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a b s t r a c t

Regenerative strategies for retinal degenerative diseases are limited by poor cellular survival, distribution
and integration after transplantation to the sub-retinal space. To overcome this limitations a stem cell
delivery system was developed, taking advantage of the minimally-invasive, injectable and biodegrad-
able properties of a blend of hyaluronan and methylcellulose (HAMC). The physical and biological
properties of this unique HAMC formulation were studied. HAMC supported retinal stem-progenitor cell
(RSPC) survival and proliferation in vitro. The blend was a viscous solution, exhibiting properties ideal for
delivery to the sub-retinal space. In vivo transplantation studies in mice were carried out to investigate
both the biodegradability of HAMC in the sub-retinal space over 7 days and the potential of HAMC as
a cell delivery vehicle. RSPCs delivered in HAMC were more evenly distributed in the sub-retinal space
than those delivered in traditional saline solutions, suggesting that HAMC is a promising vehicle for
cellular delivery to the degenerating retina overcoming previously reported barriers to tissue integration
in the retina such as cellular aggregation and non-contiguous distribution.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Diseases of the retina and retinal function can lead to perma-
nent loss of visual function for which there is no definitive treat-
ment. The detrimental impact of vision loss on quality of life and
activities of daily living has been well documented and affects the
entire age spectrum. Retinitis pigmentosa (RP) affects the pediatric
and young adult population, and is the leading cause of inherited
retinal degeneration-associated blindness [1]. Diabetic retinopathy
is the principle cause of blindness in middle-aged working adults
[2]. Age-related macular degeneration (AMD) is the leading cause
of irreversible blindness and moderate visual impairment in
developed nations: there are an estimated 200,000 new cases
annually in the United States [3]. Irreversible photoreceptor death
or loss of function is common to all of these pathologies. It is
expected that rates of blindness due to retinal degeneration will
rise as our population ages in the coming decades [4,5], providing
a strong impetus in the search for new therapies.

Current therapies for vision loss have focused predominantly on
pharmacological treatments. For example, there have been recent
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advances in the treatment of the neovascular (wet) form of AMD
with anti-vascular endothelial growth factor therapies [6,7].
Experimental treatments of diabetic retinopathy focus on bioactive
molecules such as advanced glycosylation end product inhibitors
and anti-oxidants to counter oxygen-induced injury [8]. While
these therapies show promise in limiting the pathophysiologic
advancement of the disease, they do not represent a restorative
approach.

Cellular transplantation therapy is an alternate strategy, in
which auto- or allogenic cellular material is used to replenish
damaged retinal cells. The inner retinal microstructure in both
AMD and RP is relatively intact following pathological photore-
ceptor degeneration, and one regenerative approach is to repopu-
late these cells without having to recapitulate the intricate retinal
architecture. Various types of retinal tissue have now been allog-
rafted in the treatment of retinal disease: fetal retinal pigmented
epithelium (RPE) cells to patients with AMD [9,10], and neural
retinal cells to patients with RP [11]. Treating AMD by targeting RPE
regeneration or transplantation is a therapeutically relevant option
being pursued through research [12,13]. While graft survival is
observed in some cases, improvements in visual acuity are disap-
pointing to date [14].

Experimental research suggests that stem cell transplantation
shows promise for reconstituting the damaged cellular populations
of the retina [15,16]. One of the key advantages of using stem cells is

mailto:molly.shoichet@utoronto.ca
www.sciencedirect.com/science/journal/01429612
http://www.elsevier.com/locate/biomaterials


B.G. Ballios et al. / Biomaterials 31 (2010) 2555–25642556
their potential to differentiate into any type of cell, including retinal
neurons and RPE [17]. For cell replacement therapy in the retina,
the discovery of adult retinal stem cells (RSCs) [18] and their
isolation in humans [19] was a major step forward, avoiding the
ethical concerns regarding the use of embryonic/fetal tissue [20]. It
was shown that cells derived from the pigmented ciliary margin
could give rise to all retinal cell types as well as integrate into the
retinae of early postnatal mice [19]. The developing mouse eye is
a permissive environment for cellular integration due to the pres-
ence of differentiation and proliferation signals and the absence of
a mature glial limitans membrane, which prevents transplanted
cells from migrating into the neural retina in adult intravitreal
cellular transplantation [21]. To bypass this membrane in adults,
the target for cellular replacement therapy is sub-retinal. Barriers to
adult sub-retinal transplantation include cellular survival and host
tissue integration. It has been well documented that cell death,
leakage and migration from the injection site occurs when retinal
progenitor cells are delivered as a single cell suspension in
saline [22].

