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The deterioration of retinal tissue in advanced stages of retinitis pigmentosa and age-related macular degeneration
and the lack of signaling cues for laminar regeneration are significant challenges highlighting the need for a tissue
engineering approach to retinal repair. In this study, we fabricated a biodegradable thin-film polycaprolactone
(PCL) scaffold with varying surface topographies using microfabrication techniques. Mouse retinal progenitor
cells (mRPCs) cultured on PCL scaffolds exhibited enhanced potential to differentiate toward a photoreceptor fate
in comparison to mRPCs cultured on control substrates, suggesting that PCL scaffolds are promising as substrates
to guide differentiation of mRPCs toward a photoreceptor fate in vitro before transplantation. When cocultured
with the retinal explants of rhodopsin null mice, mRPC/PCL constructs showed increased mRPC integration rates
compared to directly applied dissociated mRPCs. Moreover, these mRPC/PCL constructs could be delivered into
the subretinal space of rhodopsin null mice with minimal disturbance of the host retina. Whether cocultured with
retinal explants or transplanted into the subretinal space, newly integrated mRPCs localized to the outer nuclear
layer and expressed appropriate markers of photoreceptor fate. Thus, the PCL scaffold provides a platform to guide

differentiation and organized delivery of mRPCs as a practical strategy to repair damaged retina.

Introduction

ETINITIS PIGMENTOSA (RP) and age-related macular

degeneration (AMD) are leading causes of irreversible
blindness characterized by photoreceptor loss."* The cell
transplantation is a promising strategy to replace the dam-
aged or lost cells.> However in advanced stages of RP and
AMD, deterioration of the retinal microenvironment and the
lack of signaling cues to promote proper cell organization
and differentiation are some of the main challenges high-
lighting the need for a tissue engineering approach in the
success of retinal regeneration.

Recently, an increasing number of synthetic polymer
scaffolds have been investigated in retinal tissue engineer-
ing,G_'3 including a thin, biodegradable polycaprolactone
(PCL) substrate that can be placed into the subretinal space
with minimal physical distortion.” Unlike bolus injection,
cells cultured on polymer scaffolds possess an inherent
structural organization and can be precisely placed for cell

delivery. Our previous work showed that delivering mouse
retinal progenitor cells (mRPCs) to the subretinal space via
polymer scaffolds resulted in a 16-fold increase in cell de-
livery and 10-fold increase in cell survival, thereby promoting
cellular integration.'> However, the percentage of cells that
could differentiate into photoreceptors remained limited.
Recent studies suggest that delivery of photoreceptor pre-
cursors or photoreceptor-committed cells may facilitate dif-
ferentiation toward photoreceptors.*!'*"'® Earlier studies of
microfabricated PCL scaffolds demonstrated increased cell
attachment, organization and higher gene expression of the
photoreceptor markers recoverin and rhodopsin in mRPCs,'®
making it possible to differentiate these cells toward photo-
receptor-committed cells in vitro before transplantation.

In this study, we developed a biodegradable thin-film PCL
scaffold using microfabrication techniques and a modified
soft-lithographic templating process. Topographies, charac-
terized as ridge-groove or post, were inversely replicated into
the thin film with minimal deformation. Our analysis suggests
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that based on unique topographic cues, the structured thin-
film PCL scaffold had the potential to guide mRPC differ-
entiation and provide a biodegradable platform to organize
and deliver mRPCs to the retinal tissue.

Materials and Methods
Animals

Adult rhodopsin null (Rho™'~) C57BI6 mice (Peter
Humphries; Trinity College) and wild-type C57B16 mice
(Jackson Laboratory) were used as recipient animals.
Postnatal day O (P0O) green fluorescent protein positive
(GFP*) C57Bl6 mice (Jackson Laboratory) were used as
mRPC donors. All experiments were performed according
to the Schepens Eye Research Institute Animal Care and
Use Committee and the ARVO Statement for the Use of
Animals in Ophthalmic and Vision Research.

mRPC isolation and culture

Eyes from PO GFP* mice were removed and placed in
Hank’s balanced salt solution (Invitrogen). Neural retinas were
carefully dissected away from the retinal pigment epithelium
(RPE). Retinal tissue was minced and digested with 0.1% type
1 collagenase (Sigma) for 20 min at room temperature. Liber-
ated cells were collected through a 100 pm mesh strainer (BD),
centrifuged at 1000 rpm for 5 min, and resuspended in neuro-
basal medium (NB; Invitrogen) containing 20 ng/mL epider-
mal growth factor (EGF; R&D), 2% B-27 (Invitrogen), 1% N2
(Invitrogen), 100 pg/mL penicillin/streptomycin (Invitrogen),
2 mM L-glutamine (Invitrogen), and 2000 U nystatin (Sigma).
Cells were transferred to a six-well plate (BD) and cultured at
37°C in a 5% CO, incubator. About 0.5 mL of fresh medium
was added to each well every 2 days. Primary neurospheres
formed within the first 2 weeks in culture. These proliferating
cultures were passaged 1:3 every 14 days.

