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Abstract: Engineering of human retinal pigment epithelium

(RPE) cell monolayer with low level of reactive oxygen spe-

cies (ROS) is important for regenerative RPE-based therapies.

However, it is still challenging to culture RPE monolayer with

low ROS level on soft substrates in vitro. To address this, we

developed cytocompatible hydrogels to culture human RPE

cell monolayer for future use in regenerative RPE-based

therapies. The cell adhesion, proliferation, monolayer forma-

tion, morphology, survival, and ROS level of human ARPE-19

cells cultured on the surfaces of negatively charged poly (2-

acrylamido-2-methyl propane sulfonic sodium) (PNaAMPS)

and neutral poly(N,N-dimethylacrylamide) (PDMAAm) hydro-

gels with different stiffness were investigated. The impor-

tance of hydrogel stiffness on the cell function was firstly

highlighted on the base of determined optimal Young’s mod-

ulus for cultivation of RPE cell monolayer with relatively low

ROS level. The construction of RPE cell monolayer with low

ROS level on the PNaAMPS hydrogel may hold great poten-

tial as promising candidates for transplantation of RPE cell

monolayer-hydrogel construct into the subretinal space to

repair retinal functions. VC 2013 Wiley Periodicals, Inc. J Biomed

Mater Res Part A: 102A: 2258–2267, 2014.
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INTRODUCTION

Retinal pigment epithelium (RPE) cells are located between
choroid capillaries and the neurosensory retina as an inter-
mediary. In vivo, the RPE cells pack together like cobble-
stones to form a compacted monolayer that rests on a
basement membrane above Bruch’s membrane.1,2 This stra-
tegic position allows RPE cells to perform highly specialized
roles in the maintenance of retinal homeostasis and visual
function, such as phagocytosing spent rod, supporting pho-
toreceptor cell functions, transporting nutrients, and metab-
olites as well as synthesizing glycosaminoglycans.3–5

Because of the important functions of retina, the degenera-
tion or dysfunction of RPE cells can result in various retinal
diseases which is implicated in visual disability including

retinitis pigmentosa and age-related macular degeneration
(ARMD), especially, ARMD is currently the leading cause of
blindness in the developed world.6–8 For most of the cases,
the treatment of these diseases requires transplantation of
RPE cell monolayer. However, potential donors are very lim-
ited, and there is an urgent need of RPE cell monolayer for
tissue engineering.

Strategy of tissue-engineered RPE cell monolayer based
on in vitro culture of RPE cells on substrates has been
developed for transplantation of RPE cell-substrate con-
struct into the subretinal space.3,9,10 The substrates act as
suitable supportive matrix for RPE cells to proliferate and
form monolayer. Besides, the substrate should closely mimic
the native cell microenvironment, such as biomechanical
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and physicochemical properties.11 Hydrogels, a representa-
tive soft and wet material, have similar properties (e.g.,
�90% in water content, �kPa in Young’s modulus) with
soft tissues, which can mimic the native extracellular matrix
of multicellular organisms.12,13 Furthermore, the properties
of three-dimensional (3D) hydrogel networks are close to
the Bruch’s membrane, such as capability for transportation
of oxygen, nutrients, and metabolites.14,15 Based on the
aforementioned advantages, both nature derived hydrogels
(e.g., collagen and gelatin)14,16 and synthetic hydrogels [e.g.,
poly(N-isopropylacrylamide) and poly (methacrylate-co-
meth acrylamide)]9,17,18 have been explored as promising
materials for RPE cell cultivation and transplantation.

Native RPE cells are situated in a microenvironment
with the highest oxygen tensions of the body and produce
large amount of reactive oxygen species (ROS) when playing
their physiological functions, such as in the process of phag-
ocytosis.19 Besides, accumulating evidences have demon-
strated that RPE cells can easily suffer from oxidative
damage which eventually leads to a variety of retinal disea-
ses.20,21In the blindness caused by ARMD, high intracellular
concentration of ROS is thought to be a major factor to
induce cell undergoing death pathway by reacting with
almost any organic molecule such as DNA, RNA, lipid, carbo-
hydrate, or protein.22 Therefore, an ideal substrate should
be rationally designed for the formation of human RPE cell
monolayer with low ROS level. However, the existing studies
have not paid any attention to this, and little is known
regarding the oxidative stress of the RPE cells cultured on
hydrogel substrates.

