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Abstract: Although transplantation of retinal pigment epithe-

lial (RPE) cells has shown promise for the treatment of retinal

degenerative diseases, this therapeutic approach is not with-

out challenges. Two major challenges are RPE cell dedifferen-

tiation and inflammatory response following transplantation.

The aim of this work is to understand how the rigidity of a

scaffold, a relatively unexplored design aspect in retinal tis-

sue engineering, affects RPE cells, particularly the pathways

associated with the aforementioned challenges. Poly(ethylene

glycol) diacrylate (PEGDA) of varying molecular weights from

3.4 to 20 kDa were photopolymerized to fabricate scaffolds.

The Young’s modulus of the scaffolds varied from 60 to 1200

kPa. A cell study was then conducted to test the effects of

scaffold rigidity on RPE cells. A cell adhesion peptide motif

of arginine-glycine-aspartic acid-serine (RGDS) was conju-

gated to 60 and 1200 kPa scaffolds and ARPE-19 cells, a

human RPE cell line, were seeded onto these hydrogels. Cells

grown on scaffolds demonstrated qualitatively different adhe-

sion properties, metabolic activity, and gene expression at an

mRNA level. IL-6 and MCP-1, two inflammation markers

known to recruit microglial into the retina, had the same

expression pattern with cells having the highest expression

on the high modulus scaffold and lowest expression on the

control substrate. This study demonstrates that scaffold rigid-

ity, an important design parameter in other areas of tissue

engineering, affects cell adhesion, activity, and expression of

RPE cells. Though more exploration is needed, this begins to

lay a foundation for optimizing scaffold rigidity to promote

long-term success of RPE scaffolds. VC 2017 Wiley Periodicals,

Inc. J Biomed Mater Res Part A: 105A: 1260–1266, 2017.
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INTRODUCTION

Age-related macular degeneration (AMD) is the leading
cause of blindness in developed countries. With the aging
population, the number of people affected by this disease is
expected to triple over the next 30–40 years. Since the mac-
ula is responsible for central vision, its degeneration in
AMD results in central vision loss. There are two forms of
this disease. The first, wet AMD, is caused by neovasculari-
zation of the retina which leaks fluid into the macula, dis-
rupting the retinal microenvironment. The second form, dry
AMD, which accounts for up to 85% of clinical cases, is
characterized by geographic atrophy of the retinal cells in
the retina.1 Retinal pigment epithelium (RPE) dysfunction
occurs early in dry AMD. Healthy RPE supports the viability
and function of photoreceptors, neural retinal cells, and cho-
roidal vasculature. However, in dry AMD, the RPE loses its
competence to support other retinal cell types, which con-
tributes to photoreceptor degeneration and loss of visual
acuity. Wet AMD is currently treated with photodynamic or
photocoagulation treatment, whereby lasers are used to seal

the vasculature that is leaking into the eye, or pharmaceuti-
cal intervention to inhibit blood vessel formation. These
treatments require repeated applications as recurrence is
common. Dry AMD makes up a majority of all clinical cases,
and there are currently no effective therapeutic options. The
only approaches in treating dry AMD are dietary changes
and/or the addition of dietary supplements; however, these
strategies have not proven to be significantly effective.2

Because of its critical role in maintaining a healthy ret-
ina and its apparent dysfunction in AMD, the RPE has
become an attractive target for therapies, specifically cell
therapies.3 For decades, the field has implanted free cells
subretinally and demonstrated the promise of cell ther-
apy.4–8 However, any positive results are mostly in the short
term with results from long-term studies showing poor out-
comes.9 This is likely due to the fact that other underlying
problems are not addressed; free cell injections replace lost
cells but do nothing to repair the aged and diseased host
environment. In the aged retina, there are alterations to the
Bruch’s membrane (BM), the acellular membrane upon
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which the RPE sits. These changes include increased thick-
ness, a higher level of collagen crosslinking, the accumula-
tion of waste and extracellular material known as drusen,
and coated lipid bodies both within the BM and under the
RPE.10 These alterations in the BM are significant, as studies
have demonstrated poor adhesion, gene expression, and
RPE function on aged BM.11,12 There is also insufficient sol-
ute transport through the diseased BM. Therefore, a suc-
cessful therapy must address both the dysfunctional RPE
and the aged BM. This has motivated cell therapy research-
ers to develop scaffolds for the implantation of RPE cells.

