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Abstract

Purpose: Cell replacement therapy for the treatment of retinal degeneration is an increasingly feasible ap-
proach, but one that still requires optimization of the transplantation strategy. To this end, various polymer
substrates can increase cell survival and integration, although the effect of their pore size on cell behavior,
particularly differentiation, has yet to be explored.
Methods: Salt crystals of varying known size were used to impart structure to poly(lactic-co-glycolic acid)
(PLGA) scaffolds by a salt leaching/solvent evaporation process. Mouse induced pluripotent stem cells
(miPSCs) were seeded to the polymer scaffolds and supplemented with retinal differentiation media for up to 2
weeks. Proliferation was measured during the course of 2 weeks, while differentiation was evaluated using cell
morphology and expression of early retinal development markers.
Results: The salt leaching method of porous PLGA fabrication resulted in amorphous smooth pores. Cells
attached to these scaffolds and proliferated, reaching a maximum cell number at 10 days postseeding that was 5
times higher on porous PLGA than on nonporous controls. The morphology of many of these cells, including
their formation of neurites, was suggestive of neural phenotypes, while their expression of Sox2, Pax6, and
Otx2 indicates early retinal development.
Conclusions: The use of porous PLGA scaffolds to differentiate iPSCs to retinal phenotypes is a feasible
pretransplantation approach. This adds to an important knowledge base; understanding how developing retinal
cells interact with polymer substrates with varying structure is a crucial component of optimizing cell therapy
strategies.

Introduction

Age-related macular degeneration, one of the
leading causes of blindness in the Western world, is

characterized by death of the light-sensing photoreceptor
cells of the outer neural retina, the underlying retinal pig-
mented epithelium, and the choroidal vasculature. To restore
vision to those suffering from this and similar neurodegen-
erative diseases, treatment beyond existing drug and/or gene
augmentation approaches will be required. Many studies
demonstrate the feasibility of using stem cells for photore-
ceptor cell replacement1–13; however, the development of
optimal stem cell transplantation approaches is crucial.
Bolus subretinal injection into hosts with end-stage disease

typically results in minimal cellular survival and integration.
For example, several studies have shown that as few as
0.01% and at most 5% of retinal progenitor cells (RPCs)
injected into the subretinal space as a single-cell suspension
survive and even fewer integrate within host retina.1,4,9,14

These less than ideal results are due, in large part, to the lack
of physical support that donor cells experience following the
bolus injection.

Both degradable and nondegradable polymer scaffolds
have been studied extensively as a means to provide needed
support to donor cells during transplantation. For example,
porous poly(lactic-co-glycolic acid) (PLGA)-based scaffolds
have been shown to increase the survival and integrative
capacity of RPCs following transplantation.11,18
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Although chemical compatibility is an important and nec-
essary focus for developing effective cell delivery scaffolds,
growing evidence suggests that structural cues also play an
important role in cell/biomaterial interactions. Pore size or the
presence of guidance cues, for example, can help to direct
both cell proliferation and differentiation. Furthermore, opti-
mizing the porosity of a material could beneficially maximize
the delivery of nutrients, oxygen, and/or water to surrounding
cells and tissues. In fact, several studies have demonstrated
the effects of porosity and other polymer structure on retinal
cell/material interactions, including photoreceptor cell growth
in grooves,19 RPE cell growth on porous substrates,20 and RPC
growth and differentiation on porous materials.18,21 However,
to our knowledge, induced pluripotent stem cells (iPSCs)
have never been differentiated toward retinal cell phenotypes
on these materials, and the effects of pore size on prolifera-
tion and differentiation have yet to be characterized.

In this study, PLGA scaffolds with various pore sizes
were fabricated using a simple salt leaching/solvent casting
technique. The resulting materials were characterized, and
the effect of pore size on iPSC proliferation and differen-
tiation was examined.