Although various hydrogel based substrates have been
developed for mimicking cell microenvironment, these sub-
strates need modification by cell-adhesive proteins (e.g.,
fibronectin and laminin) and short-chain peptides.9,12,23,24

Compared to modified substrates, the approach without
modification offers several advantages, such as capability to
directly analyze cell–substrate interaction by adjusting physi-
cochemical properties of hydrogels, good reproducibility, free
of infection, tolerance for high-temperature sterilization, and
relatively low cost.25 We have previously cultivated various
cell lines on synthetic hydrogels requiring no modification of
any adhesive proteins or peptides, including endothelial cells
(ECs),25–29 rabbit synovial tissue derived fibroblast cells,26

human articular chondrocytes,30 murine chondrogenic
ATDC5 cells,31 and mouse embryonic stem cells (mESCs).32 It
is found that hydrogels with high charge density facilitate
ECs and STDFCs to form cell monolayers, as well as acceler-
ate spontaneous differentiation of embryoid bodies of mESCs
into three germ layers. Moreover, we have found that neutral
hydrogels are suitable for spontaneous redifferentiation of
dedifferentiated human chondrocytes into chondrocytes, as
well as for differentiation of ATDC5 cell into chondrocytes.
However, the effect of physicochemical properties of these
modification-free hydrogels on the ROS level and behaviors
of RPE cells has not been explored yet.

In this contribution, we developed a new approach based
on adhesive protein-free synthetic hydrogels for human RPE
cell cultivation with low ROS level. We investigated the effects

of chemical structure and Young’s modulus (E) of
modification-free synthetic hydrogels on human RPE cell
adhesion, proliferation, viability, monolayer formation, and
ROS level. A spontaneously immortalized adult human RPE
cell line, ARPE-19 cells, was used as an in vitro model for RPE
cells, because the cells display many morphological and func-
tional features similar to native adult human RPE cells.33,34 It
was found that soft PNaAMPS hydrogels with Young’s modu-
lus of 5.060.2 kPa and 24.061.0 kPa were suitable for culti-
vation of human RPE cell monolayer with low ROS level.

MATERIALS AND METHODS

Materials
In this study, we used poly (2-acrylamido-2-methyl propane
sulfonic sodium) (PNaAMPS) and poly (N,N-dimethylacryla-
mide) (PDMAAm) hydrogels as substrates for RPE cell culti-
vation, where PNaAMPS hydrogel has proved
cytocompatibility,27,28 and PDMAAm hydrogel has been used
as material for contact lenses.35 Negatively charged mono-
mer NaAMPS was prepared following the previous report.27

Neutral monomer DMAAm (Tokyo Kasei Kogyo, Tokyo,
Japan), cross-linking agent, N,N0-methylenebisacrylamide
(MBAA, Tokyo Kasei Kogyo, Tokyo, Japan) and initiator, 2-
oxoglutaric acid (Wako Pure Chemicals, Osaka, Japan), were
all used as purchased. The structure of chemicals is shown
in Figure 1(A).