Thin-film PCL scaffold fabrication

A silicon master was fabricated with the inverse pattern of
the desired surface topographies: ridge-groove or post. A
silicon oxide wafer was spun with S1805 positive photore-
sist, and then exposed with ultraviolet light through a
chrome mask (designed using L-Edit and fabricated by
Toppan photomasks) with the designed features. Reactive
ion etching was performed with Tetrafluoromethane gas at
130 mTorr to achieve an aspect ratio of 1:1. A modified
spin-assisted solvent casting method was used to template
the master mold features into PCL. A 0.10 mg/mL PCL
solution in dichloromethane was dispensed on the silicon
master mold and spin cast at 1500rpm for 30s, and then
heated in an oven at 70°C for 15 min. The PCL thin film was
lifted off the wafer by submersion in deionized water. The
scaffolds were dried and subjected to oxygen plasma treat-
ment (200 W, 270 mTorr, 305s) to increase surface hydro-
philicity. Smooth PCL (PCL templated off a nonstructured
wafer), glass, and polystyrene were used as controls.

PCL scaffold preparation

PCL scaffolds were cut with a sterile scalpel, incubated in
70% ethanol (Pharmco-AAPER) for 12h, and rinsed thrice
with phosphate-buffered saline (PBS) solution (Sigma) in a
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12-well plate (BD). Scaffolds were then submerged in
modified NB and incubated at 37°C for 1 h.

Cell proliferation on PCL scaffold

Expansion of mRPCs was analyzed on PCL scaffolds. To
establish a standard mRPC population curve, total mRPC
green fluorescent protein (GFP) signals were detected in a
known population from 5x10° to 5x10° cells in 96-well
plates (n=3) using a Tecan Genios microplate reader (Tecan
Group Ltd.). A 1x 1 mm piece of different topographies of
PCL scaffolds was then seeded with 2x10° mRPCs and
cultured for 7 days. Total GFP emissions from mRPCs on
each topography were taken at day 1, 3, and 7 under iden-
tical conditions (n=3). The mRPC/PCL scaffold signals and
the standard population curve signals were then correlated to
establish cell number on each day. After seeding, a Spot
ISA-CE camera (Diagnostic Instruments) attached to a Ni-
kon Eclipse TE800 microscope (Micro Video Instruments,
Inc.) was used to visualize cell proliferation across each
topography of PCL scaffolds. The composites were also
imaged at 10X magnification at day 1, 3, and 7.

Cell differentiation on different substrates

To analyze the differentiation of mRPCs on different
substrates, mRPCs were dissociated into single cells in
modified NB containing reduced EGF concentration to 1 ng/
mL, 2% B-27, 1% N2, 100 pg/mL penicillin/streptomycin,
2mM L-glutamine, and 2000 U nystatin. One hundred mi-
croliters of cell suspension (8 X 10* cells) was seeded onto
each 4 x4 mm piece of PCL scaffold, glass, or polystyrene.
Cells were allowed to differentiate for 7 days and the medium
was changed every other day. Cells were then collected for
scanning electron microscope (SEM), immunocytochemistry
(ICC), western blotting, and reverse transcription—polymerase
chain reaction (RT-PCR), respectively.

Scanning electron microscope

Cell morphology was examined using SEM at day 3, 5,
and 7. Before imaging, each sample was fixed in a solution
of 3% glutaraldehyde (Sigma), 0.1 M sucrose (Sigma), and
0.1 M sodium cacodylate (Sigma) buffer for 72h at room
temperature. Following fixation, samples were rinsed in
buffer containing 0.1 M sucrose and 0.1 M sodium cacody-
late. Samples were then dehydrated in a graded ethanol
series. The final 100% ethanol was replaced with hexam-
ethyldisilazane (PolySciences, Inc.) for 10 min and subse-
quently air-dried for 30 min. Samples were sputter-coated
with a 20nm layer of gold—palladium. SEM imaging was
conducted on a Hitachi S-3500N SEM (Hitachi High
Technologies America, Inc.) at SkV.

Immunocytochemistry

The mRPC/PCL scaffold constructs were fixed in 4%
paraformaldehyde (Sigma) for 20 min and then processed
for ICC as described below. All samples were rinsed thrice
for 5 min each in PBS, blocked in PBS containing 10% goat
serum (Invitrogen), 3% bovine serum albumin (BSA; Sig-
ma), and 0.1% Triton-X (Sigma) for 1 h. After rinsing once
for 5min in PBS, samples were incubated with the following
primary antibodies in 10% goat serum and 3% BSA
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overnight at 4°C in a humidified chamber: crx (1:100; Santa
Cruz), recoverin (1:1000; Chemicon), rhodopsin (1:100;
Chemicon), s-opsin (1:200; Abcam), protein kinase C (PKC,
1:100; Santa cruz), synaptophysin (1:20; Dako) GFP (1:500;
Abcam), and GFP (1:500; Chemicon). Ten percent goat
serum and 3% BSA was used as negative control for im-
munostaining. Sections were subsequently incubated in Cy?2
(1:100), Cy3 (1:400), or CyS5 (1:150)-conjugated secondary
antibodies (Jackson Immunochem) for 1h at room tem-
perature. Nuclei were counterstained with 4’,6’-diamidino-
2-phenylindole hydrochloride (DAPI) and analyzed using
Nikon Eclipse E800 fluorescent microscope (Micro Video
Instruments, Inc.) or Leica TCS-SP5 confocal microscope
(Leica Microsystems). To control for experimental bias, all
staining was performed at the same time using the same
staining parameters for each experiment.