Methods

Scaffold fabrication

Salt crystals (NaCl; Sigma-Aldrich, St. Louis, MO) were
ground in an electric grinder to reduce their size and passed
through a series of sieves with known mesh sizes (120, 80,
45, and 25 mm). Crystals smaller than 25 mm or larger than
120 mm were discarded, while the remaining fractions were
collected and designated as small (25–45 mm), medium
(45–80 mm), and large (80–120 mm). PLGA scaffolds were
prepared using a standard solvent casting and particle
leaching method (Fig. 1). For each size group, 800 mg of
PLGA 50:50 (Resomer� RG 503; Boehringer Ingelheim
KG, Ingelheim, Germany) was dissolved in 12 mL of di-
chloromethane (DCM). The solution was then carefully
poured into a glass Petri dish containing 12 g of evenly
dispersed salt crystals. PLGA sheets were also fabricated
without salt (none) and with equal parts of each size of salt
crystal (all).

The slurry was dried at room temperature and pressure
overnight, and the resulting material was immersed in ex-
cess of distilled water to extract NaCl. This leaching process
was performed for 48 h at room temperature with constant
stirring and regular distilled water exchange (every 12 h).
Circular punches of PLGA scaffold were created using a 5-
mm biopsy punch, then sterilized by submersion in 70%
ethanol, followed by thorough rinsing with sterile phosphate-
buffered saline.

Cell culture

Pluripotency media comprised Dulbecco’s modified Ea-
gle’s medium: Nutrient Mixture F-12 (DMEM/F12; Life
Technologies, Gibco, Carlsbad, CA) with 15% fetal bovine
serum (Life Technologies), 1% 100· nonessential amino
acids (NEAA; Life Technologies), 0.4 mM l-glutamine (Life
Technologies), 0.1 mg/mL Primocin (InvivoGen, San Diego,
CA), and 8.88 ng/mL 2-mercaptoethanol (Sigma-Aldrich).
Just before use, 2 U/mL of mouse recombinant leukemia in-
hibitory factor (mLif, ESGRO; EMD Millipore, Billerica,
MA) was added and media were warmed to 37�C.

Differentiation media comprised DMEM (Life Technol-
ogies) with 2% 50· B27 supplement (Life Technologies),
1% 100· N2 supplement (Life Technologies), 0.4 mM l-
glutamine (Life Technologies), 1% 100· NEAA (Life
Technologies), and 0.1 mg/mL Primocin (Life Technolo-
gies). Just before use, 1 ng/mL mouse recombinant Noggin
(R&D Systems, Minneapolis, MN), 1 ng/mL mouse re-
combinant Dkk-1 (R&D Systems), 1 ng/mL mouse recom-
binant Bfgf (R&D Systems), and 1 ng/mL Igf-1 (R&D
Systems) were added and the media were warmed to 37�C.

Sterile PLGA scaffolds were transferred to a 96-well plate
(1 sample per well) and coated with Matrigel (Corning,
Corning, NY) using a thin coating method. Briefly, 1 mL
Matrigel was diluted in 50 mL cold DMEM and added to the
PLGA plates (200mL/well). After 1 h at room temperature,
the excess liquid was removed and cells were seeded ac-
cording to the protocol below.

Previously generated dsRed mouse induced pluripotent
stem cells (MiPSCs)10,22 were used in these studies. Before
beginning differentiation, MiPSCs were thawed from a fro-
zen stock, centrifuged, resuspended in pluripotency media,

FIG. 1. Schematic of the
salt leaching/solvent cast-
ing method used to fabricate
poly(lactic-co-glycolic acid)
(PLGA) scaffolds with var-
ious pore sizes.
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and plated on Matrigel-coated culture plates (Corning). Cells
were transferred to a new plate at a density of 1:6 thrice in 1
week, with media being replaced daily. After 1 week, cells
were removed from the plate using 0.25% trypsin-EDTA,
washed with differentiation media, and replated on top of
PLGA scaffolds at 1.5 · 104 cells/well. The differentiation
media were replaced every 2 days and all cells were cultured
in a humidified 37�C cell culture incubator with 5% CO2.