Hydrogel synthesis
Negatively charged PNaAMPS hydrogel and neutral
PDMAAm hydrogels with different crosslinking concentra-
tion (C) used as cell substrates were synthesized by radical
polymerization of as previous reported.25 The gelation was
performed in the precleaned glass molds with a 10 3 10
mm2 silicone rubber spacer with thickness of 0.5 mm or 2
mm to obtain sheet-shaped hydrogels. After 1M monomer
(NaAMPS or DMAAm), 2–10 mol % cross-linker (MBAA)
and 0.1 mol % initiator (2-oxoglutaric acid) in respect to
the monomer concentration were dissolved into ion-
exchanged water, the reaction solution was poured into the
glass mold, then the mold was irradiated with UV light
(wavelength, 365 nm) for polymerization at room tempera-
ture (12 h). The thickness of PBS-equilibrated hydrogels
synthesized in glass molds with 0.5 mm and 2 mm thick-
ness is about 0.5–0.75 mm and about 2–3 mm, respectively.
Thick hydrogels were used for hydrogel characterization
and cell cultivation, and thin hydrogels with large ratio of
surface area and lateral area were used for test of protein
adsorption. Prepared sheet-shaped hydrogels were subse-
quently immersed in ion-exchanged water for 3 days to
extract residual chemicals that did not react during the gela-
tion. The hydrogels are denoted as water-equilibrated
hydrogels. The water-equilibrated hydrogels were then
immersed into phosphate buffer solution (PBS) to adjust
the pH and ionic strength of the solution containing in the
hydrogels to 7.0 and about 0.15M, respectively. The hydro-
gels are denoted as PBS-equilibrated hydrogels. The macro-
scopic morphology of PBS-equilibrated hydrogels is shown
in Figure 1(B,D).
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Hydrogel characterization
Scanning electron microscopy. Samples were treated by
the secondary freeze-drying operation (PowerDry LL1500,
Thermo, USA) according previous procedures.27 Scanning
electron microscopy (SEM) images were obtained using
scanning electron microscope (SEM, JEOL JSM-7000F, Japan).
The microscopic morphology of PBS-equilibrated hydrogels
observed by SEM is shown in Figure 1(C,E).

Degree of swelling. The degree of swelling (q) of hydrogel
was quantified as the weight ratio of the swollen state (Ws)
of hydrogel to that in the dry state (Wd), that is, q5Ws/Wd.
qPBS represents the degree of swelling of hydrogels equili-
brated in PBS.

Young’s modulus evaluation. The Young’s modulus (E) of
the hydrogel was tested by compressive stress–strain meas-
urements using a tensile-compressive tester (CMT6503,
MTS, USA). The prepared sheet-shaped hydrogels were
punched into disk-shaped hydrogel samples (diameter is 15
mm and thickness is ca. 2–3 mm) by a hole punch. The
samples were set on a lower plate, and then compressed
with an upper plate at a strain rate of 10% min21 at room
temperature. E was determined by the average slope of
stress–strain curve in the strain ratio range of 0.05 to 0.1,36

and each value was averaged over four parallel measure-
ments. EPBS represents the Young’s modulus of hydrogels
equilibrated in PBS.

Protein adsorption. The amount of fibronectin adsorbed on
the surface of PNaAMPS and PDMAAm hydrogels was quan-
titatively characterized via immunofluorescence as our pre-
viously reported protocol.25 Sterilized PBS-equilibrated
hydrogel disks with a diameter of 2.5 cm were exposed to
1.67 mL 20% FBS containing PBS buffer for 6 h at 37�C in
a humidified atmosphere of 5% CO2. The same hydrogel
disks blocked in 5% bovine serum albumin (BSA, Sigma) in
PBS solution were used as controls. After rinsing with 1.67
mL PBS buffer for three times, the hydrogels were incu-
bated with 1.67 mL 1:1000 dilution of FITC-conjugated anti-
fibronectin (Biogenesis Ltd, UK) for 2 h at 37�C in a humidi-
fied atmosphere of 5% CO2. The immunostained samples
were analyzed by a fluorescence confocal laser scanning
microscope (OLYMPUS, Japan) after being washed three
times with 1.67 mL PBS for three times. The fluorescence
intensity difference between the hydrogels incubated in FBS
and in BSA, which corresponded to the amount of absorbed
fibronectin on the hydrogel surfaces was detected.

Cell cultivation
The disk-shaped PBS-equilibrated hydrogels without modifi-
cation by any cell-adhesive proteins or peptides were steri-
lized by autoclave (120�C, 20 min) in PBS and stored for
cell culture. Process of cell cultivation was the same as pre-
viously described,37,38 and ARPE-19 cell line (ATCC Mana-
ssas, VA) was used for cell cultivation. DF-12 medium
containing 10% (v/v) fetal bovine serum (Invitrogen,

FIGURE 1. Hydorgel synthesis as well as macroscopic and microscopic morphology of hydrogels. A: Synthesis of PNaAMPS and PDMAAm

hydrogels and the chemical structures of monomers, crosslinker (N,N0-methylenebisacrylamide), initiator (2-oxoglutaric acid), and crosslinked

polymers. The hydrogels with chemical group R1 or R2 is PNaAMPS or PDMAAm hydrogel, respectively. B and D: The photos of PNaAMPS or