Western blotting

For western blotting analyses, cells were homogenized in
lysis buffer (50 mM Tris-HCI, pH 8.0, 150 mM NaCl, 1%
NP-40, 0.5% sodium deoxycholate, and 0.1% sodium do-
decyl sulfate [SDS]) and centrifuged. Supernatants were
isolated and protein concentrations were determined using a
BCA protein assay (Pierce Chemicals). Equivalent amounts
of protein (15 pg) were subjected to SDS—polyacrylamide
gel electrophoresis (PAGE; 10% acrylamide), transferred to
PVDF membrane (Bio-Rad), and probed with the follow-
ing antibodies: crx (1:1000), recoverin (1:1000), rhodopsin
(1:500), and B-actin (1:5000; Abcam). Blots were cut and
reprobed sequentially, visualized with ECL reagents
(Thermo Scientific), and exposed to X-ray film (Thermo
Scientific). Developed films were subsequently digitized and
densitometrically analyzed using the Image J software (NIH
image, each substrate was normalized against f-actin). Di-
gital images of western blots were used to make composite
figures with Adobe Photoshop® graphics software (Adobe

Corp.).
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Reverse transcription—polymerase chain reaction

Total RNA was extracted from each sample using the
RNeasy mini kit (Qiagen) followed by column treatment with
DNase I (Qiagen). cDNA was then synthesized from 1 pg of
total RNA using Superscript™ III first-strand synthesis system
(Invitrogen). The primers were synthesized commercially
(Table 1; Invitrogen). Gene expression was analyzed by am-
plifying 2 pL. of cDNA (1:300 dilution from original samples)
in a Peltier Thermal Cycler PTC-200 (Bio-Rad) using Platinum
Taq DNA Polymerase (Invitrogen). Amplification of glycer-
aldehyde phosphate dehydrogenase (GAPDH) served as the
internal control. Amplification conditions were 30 s/95°C, 45 s/
61°C or 62°C, and 1 min/72°C for 35 cycles. PCR products
were resolved on a 2% agarose (Invitrogen) gel alongside a
50bp DNA ladder (Invitrogen). Gels were visualized and
photographed in a UV light box. Figures were subsequently
digitized and analyzed using the Image J software (NIH image,
each substrate was normalized against GAPDH). Digital im-
ages of RT-PCR were used to make composite figures with
Adobe Photoshop graphics software.

Calcium imaging

Calcium dynamics were analyzed between mRPCs cul-
tured on PCL scaffolds and glass 7 days after plating. For
Ca’* imaging, cells were transferred to 35 mm glass bottom
Petri dishes (MatTek), allowed to adhere in Neurobasal at
37°C, and then rinsed with Ringer’s solution maintained at
37°C containing NaCl 119mM, KCl 4.16 mM, CaCl
2.5mM, MgCl 0.3 mM, MgSO 0.4 mM, Na,HPO, 0.5 mM,
NaH,PO,4 0.45 mM, HEPES 20 mM, and glucose 19 mM at
pH 7.4. Cells were then incubated in Ringer’s solution
containing 0.5 mm fura-2 tetra-acetoxymethyl ester (Fura-2;
Invitrogen), 10% pluronic F127 (Sigma), and 250 mm sul-
finpyrazone (Sigma) for 40 min at 22°C. To monitor calcium
change, Fura-2 was excited by alternating 340 and 380 nm
light'” with the use of filter changer, under the control of
NES Elements software paired to a Nikon Eclipse Ti

TABLE 1. LIST OF PRIMERS FOR REVERSE TRANSCRIPTION—POLYMERASE CHAIN REACTION

Gene Primer sequence (5'-3') Product size (bp)

Mouse crx F: TCTCTCACCTCAGCCCCTTAT 100
R: ACCCACTGAAATAGGAACTTGGA

Mouse GAPDH F: AGGTCGGTGTGAACGGATTTG 123
R: TGTAGACCATGTAGTTGAGGTCA

Mouse recoverin F: ATGGGGAATAGCAAGAGCGG 179
R: GAGTCCGGGAAAAACTTGGAATA

Mouse rhodopsin F: CCCTTCTCCAACGTCACAGG 139
R: TGAGGAAGTTGATGGGGAAGC

Human B-actin F: CATGTACGTTGCTATCCAGGC 250
R: CTCCTTAATGTCACGCACGAT

Human recoverin F: CCTCTACGACGTGGACGGTAA 120
R: GTGTTTTCATCGTCTGGAAGGA

Human rhodopsin F: GTGCCCTTCTCCAATGCGA 202
R: TGAGGAAGTTGATGGGGAAGC

Human ROM1 F: TCCCTCCTGTCAGTTCCCTG 115
R: TAGAGCTGCATTCAGACTTGC

GAPDH, glyceraldehyde phosphate dehydrogenase; ROM1, rod outer membrane 1.
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Microscope (Micro Video Instruments, Inc.) and imaged
with a Coolsnap HQ2 camera (Photometrics). A new image
(340/380) was obtained every 0.5s. Background intensity
was zero. A 30pL bolus injection brought the stimulant
concentration in the cell bath to 1 mM L-glutamate (Sigma).