To overcome the poor survival and tissue integration associated
with sub-retinal delivery, retinal progenitor cells have been deliv-
ered to the retina on solid biomaterial scaffolds [23–27]. These
tissue engineered porous scaffolds are composed of common
synthetic polymers including poly(L-lactic acid)/poly(lactic-co-
glycolic acid) (PLLA/PLGA) [28], poly(methyl methacrylate) (PMMA)
[26], poly(3-caprolactone) (PCL) [24], or poly(glycerol-sebacate)
(PGS) [23]. They are often coated with laminin to enhance cell
adhesion and penetration into the porous polymer scaffold. While
important advances have been made, these solid scaffolds do not
match the modulus of the retina and lack the flexibility required for
sub-retinal delivery across the damaged retina [27]. Injectable
hydrogel-based materials, such as those investigated in this study,
provide an alternative cell-delivery vehicle.

To overcome the barriers of cell survival and integration after
sub-retinal transplantation, we propose to develop a minimally-
invasive, injectable, and biodegradable vehicle for cellular delivery.
Minimally-invasive ophthalmological procedures are associated
with lower patient morbidity [29]. Using a minimally-invasive
technique, the injection site would be self-healing without the
need for sutures. Using a physical matrix, cells could be preloaded
promoting even distribution after transplantation in the sub-retinal
space. Importantly, by using a biodegradable biomaterial perma-
nent retinal detachment due to material placement would not be
a concern at the transplantation site. This would allow the tissue
layers to heal together, and prevent pathologic fibrosis that disrupts
normal retinal function.

To test our idea of an injectable hydrogel cell delivery vehicle to
the sub-retinal space, we first screened a series of natural polymer
hydrogels for physical properties of flow and gelation time, and
biological properties of retinal stem-progenitor cell (RSPC) growth
and cell survival. Agarose [30], collagen [31], chitosan/glycerol-
phosphate [32], and HAMC (a physical blend of hyaluronan and
methylcellulose) were included in the screen because all of these
materials had literature precedence for injectability and simple
gelation mechanisms. HAMC has been previously shown to exhibit
rapid thermally-reversible gelation in situ, biocompatibility,
biodegradability and a useful intrathecal drug delivery vehicle in
the central nervous system (CNS) [33–35]. Based on these series of
in vitro screens, HAMC was then pursued for in vivo studies where it
was further evaluated for degradation and cell delivery. The HAMC
formulation is particularly compelling because MC forms physical,
hydrophobic crosslinks while HA is known to promote wound
healing following CNS injection [33,36–38] and is non-immuno-
genic and biocompatible [39]. Moreover, HA is a prominent
constituent of the interphotoreceptor matrix in humans, where it
functions as a basic scaffold to which other macromolecules attach
[40,41]. In this study, we developed a formulation and role for
HAMC as a cell delivery vehicle by investigating cellular compati-
bility, in vivo biodegradability, and characteristics of integration of
RSPCs in the sub-retinal space.

2. Materials and methods

2.1. Material preparation

Sodium hyaluronate (HA) was purchased from Novamatrix (1500 kDa; Dram-
men, Norway). HA was sterile-filtered as previously described [34]. Methylcellulose
(MC, 300 kDa; Shin-Etsu, Tokyo) was sterilized in a similar manner, after dissolution
in ddH2O on ice at 0.3 wt%. Sterile HAMC was prepared by dissolving HA and MC in
aqueous media in a biological safety cabinet at the following mass ratios: 0.25/0.25,
0.50/0.50, 0.75/0.75, 1.00/1.00, 1.25/1.25 w/w%. The blends were mixed at 4 �C
overnight. This aqueous media was either serum free media (SFM) [42] for cell
culture in vitro or Hank’s buffered saline solution (HBSS, Invitrogen, Burlington, ON)
for transplantation in vivo.