Several materials have been used to fabricate scaffolds
for RPE delivery. These include both natural and synthetic
polymers. These scaffolds show positive results in vitro, suc-
cessfully maintaining viable RPE cells capable of forming
monolayers with tight junctions and phagocytic ability.13–17

Despite these in vitro successes, there are still challenges
that must be addressed upon implantation of cell-seeded
scaffolds. First, a common occurrence following scaffold
implantation is that the immune cells of the nervous system,
the microglia, begin to appear in the neural retina and are
accompanied by the formation of a microglial scar on the
retinal side of the scaffold.18 This microglial migration is an
inflammatory response triggered by interleukin 6 (IL-6) and
monocyte chemoattractant protein-1 (MCP-1) in the retina.
A microglial scarring response, particularly in neural
implants, decreases implant efficacy.19,20 Second, RPE cells
have the capacity to dedifferentiate or transdifferentiate
into a macrophage- or fibroblast-like phenotype through the
SMAD3 pathway.21 These dedifferentiated phenotypes lose
the functionality of a mature RPE cell. The dedifferentiated
phenotypes are commonly seen in vivo following scaffold-
cell implantation.18,22–24

Scaffold substrate modulus has been demonstrated to
affect cell adhesion, migration, expression, and function in a
variety of cells.25–27 However, in the majority of previously
published scaffolds for RPE transplantation, scaffold modu-
lus has largely been neglected as a design parameter. Sub-
strate modulus is an especially important parameter for
anchorage-dependent cells such as RPE cells. RPE cells’
dependence on adhesion to a matrix is so great that once
detached, they are known to initiate anoikis—cell death due
to detachment. In a Science review, Discher et al. discuss
the key roles in molecular pathways played by adhesion
complexes and the cytoskeleton of many different cell types,
including epithelial cells.28 Pelham et al. performed one of
the first studies to understand the effects of scaffold modu-
lus and used epithelial cells and fibroblastic cells on poly-
acrylamide hydrogels of varying modulus.29 Compared with
cells on stiff gels, those on softer, more compliant substrates
showed reduced cell spreading, higher rates of motility, and
more dynamic cell adhesions. Because it has been estab-
lished that RPE adhesion is altered on aged BM, which is
known to have an altered modulus, and that during RPE
dedifferentiation a change in the expression of cytokeratins
(a component of the intracellular cytoskeleton) is observed,
understanding how the modulus of a scaffold affects RPE

cells may lead to better design of scaffolds and improve the
in vivo fate of seeded RPE cells.

Towards that end, we investigate the effects of changing
the modulus of a synthetic scaffold on seeded RPE cells.
Poly(ethylene glycol) diacrylate (PEGDA) is a highly bio-
inert synthetic polymer with tunable mechanical properties.
30 Often referred to as a blank slate, the lack of any sub-
stantive biological cues in PEGDA hydrogels permits the
evaluation of scaffold modulus on RPE cells without other
confounding variables. By functionalizing PEGDA with the
cell adhesion protein sequence, RGDS, we were able to iso-
late and systematically study how the elastic modulus of a
scaffold affects the viability, cell adhesion, metabolic activity,
and gene expression of RPE cells.

METHODS

All reagents were purchased from Sigma-Aldrich (Saint
Louis, MO) and used as obtained without further purifica-
tion unless otherwise noted.

