
the fovea.

One way to address these limitations is through the use of 2 or 3D tissue-engineered
scaffolds. The field of tissue engineering is interdisciplinary, combining cells with physical
supports and biochemical signals to create cell scaffolds capable of supporting cell delivery,
survival and integration. For example, scaffolds have been developed to deliver corneal
epithelial cells, keratocytes and mesechymal stem cells to the cornea [3-5], embryonic and
mesechymal stem cells to the heart [6-8], and Schwann and neural stem cells into the
peripheral and CNS [9-13].
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Can similar approaches be developed to facilitate stem cell therapy for retinal diseases?
Indeed, early steps are now being taken to facilitate retinal cell therapies with advanced
tissue engineering approaches [14]. As these scaffolds are designed to be implanted into the
subretinal space, and because it is necessary for outer segments of photoreceptors to interact
with retinal pigment epithelial cells across this space, it is necessary for these scaffolds to be
either biodegradable or resorbable. As a result, the scaffolds have primarily been constructed
from polyesters such as polylactic acid (PLA), polylactic-co-glycolic acid (PLGA) or
polycaprolactone (PCL) (Table 1). The degradation of these materials has been well
characterized both /n vitro [15] and /n vivo [16], with degradation rates affected by the
molecular weight of the polymer, the degree of crystallinity, and in the case of PLGA, the
ratio of lactate to glycolate subunits in the material. Of these materials, PLGA has the fastest
degradation rate and PCL has the slowest [15]. Polyglycerol sebacate (PGS) is a fourth,
recently developed, polyester that has been synthesized in an effort to create a polyester with
mechanical properties closer to that of native tissue [17]. Thus, specific scaffold materials
may confer certain advantages in design characteristics for retinal repair.

Scaffolds for the transplantation of RPCs can be loosely classified into three different types:
cylindrical scaffolds designed to mimic the vertical 3D organization of cells found in the
retina; fibrous scaffolds designed to mimic the microstructure of the extracellular matrix and
hydrogel scaffolds designed to replicate the mechanical properties of the retina. In this
article, the authors review the advances in scaffold design for retinal tissue engineering, and
discuss the advantages and challenges remaining for the various scaffold polymer materials
studied to date.

Microcylinder scaffolds

Vertical cylinder designs may allow for vertical integration of retinal cell communication, as
is seen through much of the signaling of visual signals in the native retina. Several scaffolds
have been designed with vertical pores (Figure 1), to orient the growth of the cells within the
scaffold as well as shield the cells from sheer forces experienced during implantation. The
first scaffolds of this design were created using a solid-liquid phase separation or solvent
phase-inversion techniques to produce scaffolds from PLA and PLGA, which were 100-200
pm thick with 50-pm pores [18]. While the pores using this method were vertical, they were
not continuous through the scaffold; and as a result, RPCs were limited primarily to the
upper 30 um of the scaffold. Upon implantation, cell survival was increased significantly,
but cells were not able to migrate from the polymer scaffold into the retina [18,19].

Other experiments using similarly prepared scaffolds showed a limited ability of RPCs cells
to migrate from the polymer scaffold into normal control retinas, but no cells migrated into a
rhodopsin knockout (Rho™~) mouse [14], a model for photoreceptor degeneration that
demonstrates associated glial scarring [20,21]. Furthermore, thick scaffolds created large
retinal detachments as well as damage to the retina during implantation. As a result of the
retinal damage from thick scaffolds, thinner scaffolds containing cylindrical pores were
explored. Initial scaffolds were created from poly(methyl methacrylate) (PMMA) using a
two-step process of photolithography and reactive ion etching to produce a 6-um scaffold
with 11-pm diameter pores gridded 63 pm apart [22]. As before, these scaffolds were coated
with PDL and laminin to increase cell binding to the scaffold surface. The addition of
cylinder pores to the scaffold allowed a 20-fold increase in the number of cells transplanted
into the subretinal space when compared with thin films without architecture, and sections
of the implanted 6-pm thick scaffold did not create large retinal deformations. This scaffold
design by increasing the total number of cells transplanted and the residence time these cells
have to interact with the retina also increased the number of cells migrating into the retina,
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with approximately half of all cells that survived transplantation migrating into the retina 4
weeks after implantation [22].