Scanning electron microscopy

Samples with attached cells were fixed with glutaraldehyde,
rinsed with 0.1 mM cacodylate buffer, and stained with 1%
osmium tetroxide in cacodylate buffer. Samples were then
washed again with cacodylate buffer and completely dried
using ethanol dehydration, followed by critical point drying
(E3100; Quorum Technologies, Laughton, East Sussex, Eng-
land). PLGA samples without cells were examined directly
after lyophilization. In either case, after drying, samples were
mounted on an aluminum scanning electron microscope
(SEM) stub using double-sided conductive tape. A gold–pal-
ladium coating was applied using an argon beam K550 sputter
coater (Emitech Ltd., Kent, England). Images were captured
using a Hitachi S-4800 SEM (Hitachi High-Technologies,
Toronto, ON, Canada) at an accelerating voltage of 1 kV
(without cells) or 5 kV (with cells).

Growth quantification

Cell proliferation was quantified using a colorimetric assay.
As a positive control, 6 PLGA-free wells (Matrigel coated)
were seeded with cells 1 day before each time point. The
following day, 3 of these wells were counted by removing the
cells from the plate with trypsin and using an automatic cell
counter, while the remaining 3 wells were included in the
MTT assay. Briefly, at the designated time point, each scaf-
fold was transferred to a new plate and all wells were sup-
plemented with fresh media (100mL). MTT reagent [10mL,
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide;
EMD Millipore] was added to each well and the plate was
incubated at cell culture conditions for 4 h.

The solution was removed from each well and discarded,
leaving behind insoluble MTT crystals. These crystals were
dissolved by adding 100mL of developing solution (0.04 M
hydrochloric acid in isopropanol) to each well and mixed to
homogeneity. Scaffolds were then removed from their wells
and the light absorbance of the remaining liquid was mea-
sured at 570 nm (Tecan Infinite M200 Pro; Tecan Group
Ltd., Männedorf, Switzerland).

The relative number of cells on each sample was calculated
by subtracting the average absorbance for blank wells from
each sample absorbance, then dividing by the average absor-
bance of the positive control wells, multiplying by the average
number of positive control cells (as counted shortly after the
reagent was added) and dividing by the initial number of cells
seeded (1.5 · 104). Experiments were performed in triplicate
and statistical analysis was performed using 2-way analysis of
variance, followed by Tukey’s post hoc testing.

Gene expression

RNA was isolated from cells at 7 and 14 days using an
RNeasy Mini Kit (Qiagen, Venlo, Limburg, The Netherlands)

and the final concentration determined using a NanoDrop
2000 spectrophotometer (Thermo Scientific, Waltham, MA).
Complementary DNA (cDNA) was produced using a High-
Capacity cDNA Reverse Transcriptase Kit (Applied Biosys-
tems, Life Technologies), then genes were amplified using
reverse transcriptase-PCR with (forward, reverse) primers for
mouse Sox2 (AAGGGTTCTTGCTGGGTTTT, AGACCACG
AAAACGGTCTTG), Pax6 (GGGTCTGTACCAACGATAA
CAT, GGGTCCTCTCAAACTCTTTCT), and Otx2 (GAA
GGGAGAGGACGACATTTACT, AGTAGGAAGTTGAG
CCAGCATAG). The resulting DNA was characterized by
electrophoresis on a 2% agarose gel with a run time of
30 min.

Protein expression

After 14 days in culture, 12 samples from each group
were placed directly in lysis buffer [50 mM Tris-HCl, pH
7.6, 150 mM NaCl, 10 mM CaCl2, 1% Triton X-100, 0.02%
NaN3, (Sigma-Aldrich)] and incubated on ice for 1 h. As a
positive control, protein was isolated in the same manner
from an adult mouse retina. After centrifugation, superna-
tant protein concentrations were determined spectroscopi-
cally according to the manufacturer’s instructions (Qubit
3.0; Life Technologies).