Human RPC isolation and culture

Human RPCs were dissociated from human fetal retina at
18 week of gestation and expanded as previously de-
scribed'®: cells were plated on fibronectin (Akron)-coated
plastic (Nunc) in Ultraculture medium (Lonza) supple-
mented with 10 ng/mL recombinant human EGF and 20 ng/
mL basic fibroblast growth factor (Peprotech). After pas-
saging nine times, human RPCs were plated on fibronectin-
coated smooth PCL scaffolds or glass at a density of 20,000
cells per cm?® Cells were cultured for 7 days to induce
differentiation. Some cells were collected at day 7 for ICC
(recoverin, rhodopsin and rod outer membrane 1 [ROMI;
Abcam]). Some cells were collected at day 0, 3, 5, and 7 for
RT-PCR.

Explant cultures

The procedure used for retinal explants has been de-
scribed previously.®*'*?° Briefly, Adult Rho ™'~ or wild-
type mice were euthanized and eyes were enucleated im-
mediately and placed in ice-cold PBS. Neural retinas were
carefully dissected away from the RPE, transferred to
freshly prepared modified NB and cut into four equal-sized
pieces. Each piece of the retina was mounted onto 0.4 um
Millicell®-CM Organotypic porous culture well inserts (BD)
with its vitreal surface closest to the filter. Culture well
inserts containing explants were placed into six-well plates.
Two milliliters of modified NB was added to each culture
well. A 7-day mRPC/PCL scaffold construct (1 X 1 mm) was
put onto the outer surface (sub-retinal) of each retinal ex-
plant, and incubated at 37°C with 5% CO, for 7 days. One
microliter of mRPC suspension of the same passage and
number was used as a control.

Subretinal transplantation

Transplantation was performed as previously described.””
91220 Briefly, mice were prepared under general anesthesia
with an intraperitoneal injection of ketamine (5 mg/kg) and
xylazine (10 mg/kg), followed by local anesthetization with
0.5% proparacaine (Accutome) and dilation of the pupil
with 1% tropicamide (Akorn). The temperature of the mice
was maintained at 37°C using a heating pad and heat lamp
during surgery. Transplantation was performed under an
operating microscope. The 7-day mRPC/PCL scaffold
construct was cut into 1.0x0.5mm pieces before trans-
plantation. An incision (0.5-1.0mm) perpendicular to the
limbal that was 1.0 mm from the limbal was made in the
internal posterior sclera using a Sharpoint 5.0-mm blade
scalpel (Fine Science Tools). The mRPC/PCL scaffold
construct with mRPCs facing the retina was then inserted
through the sclerotomy into the subretinal space using No. 5
Dumont forceps (Fine Science Tools). The optic nerve was
not affected during the surgery. After the surgery, the fundus
was checked to make sure that the scaffold lied flat in the
subretinal space. Hemorrhage and retinal tear were ex-
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cluded. Mice were allowed to recover, returned to their
normal housing and permitted to survive for 3 weeks post-
transplantation.

Fundus examination

The location of the mRPC/PCL scaffold construct and the
structure of the host retina were examined using retinal
camera 50IX (Topcon) and spectral domain optical coher-
ence tomography (SD-OCT; Bioptigen) 1 week after trans-
plantation. The mode of radial volume was used in SD-
OCT. Each two-dimensional volume recorded at the diam-
eter of 1.3 mm consisted of 100 B scans and each B scan
consisted of 1000 A scans.

Histology

Enucleated eyes and explants were fixed in 4% parafor-
maldehyde for 12 h, and cryoprotected in 10% sucrose, fol-
lowed by 30% sucrose for 12 h each at 4°C. Eyes and explants
were then embedded in optimal cutting temperature com-
pound (Tissue-Tek), frozen on dry ice, and cryosectioned at
16 pm using a Minotome Plus (Triangle Biomedical Sci-
ences). The procedure for ICC was mentioned above.

Cell counting

Cell counts presented in Figure 2 were performed by
counting the total number of immunopositive cells and
DAPI in 10 randomly selected microscopic fields taken from
three experimental repeats. Cell counts presented in Figure 4
were performed by counting the total number of cells that
crossed the host retinal border in 12 randomly selected
microscopic fields taken from three experimental samples.

Statistical analysis

Each experiment was repeated at least three times. Where
appropriate, data are plotted as mean * standard error of the
mean and significance is noted only if p<0.05, as deter-
mined by using one-way ANOVA with Turkey testing for
post hoc comparisons or Student’s 7-test.