Because PMMA is not biodegradable, similar scaffolds were produced using the
biodegradable polymer PCL. These scaffolds were created through solvent casting of PCL
over a polydimethylsiloxane (PDMS) negative to produce a 5-6-um thick scaffold with 25-
pum diameter pores [23]. As with PMMA scaffolds, these scaffolds increased 20-fold the
number of attached cells when compared with PCL thin films without architecture; however,
these scaffolds were not implanted so potential for damage to the retina was not assessed.
This technique for preparing scaffolds was further expanded in two different pore
architectures in separate PCL films, which were then thermally bonded to each other to
produce a scaffold <30 pm thick with pores in the upper film being either 60 or 200 pm in
diameter and a lower film containing 10-pm diameter pores [24]. The theory behind this
scaffold was that stem cell-derived photoreceptor cell bodies would be seeded into the upper
film contained within the larger pores, while the pores in the lower scaffold would facilitate
interaction of photoreceptor outer segments but not cell bodies to the retinal pigment
epithelium (RPE). Such interactions between RPCs and RPCs, which have differentiated
into photoreceptors, was previously explored using 50-um PLGA scaffolds with 15-ym
pores spaced 5 pm apart through solvent evaporation using a PDMS negative mold [25]. In
these experiments, the scaffolds were incubated in media containing serum prior to being
seeded with RPCs derived from human embryonic stem cells. Following culture in the
scaffold, photoreceptors and glial cells oriented their growth along the length of the pore.
When these scaffolds were transplanted /n vitro onto a RPE explant, photoreceptor outer
segments formed and were phagocytosed by RPE, as is seen /n vivo. These scaffolds were
not implanted /77 vivo so it is unknown what effect the increased scaffold thickness would
have on the retina. Taken together, these data suggest that microcylinder scaffolds less than
50 pm in thickness can allow for the interaction of seeded cells with RPE; however, it is
unknown whether this interaction will persist following migration into the retina as well as
to what degree transplanted cells migrate from the biodegradable scaffolds into the retina.

As PGS contains mechanical properties, which more closely resembles those of the native
retina, it was examined in thin microcylinder scaffolds, which were cured while using a
PDMS negative to create 45-um thick scaffolds containing 50-um diameter pores separated
175 um apart [26]. Using this material, it was first necessary to coat the scaffold with
laminin prior to cell seeding. Once coated, these scaffolds supported RPC growth and
proliferation. In an effort to improve transplantation efficiency and to limit the damage from
the transplantation surgery, these scaffolds were scrolled, which was possible due to the
higher elasticity of PGS when compared with PLA PLGA, and inserted into a 1-mm internal
diameter needle, which could then inject the scaffold into the subretinal space [27].
Implanting this scaffold onto both control and Rho™~ mouse retinal explants revealed
significant retinal integration of transplanted cells, with twice as many cells being able to
migrate into the control retina. In addition, cells migrated to the outer nuclear layer (ONL),
inner nuclear layer, ganglion cell layer (GCL) and nerve fiber layer. /n vivo, transplanted
cells migrated into both the ONL and inner nuclear layer twofold better in control than
Rho™" retinas (Figure 2). Thus, the use of the more elastic PGS material to recreate the thin
microcylinder scaffolds was able to increase the migration of transplanted cells into the
retina and also conferred the advantage of implantation through a less-invasive procedure.

Differentiation of RPCs on microcylinder scaffolds

The differentiation of stem and progenitor cells has been shown to be a function of many
biological and mechanical factors, including the age of the cells when they are isolated
[28,29], molecular cues in which the cells are cultured [30,31] and the environment in which
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the cells are transplanted [32]. In addition, scaffold materials [33] and mechanical properties
[34-36] can also affect the differentiation of stem cells.

