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ABSTRACT
Age-related macular degeneration (AMD), a leading cause of blindness, is characterized by the
death of the retinal pigmented epithelium (RPE), which is a monolayer posterior to the retina that
supports the photoreceptors. Human embryonic stem cells (hESCs) can generate an unlimited
source of RPE for cellular therapies, and clinical trials have been initiated. However, protocols
for RPE derivation using defined conditions free of nonhuman derivatives (xeno-free) are preferred
for clinical translation. This avoids exposing AMD patients to animal-derived products, which could
incite an immune response. In this study, we investigated the maintenance of hESCs and their differentiation into RPE using Synthemax II-SC, which is a novel, synthetic animal-derived component-free,
RGD peptide-containing copolymer compliant with good manufacturing practices designed for xenofree stem cell culture. Cells on Synthemax II-SC were compared with cultures grown with xenogeneic
and xeno-free control substrates. This report demonstrates that Synthemax II-SC supports long-term
culture of H9 and H14 hESC lines and permits efficient differentiation of hESCs into functional RPE.
Expression of RPE-specific markers was assessed by flow cytometry, quantitative polymerase chain
reaction, and immunocytochemistry, and RPE function was determined by phagocytosis of rod outer
segments and secretion of pigment epithelium-derived factor. Both hESCs and hESC-RPE maintained normal karyotypes after long-term culture on Synthemax II-SC. Furthermore, RPE generated on Synthemax
II-SC are functional when seeded onto parylene-C scaffolds designed for clinical use. These experiments
suggest that Synthemax II-SC is a suitable, defined substrate for hESC culture and the xeno-free derivation
of RPE for cellular therapies. STEM CELLS TRANSLATIONAL MEDICINE 2015;4:165–177

INTRODUCTION
Age-related macular degeneration (AMD) is the
leading cause of blindness in people aged 65
and older in industrialized countries, accounting
for 8.7% of the world’s blind population, and it
is projected that annual costs to the U.S. federal
government will exceed $845 million by 2021
[1–3]. The early stages of this disease involve
the dysfunction of the retinal pigmented epithelium (RPE). The RPE maintains the health of the
photoreceptors through phagocytosis of shed
outer segments, transporting and secreting ions
and growth factors across the blood-retina barrier, isomerizing all-trans- to 11-cis-retinal to perpetuate the visual cycle, absorbing stray light, and
limiting oxidation in the eye [4–6]. AMD manifests in two types. Exudative or “wet” AMD is
characterized by choroidal neovascularization into the retina and can be mitigated by palliative intraocular injections of angiogenesis inhibitors
such as Avastin, Lucentis, or EYLEA. However,
90% of AMD patients suffer from the “dry” form,
which can lead to the geographic atrophy of the