Results
PCL scaffold fabrication

To increase the ease of cell delivery and reduce the risk of
trauma to the retina, the biodegradable PCL scaffold (Fig. l1a—
¢) was constructed with an average thickness of 5 pm. Surface
topographies, including ridge-groove (1 pum width, 1pm
height, and 1 pm spacing) (Fig. 1b) or post (1 um diameter,
1 pm height, and 1 pm spacing) (Fig. 1c¢) were successfully
templated into the thin-film scaffolds. Ridge-groove topog-
raphy is a common feature used to align and elongate cells,
whereas post-topography prevents cell spreading.

Cell proliferation on PCL scaffolds

After seeding 2 x 10° GFP™ mRPCs on each topography of
the PCL scaffold, approximate 10% of the cells remained
adhered at day 1, asrevealed by averaged GFP intensities. The
adherent cell number at day 1 steadily increased through day
7. At day 3, the cell number doubled and at day 7, the number
had a 3.5-time increase (Fig. 1j). Atday 7, cluster was formed
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across each topography, and some single cells attached to the
surface of the PCL scaffolds and spread processes (Fig. 1g—i).
It seemed that mRPC proliferation pattern on different topo-
graphies of the PCL scaffolds was similar.

Cell differentiation on different substrates

Mechanical stiffness and topography are two important
mechanical cues responsible for cell morphologic adapta-
tions and subsequent changes in protein and gene expression
levels.”! To elucidate which factor is more important for
cellular differentiation, different topographies of PCL scaf-
folds with similar stiffness and two other substrates (glass
and polystyrene) with different stiffness were used in this
study.

post PCL

c
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FIG. 1. Cell morphology
and proliferation on PCL
scaffolds. (a—¢) SEM of the
PCL scaffolds without cells.
(d—f) The morphology of
mRPCs grown on the corre-
sponding PCL scaffolds for 7
days. (g—-i) Fluorescent mi-
crographs of mRPCs on the
corresponding PCL scaffolds
7 days after plating. (GFP,
green) (j) The average cell
number of mRPCs cultured
on different topographies of
PCL scaffolds was calculated
at day 1, 3, and 7. Scale bar:
250 pm. mRPC, mouse reti-
nal progenitor cell; PCL,
polycaprolactone; SEM,
scanning electron micro-
scope. Color images available
online at www.liebertpub
.com/tea

Eday 1
Dday3
Eday7

post PCL

Morphological changes are generally the first indicator of
cell differentiation. Therefore, SEM was utilized to examine
cell morphological changes in response to the topography.
Morphological changes were characterized in terms of cell
area, elongation, and alignment. Elongation is calculated by
(major axis—minor axis)/(major axis-+minor axis), a cir-
cular cell would have an elongation of 0. Alignment was
calculated by measuring the angle between the cell’s major
axis with the direction of the ridge-grove, or the horizontal
X-axis for the post-topography and control substrates. Un-
like the previous study,” mRPCs grown on microfabricated
PCL scaffolds not only formed clusters, but also spread fan-
like processes out to neighboring cells (Fig. 1d—f). No sta-
tistical difference was apparent across topographies in terms
of cell area. Cells cultured on the smooth PCL scaffolds
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were shown to have random alignment (52.2°), little elon-
gation (0.48) (Fig. 1d). mRPCs cultured on post-PCL scaf-
folds were found to have random alignment (50.4°) and a
more circular cell morphology (0.28) (Fig. 1f). The most
pronounced morphological changes occurred in mRPCs
cultured on ridge-groove PCL scaffolds, and these changes
could be seen as early as 3 days postplating. These cells
were found to align (9.5°) and elongate (0.57) in the di-
rection of ridge-groove surfaces (Fig. 1e). The morphology
of cells cultured on glass was as similar as that grown on
smooth PCL scaffolds (data not shown).

Compared to cells cultured on glass, a higher percentage
of mRPCs grown on PCL scaffolds expressed photoreceptor
markers crx (early photoreceptor marker), recoverin (calci-
um-binding protein, photoreceptor marker), and rhodopsin
(G-protein-coupled receptor, rod photoreceptor marker)
(Fig. 2a). Some rhodopsin-positive cells spread long pro-
cesses, which appeared to resemble inner or outer segment
(Fig. 2a, arrow head indicating the process of the same cell
in low magnification [above] and high magnification [be-
low], separatively). To demonstrate whether crx staining
was nuclear, crx and DAPI were stained simultaneously
(Fig. 2b). A significant increase (p<0.001) of crx, re-
coverin, and rhodopsin-positive cells was detected in
mRPCs grown on PCL scaffolds compared to glass (Fig.
2c). However, no significant differences were detected be-
tween different topographies of PCL scaffolds.