Protein (5mg) from each group was subjected to sodium
dodecyl sulfate–polyacrylamide gel electrophoresis (4%–
20% acrylamide), transferred to PVDF, and probed with
mouse anti-Sox2 (No. MAB2018; 1:1,000; R&D Systems),
rabbit anti-Pax6 (No. PRB-278P; 1:1,000; BioLegend, San
Diego, CA), goat biotinylated anti-Otx2 (No. BAF1979; 1:1,000;
R&D Systems), and rabbit anti-b-actin (No. ab8277; 1:10,000;
Abcam, Cambridge, MA). Blots were visualized with ECL
reagents (GE Healthcare Life Sciences, Pittsburgh, PA) and
exposed to X-ray film (Fisher Scientific, Pittsburgh, PA). X-ray
films were imaged using an iPhone 6S (Apple, Cupertino, CA).

Results

As mentioned above, one of the most important design
considerations when developing cell delivery scaffolds is
porosity. Thus, understanding of how iPSC-derived retinal
cells interact with polymer scaffolds with various pore sizes
is crucial for the development of successful subretinal trans-
plantation strategies. In this study, a salt leaching method
(Fig. 1) was used to create porous PLGA scaffolds and the
size and density of pores were characterized qualitatively
using SEM.

As seen in Fig. 2, before being seeded with cells, salt-
leached PLGA scaffolds exhibited a dense pore network with
irregularly shaped pores, most of which were <10mm in di-
ameter. Interestingly, although the pore sizes observed using
SEM were much smaller than the range of salt crystal sizes
used to create them, there was a visual correlation between
template size and final pore size (i.e., pore size increases from
top to bottom in the top 6 panels of Fig. 2, corresponding to
increasing salt crystal template size). Additionally, the scaf-
folds created using a blend of crystal sizes (Fig. 2G, H) did
not demonstrate morphology similar to any one of the other
groups, but rather appeared to have a much wider range of
pore sizes, as was expected. Although the shape of the pores
was consistent with salt crystal shape in a few isolated cases,
generally the pores were amorphous with smooth edges.
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All of the PLGA scaffolds examined in this study sup-
ported the attachment and growth of miPSCs for up to 2
weeks (Fig. 3A). Importantly, the inclusion of pores sig-
nificantly increased the number of attached cells from 1
week postseeding onward, regardless of pore size (Fig. 3A,
**P < 0.01). Although both nonporous and porous PLGA
scaffolds reached a maximum cell number at or around 10
days postseeding, nonporous PLGA scaffolds had a 6-fold
increase in cell number, while the average for porous PLGA
was 5 times higher at about a 25-fold increase.

As shown in Fig. 3, at 2 weeks postseeding, cells nearly
covered the entire scaffold surface and integrated into the
material’s pores. Although in each case there were rela-
tively few regions of the surface exposed (i.e., not covered
in cells), cell morphology in these areas was also more
easily characterized and thus they were selected for imag-
ing. In all cases, cell morphology on the PLGA scaffolds
was suggestive of neuronal phenotypes, as witnessed by the
extensive neurite formation and branching among the cells
(Fig. 3, arrowheads). In very dense areas, such as that in
Fig. 3H, it appears as though the cells had formed a sheet
of neurons across the entire scaffold surface. These data

FIG. 2. Representative scanning electron microscope
(SEM) images of porous PLGA. Scaffolds were fabricated
with small (A, B), medium (C, D), large (E, F), or a mixture
of all sizes (G, H) of salt crystals. Scale bars represent
50 mm (A, C, E, G) or 10 mm (B, D, F, H). All images were
collected using an accelerating voltage of 1 kV.