Additional injectable hydrogels were prepared in saline for physical property
evaluation, or cell culture media for in vitro experimentation. Type IX-Agarose
(Sigma Aldrich, Oakville, ON) was prepared at 0.5% w/v; acid-soluble type I collagen
(Nitta Gelatin Inc., Osaka, Japan) at 1% w/v; and a thermoreversible chitosan/glyc-
erol-phosphate (GP) gel at 1% w/v [32].

2.2. Gelation time

In addition to physical flow through a 34G needle, the hydrogels were screened
for gelation time as estimated using the inverted tube test [33].

2.3. In vitro characterization of cell survival and proliferation

All animal procedures were performed in accordance with the Guide to the Care
and Use of Experimental Animals developed by the Canadian Council on Animal
Care and approved by the Animal Care Committee at the University of Toronto. RSCs
were derived from the ciliary epithelium of adult ACTB-GFP or -YFP mice as
described previously [42]. Cells were plated in SFM on non-adherent tissue culture
plates (Nunc; Thermo Fisher Scientific, Rochester, NY) at a density of 20 cells/mL.
Floating spheres of cells grow from the clonal proliferation of single pigmented
retinal stem cells to give rise to pigmented RPE progenitors and non-pigmented
neural retinal progenitors, the second of which can differentiate into all retinal
neuronal and glial subtypes [18,19].

Following 7 days of primary culture, spheres were either mixed directly with
hydrogels reconstituted in growth media, or dissociated into a single cell suspension
in a manner identical to pre-transplantation cell preparation (see below). Survival
was assayed using fluorescence imaging and single cell counting, with ethidium
homodimer-1 (EthD-1, 10 mM final concentration) (Invitrogen, Burlington, ON) used
to mark dead cells. Proliferation was assayed by measuring the sphere diameter over
6 days of culture in the biomaterial matrix. Staining and fluorescence was visualized
using a ZeissAxio Observer.D1 inverted fluorescent microscope equipped with an
AxioCamMRm digital camera, and imaged using ZeissAxioVision V4.6 software.
Significance is noted only if p < 0.05, as determined by using standard Student’s t-
test.

2.4. Fluorophore conjugation to HA and MC

HA and MC were modified with Alexa Fluor 488 hydrazide (Invitrogen, Bur-
lington, ON) and Alexa Fluor 568 hydrazide, respectively, using carbodiimide
chemistry as previously described by Kang et al. [34]. Fluorescently tagged HA and
MC were sterile-filtered prior to use.

2.5. In vivo degradation profiles of fluorescently labeled HA and MC

The degradation profile of HA and MC was followed in vivo by measuring the
fluorescence intensity over time. Fluorescently labeled HAMC was injected in the
sub-retinal space (5 mL, 0.5/0.5 w/w %), as described in more detail in the trans-
plantation protocol below. At t ¼ 0, 6 h, 1, 3, 5, and 7 days after injection, animals
were administered a lethal IP injection of sodium pentobarbital. To ensure the
integrity of the neural retina and sub-retinal space, animals were perfused trans-
cardially with saline and then 2% paraformaldehyde (PFA) immediately after sacri-
fice. Eyes were removed and placed in cold artificial cerebrospinal fluid (aCSF).
Confocal image analysis using an Olympus Fluoview FV1000 microscope was per-
formed on whole eyes with the cornea-lens-retinal axis perpendicular to the laser
scanning direction to minimize refraction from the lens. This was used to obtain
three dimensional reconstructions of the HA and MC in their native conformations
post-injection in the sub-retinal space. The eyes were then dissected to remove
autofluorescent extraocular muscle, as well as lens and vitreal attachments leaving
only the posterior structures (neural retina and opposed RPE-choroid-sclera)
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undisturbed. Subsequent epifluorescent and confocal imaging confirmed localiza-
tion of HAMC to the sub-retinal space, and confocal image analysis software
(Fluoview V2.0b) was used to quantify fluorescence intensity. Loss of fluorescence
intensity per unit area was used as a measure of degradation for the HA and MC
components. Values were corrected for background autofluorescence using non-
injected tissue.