Corresponding to the ICC results, western blot and RT-
PCR analysis revealed higher protein (Fig. 3a, b) and gene
(Fig. 3c, d) expression levels of photoreceptor markers in
cells grown on PCL scaffolds compared with those on glass.
We further investigated the different levels of these markers
between different topographies. The protein expression level
of crx, recoverin, and rhodopsin between different topo-
graphies was significantly different, except that of recoverin
between smooth and ridge-groove PCL scaffolds, and rho-
dopsin between smooth and ridge-groove PCL scaffolds. As
for the gene expression levels, except those of crx between
ridge-groove and post-PCL scaffolds, and rhodopsin be-
tween smooth and post-PCL scaffolds, the differences of
these markers between different topographies were signifi-
cant. The protein expression level of crx in smooth PCL
scaffolds and recoverin in post-PCL scaffolds was incon-
sistent with the gene expression level, which may be at-
tributed to the decreased translation and consequent
stockpiling of mRNA.*

Although different topographies of these PCL scaffolds
induced morphological adaptation, and subsequent protein
and gene changes, it appeared that some other factors of
these thin-film PCL scaffolds were more important in di-
recting mRPCs toward a photoreceptor fate. Stiffness was a
possible factor and has been shown to influence differenti-
ation. As glass is not only stiffer, but also thicker and less
modifiable than the PCL scaffold, we then constructed a
5-pum-thin polystyrene to further investigate the role of
stiffness on cell differentiation. It demonstrated that lower
gene expression level of the photoreceptor markers was seen
on cells grown on polystyrene than those grown on glass
(Fig. 3e, f). ICC and western blotting were conducted and
the results showed that the protein expression patterns of
mRPCs grown on polystyrene were similar to those grown
on glass (data not shown).
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We further observed the behavior of human RPCs on PCL
scaffolds. After 7-day plating, the subpopulation of human
RPCs obtained the expression of photoreceptor markers,
such as recoverin (Fig. 4a), rhodopsin (Fig. 4b), and ROM1
(Fig. 4c). However, rhodopsin and ROM1 were not detected
in cells plating on glass or before plating on PCL scaffolds
(data not shown). The gene expression of these photore-
ceptor markers (Fig. 4d) was almost corresponding to the
ICC results.

Calcium imaging

Calcium imaging was also performed to evaluate neuro-
nal properties between substrates. Using Fura-2-loaded
mRPCs, the ratio of A 340/380nm fluorescence indicated
changes in intracellular calcium levels. Analysis of baseline
Fura-2 signal between mRPCs grown on PCL scaffolds and
glass showed higher Fura-2 levels of mRPCs cultured on
PCL scaffolds than those grown on glass (n=4). Both
smooth and post-PCL scaffolds showed significant increases
above glass (Fig. 3g). Evaluation of the time course of
mRPCs cultured on each substrate revealed comparable
responses to 1 mM glutamate exposure (Fig. 3h). Analysis of
peak amplitude responses to 1 mM glutamate across condi-
tions showed increases in Fura signal for mRPCs cultured
on ridge-groove and post-PCL scaffolds compared to glass
(Fig. 31). Here, amplitude and duration of mRPC response to
stimulation were observed as a measure of functional mat-
uration.

Explant cultures

Our in vitro results showed that ridge-groove PCL scaf-
folds were able to induce evident morphologic adaptations
of mRPCs and upregulation of photoreceptor markers,
which appeared to be optimal for rhodopsin expression. To
investigate the restorative capacity of these mRPC/PCL
scaffold constructs, we chose ridge-groove PCL scaffolds
for the following studies.

After 7 days of coculturing mRPC/PCL scaffold con-
structs with explants from Rho ™/~ mice, cells from these
scaffold constructs migrated extensively and took up resi-
dence in all retinal layers. Compared to single cells, mRPCs
delivered via PCL scaffolds achieved better integration and
more cells integrated into both the outer nuclear layer
(ONL) and the inner nuclear layer (INL) (Fig. Sa—c). Cells
still preferred the INL as previously reported,®?" but the
average number of the integrated cells in the ONL was
higher when cells were delivered via PCL scaffolds (Fig.
5c). Cells that integrated into the remaining ONL could
express recoverin (Fig. 5Sh). More recoverin and rhodopsin-
positive cells were observed when cells were delivered via
PCL scaffolds than single cells (Fig. 51). Some cells were
able to make contact with residual PKC-positive cells (Fig.
5f), and some were able to express the synapse marker sy-
naptophysin (Fig. 5g). Interestingly, a few cells were posi-
tive for crx (Fig. 5d) and the cone marker s-opsin (Fig. Se).

Rhodopsin is an important element of the photo-
transduction cascade and essential for visual function. In our
previous study, rhodopsin-positive cells were not detected in
Rho '~ mice whether mRPCs were transglanted alone or
co-transplanted with MMP2 microspheres.” In this study,
rhodopsin-positive cells were still not observed when
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coculturing single mRPCs with explants from Rho ™'~ mice

(Fig. 51). To test whether the complete absence of rhodopsin
expression in Rho ™'~ hosts would affect the differentiation
of the grafted cells, we put the mRPC/PCL scaffold con-
struct onto Rho™’~ and age-matched wild-type retinal ex-
plants. After 7-day coculture, both recoverin and rhodopsin-
positive cells were detected in retinal explants (Fig. Sh-k).
The numbers of recoverin-positive cells were similar in both
types, but the number of rhodopsin-positive cells in Rho ™/~
mice was still lower than that in wild-type mice (Fig. 5m).
The results suggested that predifferentiation of mRPCs on

PCL scaffolds may overcome the inhibitive environment for
cellular differentiation.