Scaffold preparation for mechanical testing
Hydrogel scaffolds were prepared using a polymer solution
containing one of four different molecular weight PEGDA
(Laysan Bio, Arab, AL) in HEPES-buffered saline (10 mM N-
[2-hydroxyethyl]piperazine-N0-[2-ethanesulfonic acid] and
NaCl in ultra pure water), with 10 mL/mL photoinitiator
solution (2,2-dimethoxy-2-phenyl-acetophenone 300 mg/mL
in N-vinylpyrrolidone). The four molecular weights of
PEGDA used were 3.4, 5, 10, and 20 kDa. The concentra-
tions used for 10 and 20 kDa PEGDA were 10 and 20%.
The concentrations for 3.4 and 5 kDa were 20 and 40%. We
define the lower concentrations as 13 and the higher con-
centrations as 23. The concentrations of PEGDA used are
summarized in Table I. The scaffolds were fabricated using
molds constructed of two 25 3 75 mm2 precleaned glass
microscope slides separated by a 500-lm Teflon spacer. The
molds were disinfected with 70% ethanol and exposed to
UV light (B-200SP UV lamp, UVP, 365 nm 10 mW2/cm2) for
further sterilization for at least an hour prior to use. The
prepolymer PEGDA solutions were injected into the molds
through a 0.2-mm polyethersulfone syringe filter, then the
molds were exposed to the UV light for 3 min. After poly-
merization, rectangular-shaped hydrogel scaffolds were
removed from the molds with tweezers and fully immersed
in 5 mL phosphate buffered saline (PBS) within petri dishes
and allowed to swell for 24 h.

TABLE I. PEGDA Formulations for Hydrogel Fabrication

PEGDA Molecular
Weight (kDa)

PEGDA Concentration
(%w/v)

13 23

3.4 20% 40%
5 20% 40%
10 10% 20%
20 10% 20%
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Characterization of elastic modulus
Elastic moduli were determined by performing tensile tests
using a Bose Electroforce 3100 with a 1 Newton load cell.
Hydrogel scaffolds were removed from PBS immediately
prior to testing to maximize their hydration during testing.
Testing lasted approximately 3 min for each scaffold, which
was far less than the 20–30 min it takes for these scaffolds
to dry. The hydrated hydrogels’ thicknesses and the working
distance between clamps were measured in mm using digi-
tal calipers. The average thicknesses of high and low modu-
lus scaffolds were 0.61 60.03 and 0.586 0.05 mm,
respectively. Though the differences were not statistically
significant, the measured thicknesses were used to calculate
the cross-sectional area of each hydrated hydrogel. Rather
than using force applied to determine elastic moduli, the
measured cross-sectional area values were used to deter-
mine the applied tensile stresses, which normalizes for dif-
ferences in swelling ratios. Following measurement,
scaffolds were clamped at either end. Bose Electroforce flat
knurled face tension/compression grips were mounted ver-
tically and the grips’ inner faces were modified with duct
tape to pad the surfaces. This prevented the sharp edges of
the grips from pinching through the scaffolds. The scaffolds
were tested in uniaxial strain applied at a rate of 6 mm/
min. WinTestVR 7 software was used for system control and
force data acquisition. The data was collected and used to
calculate the elastic modulus from the slope in the linear
portion of the stress-strain curve (n5 5 for each molecular
weight).

Synthesis of acryl-PEG-RGDS
Heterobifunctionalized Acrylate-PEG-Succinimydal Valerate
(ACRL-PEG-SVA; Laysan Bio, Arab, AL) was reacted with
RGDS (Tocris, Bristol, UK) in a 1:1.2 molar ratio at pH 8.0
under argon. The reaction mixture was placed on a rocker
on its highest tilt and speed overnight in a 48C cold room.
Following overnight reaction, the solution was then dialyzed
against 4 L of ultra pure water in a 1000 MWCO cellulose
membrane (Spectrum Labs, Rancho Dominguez, CA), lyophi-
lized, and stored at 2208C.

Confirmation of RGDS conjugation
Ninhydrin assays were performed to measure the amount of
free RGDS following the conjugation reaction with ACRL-
PEG-SVA. Ninhydrin reacts with free amines and produces a
colored product. This colorimetric assay permits the mea-
surement of unconjugated RGDS via reaction with free
amines on the arginine. Briefly, prior to dialyzing the reac-
tion solution, a 250-lL sample was lyophilized and reconsti-
tuted in 100 mL of PBS. This reconstituted solution was next
added to 100 lL of sodium citrate buffer and 200 lL of 2%
ninhydrin solution in an Eppendorf low protein binding
tube. This was then placed in a boiling water bath for 15
min. Absorbance of the solution was read on a Beckman
DTX 880 Multimode Detector at 570 nm. A standard curve
was produced using known concentrations of RGDS.