RPE and photoreceptors in the macular region
of the retina [7]. As AMD progresses, the RPE degrade, causing the photoreceptors to deteriorate,
which leads to an incapacitating loss of vision [8].
Currently, clinical studies are investigating
the efficacy of transplanting RPE generated
from human embryonic stem cells (hESC-RPE)
and induced pluripotent stem cells (iPSC-RPE)
as a means to preserve vision in AMD patients
[9–11]. These pluripotent stem cell-derived RPE
have already demonstrated visual rescue in an animal model of retinal degeneration, the Royal College of Surgeons (RCS) rat [12, 13]. One approach
to deliver these cells is to inject a bolus suspension. Subjects receiving hESC-RPE suspensions
in phase 1/2 clinical trials for AMD and Stargardt’s
macular dystrophy have not experienced adverse
safety issues from the transplanted cells, whereas
complications caused by surgery and immunosuppression have been observed. At the median
22-month follow-up, half of the patients have
demonstrated visual improvement [9, 14]. However, diseased retinas among patients will display
varying degrees of degeneration, and because
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adhesion in a variety of cells [31, 39, 40]. Synthemax II-SC differs
from Synthemax-R in its coating chemistry and peptide density.
Synthemax II-SC is a lyophilized powder that can be resuspended to a desired concentration, and its peptide noncovalently adsorbs to a surface. The covalently bound peptide on
the Synthemax-R surface is more dense (8–12 pmol/mm2) than
the recommended coating density for Synthemax II-SC (5–
10 pmol/mm2) [31]. Synthemax II-SC is also less expensive;
a six-well plate at the recommended coating density is less than
half the cost of a Synthemax-R plate.
To date, Synthemax II-SC has been shown to support human
iPSCs and human mesenchymal stem cells [41, 42]. Here we validate Synthemax II-SC as a viable substrate for the defined culture of hESCs and hESC-RPE. We have found that pluripotent H9
and H14 hESC lines can be maintained on Synthemax II-SC and
retain a normal karyotype for more than 16 passages. These
lines differentiate into hESC-RPE with a significantly higher yield
of pigmented area than hESCs maintained on Synthemax-R Surface. Also, hESC-RPE cultured on Synthemax II-SC are similar to
hESC-RPE derived on Matrigel and Synthemax-R with respect to
gene expression and function. Furthermore, hESC-RPE derived
on Synthemax II-SC retain RPE identity and function when
seeded onto transplantable parylene-C scaffolds.

MATERIALS AND METHODS
hESC Culture
Cultures of hESC lines H9 and H14 (WiCell Research Institute, Madison, WI, http://www.wicell.org) were maintained on Matrigel
hESC-qualified matrix (catalog no. 354277; Corning Enterprises,
Corning, NY, http://www.corning.com) in mTeSR1 (catalog no.
05850; StemCell Technologies, Vancouver, BC, Canada, http://
www.stemcell.com). Stem cell colonies were manually passaged
by hand every 4–7 days: differentiated regions were removed first,
followed by a manual dissection of pluripotent colonies. To compare hESCs grown on Synthemax II-SC Substrate with other commercially available substrates, hESCs were passaged onto tissue
culture-treated plates coated with Corning Matrigel, Corning
Synthemax-R Surface (catalog nos. 3979, 3984, 3977XX1), and Synthemax II-SC Substrate (catalog no. 3536-XX1, lot no. DEV45-10;
Corning Inc. Corning, NY, http://www.corning.com) and were serially passaged by manual dissection. Similar number and size of colonies were chosen for propagation on the three surfaces. hESCs
between passages 40 and 49 were used for characterization. For
differentiation into germ layers, hESCs on Synthemax II-SC were differentiated for 10 days in Dulbecco’s Modified Eagle’s Medium/
F-12 + GlutaMAX I, 20% knockout serum replacement, 13 nonessential amino acids, and 0.1 mM b-mercaptoethanol (all reagents
from Life Technologies, Carlsbad, CA, http://www.lifetech.com).