For example, RPCs cultured on microcylinder scaffolds begin to differentiate within the
scaffold during culture as determined through immunohistochemistry and reverse
transcription-PCR [18]. RPCs down-regulated immature markers Nestin, Hes1 and Hes5 and
upregulated mature differentiated markers GFAP (astrocytic), MAP2 (neuronal), PKC-a
(bipolar), recoverin (photoreceptors) and rhodopsin (photoreceptors) [14,18]. Thin cylinder
scaffolds also promoted cell differentiation with downregulation of the immature marker
sox-2 and increased expression of recoverin, rhodopsin and GFAP [22,23]. In some cases,
the differentiated cells would actually form laminae within the scaffold. In this scaffold,
Pax6 was used to label cells of the inner retina and Otx2 was used to label photoreceptors.
Upon seeding, Pax6-positive cells remained in the uppermost 20 um of the scaffold, and
Otx2-positive cells were observed in the bottom 10 pm, with a transition zone in the middle
20 pm, and GFAP-positive cells spanning the entire channel, similar to localization of
Mdiller glial cell in vivo[25]. Thus scaffold-promoted RPC differentiation may also promote
differential migration and lamination of the cellular progeny, as occurs in the developing
retina.

Can scaffolds also inhibit differentiation or promote stem cell persistence? Unlike cells
seeded on scaffolds prepared from PLA and PLGA, cells seeded on scaffolds prepared from
PGS upregulated Ki67 and nestin, both immature markers [27]. For cells cultured within the
scaffold, cells were only positive for the mature markers of GFAP and NF200 (RGCs) [26].
However, once these cells were transplanted onto explants or /77 vivo, they began to
differentiate into several different types of cells including NF200-positive RGCs, PKC-
positive bipolar cells, CRX-positive and rhodopsin-positive photoreceptors and GFAP-
positive glial cells. Thus, there may be an interaction between scaffold-promoted stem cell
differentiation and the environment in which that scaffold is placed. To date, however,
microcylinder scaffolds have not been shown to direct the differentiation of RPCs into a
single (e.g., photoreceptor) phenotype.

Fibrous scaffolds

Fibrous scaffolds (Figure 3) have become very common in the field of tissue engineering
due to their mimicking of the natural architecture of the extracellular matrix. The fibers in
these scaffolds provide a large surface area for cell attachment while also creating
interconnected pores for transport of nutrients [37,38]. While there are several methods for
creating micrometer or nanometer scale fibers, one of the most common is through
electrospinning. In this process, a high voltage is applied to polymers dissolved in a volatile
solvent and pumped through a needle until a continuous stream of solution is ejected from
the needle to a collecting plate normally 10-20 cm from the needle tip. As the solution is
ejected from the needle, the solvent evaporates forming individual continuous fibers
deposited on the collecting plate. Fibrous electrospun scaffolds produced from PCL and the
biomaterial chitosan, which has been covalently bonded to PCL, as well as blends of the two
materials, were compared for their engineered properties and their cellular effects [39]. The
scaffolds produced from the different materials formed similar scaffolds with fiber mats
containing a random orientation with a mean diameter between 656 and 925 nm and
containing a porosity between 77 and 89%, with smaller fiber diameter scaffolds being less
porous. The water contact angle varied significantly between the different scaffolds based
upon the materials used to produce them: scaffolds produced from the hydrophobic PCL
contained a contact angle of 134° while scaffolds blended with the hydrophilic polymer
chitosan were found to have a contact angle of 0°. Decreasing the hydrophobicity not only
affected the ability of the RPCs to spread on the scaffold, but also increased the proliferation
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rate of seeded RPCs. RPCs grown on electrospun, random alignment fibrous PCL scaffolds
with a mean fiber diameter of 3 pm, a porosity of 52% and mean pore size of 24.4 ym coated
with laminin, were observed to grow both on the scaffold surface as well as in the pores
[40]. Once transplanted onto retinal explants, these cells migrated into control and Rho™~
retinas at similar rates.