2.6. In vivo transplantation of RSPC loaded HAMC

Subretinal transplantation into the mouse eye was adapted from the technique
described previously by Coles et al. [19]. GFPþ RSPC spheres were dissociated into
single cells with an enzymatic solution (trypsin 1.33 mg/mL, hyaluronidase 0.67 mg/mL,
kynurenic acid 0.2 mg/mL,0.5 mg/mL collagenase I, 0.5 mg/mL collagenase II, 0.1 mg/
mL elastase, Sigma Aldrich, Oakville, ON). The cells were resuspended in either HBSS
or 0.5/0.5 w/w% HAMC to a concentration of 10,000 cells/mL. Animals were brought
to a surgical plane of anesthesia with isoflurane. Using a 34 gauge beveled needle
attached to the Nanofil submicrolitre injection system (World Precision Instruments,
Sarasota, FL) 1 mL of cell suspension was injected into the sub-retinal space of adult
CD10/Gnat2�/�using a Möller Hi-R 900C surgical microscope (Innova Medical
Ophthalmics, Inc., Toronto, ON). Four weeks after transplantation, animals were
sacrificed and transcardially perfused with saline followed by 4% PFA. The eyes were
removed and stored in 4% PFA (4 �C for 4 h), which was replaced with a 30% sucrose
cryoprotectant solution (4 �C overnight). Tissue was placed in tissue fixative (FSC22
Frozen Section Compound; Richmond, IL) and frozen overnight at �80 �C. Frozen
blocks were sectioned in a cryostat (�20 �C) at a thickness of 15 mm and mounted on
Superfrost Plus Gold slides (Fisher Scientific, Ottawa, ON). Slides were then washed
with Hoescht nuclear stain (Invitrogen, Burlington, ON) and reviewed by epifluor-
escence (ZeissAxio Observer.D1) to observe GFPþ cells. The percentage of Bruch’s
membrane covered by GFPþ transplanted cells integrated along the RPE was
quantified using fluorescence intensity analysis in ImageJ.

3. Results

3.1. Biomaterial screening and selection

In order to determine the optimal biomaterial for cell delivery to
the retina, we screened the following naturally-derived polymers
that met our initial criteria of biodegradability, biocompatibility and
injectability through a 34 gauge needle (85 mm inner diameter):
HAMC, agarose, collagen, and chitosan/GP. These biomaterials were
compared in terms of time to gelation and cellular response. A
material that gelled between 10 and 60 min, using the simple
inverted tube assay, was thought to be suitable in terms of handling
in vitro and cell delivery in vivo, providing sufficient time for cell
loading in vitro and cell distribution in vivo prior to gelation. Of the
biomaterials tested, all met our time to gelation criterion except the
chitosan/GP formulations (1% and 2%) and the weakest HAMC
physical blend (0.25/0.25 w/w%, Fig. 1a). Of the HAMC physical
polymer blends, the 0.5/0.5 and 0.75/0.75 w/w% passed the inject-
ability screen. Higher weight percentages were not injectable
through the 34 gauge needle, and were not considered further.

HAMC (0.5/0.5 and 0.75/0.75 w/w %), agarose and collagen were
evaluated in terms of cellular response with cells cultured within
each hydrogel and specifically in terms of RSPC growth in vitro
relative to media controls. As RSPCs are normally cultured as
spheres, sphere diameter was used as a proxy for cell growth with
care taken to exclude the influence of sphere aggregation, as
described further below. As shown in Fig. 1b and c, RSPC spheres
increased in diameter in HAMC 0.5/0.5 similar to media controls. In
HAMC 0.75/0.75, spheres increased in relative diameter similar to
media controls, but did not reach the same absolute diameter after
6 days. Sphere mixing in HAMC 0.75/0.75, due to its higher
viscosity, consistently resulted in reduced initial sphere diameter
due to loss of cells from outer layers. Interestingly, sphere growth in
collagen lagged significantly behind control growth media condi-
tions in both absolute and relative diameter, and thus collagen was
not pursued further. While the RSPC spheres grew to significantly
higher diameters in agarose, the growth was characterized by cell
spreading and morphological differentiation (Fig. 1f), suggesting
loss of multipotency. Thus, agarose was removed from further
consideration. In contrast, spheres plated in HAMC formulations
exhibited similar relative growth as in media controls, but without
cell spreading (Fig. 1b–e). Thus, further studies were pursued with
HAMC 0.5/0.5 and 0.75/0.75.