Subretinal transplantation

To evaluate the behavior of mRPC/PCL scaffold con-
structs in vivo, we transplanted them into the subretinal
space of Rho ™'~ mice and retinal samples were collected 3
weeks after transplantation. Using a retinal camera and SD-
OCT, we could clearly see the scaffold construct located
superiorly to the optic disc with the retinal vessels sitting on
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its surface (Fig. 6a, b). The scaffold construct was flat and
no evident disturbance of the host retina was detected (Fig.
6¢). Some cells stayed attached to the PCL scaffolds after
transplantation and some began to migrate into the host
retina (Fig. 6d). Cells that integrated into the residual ONL
could express rhodopsin (Fig. 6e). Recoverin-positive cells
were also found in the ONL. Some recoverin-positive cells
made contact with residual PKC-positive cells (Fig. 6f-k),
and some expressed the synapse marker synaptophysin
(Fig. 61—q).

Discussion

Cell transplantation is a promising strategy for retinal
repair in patients with RP and AMD. To achieve clinical
relevance, more efficient cellular delivery and enhanced
photoreceptor differentiation are needed. In this study, we
developed a novel biodegradable thin-film PCL scaffold
with varying topographies. The PCL scaffold alone ap-
peared to have the potential to direct mRPCs toward a
photoreceptor fate in vitro and subsequently was able to be
used as a vehicle to deliver cells into the host retina, con-
tributing to the rebuilding of complex and finely structured
tissues of the outer retina.

Previous studies suggest that delivery of photoreceptor
precursors and photoreceptor-committed cells may facilitate
differentiation toward photoreceptors.* '*'®  Limited
transplantable cell sources of photoreceptor precursors re-
mains an obstacle in developing practical transplantation
therapies. In vitro expansion of proliferating donor cells and
then directing them toward photoreceptor-committed cells
have the potential to overcome this problem. Previously we
have shown that both mouse and human RPCs may be
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FIG. 4. Immunocyto-
chemistry and gene expres-
sion of human RPCs on PCL
scaffolds. Human RPCs
showed polarized expression
of recoverin (a), rhodopsin
(b), and ROM1 (c) after 7
days of differentiation (d).
The gene expression of three
photoreceptor marks in cells
grown on PCL scaffolds over
7 days of differentiation.
Scale bar: 100 um. ROMI1,
rod outer membrane 1. Color
images available online at
www.liebertpub.com/tea

day 5

day 7

isolated from the developing retina and expanded in vitro
with the preserved ability to make photoreceptors.'® Con-
ventional methods to induce differentiation use biochemical
agents, such as chemicals, cytokines and growth factors.'*??
However, most of these factors are of animal origin. In
addition, they are expensive, and it is difficult to choose
the ideal concentration for efficient differentiation without
unintended effects. In this study, the PCL scaffold was de-
veloped and used as a substrate to induce cellular differ-
entiation. To exclude the effect of other agents on cell
differentiation, all the scaffolds were only treated with ox-
ygen plasma, which was widely used to enhance cell ad-
hesion.?*?® Laminin and induction agents were not added
for mRPCs, but fibronectin was added for human RPCs. Our
results demonstrated that the PCL scaffold with nano-to-
pographies could interact with mRPCs and human RPCs,
and it had the potential to direct these cells toward a pho-
toreceptor fate, thus providing the possibility to be used as a
platform to differentiate cells before transplantation, which
may facilitate the desired outcome while simultaneously
inhibiting undesirable proliferation and differentiation.
Increasing studies indicate that besides chemical signals,
mechanical tension-dependent changes in cell shape and
cytoskeletal structure are critical for control of growth, and
directing cell fate.?” Topography has been demonstrated to
induce cellular differentiation by directing cell morphologic
adaptations and subsegluent changes in protein and gene
expression levels.'®**! With the development of material
science, it is feasible to tailor spatial control over topogra-
phy with independent control of feature size and shape, thus
providing a precise, rapid, inexpensive, and reproducible
method to create polymer scaffolds with different topo-
graphies. These micropatterned substrates can be designed
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number of integrated recoverin and rhodopsin-positive cells when delivering via PCL scaffolds or single cells. (m)
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synaptophysin-positive synapse (g). GFP™, green fluorescent protein positive; INL, inner nuclear layer; ONL, outer
nuclear layer; PKC, protein kinase C; RGC, retinal ganglion cell. Scale bar: 30 um. **p <0.001. Color images available
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FIG. 6. Transplantation of mRPC/PCL scaffold constructs into the subretinal space of Rho™

/-

mice. (a-c) The same eye

transplanted with the mRPC/PCL scaffold construct. Retinal picture (a) and SD-OCT (b, ¢) were examined 1 week after
transplantation. (b): The fundus picture with indicated orientation of cross-sectional SD-OCT scan. The scanning line was
shown in green. (¢): The corresponding B-scan at the implantation site of the construct to (b). (d—q) Representative images
of the samples collected 3 weeks after transplantation. (d) Three weeks after transplantation, cells migrated to different
layers of the host retina. (e) An integrated rhodopsin-positive cell spread process (arrow). (f-k) An integrated recoverin-
positive cell made contact with the residual PKC-positive cell (arrow, inset). (I-q) An integrated recoverin-positive cell
expressed the synapse marker synaptophysin (arrow, inset). Arrow head indicated the PCL scaffold. Scale bar: 30 pm. SD-