Chemical and biological modification of fibrous scaffolds may be used to confer specific
advantages. For example, to further enhance integration RPCs migration in the retina,
electrospun fibers were incorporated with an aqueous domain at the core of the fibers that
contained the enzyme MMP2. This zinc-dependent matrix metalloproteinase was previously
demonstrated to enhance integration into degenerating retinas that show associated glial
scarring by degrading inhibitory extracellular matrix proteins CD44 and neurocan that
accumulate from the degeneration [41,42]. The addition of MMP?2 to the scaffold fibers
increased the total number of cells able to migrate into control retinas three- to fourfold
when compared with control electrospun scaffolds, and significantly increased the number
of RPC differentiated into photoreceptors transplanted 10-15-fold (Figure 4) [42].

Electrospinning is not the only mechanism to design fibrous scaffolds. By solvent casting
PCL over an etched plate, fiber surface topographies were created on PCL thin films.
Morphology of the nanowires could be controlled by the altering the processing temperature,
creating scaffolds with long 27-um or short 2.5-um nanowires [43]. These were compared
with control PCL thin films as RPC culture substrates. At 1 week, long nanowires increased
the number of cells over those cultured on control thin films and short nanowire scaffolds.
Long nanowire scaffolds also demonstrated an increased migration of RPCs into both
control and Rho™~ retinas, with cells migrating to the correct lamina based upon their
terminal differentiation. Thus, compared with microcylinder scaffolds, fibrous scaffolds
better promote transplanted cell migration in both native and degenerated retinas. This
migration was further enhanced by the controlled release of MMP2. Most importantly,
differentiated cells were shown to migrate to the proper cell lamina within the retina when
transplanted on fibrous scaffold. These data suggest that fibrous scaffolds may hold many
advantages for retinal stem cell transplantation.

Differentiation of RPCs on fibrous scaffolds

RPC seeded on fibrous scaffolds have shown limited ability to differentiate following
transplantation. In some cases, RPCs differentiated into only GFAP-positive glial cells
[39,40]; in other cases, expression of photoreceptor markers recoverin and rhodopsin were
upregulated in addition to GFAP, in the latter case when cells were cultured on chitosan/
PCL composite scaffolds [39]. A more significant upregulation of recoverin and rhodopsin
was seen using a PLGA nanofiber scaffold in the presence of MMP2, with a tenfold higher
recoverin and rhodopsin expression compared with control PLGA scaffolds, although the
mechanism associated with this increase was not investigated [42]. It is also important to
note that the cell expression of the immature marker nestin and GFAP were not quantified,
so it cannot be determined if there was an increase in the total number of cells differentiating
or if there was a specific increase in photoreceptor differentiation.

In situ forming hydrogels

Hydrogels have been used extensively as scaffolds for the culture of neural cells because the
mechanical properties; most importantly the stiffness, of these scaffolds can be tailored to
match that of tissue in the CNS [35,44-47]. Due to the mechanical forces associated with
implantation, however, transplanting a relatively soft cell-seeded hydrogel scaffold is
extremely difficult. To overcome this limitation, research has begun into in situ-gelling
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hydrogels. Initial work studying scaffolds containing neural progenitors used photo-initiated
free radical formation [34,45], but this technique proved cytotoxic to cells [48].

Two new innovations in /n situ-gelling hydrogels (Figure 5) may prove useful for subretinal
implantation. In one, mixing sodium haluronate and methylcellulose in equal proportions
forms a temperature-responsive hydrogel whose elastic modulus and gelling time can be
controlled by varying the total concentration of the two polymers in solution [49]. The
polymer supported RPCs either as encapsulated whole neurospheres or as a single-cell
suspension, and yielded the same survival as cells cultured in media without polymer [50].
When injected into the subretinal space, RPCs seeded in haluronate and methylcellulose
formed a continuous layer, covering >90% of Bruch’s membrane, the basement membrane
of the RPE, as opposed to RPCs injected in saline that covered approximately 50% (Figure
6). Using this material, RPCs primarily migrated into the RPE with a small number of cells
migrating into the outer nuclear layer. This integration pattern could be due to interaction
between the transplanted RPC monolayer formed on the RPE, creating interactions that
result in the formation of tight junctions between the cells and their eventual differentiation
and integration. This interaction is not seen with the other scaffold types where the scaffold
forms a physical barrier to interaction with the RPE.