PDMAAm hydrogels. C and E: SEM images of PNaAMPS or PDMAAm hydrogels (scale bar: 10 lm). All the samples were equilibrated in PBS.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Carlsbad, CA, USA), 0.348% sodium bicarbonate, 2 mM L-
glutamine, 100 U/mL penicillin, and 100 U/mL streptomy-
cin (Invitrogen, Carlsbad, CA, USA) was used for cell cultiva-
tion. The ARPE-19 cells were subcultured on the TCPS until
confluent, and then were dissociated from the culture plate
using 0.05% trypsin-EDTA (Invitrogen, Carlsbad, CA, USA)
to obtain cell suspension. The hydrogel disks with 15 mm
or 35 mm in diameter were transferred into a 24-well or 6-
well tissue culture polystyrene (TCPS), respectively. The
hydrogels with 15 mm in diameter were used for character-
izing cell behaviors (adhesion, proliferation, monolayer for-
mation, and morphology), and the hydrogel with 35 mm in
diameter were used for ROS assay which needs a large
amount of cells. The cell suspension with a density of 2.0 3

104 cells/mL was dropped onto the hydrogel surface. Then,
ARPE-19 cells-seeded samples were cultured at 37�C in a
humidified atmosphere of 5% CO2. The culture medium was
changed every 48 h gently to avoid the damage of the cells
and hydrogels. The morphology and proliferation of the cells
cultured on the hydrogel substrate were monitored by tak-
ing photos using an phase contrast microscope (Olympus IX
71, Tokyo, Japan) equipped with a digital camera using 203

objectives at set time-points (6, 24, 48, 72, 96, and 120 h).
Schematic representation of the processes of cell cultivation
on the synthetic hydrogels is shown in Scheme 1.

Cell assay
live/dead assay. LIVE/DEAD Viability/Cytotoxicity Kit con-
taining Calcein acetoxymethyl ester (Calcein AM) and Ethi-
dium Homodimer 1 (EthD-1) (Molecular Probes, USA) was
used to perform live/dead assay of cultured RPE cells to

evaluate the cytocompatibility of hydrogels. The images of
the cell were visualized with fluorescence microscopy
(OLYMPUS, Tokyo, Japan), and the numbers of live and dead
cells were quantified using Image Pro Plus 6.0.

Fluorescence staining. For staining of cytoskeleton, rhoda-
mine phalloidin (Enzo, America) was used according to the
manufacture’s introduction. To label the nuclei, the samples
were stained with 0.1 mg/mL of 40,6-diamidino-2-phenylin-
dole dihydrochloride (DAPI, Sigma-Aldrich, St. Louis, MO).
The images of the F-actin and cell nuclei were obtained by
Nikon C2 fluorescence confocal laser scanning microscopy
(Nikon, Tokyo, Japan).

Intracellular ROS assay
Level of intracellular ROS was determined according to our
previously reported protocol.38,39 Briefly, 10 lM 20,70-
dichlorodihydrofluorescein diacetate (DCFH-DA) (Sigma)
was added to the cell monolayer-laden samples after culti-
vation for 120 h. The reduced form of DCFH-DA would be
oxidized to the highly fluorescent dihydrochlorofluorescein
(DCF) by ROS. The total amount of intracellular ROS pro-
duction was obtained from the fluorescence intensity of the
intracellularly trapped DCF measured by a plate reader (Flu-
oroskan Ascent, Thermo Fisher Scientific Inc. Waltham, MA)
with an excitation of 485 nm and emission of 530 nm. To
eliminate the influence of the cell number on the ROS assay,
the total protein of cells cultured on the hydrogels was
detected by BCA Protein Assay Kit (Beyotime, China).38 The
ROS value of the cells cultured on the hydrogels (ROScell)
was denoted as the ratio of total ROS level (ROStotal) to total

SCHEME 1. Schematic representation of cell cultivation processes on the synthetic hydrogels without modification by cell-adhesive proteins or

peptides. A: Sheet-shaped hydrogels are equilibrated in ion-exchanged water. B: Sheet-shaped hydrogels are equilibrated in PBS buffer. C: Disk-

shaped PBS-equilibrated hydrogels are punched out of the sheet-shaped hydrogels by a hole punch. D: Disk-shaped PBS-equilibrated hydrogels

are sterilized by autoclaving (120�C, 20 min). E: The sterilized hydrogels are transferred into 24-well or 6-well TCPS. F: ARPE-19 cells are seeded

on pure hydrogels. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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amount of protein (Ptotal), that is., ROScell 5ROStotal/Ptotal.
Furthermore, the relative ROS level of cells cultured on the
hydrogels (ROSRL) was denoted as the ratio of ROScell to
that of the control cells cultured on TCPS (ROSTCPS), that is.,
ROSRL 5ROScell /ROSTCPS.