Differentiation, Enrichment, and Culture of hESC-RPE
A methods schematic is provided in supplemental online
Figure 1. Pluripotent hESCs were spontaneously differentiated
on the substrates of interest for 115 days in XVIVO10 medium
(catalog no. 04-743Q; Lonza, Walkersville, MD, http://www.
lonza.com) with Normocin (catalog no. ant-nr-1; Invivogen,
San Diego, CA, http://www.invivogen.com/). Pigmented cells
were enriched by treatment with TrypLE Select (catalog no.
12563-011; Gibco, Grand Island, NY, http://www.lifetechnologies.
com), followed by manual removal of nonpigmented cells. The
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a suspension of RPE cells is extremely dissimilar to the endogenous organization, it is difficult to predict the efficacy of bolus
injections as a therapy for the entire AMD population. Another
approach undergoing clinical trials is to transplant a sheet consisting of autologous iPSC-RPE [11]. Sheets of iPSC-RPE express RPE
markers and demonstrate function in vitro and in RCS rats. Furthermore, transplantation of autologous, nonhuman primate
iPSC-RPE sheets does not invoke an immune response [11]. The
structural integrity of the sheet and its proper orientation after
surgery in human patients is currently under investigation. Alternatively, other groups are progressing to clinical trials using transplantable scaffolds, which provide a solid surface to promote
a polarized RPE monolayer, enable site-specific delivery of the
therapeutic cells, and confer support in a diseased environment
[15, 16]. To this end, ultrathin parylene-C scaffolds have been
engineered to provide a transplantable, semipermeable surface
to support hESC-RPE therapeutic cells in the subretinal space
[17, 18].
Parylene-C is a biostable polymer, and its deposition results in
a conformal coat (i.e., a surface without pinholes) [19, 20]. It has
a range of biomedical applications such as coating stents and
pacemakers [20] and the circuitry of retinal prostheses [21, 22].
Established lithography techniques allow patterning of
parylene-C into an array of ultrathin regions (∼0.3 mm) that
permit diffusion of biomolecules. These submicron regions are
supported by a thicker meshwork of parylene-C (∼6.0 mm) that
provides mechanical support [23]. Parylene-C may be coated with
full-length human vitronectin to allow attachment, polarization,
and pigmentation of hESC-RPE [17].
Methods to culture and differentiate pluripotent stem cells
into RPE often use xenogeneic mouse embryonic fibroblasts or
Matrigel, a substrate derived from the Engelbreth-Holm-Swarm
murine sarcoma [9, 11–13, 24]. These conditions present a possibility of exposing therapeutic cells to animal-derived immunogens, viruses, and other undefined components such as growth
factors, collagenases, and plasminogen activators [25–27]. Recent efforts to derive hESC-RPE without using nonhuman animal
products have cocultured hESCs with human foreskin fibroblasts
and substrates comprised of full-length human proteins [28–30].
However, because of the natural variability among fibroblast cell
lines or batches of purified proteins, synthetic substrates may be
more desirable for consistent generation of clinical-grade therapies. Synthemax-R is a synthetic, animal-derived component-free
(ACF) substrate designed for cell culture and is composed of a biologically active peptide derived from the human extracellular
matrix (ECM) protein vitronectin that is covalently conjugated
to the tissue culture vessel by an acrylate moiety [31]. ACF conditions do not use any animal-derived products, including human,
and this distinguishes it from xeno-free conditions. Synthemax-R
has been shown to support hESC and iPSC growth [31–37] and
their differentiation into ocular cell types [32, 37, 38]. However,
Synthemax-R is only available in limited styles of tissue culture
plates, thus restricting its range of applications and its ability to
scale up the manufacture of therapeutic cells. Synthemax-II SC
Substrate, is a novel ACF, good manufacturing practice (GMP)compliant peptide-copolymer that self-adsorbs onto tissue culture plastic or glass surfaces. This feature imparts versatility when
scaling up production of therapeutic cells and facilitates a wider
array of characterization assays. The Synthemax II-SC peptide
includes the RGD-containing sequence from the human ECM
protein vitronectin, KGGPQVTRGDVFTMP, which promotes
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(11332481001; Roche, Indianapolis, IN, http://www.roche.
com) in phosphate-buffered saline (PBS) for 1 hour at 4°C. Primary antibodies diluted in block solution were applied overnight
at 4°C (supplemental online Table 1). Cells were rinsed three
times with PBS, and secondary antibodies were diluted 1:300 in
block solution and applied for 30 minutes at 4°C (supplemental
online Table 1). The cells were incubated with Hoechst nuclear
stain (8 mg/ml, 33258; Sigma-Aldrich) for 5 minutes at room temperature in the dark and rinsed three times with PBS. Slides were
mounted with Pro-Long Gold Antifade Reagent (catalog no.
P36930; Life Technologies) and imaged with QCapture Pro software on Olympus IX71 or BX51 fluorescence microscopes (Olympus, Center Valley, PA, http://www.olympusamerica.com). Best1
localization was assessed with Fluoview software on an Olympus
FV1000 confocal scanning microscope.