In a second approach to /n situ-gelling hydrogels, collagen modified with poly(A-
isopropylacrylamide) undergoes a transition as the solution reaches physiological
temperature, and gelling time is controlled through the method of grafting and the number of
poly(N-isopropylacrylamide) chains polymerized to collagen [51]. This polymer supported
>90% viability of RPE cells after 14 days in culture, but was not tested /n vivo. Together,
hydrogels can create a continuous covering of Bruch’s membrane, but exhibit a very limited
ability to promote transplanted cells’ migration into the retina, with cells migrating primarily
into the RPE. In addition, the actual terminal differentiation of RPCs seeded with the
hydrogel scaffolds has yet to be determined; so, it is unknown whether the differentiation of
RPCs to photoreceptors is supported.

Conclusion

RPCs are a potential tool in the treatment of retinal degenerative diseases. They are able to
differentiate into different retinal cell types while still being able to proliferate, thereby
providing an expandable source of cells for cellular replacement therapies. While these cells
have previously been shown to create functional synapses to host retinas and restore vision,
these methods show low cell survival and integration. Tissue-engineered scaffolds designed
to mimic different aspects of the retina, used for cell expansion and delivery, have
demonstrated significant survival of cells through transplantation into the subretinal space
over cells injected alone or polymer films with no surface structures. These scaffolds also
facilitate migration of transplanted cells into both uninjured controls and retinal
degeneration models that include glial scarring, a major barrier to any cellular treatment of
age-related macular degeneration. Challenges remain, as thickness, surface topography,
mechanical properties and degradation characteristics must be considered in the design of
the scaffold to prevent further damage to the retina or large retinal detachments, and to allow
for interaction between the retina and the RPE. Together these data suggest that tissue
engineering approaches will prove critical to enhancing our understanding of the nanoscale
and microscale biology of retinal stem cells, and to providing meaningful mechanisms to
promote regenerative cell transplantation for retinal and optic nerve degeneration.
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Expert commentary

The ability of scaffolds to increase the delivery and survival of RPCs following
transplantation into the subretinal space demonstrates the importance in the development of
scaffolds for the treatment of retinal diseases. While significant research is being conducted
on enhancing the migration of RPCs into the neural retina, less research is being conducted
on controlling the differentiation of the RPCs on these scaffolds. In each of the cases
described earlier where the differentiation of the RPCs was investigated, the predominant
differentiation pathway was glial. While glial cells clearly provide several important
functions in the retina, including promoting integration and formation of synapses [52-54],
and acting as a favorable substrate for photoreceptor growth /in vitro [55], glial cells may
also create barriers to cell growth and migration of both native and transplanted cells [56,57]
and can also lead to an increase in degeneration [58,59]. While the addition of the soluble
factor MMP2 and the use of fibrous scaffolds were able to overcome some of the effects of
glial scarring allowing RPCs to migrate into Rho™" retinas, cellular transplantation has been
shown to induce further gliosis, which could further affect cellular integration and repair
[57].

In order to create a more suitable implant, it is possible that scaffolded RPCs should either
be differentiated prior to implantation using the known soluble factors [31,60,61] or allow
for the controlled release of these factors in a scaffold, similar to the retinoic acid releasing
scaffold designed for mesenchymal stem cells [62]. A secondary advantage to the
differentiation of the RPCs prior to implantation is that this could reduce the risk of tumor
formation as has been seen with other stem cell implantations [63].

A second area for study is on the long-term effects of implantation of the scaffolds in the
subretinal space. In many of these studies, the polymer PCL was used, whose degradation
rate is variable based upon factors listed above, can last as long as 1-2 years to fully
degrade. PGS degrades at a faster rate, however, over an implantation time of 1 month, it is
associated with a loss of existing photoreceptors [64]. The self-aggregating hydrogel
scaffolds may provide the smallest barrier between RPE and neural retina, being resorbable
in as little as 1 week [50]. The slow degradation rate of these materials leaves a solid barrier
separating the neural retinal from the RPE for the lifespan of the implant. Interaction with
the RPE is necessary for the formation of outer segments and increases photoreceptor
survival and normal function [25,65,66]. As a result, it is unknown what long-term effect
scaffold implantation will have on either the RPE or the photoreceptors being implanted.