OCT, spectral domain optical coherence tomography. Color images available online at www.liebertpub.com/tea

to influence initial cell attachment and spreading, and allow
the maintenance of differentiated cell phenotype throughout
culture. Surface topographic cues similar to endogenous
extracellular matrix (ECM) can direct cell morphogenesis
via cell surface contact.”>" It is suggested that the influence
of surface topography on differentiation is via cell surface
receptors that act as mechanochemical transducers, acti-
vating signal transduction pathways and ultimately modu-
lating gene expression and protein expression.”’ In this
study, we constructed the PCL scaffold with different to-
pographies using microfabrication techniques and a tem-
plating process, which provided uniform and precise control
of topography. Compared to other topographies, mRPCs

cultured on the ridge-groove PCL scaffold showed sub-
stantial elongation and higher rhodopsin expression. The
possible underlying mechanism might be due to the elon-
gation of the cytoskeleton during changes in the morphology
of cells guided by ridge-groove patterns, which resulted in a
transfer of tensional force to the nuclei and then influenced
gene expression and signal transduction.?>>>3*
Mechanical stiffness is also an important factor respon-
sible for cellular growth and differentiation.®® Cells prefer-
entially differentiate into distinct cell types when cultured
on ECM with a mechanical stiffness that is most similar to
that of the respective in vivo tissue.”’ Cells tune their in-
ternal stiffness to match the compliance of their ECM via
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nonmuscle myosin II. Myosin II is thought to act as a cel-
lular mechanosensor to detect mechanical stiffness and in
turn, influence cellular lineage specification by modulating
actin polymerization and cross-linking. This response may
be responsible for altering cell morphology and gene ex-
pression during tissue remodeling.?’*~* Recent studies
have identified a range of 100—1000 Pa as being the optimal
stiffness for neurogenic cell differentiation.”"*' Neural stem
cells cultured on these ‘“‘soft”” matrices (< 1000Pa) have
been shown to develop neural morphology and express
various neural markers.”' However, it is confounding whe-
ther mechanical stiffness or topography is more important in
cellular differentiation. Our study demonstrated that al-
though topography appeared to be able to partially influence
the morphology and expression patterns of the adhering
mRPCs, mRPCs grown on these PCL scaffolds seemed to be
more inclined to differentiate toward a photoreceptor fate
than those grown on glass or polystyrene, regardless of
different topographies. The differentiation of human RPCs
on these PCL scaffolds showed similar results. Before these
PCL scaffolds could be used as a feasible platform to induce
cellular differentiation, more studies were needed, such as
defining the stiffness of these PCL scaffolds, examining the
differentiation of different cell types on these PCL scaffolds,
elucidating the underlying mechanism and so on.

Since it is not feasible to isolate photoreceptor precursors
in clinical application, we tried to predifferentiate RPCs
toward photoreceptor-committed cells in vitro using the
PCL scaffold. With this methodology, grafted cells from
these PCL scaffolds were able to integrate into the ONL and
express photoreceptor markers. The results from this study
and others showed promising of this platform in clinical
settings.**** However, fewer rhodopsin-positive cells were
detected in Rho ™'~ mice than wild-type mice. It may relate
to the complete absence of rhodopsin expression in Rho ™/~
mice or the state of the grafted cells. It is suggested that
these PCL scaffolds may trigger a trend in mRPCs toward a
differentiated state rather than clear and stable evidence of
terminal differentiation. Moreover, even after mRPCs have
exited the mitotic cycle, they still retained a level of plas-
ticity and could change expression patterns and redirect
fate.***> So it is important to define the state of these pre-
differentiated cells by comparing them with photoreceptor
precursors and look for ways for stable differentiation. Re-
cent studies showed that y-secretase inhibitor N-[N-(3,5-
difluorophenacetyl-L-alanyl)]-S-phenylglycine t-butyl ester
(DAPT) significantly increased the proportion of crx-posi-
tive photoreceptor precursors, suppressed expression of
differentiation inhibitors hesl and hes5 and inhibited pro-
liferation.”*® Fabrication with DAPT or other induction
factors that could direct cells toward stable photoreceptor-
committed cells in these PCL scaffolds may become a useful
direction for retinal regeneration.

In conclusion, we constructed a novel biodegradable thin-
film PCL scaffold with different nano-topographies. Com-
pared with control substrates, these PCL scaffolds showed
enhanced potential to organize and differentiate mRPCs
toward photoreceptor-committed cells in vitro. When de-
livering these mRPC/PCL scaffold constructs to the retinal
explants or the subretinal space, cells were capable of in-
tegrating into the ONL and expressing photoreceptor
markers. Although the underlying mechanism of these PCL

YAO ET AL.

scaffolds on cellular differentiation is unclear, these PCL
scaffolds provide a promising strategy to address critical
biological constraints related to retinal regeneration.
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