Quantitative Polymerase Chain Reaction
Human Fetal RPE Culture
Human fetal RPE (fRPE) were a kind gift of Dean Bok (University of
California Los Angeles) and Lincoln Johnson (Center for the Study of
Macular Degeneration, University of California Santa Barbara).
fRPE were maintained in Miller medium [44]: a-modification minimum essential medium (M4526; Sigma-Aldrich, St. Louis, MO,
http://www.sigmaaldrich.com) supplemented with nonessential
amino acids (catalog no. 11140-050; Gibco), GlutaMAX I (35050;
Life Technologies), N1 supplement (N6530; Sigma-Aldrich), 1 ml
of THT per 500 ml of medium (0.0065 mg/ml triiodothyronine;
T5516, Sigma-Aldrich; 10 mg/ml hydrocortisone, Sigma-Aldrich;
H0396, Sigma-Aldrich; 125 mg/ml taurine; T0625, Sigma-Aldrich)
and heat-inactivated fetal bovine serum (15% for seeding fRPE,
5% for fRPE maintenance) (F-0500A; Atlas Biologicals, Fort Collins,
CO, http://www.atlasbio.com/).

Synthemax II-SC Substrate Vessel Coating
Tissue culture vessels were coated with Synthemax II-SC according to the manufacturer’s recommendations. Briefly, Synthemax
II-SC powder was resuspended to 1 mg/ml in HyClone HyPure Cell
Culture Grade Water (AWK21536) and either stored at 4°C for 1
month or further diluted 1:40 (0.025 mg/ml) to coat tissue culture
vessels (CellBIND Surface, catalog no. 3335, Corning; cell culture
plates and flasks, catalog nos. 3516, 3603, 430641, 431082, Corning Costar, Acton, MA, http://www.corning.com/lifesciences),
Millicell-HA inserts (PIHA01250; Millipore, Billerica, MA, http://
www.emdmillipore.com), and Lab-Tek Permanox Chamber Slides
(catalog no. 177445; Thermo Fisher Scientific, Waltham, MA,
http://www.thermofisher.com) at 5 mg/cm2 for 2 hours at room
temperature. The remaining Synthemax II-SC solution was aspirated, and the air-dried vessels were used immediately or stored
at 4°C for up to 3 months.

Immunocytochemistry
Cells were rinsed with warm Dulbecco’s phosphate-buffered
saline (DPBS) (catalog no. 14190-144; Gibco) and fixed with an
aqueous solution of 4.0% paraformaldehyde (catalog no.
15710; Electron Microscopy Sciences, Hatfield, PA, http://
www.emsdiasum.com/microscopy) and 0.1 M sodium cacodylate buffer (catalog no. 11652; Electron Microscopy Sciences)
for 5 minutes at 4°C. Fixed cells were blocked with 1% bovine
serum albumin (BSA) (catalog no. 15260; Gibco), 1% goat serum
(catalog no. G9023; Sigma-Aldrich), and 0.1% Triton X-100
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For RNA collection, whole wells of hESCs ready for passage were
harvested from each substrate; differentiated regions were not
removed prior to harvest. RNA was harvested using the RNeasy
Plus kit (catalog no. 74136; Qiagen, Valencia, CA, http://www.
qiagen.com) and converted to cDNA (iScript cDNA Synthesis kit;
catalog no. 170-8891; Bio-Rad, Hercules, CA, http://www.biorad.com). For hESC-RPE, 1.5 3 105 cells were collected at passage
2 day 28 and processed with the Cells-to-Ct kit (catalog no.
4399002; Ambion, Austin, TX, http://www.ambion.com). Realtime quantitative polymerase chain reaction (qPCR) was completed with TaqMan Gene Expression Assays (catalog no.
4351372; Life Technologies; supplemental online Table 2) in
TaqMan Gene Expression Master Mix (catalog no. 4369016; Life
Technologies) using a Bio-Rad CFX96 real-time system. The data
were analyzed with Bio-Rad CFX Manager software. Gene expression was normalized using the geometric mean of expression of
the housekeeping genes SERF2, UBE2R2, and EIF2B2.