Statistical analysis
The obtained data were expressed as mean6 standard devi-
ation at least over three samples (each in triplicate). Statisti-
cal significance was evaluated by using T-test. *p-
values< 0.05 were considered statistically significant.

RESULTS AND DISCUSSION

Hydrogel properties
The physicochemical properties of hydrogels such as water
content and stiffness are important for tissue engineering
application. For instance, the hydrogel stiffness is particularly
important for transplantation of RPE cell monolayer-hydrogel
construct beneath retina and controlling over the surgical
procedure. The surrounding soft tissues may be easily dam-
aged if a hard substrate is implanted in subretinal space,
whereas a too soft substrates is difficult to be operated in the
surgical procedure.9 Therefore, the degree of swelling and
Young’s modulus (E) related to the water content and stiff-
ness of hydrogel, respectively, were characterized and ana-
lyzed. In addition, the bulk solution for hydrogel equilibration
has significant effects on hydrogel properties, because the
osmosis pressure of hydrogel depends on the ionic strength
of equilibrated solution.40 Accordingly, hydrogel properties
would be different when it is equilibrated in ion-exchanged
water or PBS. Therefore, evaluation of hydrogel properties in
PBS which ionic strength (0.15M) is similar to the cell cultiva-
tion medium is necessary for hydrogel potentially used in tis-
sue engineering.

The degree of swelling of negatively charged PNaAMPS
hydrogels with C5 2 mol %, 4 mol %, and 10 mol % equili-
brated in PBS (qPBS 5 38.76 1.7, 27.36 0.4, 13.86 0.5)
were significantly higher than that of the neutral PDMAAm
hydrogels with identical C (qPBS 513.460.5, 10.46 0.2,
8.26 0.1) (Fig. 2). The results demonstrate that the anionic
PNaAMPS hydrogels with sodium sulfonate groups in the
pendant of their polymer chains enhance adsorption of
more solution than neutral PDMAAm hydrogel without ion-
izable groups. In addition, the qPBS of both PNaAMPS and
PDMAAm hydrogels decreased with increasing C, whereas
EPBS of both PNaAMPS (EPBS 5 5.06 0.2 kPa, 24.06 1.0 kPa,
169.36 11.0 kPa) and PDMAAm (EPBS5 82.569.1 kPa,
151.46 24.3 kPa, 198.366.8 kPa) hydrogels increased
when C5 2 mol %, 4 mol %, and 10 mol %. The EPBS of
PNaAMPS hydrogels was lower than that of PDMAAm
hydrogels when C5 2 mol % and 4 mol %, whereas the
EPBS of PNaAMPS hydrogel closed to that of PDMAAm
hydrogel when C510 mol %. These results demonstrate
that the Young’s modulus of hydrogels less depend on
charge density when C becomes large. We also checked the
polymeric network structure of 10 mol % PNaAMPS and 10
mol % PDMAAm equilibrated in PBS using SEM. Because of
the strong electrolyte properties of PNaAMPS, the mesh size

of 10 mol % PNaAMPS hydrogel was obviously larger than
that of 10 mol % PDMAAm hydrogel [Fig. 1(C,E)].