FIG. 3. Cell proliferation and differentiation on PLGA
scaffolds. (A) Relative proliferation on porous PLGA scaf-
folds created using varying sizes of salt crystals was mea-
sured colorimetrically by an MTT assay at 3, 7, 10, and 14
days postseeding and compared with the number of cells
seeded. Proliferation on porous samples was significantly
different than nonporous controls at days 7, 10, and 14
(**P < 0.01; exception at day 7, when small was not sig-
nificantly different than nonporous; differences between
porous groups were not significant). (B–I) Representative
SEM images of induced pluripotent stem cell (iPSC)-
derived cells attached to scaffolds created using small (B,
C), medium (D, E), large (F, G), or a mixture of all sizes
(H, I) of salt crystals. Scale bars represent 50 mm (B, D, F,
H) or 10 mm (C, E, G, I). Arrowheads show neurite ex-
tension from cell bodies. All samples were collected 14 days
postseeding and imaged at accelerating voltage of 5 kV.
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suggest that porous PLGA scaffolds support both MiPSC
proliferation and neural differentiation.

To further understand the phenotype of differentiating
miPSCs attached to porous PLGA, we probed cellular gene
and protein expression of Sox2, Pax6, and Otx2, each of
which plays a critical role in early retinal development (Fig.
4).23 Sox2, Otx2, and Pax6 genes were expressed by PLGA-
anchored cells at both 1 and 2 weeks postseeding, regardless
of scaffold porosity (Fig. 4A). Similarly, western blotting
revealed expression of Sox2, Otx2, and Pax6 in all groups
and all time points tested (Fig. 4B). Interestingly, relative to
their internal control (b-actin), the bands corresponding to
expression of Sox2 and Otx2 in the PLGA samples appeared
to be approximately equal in intensity to analogous bands in
the mouse retina sample. In contrast, bands corresponding to
Pax6 expression in the PLGA samples were less intense than
in the mouse retina.

Discussion

In theory, by delivering cells on natural or synthetic
polymer support scaffolds, the cell death associated with
single cell bolus injection can be mitigated. Although sev-
eral groups have investigated the use of scaffolds isolated
from donor tissue, in the retina, these approaches have only
been successful for RPE cells and are limited by tissue
availability.19–24 Several synthetic materials have also been
investigated for the purpose of supporting replacement cells
during transplantation, including inorganic materials, PMMA,21

poly(glycerol sebecate) (PGS),24 and poly(caprolactone)
(PCL).25 However, by far, the most commonly investigated
synthetic material is PLGA. Thin, degradable PLGA scaffolds
were first shown to support the growth of RPE cells nearly 20
years ago,26 and the biomaterial interactions with retinal phe-
notypes have been closely studied for many years.

In addition to its ability to support both fetal and adult
human RPE cells,27–29 PLGA, when rendered porous, also
supports the growth of RPCs.18,30 In fact, when compared
with bolus cell injections, transplantation of RPC-laden
PLGA constructs results in 10-fold and 16-fold increases in
cell survival and delivery, respectively.18 Furthermore, mi-
cropatterned PLGA has been shown to support the growth of
primary photoreceptors for a short period of time—a strong
indication of its promise as a retinal cell delivery scaffold.19

In this work, PLGA scaffolds with randomly distributed
pores were fabricated using a simple salt leaching technique.
Although electrospinning, the most common PLGA processing
technique, has been used extensively to create fibrous mesh
scaffolds, it offers little in the way of precisely controlling pore
size, as do techniques such as dioxane crystallization tem-
plating. However, the simplicity of PLGA processing using a
salt leaching method, coupled with its use of readily available
components and equipment, is a clear advantage for a study of
this kind. Furthermore, the polydispersity of pore sizes and
shapes observed in this study is likely more true to biological
structures than the sometimes very uniform structures pro-
duced using other methods.

Nevertheless, there is more to be understood about the
salt templating process; for example, although the presence
of pores smaller than the smallest salt crystals used for
templating could be due to inefficient sieving, it is unlikely
that fine grain contamination would occur with such great
prevalence. Furthermore, given the cuboidal shape of salt
crystals, a true 1:1 transfer of structure from the crystalline
template to the PLGA void spaces would not result in the
smooth amorphous pores observed in this study. Rather, in
addition to the size of the salt crystals, the final PLGA
structure is likely affected by PLGA network shrinkage
during drying and salt extraction, as well as the formation of
salt water channels that form as salt diffuses away from the
scaffold.