It has been demonstrated that increases in primary RSPC sphere
diameter can take place through two processes: proliferative cell
division [43] and aggregation and merging of smaller spheres [44].
In order to separate these two phenomena and validate the sphere
diameter assay as a measure of proliferation, individual spheres
were counted (Fig. 1g). Approximately 5 spheres per well chosen
from primary cultures were plated in HAMC and control media, and
counted over 6 days. There was no change in the number of spheres
per well, indicating that cells were proliferating rather than
spheres coalescing. For the latter to have been true, the number of
spheres would have decreased.

3.2. In vitro characterization of stem cells in HAMC

Prior to studying HAMC as a cell delivery vehicle in vivo, cell
viability and cell distribution were studied in vitro over 6 days for both
spheres and single cell suspensions. Live cells, identified as GFP-
positive and EthD-negative, were constant across all culture condi-
tions (media, HAMC 0.5/0.5 and HAMC 0.75/0.75) for spheres (Fig. 2a)
and single cells (Fig. 2b). While there was no significant difference
across the groups at each time point, there was a decrease in cell
viabilityafter 3 days of culture of single cells (in all conditions) relative
to both time of plating (t ¼ 0) and spheres. RSPC sphere diameter,
reflective of proliferative cell division, was not significantly different
between control media and the HAMC 0.5/0.5 blend over 6 days: day
0: media 84� 2 mm vs. HAMC 71�11 mm; day 3: media 103�7 mm vs.
HAMC 83� 15 mm; day 6: media 130� 17 mm vs. HAMC 142� 4 mm.

To better understand the suitability of HAMC as a cell delivery
vehicle, cell distribution was studied and imaged by confocal
reconstruction of a single cell suspension of RSPCs at 37 �C after 6
days of culture. As shown in Fig. 2e, RSPCs were homogeneously
(and stably) distributed within the HAMC matrix unlike the
distribution in media where cell aggregation was evident (data not
shown). This demonstrates that HAMC prevents cellular aggrega-
tion, which may be important for cell integration in the host tissue
[22]. We did not observe an appreciable difference between HAMC
0.5/0.5 and HAMC 0.75/0.75 and thus chose to pursue only HAMC
0.5/0.5 in further analysis because this blend was easier to inject
through the 34 gauge needle.

3.3. In vivo degradation profile of HAMC in the sub-retinal space

The in vivo degradation profile of HAMC (0.5/0.5) was followed
by measuring the depletion in fluorescence intensity of fluo-
rescently-tagged Alexa Fluor 488-HA and Alexa Fluor 568-MC over
7 days. The fluorescently-tagged HAMC blend was injected into the
sub-retinal space of adult albino mice (see below) and visualized by
confocal microscopy immediately after injection and then over
time to determine the degradation profile (Fig. 3).

Fluorescence was quantified and normalized to day 0 controls
using image analysis software. Both HA and MC exhibited rapid
degradation within the first 6 h after transplantation. HA exhibited
a more rapid degradation over time, dropping to approximately 10% of
initial levels within 3 days and falling to a minimum of approximately
3% after one week. In contrast, MC showed persistence within the sub-
retinal space to approximately 20% of its initial value after 7 days.

3.4. Transplantation of RSPCs in HAMC

To evaluate the utility of HAMC for cell delivery, primary
culture RSPCs isolated from beta-actin-GFP transgenic mice
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were dissociated to single cells and injected into the sub-retinal
space of adult CD10/Gnat2�/�mice at a concentration of 10,000
cells/mL in either HAMC or saline alone. Mutation of the
Gnat2 gene leads to cone dysfunction and progressive
loss, which is a predictive and reliable measure of AMD severity
[45].