Cell proliferation
It is important that the RPE cells are transplanted as a
monolayer beneath the retina, to avoid cell dysfunction
including cell apoptosis and layered stacking, as well as to
prevent postoperative complications including subretinal
fibrosis and proliferative vitreoretinopathy.9,41 Therefore, we
analyzed kinetic proliferation of the RPE cells cultured on
PNaAMPS and PDMAAm hydrogels in long period cultiva-
tion. Comparing cell proliferation on the two kinds of hydro-
gels with different charge at 24 h and 120 h, we observed
that significantly more RPE cells spread on the negatively
charged PNaAMPS hydrogels than that on the neutral
PDMAAm hydrogels (Fig. 3). This indicates the dramatically
high kinetic proliferation of the RPE cells on the negatively
charged PNaAMPS hydrogels. Besides, we observed that the
cells cultured on all PNaAMPS hydrogels with
EPBS 5 5.06 0.2 kPa, 24.06 1.0 kPa, 169.3611.0 kPa
appeared to have proliferated to monolayer with varied
packing density at 120 h (Fig. 3). The results demonstrate
that the RPE cells can proliferate and form monolayer on
the PNaAMPS hydrogels regardless of charge over a wide
range of Young’s modulus (EPBS 5 5.0–169.3 kPa).

Comparing cell proliferation on the two kinds of hydro-
gels equilibrated in PBS with similar Young’s modulus, that
is., 10 mol % PNaAMPS (EPBS 5169.3611.0 kPa) as well as
4 mol % PDMAAm (EPBS 5151.46 24.3 kPa) and 10 mol%
PDMAAm (EPBS 5 198.366.8 kPa), the cells on the 169.3
kPa PNaAMPS hydrogel grew with culture time and prolifer-
ated to monolayer (Fig. 3) with a cell density of
4.4360.7 3 104 cell/cm2 at 120 h (Fig. 4). However, cells
cultured on the 151.06 24.3 kPa and 198.36 6.8 kPa
PDMAAm hydrogel could not proliferate and almost all cells
died after 120 h cultivation.

FIGURE 2. The degree of swelling (q) and Young’s modulus (E) of

hydrogels with various crosslinking concentration equilibrated in PBS.

The white bar and gray bar represents Young’s modulus and degree

of swelling of hydrogels equilibrated in PBS, respectively. The num-

bers with unit in mol % are the crosslinking concentration in molar

ratio in relative to monomer used in gelation. Error ranges are stand-

ard deviations over n 5 4 samples.
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It is speculated that cell-adhesive proteins (fibronectin
and vitronectin) contained in FBS play an important role in
controlling anchorage-dependent cell behaviors.42 For exam-
ple, fibronectin with arginine-glycine-aspartic acid (RGD)
sequence for the binding of cell surface receptors plays a criti-
cal role in stimulation of anchorage dependent cells adhesion,
spreading, and proliferation.25 Therefore, the correlation
between fibronectin adsorbed on hydrogel surface and cell
behavior was further analyzed. It is demonstrated that high
charge density in favor of fibronectin adsorption from the FBS
contained in culture medium onto the surface of negatively
charged hydrogels (Fig. 5), which further promoted RPE cells
adhesion, spreading, and proliferation. On the other hand,

only a few fibronectin adsorbed onto neutral PDMAAm hydro-
gels, which resulted to inhibit RPE cell adhesion, spreading,
and proliferation. The results agree with previous reports
that negatively charged hydrogels promote spreading and
proliferation of anchorage-dependent cells due to in favor of
fibronectin adsorption.25 However, neutral hydrogels with
methacrylamide group does not facilitate RPE cell prolifera-
tion due to resistant to protein adsorption.43

Evaluation of RPE cells grown on the PNaAMPS
hydrogels
Live/dead assay. The live/dead assay was performed to
check the viability of RPE cells of the monolayer cultured

FIGURE 3. Phase-contrast micrographs of RPE cells cultured for 24 h and 120 h onto the surfaces of PNaAMPS and PDMAAm hydrogels with dif-

ferent crosslinking concentration (C, mol %) and Young’s modulus (E, kPa) (scale bar: 50 lm).
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on PNaAMPS hydrogels with various Young’s modulus. Via-
ble cells stained with Calcein AM (green) and dead cells
stained with EthD-1 (red) were observed in the phase-
contrast fluorescence microscopy images (Fig. 6). After cul-
turing for 72 h, the viable cells (green) greatly outnumber
the dead cells (red), and the percentage of viable cells is

8962%, 9163%, 986 1% when EPBS is 5.06 0.2 kPa,
24.061.0 kPa, 169.36 11.0 kPa, respectively. The results
indicate that RPE cells proliferate readily on the PNaAMPS
hydrogels, and on the other hand, the good cytocompatibil-
ity of the hydrogel is proved.