Although degradation was not addressed in this study, we
speculate that larger salt template sizes lead to a greater
number and volume of interconnected pores that increase
surface area, facilitate transport within the scaffold and thus
speed degradation. Therefore, this simple method for tuning
pore size may be a useful tool with which to tune scaffold
degradation rate, helping to hedge against unwanted accu-
mulation of acidic by products in the sub-retinal space. The
degradation behavior of porous scaffolds as a function of
template size, along with the relationship between original
template and final structure, merit further investigation in
future studies.

In addition to scaffold design, selection of the appropriate
cell type will likely be critical to the success of any cell
replacement strategy. Since autologous cells are less likely
to elicit an immune response than allogeneic donor cells
following subretinal transplantation, patient-specific iPSCs
are an attractive alternative. Immunological matching will
be especially important for those suffering from advanced
blindness, which typically involves extensive damage to the
outer neural retinal, underlying RPE, and choroidal vascu-
lature. However, cultivating and maintaining autologous
cells under the appropriate conditions for human trans-
plantation (i.e., using xeno-free media in an FDA-sanctioned
good manufacturing practice facility) are far from inex-
pensive, so appropriately managing time and resources must
go hand in hand with maximizing treatment efficiency.

FIG. 4. Gene and protein expression of PLGA-anchored,
iPSC-derived neural cells. (A) RNA expression of 3 early
retinal markers at 1 and 2 weeks postseeding and (B) ex-
pression of the same 3 markers at 2 weeks postseeding
compared with protein from a wild-type mouse retina sug-
gest that attached cells have differentiated to early neural
progenitor cell phenotypes.
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Thus, the ability of cell delivery scaffolds to promote cel-
lular proliferation and differentiation is important. In this
study, we observed a 5-fold increase (P < 0.01) in the
maximum number of cells attached to porous PLGA scaf-
folds over their nonporous counterparts, suggesting, as
others have in the past, the importance of polymer porosity
for cellular delivery.

That said, to maximize cell delivery using this approach,
one would want to ensure cessation of proliferation and
complete scaffold coverage prior to transplantation. However,
at this and longer time points, the cell density is still an order
of magnitude lower than that of photoreceptor cells in the
macula. Thus, in order to truly achieve the packing necessary
to recapitulate the macula, materials with precisely con-
trolled, 3D architecture will likely be needed. Still, differen-
tiation of iPSCs directly on their intended implantable
substrate rather than dissociating and seeding onto a scaffold
after differentiation could help retain desired morphologies
and extracellular matrix. As cells differentiate and exit the
cell cycle, their dissociation becomes increasingly detrimen-
tal to normal cellular processes and morphology. Thus, dif-
ferentiating on the transplantation substrate could make for a
more efficient and effective pretransplantation strategy.

Additionally, differentiating attached cells in vitro could
provide insight into cell fate after implantation and subjec-
tion to the subretinal environment. We demonstrated that
porous PLGA scaffolds adequately support the differentiation
of stem cells to neural phenotypes, as confirmed morpho-
logically, and to early retinal phenotypes, as confirmed bio-
chemically. Taken together, the results presented here suggest
that differentiating iPSCs to retinal phenotypes on a polymer
substrate before implantation may be a viable strategy, al-
though a thorough analysis and quantification of differentia-
tion should be performed before in vivo experiments.

To this end, future studies should focus on comparing at
least 3 pretransplantation approaches in vitro: the approach
described here (seed with iPSCs and begin differentiation
immediately), seeding with iPSCs and beginning differen-
tiation once maximum cell number has been achieved, and
differentiating cells traditionally before transferring them to
the material. Cell fate and longevity under these 3 separate
conditions and at longer differentiation time points should
be examined to identify a transplantation strategy that truly
optimizes the delivery of a large number of cells of the
appropriate phenotype.
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