Five-year view

While significant research has been conducted on the development of different scaffolds for
the transplantation of progenitor cells towards the treatment of degenerative diseases of
photoreceptors, scaffolds have yet to be developed for degenerative diseases of retinal
ganglion cells such as glaucoma or optic nerve stroke. In these diseases, retinal ganglion
cells are permanently damaged in the optic nerve, leading to interruption of retinal signaling
to the brain and ultimately to cell death. Treatments for these diseases face similar obstacles
to those of diseases of the photoreceptors, mainly transplantation and integration into the
existing cellular circuitry of the outer retina and inner plexiform layer. However, retinal
ganglion cell-replacement therapy is more complex, and also requires pathfinding from the
retina to the optic nerve, extension through the optic nerve, pathfinding through the optic
chiasm and to the visual centers of the brain.

Cellular treatments are further limited by degeneration within the optic nerve, which creates
glial scarring and an environment inhibitory to axon growth. However, recent studies into
the PTEN/mTOR and SOCS3 pathways demonstrate regeneration through optic nerve crush
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sites to the optic chiasm [67—-69]. Several of the scaffolds discussed earlier when implanted
into the subretinal space contained cells that migrated into the GCL, including one scaffold
that was able to preferentially differentiate cells into NF200-positive cells [26]; however,
these scaffolds were not capable of directing the cell growth towards the optic nerve head.
Cells injected into the vitreous body are able to migrate into GCL, although again these
studies have not shown an ability to direct cell growth towards the optic nerve head [70-72];
however, seeded cells that do reach the optic nerve head are able to send short processes into
the optic nerve [72]. In order to create a scaffold capable of directing the radial growth of
the ganglion cells towards the optic nerve head, it will be necessary to create scaffolds for
implantation above the retina in the vitreous body. In the next 5 years, we can expect to see
scaffolds prepared to direct cells to the optic nerve, with RPCs modified to allow migration
through glial scarring and projecting dendrites into the inner plexiform layer.
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Key issues

Retinal progenitor cells offer a potential expandable cell source capable of
differentiating into all retinal cell types.

Retinal progenitor cells have previously been shown to be capable of forming
functional synapses when implanted into the subretinal space; however, the
cellular injections have low survival.

Tissue-engineered scaffolds are 3D supports capable of acting as a cellular
delivery device when implanted into the subretinal space, demonstrating a
tenfold increase in cell survival and a fourfold increase in cellular migration into
retina.

Several different scaffold architectures have been designed with fibrous
scaffolds showing the greatest migration of cells into the retina, which was
further enhanced by the incorporation of the enzyme MMP2 that helps to
degrade inhibitory factors in glial scarred retinas.

A total scaffold thickness of greater than 50 um has been shown to create large
retinal detachments and further damage the retina in animal models during
implantation.

The long-term effect of scaffold implantation, including degradation of the
scaffold in the subretinal space, and long-term separation of the retina from
direct contact with the retinal pigment epithelium have yet to be determined.
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Figure 1. Microcylinder scaffolds are used to mimic the vertical structural organization of cells
found in the retina

(A) Scanning electron micrograph of PDMS negative mold. (B) Removal of PLGA scaffold
from PDMS mold with forceps. (C-E) Scanning electron micrographs of top side of
removed PLGA microcylinder scaffolds. (C) Overhead view. (C insert) Higher
magnification of (C). (D) Alternate view at 45° tilt angle with cutaway showing inside walls
of channels. (E) Alternate view at 45° tilt angle showing the edge of a scaffold. (E insert)
Higher magnification of (E). Scale bars in (A) and (C) = 50 um, (C insert) and (D) = 10 um,
(E) = 100 um and (E insert) = 20 pm.