Tissue analysis at 4 weeks following injection revealed that
RSPCs delivered in saline alone resulted in non-continuous banding
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patterns in the RPE (Fig. 4a). In contrast, RSPCs delivered in HAMC
(0.5/0.5) integrated with the RPE and formed continuous banding
patterns (Fig. 4b). The cellular morphology of the GFP-positive and
nuclear-stained transplanted cells was consistent with the cuboidal
epithelium characteristic of RPE cells, sitting atop Bruch’s
membrane (BM) (Fig. 4c–f). In order to quantify this increase in
cellular distribution seen with HAMC, the percentage of Bruch’s
membrane covered by GFPþ cells was quantified using image
analysis software. Delivery with HAMC resulted in a significant
increase in coverage over buffered saline vehicle (Fig. 4g): 93% with
HAMC vs. 50% with saline. Of note, between four and five GFP-
positive cells per eye appeared in opposition to the outer nuclear
layer (ONL) amidst photoreceptor outer segments (Fig. 4h–k), and
this was not different between HAMC or saline vehicles. Qualita-
tively, there was no observed effect of HAMC versus saline injection
on retinal morphology in terms of overall thickness, laminar
integrity or the appearance of the ONL and RPE/Bruch’s membrane.
Taken together, delivering RSPCs in HAMC had a dramatic effect on
cellular distribution within the host tissue, with a marked
reduction in cellular aggregation and improved distribution over
the RPE/Bruch’s membrane.

4. Discussion

HAMC, of the biomaterials screened, was evaluated in vivo for
cell delivery based on criteria of injectability, time to gelation and
neutral effect on growth kinetics. This allowed us to eliminate
a number of commonly studied materials while providing a ratio-
nale for the use of HAMC.

Importantly, HAMC impacted neither cell survival nor normal
cellular growth. Cell survival and proliferation were assessed
separately in this study, a distinction that has been neglected in
previous biomaterial-cell delivery studies [23,46]. We demon-
strated that sphere growth is a good proxy for proliferation and not
sphere aggregation. These results are consistent with those of Mori
et al. who showed that coalescence in neural stem cell culture is
observed only from the merging of small cell aggregates in
immature cultures but not by mature neurospheres [44]. We



Fig. 4. In vivo adult sub-retinal transplantation of GFPþRSPCs in HAMC, assayed at 4 weeks post-transplantation. (a) Control transplantation in saline vehicle show non-contiguous
cellular integration and localized cellular groupings (inset) atop Bruch’s membrane (BM), suggestive of cellular aggregation pre- or post-transplantation. (b) Transplantation in
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 (e) HAMC (c,e, Hoechst and GFP; d,f, merge with DIC to show cytoplasm). Note non-contiguous distribution in buffered saline vehicle versus HAMC. (g) Integration along
the RPE shows significantly greater coverage of Bruch’s membrane by GFPþ cells delivered in HAMC versus buffered saline over integrated areas (n ¼ 3 eyes each). Cells located in
opposition to the ONL intermingled within ONL cytoplasmic extensions (h and j show blue-Hoechst and GFP fluorescence; i and k show these images merged with the DIC-imaged
cytoarchitecture). (i-ii) RSPC/saline injection and (iii-iv) RSPC/HAMC injection (* p<0.05).
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observed more consistent cell viability over culture time of the
spheres vs. single cells, yet chose to inject single cells because
sphere diameter limits injectability through the 34 gauge needle in
the sub-retinal transplant and ultimately single cells are likely to
integrate with the host tissue better. While survival of single cells
was high in both HAMC and control media over time, the drop in
viability may reflect loss of autocrine/paracrine signaling between
cells, such as endogenous secretion of FGF2 by closely associated
cells, as is normally observed in RSPC sphere colonies [18,19].