Scaffold preparation for cell culture
Protein-modified scaffolds were fabricated using the scaffold
fabrication process described above with the addition of
10 mM ACRL-PEG-RGDS to the polymer solution. Scaffolds
were then swelled in whole culture media (described
below) for 24 h, changing the media regularly for the first
8 h to allow for unconjugated peptide to be removed. For
cell culture, a low modulus (60 kPa) scaffold made with
0.1 g/mL 20 kDa PEGDA and a high modulus (1200 kPa)
scaffold made with 0.4 g/mL 5 kDa PEGDA were used.

Cell culture
ARPE-19 cells (ATCC, Manassas, VA) were seeded on scaf-
folds at 10,000 cells/cm2. Cells were cultured in DMEM/F12
with 15% v/v fetal bovine serum and 1% v/v antibiotic
solution (10,000 Units penicillin and 10 mg streptomycin
per mL). Scaffolds were moved to a new well after 8 h to
retain only cells attached to scaffolds and eliminate cells
that attached to well bottoms. Media was changed every
other day for 14 days. Cell analyses were conducted on
days 1, 7, and 14.

Fluorescence microscopy
Live/DeadVR calcein acetoxymethyl (AM) and ethidium
homodimer-1 viability/cytotoxicity stain (Life Technologies,
Carlsbad, CA) was performed to qualitatively assess cell
adherence and viability. Briefly, the ethidium homodimer-1
and calcein AM was added to media in 1:500. Scaffolds
were incubated in the solution for 10 minutes. Following
incubation, cell nuclei were labeled using Hoescht at a
1:5000 dilution in PBS. The scaffolds were then washed in
PBS and imaged (n5 3 for each condition) on a fluorescent
microscope (Axio Observer Z1, Zeiss, Oberkochen,
Germany).

Metabolic assay
PrestoBlue mitochondrial reduction assay was performed on
days 1, 7, and 14 to determine cellular activity on the scaf-
folds of varying moduli. Control and experimental scaffolds
with cells attached were immersed in assay solution and
incubated for 4 h. Controls were matched molecular weight
hydrogels with no cells attached. A 100 mL sample of assay
solution was aspirated from each well following the incuba-
tion period and pipetted into a fresh 96 well plate then
read on a Beckman Coulter DTX 880 Multimode Detector
with excitation at 560 nm and emission at 595 nm. The val-
ues read for control scaffold fluorescence was subtracted
from the values read for experimental scaffold fluorescence
(n5 5 for each condition).

qPCR
ARPE-19 RNA was isolated using Qiagen RNEasy Plus kit
(Qiagen, Hilden, Germany) according to the manufacturer’s
protocol. Briefly, cells were lysed using b-mercaptoethanol
and Qiagen RLT Plus buffer and then centrifuged through a
Qiashredder column to remove large debris and contami-
nants. Genomic DNA was removed using an eliminator col-
umn. Following this, ethanol was used to provide binding
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conditions for RNA to the RNeasy spin column, while other
non-RNA contaminants were then washed away. The RNA
was then eluted through the column and quantified using a
NanoDropTM spectrophotometer and associated software.
Next, the RNA was normalized to a uniform concentration.
Samples were reverse transcribed using the High Capacity
cDNA Reverse Transcription Kit (Applied Biostystems). PCR
was performed using SYBR Green PCR Master (Applied Bio-
systems) mix and PikoReal real time PCR system. The
primer sequences used are listed in Table II. The fold
change relative gene expression compared to that of the
control TCPS was determined using the delta-delta Ct
method after normalizing to the housekeeping gene, GAPDH
(n5 5 for each condition).

Statistical analysis
Cellular metabolic activity, elastic moduli, and gene expres-
sion were compared between the different molecular weight
scaffolds using a Student’s t test when comparing two
groups or an analysis of variance (ANOVA) when comparing
more than two groups. Following ANOVA, pairwise compari-
sons between groups was performed using Tukey’s post-hoc
analysis. For metabolic activity and gene expression analy-
ses, the dependent variables were control-adjusted results.
p Values <0.05 were considered significant and analyses
were conducted in Matlab and Microsoft Excel. Statistical
significance is reported in the figures, which are reported as
mean6 standard error.