PDMS: Polydimethylsiloxane; PLGA: Polylactic-co-glycolic acid.

Reproduced with permission from [25]. © Elsevier (2012).
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Figure 2. Polyglycerol sebacate microcylinder scaffold delivery of green fluorescent protein and
retinal progenitors cells to control and rhodopsin knockout (Rho™ ™) degenerated mouse retinal
explants

Retinal progenitors cells were capable of migrating to all layers of the retina and
differentiating into several mature cell types (A—E) control wild-type retina, (F-J) Rho™~
retinas. (A) green fluorescent protein and mRPCs co-labeled (yellow) for nf200 (ganglion
cell) labeled with arrows, (B) Nestin (immature), (C, G) NeuN, (D) PKC (bipolar), and
(E,J) GFAP (glial) and (H) Crx (photoreceptor). Green: green fluorescent protein; red:
rhodamine labeled marker; blue: topro-3 nuclei label; scale: 25 mm.

GCL.: Ganglion cell layer; INL: Inner nuclear layer; NeuN: Neuronal nuclei; mRPCs:
Murine retinal progenitors cells; ONL: Outer nuclear layer; PGS: Polyglycerol sebacate.
Reprinted with permission from [27]. © 2009 Elsevier.

Color figure can be found online at www.expert-reviews.com/doi/suppl/10.1586/eop.12.56
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Figure 3. Electrospun fibrous scaffolds mimic the fibrous nature of the extracellular matrix
found in the retina and other tissues

Polycaprolactone electrospun fiber morphology analyzed by SEM at (A) 400x and (B)
1000x containing a mean fiber diameter of 2.962 + 0.894 um.

Reproduced with permission from [40]. © Taylor and Francis (2012).
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Figure 4. The controlled delivery of active MMP2 from electrospun fibrous scaffold enhances
green fluorescent protein and retinal progenitors cells migration into degenerated Rho™'~ retinal
explants by degrading inhibitory matrix molecules CD44 and neurocan

(A) Retinal explants were cultured in the absence (control PLGA) or presence (MMP2-
PLGA) of active MMP2 for 1, 3 and 5 days at 37°C, and subsequently fixed, cryosectioned
and immunolabeled for green fluorescent protein (green), CD44 (red) and neurocan (blue).
(B) The average number of cells that cross from the polymer into the retinal explant per
microscopic field.

(A) Magnification 40x, scale bar = 25 um.

*p < 0.05; **p < 0.001.
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GCL: Ganglion cell layer; PLGA: Polylactic-co-glycolic acid.

Reproduced with permission from [42]. © Elsevier (2009).
Color figure can be found online at www.expert-reviews.com/doi/suppl/10.1586/eop.12.56
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Figure 5. Hydrogels are used to approximate the mechanical stiffness of the native retina
Self-aggregation of poly(A-isopropylacrylamide) into an amorphous hydrogel when (A)
heated to or (B) injected into an aqueous solution at physiological temperature.
Reproduced with permission from [51]. © American Chemical Society (2010).
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Figure 6. In vivo adult subretinal transplantation of green fluorescent protein and retinal
progenitors cells in haluronate and methylcellulose self-aggregating hydrogel, assayed at 4 weeks
post-transplantation

(A) Control transplantation in saline vehicle show non-contiguous cellular integration and
localized cellular groupings (inset) atop BM, suggestive of cellular aggregation pre- or post-
transplantation. (B) Transplantation in haluronate and methylcellulose (HAMC) shows
contiguous areas of RPE integration over large areas of retina (inset), suggesting HAMC
maintains cellular distribution during injection and preventing aggregation pre- or post-
transplantation. Arrowheads indicate location of nuclei of transplanted cells. Confocal
images of cuboidal RPE cells sitting atop Bruch’s membrane after injection in (C) saline and
(D) HAMC (Hoechst and green fluorescent protein).

BM: Bruch’s membrane; RPE: Retinal pigment epithelium.

Adapted with permission from [50]. © Elsevier 2010.

Color figure can be found online at www.expert-reviews.com/doi/suppl/10.1586/eop.12.56
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