Immunocytochemistry and cell cytoskeletal morphology. The
cell monolayers cultured on the PNaAMPS hydrogels were
stained with DAPI and Phalloidi-rhodamine to visualize the
morphology of cell nucleus and cytoskeletal, respectively
(Fig. 7). Formation of cell monolayer on the PNaAMPS
hydrogels was supported by the distribution of DAPI stain-
ing cell nucleus observed from upper surface [Fig. 7(A–C)],
and by the nuclei that did not overlap observed from verti-
cal section [Fig. 7(J–L)]. The results demonstrate that the
RPE cells grew to monolayer on the PNaAMPS hydrogels.
Stress fiber organized by bundled filaments is a feature of
normal strongly adherent RPE cells that are stationary on
substrates.44 Well-developed actin stress fibers distributed
around individual cells and a complex networks formed by
F-actin rings between cells were revealed by rhodamine
phalloidin staining [Fig. 7(D–F)]. These results indicate that
the RPE cells are well immobilized on the surfaces of
PNaAMPS hydrogels.

ROS of RPE cells. RPE cells can easily become aging, and it
has been reported that oxidative stress may play an impor-
tant role in RPE dysfunction and degeneration. For instance,
RPE cells may experience apoptosis due to the damage of
mitochondrial DNA under sustained high level of ROS.19,45

Moreover, it is becoming increasingly clear that prevention

FIGURE 4. Proliferation of RPE cells on the PNaAMPS and PDMAAm

hydrogels. A: Kinetic proliferation of the RPE cells cultured on surfa-

ces of PNaAMPS hydrogels with Young’s modulus of 5.0 6 0.2 kPa (•),

24.0 6 1.0 kPa (�), 169.3 6 11.0 kPa (�), and PDMAAm hydrogels with

Young’s modulus of 82.5 6 9.1 kPa (�), 151.4 6 24.3 kPa (�),

198.3 6 6.8 kPa (w). B: The phase-contrast micrographs of the cells

cultured on PNaAMPS hydrogel with Young’s modulus of 24.0 6 1.0

kPa at different time point (scale bar: 100 lm). Error ranges are stand-

ard deviations over n 5 4 samples.

FIGURE 5. The fluorescence intensity of adsorbed fibronectin on

hydrogels with various Young’s modulus (E, kPa). No proteins were

preadsorbed on the hydrogel surfaces before cell culture. Error ranges

are the standard deviations over n 5 4 samples.

FIGURE 6. Viability of the RPE cells cultured on negatively charged

PNaAMPS hydrogels detected by live/dead assay. RPE cells were cul-

tured on PNaAMPS hydrogels with Young’s modulus of 5.0 6 0.2 kPa

(A), 24.0 6 1.0 kPa (B), 169.3 6 11.0 kPa (C) for 72 h and then stained

with live/dead reagents (scale bar: 50 lm). A green fluorescence des-

ignates live cells, whereas a red fluorescence indicates dead cells. D:

The cell viability obtained from the fluorescent images. Error ranges

are standard deviations over n 5 4 samples. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.

com.]
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of RPE cells from oxidative damage should be focused on at
early retinal diseases (e.g., ARMD) treatment stage.46,47

Therefore, it can be presumed that cultured RPE cells could
exert its function better when being transplanted into the
subretinal space if they have a relatively low ROS level.

Stiffness of hydrogel is a potential regulator that manip-
ulates the behaviors and functions of cells. Recently, some
researchers have reported that soft hydrogels can protect
neurons from oxidative stress injury induced by hydrogen
peroxide.48 Therefore, it can be speculated that the hydrogel
stiffness may also affect the ROS level of cultured RPE cells.
To check this, we measured the ROS level of the RPE cells
cultured on the PNaAMPS hydrogels as our previous
reported methods.37,38 The data demonstrate that the inten-
sity of the relative mean ROS level after forming cell mono-
layer (120 h) was reduced to 44% and 50% compared with
control (the cells cultured on TCPS) on soft EPBS 5 5.060.2
kPa, 24.06 1.0 kPa PNaAMPS hydrogels, respectively
(Fig. 8). However, there was no significant difference of
the ROS level between the cells cultured on the
EPBS 5169.3611.0 kPa PNaAMPS hydrogel and control.
This result indicates that the soft PNaAMPS hydrogels lead

to a significant decrease in intracellular ROS level compared
to hard substrates. It was reported that hydrogels contain-
ing superoxide dismutase (SOD) mimetics or horseradish