RESULTS

Mechanical characterization of scaffolds
The Young’s modulus of scaffolds tested in uniaxial tension
was determined following 24 hours of scaffold swelling in
PBS. Scaffold modulus was modified through two
approaches. The first approach was by varying the PEGDA
molecular weight and the second approach was to vary to
concentration of PEGDA in solution. Using molecular
weights 3.4, 5, 10, and 20 kDa, the Young’s modulus can be
changed up to two orders of magnitude. The tested scaf-
folds’ moduli varied between 60 and 1200 kPa. The elastic
modulus for all scaffold formulations is shown in Figure 1.

Fluorescent microscopy
Following the seeding of cells on low modulus (60 kPa) and
high modulus (1200 kPa) scaffolds, fluorescent microscopy
was performed. These images were analyzed qualitatively to
observe differences in cell adhesion patterns. Representative
images are shown in Figure 2. The cells show a more
homogenous spreading on the high modulus scaffold com-
pared to the low modulus scaffold. Cell clusters with a
higher percentage of cell death was observed on the low
modulus scaffold.

Cell activity
The metabolic activity assay was conducted on days 1, 7,
and 14 of culture. Results were normalized to day 1 to
determine how the cellular activity changed over the culture
period. On both days 7 and 14, the high modulus scaffold
results in greater cell metabolic activity than the tissue cul-
ture plastic (control) or the low modulus scaffold. On day 7,
this increase over control is not significant, but on day 14 it
is (p5 0.04). When compared to control, the low modulus
scaffold reduced cell metabolic activity on both days 7 and
14, p5 0.004 and 0.001, respectively. It should be noted
that there was no noticeable difference in the number of
cells on each substrate over the 14 days. After14 days, the
cells on the high modulus scaffold were the only cells with
an increase in metabolic activity over day 1 (Fig. 3).

Gene expression
The genes investigated in this work can be categorized into
three categories: inflammation, dedifferentiation, and func-
tion. The expression of IL-6 and MCP-1, the inflammatory
microglial migration genes, was increased on both scaffold
moduli relative to TCPS. The expression of IL-6 and IL-8 on
the high modulus scaffold was significantly higher (p50.02
and 0.01, respectively) than on the low modulus scaffold.
The functional gene, CRALBP, demonstrated a downregula-
tion on both scaffolds compared to the TCPS. Lastly, the
dedifferentiation gene, SMAD3, showed slight non-significant
increases on scaffold surfaces relative to the control (Fig. 4).

TABLE II. Primer Sequences for Real-Time PCR

Gene of Interest Primer Sequence (5’–3’)

CRALBP F: AGATCTCAGGAAGATGGTGGAC
R: GAAGTGGATGGCTTTGAACC

IL-6 F: GGCACTGGCAGAAAACAACC
R: GCAAGTCTCCTCATTGAATCC

MCP-1 F:GATCTCAGTGCAGAGGCTCG
R:TGCTTGTCCAGGTGGTCCAT

IL-8 F: CTGGCCGTGGCTCTCTTG
R: CCTTGGCAAAACTGCACCTT

SMAD3 F:TCCCCAGCACATAATAACTT
R:TGGGAGACTGGACAAAAAT

GAPDH F: ACCACAGTCCATGCCATCAC
R: TCCACCACCCTGTTGCTGTA FIGURE 1. The effects of molecular weight and concentration on scaf-

fold modulus. Higher PEGDA molecular weight leads to a lower mod-

ulus, or a less rigid scaffold. Higher concentrations of PEGDA lead to

a higher modulus, or a more rigid scaffold. Arrows indicate scaffolds

used in cell studies.
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DISCUSSION

This study demonstrates that the Young’s modulus of a scaf-
fold has significant effects on RPE cells. Previously pub-
lished RPE studies on scaffolds have demonstrated
microglial migration and the presence of fibroblast- and
macrophage-like cells following implantation. Since IL-6 and

MCP-1 are microglial attractants and SMAD3 is the pathway
that has been implicated in RPE dedifferentiation into fibro-
blast- and microphage-like phenotypes, we focused our
study on how scaffold modulus affects the expression these
genes in the seeded RPE cells. The expression of IL-6 on the
high modulus, a statistically significant 3-fold increase

FIGURE 2. ARPE-19 cells on different culture substrates. The ARPE-19 cells formed a confluent monolayer on TCPS with very little cell death (A);

the cells still had a high density on the high modulus scaffold, with more noticeable cell death (B); cells formed clumps on the low modulus

scaffolds with cell death on the low modulus scaffolds (C). Blue 5Hoescht, Nuclear Stain; Red 5 ethidium homodimer-1, dead cells. Scale bar

100 mm.