Importantly, HAMC maintains a distribution of cells during
the in vitro cell culture, as demonstrated by confocal recon-
struction. Thus, HAMC overcomes the problems of cellular
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aggregation and provides greater opportunity for cellular inte-
gration with host tissue. Cells dispersed in HAMC did not
aggregate over the 6 day culture period, providing further
evidence that mixing cells in HAMC inhibits cellular aggregation
prior to transplantation. These cell distribution phenomena are
not often studied in the context of cellular delivery using
injectable biomaterials, but are essential to anticipating and
understanding the behavior of the system in vivo.
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The in vivo experiments confirm the potential of HAMC as
a minimally-invasive, injectable and biodegradable cell delivery
vehicle. The ability to inject a fluidic vehicle without the inherent
risk of retinal microstructure damage that might arise during the
placement of a solid, cell-seeded scaffold confers an important
practical benefit. The use of this cell delivery vehicle is a step towards
the development of safe biomaterials for the treatment of retinal
diseases. HAMC is viscous on injection, with no observed backflow
on needle retraction or clogging of the 34 gauge needle. Its non-cell
adhesive properties [33] minimize scar formation and its biologically
neutral impact on cell survival and growth allows transplanted cells
to respond to endogenous cues that may promote integration.

Dissection and fluorescent labeling combined with confocal
reconstruction indicated that HAMC filled the sub-retinal space
evenly and degraded over a one week period. No changes in retinal
morphology were observed. The in vivo degradation profile of both
HA and MC in the sub-retinal space was slower than that observed
in the intrathecal space [34], where similar materials have been
used previously, likely because of continuous CSF flow in the
intrathecal space which is absent in the sub-retinal space. However,
similar to the intrathecal studies, HA was observed to degrade more
rapidly than MC. Endogenous hyaluronidase is present in the
normal eye [47] and pathologic retina [48], and can serve to
degrade the HA. In support of these known mechanisms of HA
degradation this component showed a punctate appearance within
the first few hours following injection. This corresponds to bulk
degradation throughout the entire material, contrasted with
surface degradation which would show preferential erosion of HA
fluorescence at the periphery. This is consistent with previous
work, which shows that HAMC presents minimal resistance to
molecular diffusion of molecules up to 150 kDa [35]. Therefore,
hyaluronidase (53.9 kDa) may diffuse freely throughout the gel.

Compared to saline delivery of RSPCs, HAMC delivery decreased
cellular aggregation and promoted cellular distribution in the sub-
retinal space. Following transplantation, the majority of cells integrate
in the RPE layer, adopting a cuboidal morphology. This cell delivery
strategy may be useful for the treatment of widespread or advanced
maculopathy, where large areas of the RPE are destroyed [45]. The
choroidal neovascularization inherent in wet-AMD is marked by
widespread disruption of the RPE and disturbance of the homeostatic
mechanisms of photoreceptor outer segment phagocytosis [49–51].
The RPE replacement potential demonstrated by the HAMC delivery
system is therefore therapeutically relevant to the treatment of AMD.

Efficient cell delivery and survival are major barriers to
successful cellular transplantation in the CNS. Most transplanted
cells die, and those that remain viable either migrate away from the
transplant site and/or aggregate together and thus do not integrate
with the host tissue [22]. The data presented here show that,
through the use of innovative biomaterial engineering, cell delivery
in HAMC promotes tissue integration without compromising cell
survival. While there are a few other reports of biodegradable
polymeric scaffolds studied for cell transplantation in the retina
[23–27], this is the first report to test and demonstrate the benefit
of an injectable biodegradable polymer as a vehicle for the delivery
of cells versus a single-cell suspension in saline. The cellular inte-
gration observed is significantly better when cells are delivered in
HAMC vs. saline alone. The use of HAMC as a minimally invasive,
injectable and biodegradable strategy for cell delivery to the
damaged retina demonstrates the benefit of an appropriately
designed biomaterial for greater success of cell therapy in the CNS.

5. Conclusions

A hydrogel-based system for cellular delivery that allows
localized delivery to the sub-retinal space was developed and
characterized. A formulation of HAMC meets the design criteria of
being minimally-invasive, injectable and biodegradable in situ. The
vehicle allows RSPC survival and proliferation in vitro, and exhibits
benefits in overcoming barriers to cell integration in the in vivo
studies when compared to saline controls. This system will now be
further investigated and adapted for the delivery of therapeutic
cellular populations for the regeneration of vision in animal models
of retinopathy.
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Appendix

Figures with essential color discrimination. Figs. 1, 2, 3 and 4 in
this article are difficult to interpret in black and white. The full color
images can be found in the on-line version, at doi:10.1016/j.
biomaterials.2009.12.004.
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