FIGURE 8. The relatively level of ROS on PNaAMPS hydrogels with

different Young’s modulus (E, kPa). p< 0.05 vs. the TCPS plates. Error

ranges are standard deviations over n 5 4 samples.

FIGURE 7. Morphology of the RPE cells following 120 h cultivation on PNaAMPS hydrogels with different Young’s modulus (E, kPa). A, B, C:

Nuclei revealed through staining with DAPI on the surface. D, E, F: F-actin fibres demonstrated by staining with rhodamine phalloidin. G, H, I:

Merged photos of nuclei and F-actin fibres. J, K, L: Image of z-axis (scale bar: 100 lm). [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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peroxidase inside could efficiently reduce ROS level.49,50

This is different from our experiments in which we used
our hydrogel without modification by any enzyme as sub-
strates for RPE cells cultivation. Although the exact mecha-
nism of reduction of intracellular ROS production by soft
hydrogels is unclear, identification of the molecular mecha-
nisms facilitating RPE cells proliferate to monolayer with
low ROS level on soft PNaAMPS hydrogel provides valuable
information for regenerative RPE-based therapies. According
to a recently published paper that indicated soft alginate
hydrogels might protect neurons from oxidative stress
injury via stimulation of cellular intrinsic antioxidant
defenses, the most likely explanation is that the soft
PNaAMPS hydrogels provided a more favorable microenvir-
onment for RPE cells which could enhance cellular intrinsic
antioxidant defenses to cope with the extra ROS.48 In con-
sideration of the fact, our next work will focus on the mech-
anism of soft hydrogels reducing the intracellular ROS. We
will monitor the level of enzymatic molecules (i.e., SOD and
horseradish peroxidase) and nonenzymatic molecules (i.e.,
vitamin E and vitamin C) correlating with reducing ROS to
support our explanation.

In future, based on this investigation, a simple and eco-
nomic approach can be used for harvesting functional RPE
cell monolayer-hydrogel construct potentially candidate for
regenerative RPE-based therapies, that is, the RPE cell
monolayer with low ROS level can be obtained by simply
culturing limited number of RPE cells obtained from donors
on the soft PNaAMPS hydrogel films. There are a number of
remaining challenges for implantation of RPE cell
monolayer-PNaAMPS hydrogel construct in the subretinal
space, such as preparation of a suitable thin hydrogel film
(several tens of micrometers), testing of RPE survival and
function by animal experiments in vivo.

In addition, since the PNaAMPS hydrogel facilitates both
RPE cell and ECs growth, a 3D system constructed by RPE
cell monolayer on the surface of PNaAMPS hydrogel sub-
strate and EC capillary network into the substrate would be
created and play a role as a graft of AMD implantation, or
as an in vitro model for basic investigation of regenerative
RPE-based therapies. In recent days, the functional hydro-
gels which could be used as scaffold for tissue engineering
have attracted more and more attention, such as double net-
work hydrogel29,35,51 and self-healing hydrogels.52,53 It
could be presumed that a serious of fascinating results
could be obtained, if we combine these functional hydrogels
with RPE cell cultivation in future.

CONCLUSIONS

This study demonstrates the feasibility of PNaAMPS hydro-
gel without modification by cell-adhesive proteins or pep-
tides as a substrate for proliferation of RPE cell monolayer.
Moreover, for the first time to our knowledge, it reveals that
the ROS level of the cultured RPE cells is regulated by
Young’s modulus of PNaAMPS hydrogels, that is, the ROS
level of the RPE cells cultured on the soft hydrogels
(5.060.2 kPa, 24.061.0 kPa) obviously lower than that on

hard hydrogel (169.3611.0 kPa). Overall, it provides a
more cost-effective soft biomaterial that shows great poten-
tial to be developed as an artificial substrate for RPE cell
transplantation.
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