FIGURE 3. Cell metabolic activity on scaffolds of varying modulus. By

day 7 of culture, the cells on the low modulus scaffold had signifi-

cantly decreased activity when compared to both other conditions.

The high modulus and TCPS were not different on day 7. On day 14,

all three groups were significantly different with the high modulus

scaffold having the highest activity. *p< 0.01; #<0.05.

FIGURE 4. Relative gene expression of cells on two different modulus

scaffolds. Microglial attractants, IL-6 and MCP-1, both demonstrated

upregulation on the elastic scaffold substrates compared to TCPS

(TCPS expression is represented by the red line) SMAD3, a dedifferen-

tiation marker is slightly upregulated on the scaffolds, while CRALBP,

a characteristic RPE gene is downregulated. *p< 0.05.
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relative to control TCPS and 1.5-fold higher than the low
modulus scaffold, suggests that this scaffold could contrib-
ute to recruiting microglia in vivo. In addition, both scaffolds
demonstrated almost a 2-fold increase in MCP-1, another
microglial attractant, expression relative to control TCPS.
These results demonstrate the importance of modulus as a
design parameter for scaffolds to be used for RPE transplan-
tation. Through careful design and fabrication of scaffolds, it
is possible to control scaffold modulus and, therefore, may
be possible to control the expression of these microglial
attractants for successful long-term treatment.

Fluorescent microscopy qualitatively revealed that RPE
cells had different adhesion patterns on low modulus and
high modulus scaffolds. This is a significant observation
because early studies on the effects of scaffold modulus on
epithelial cells suggest that cells sense their physical envi-
ronment, causing differences in focal adhesions and expres-
sion of intracellular pathways. RPE dedifferentiation has
been characterized by a change in expression of cytokeratin
proteins, a component of the intracellular cytoskeleton.
Therefore, it is possible that the mechanical environment
experienced by RPE cells affects their adhesion and initiates
or promotes dedifferentiation. This is supported by recent
work demonstrating difference in phagocytic ability of RPE
cells on different substrate moduli.31

The cell activity, as measured by a mitochondrial reduc-
tion assay, varied on the different moduli. Because it
remains difficult to quantify cell number on scaffolds, the
cell activity was normalized to the day 1 activity. There-
fore, changes in activity can be attributed to either cell
number due to proliferation or death, or change in the cell
activity itself. By day 7, the cells cultured on low modulus
scaffolds had an activity approximately 70% of their day 1
activity. The cells cultured on the high modulus scaffold
increased their activity over the 14-day culture period to a
level statistically different from the other two groups. This
demonstrates that either proliferation is occurring on the
high modulus scaffold or the cells are more metabolically
active.

For the first time, this study reveals the response of RPE
cells to changes in scaffold modulus. We demonstrated that
the modulus of a substrate affects the expression of the
microglial attractants, IL-6 and MCP-1. This establishes that
scaffold modulus should be considered an important design
parameter in scaffolds developed for RPE transplantation.
We were able to promote the expression of the IL-6 and
MCP-1 inflammatory genes in RPE cells simply by altering
the mechanical properties of the underlying scaffolds. If
scaffold mechanical properties alone can promote the
expression of these inflammatory genes in vitro, it is reason-
able to believe that once implanted into a diseased retina,
the inflammatory response will be significant. While we did
not see overexpression of SMAD3 in our study, we do
believe that the mechanical environment can encourage RPE
dedifferentiation and should be further investigated.
Although, we did not see significant difference in the gene
expression between the two scaffold groups, this could be
because the difference in scaffold moduli was not great

enough. This is supported by significant differences seen
between the scaffolds and the control TCPS, which has been
reported to have a modulus in the gigapascal range.32

This study demonstrates that modulus is an important
design parameter for scaffolds designed for RPE cell trans-
plantation. It is particularly important to consider how the
mechanical environment affects the RPE phenotype and
expression of inflammatory markers, as these are two chal-
lenges RPE scaffolds faces in the translation of cell therapies.
Further investigation is needed to fully tease out the effects
of modulus and move toward scaffold design optimization.
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