Flow Cytometry
Whole wells of hESCs ready for passage were harvested from
each substrate; differentiated regions were not removed prior
to harvest. hESCs were dissociated by 5- to 13-minute incubations in TrypLE Select at 37°C and diluted 1:5 in fresh medium.
For hESC-RPE, 1 3 106 cells were collected at passage 2 day
28. For fixation, cells were centrifuged at 1,500 rpm for 3
minutes, washed in 0.5% BSA Fraction V (catalog no. 15260037; Gibco) in PBS, and fixed in 4% paraformaldehyde in PBS
for 20 minutes at room temperature in the dark. The cells were
pelleted at 2,300 rpm for 3 minutes and permeabilized with 0.2%
Triton X-100 (11332481001; Roche), 0.1% BSA Fraction V in PBS
for 3 minutes at room temperature. Fixed cells were stored at
4°C in 0.5% BSA until stained.
Cells were stained with primary antibodies (supplemental
online Table 1) diluted in 3% BSA in PBS for 30 minutes at 4°C
(hESCs) or room temperature (RPE). Samples were stained with
a secondary antibody (Alexa Fluor 488; A21202; Life Technologies) for 30 minutes at room temperature. Cells were rinsed
with 0.5% BSA, and data were collected on a BD AccuriC6 Flow
Cytometer with 10,000 gated events per sample. Gates were
set to exclude 99.0% of the population stained with the isotype
control of the primary antibody. The data were analyzed with
FCS Express (De Novo Software, Glendale, CA, http://www.
denovosoftware.com).
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remaining RPE were dissociated with TrypLE Select for 5
minutes at 37°C, passed through a 40-mm nylon cell strainer
and seeded on the substrates of interest at 1.5 3 105 cells per
cm2. RPE cultures were maintained in XVIVO10 medium and passaged with TrypLE Select every 28 days for 3 months and seeded
at 1.0 3 105 cells per cm2 onto Matrigel, Synthemax-R, and
Synthemax II-SC Substrate (catalog no. 3536-XX1, lot nos.
28512016, 14413006, 22413018). Cells at passage 2 day 28 were
used for characterization. The “Matrigel,” “Synthemax-R,” and
“Synthemax-II” designations describe the condition of hESCs
propagated, differentiated, enriched, and passaged as RPE
solely on the Matrigel, Synthemax-R, and Synthemax II-SC substrates, respectively. “Mg-SR” denotes the condition of undifferentiated hESCs grown and differentiated on Matrigel and then
enriched and grown as RPE on Synthemax-R as described previously [18, 43].
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Karyotype
Cells were seeded in a T-25 flask (catalog no. 430168; Corning)
that was coated with Matrigel or Synthemax II-SC Substrate
and shipped in log phase overnight to Cell Line Genetics Inc. (Madison, WI, http://www.clgenetics.com/) for G-band karyotyping.

Pigmented Area Quantification
ImageJ was used to quantify pigmented area in the differentiated
hESC cultures. Briefly, photographs of the differentiated hESC-RPE
plates were converted to 8-bit images. Scale was set to 500 pixels:
17.3 mm for a six-well plate. The well area was selected, contrastenhanced, background-subtracted, converted to binary, and analyzed for particle size (size 0.02–10 mm2).

To compare secretion of pigment epithelium-derived factor
(PEDF) hESC-RPE derived on different substrates were seeded
onto Transwell Millicell-HA inserts (PIHA01250; Millipore) coated
with 2.63 mg/cm2 human vitronectin (354238; BD BioSciences,
San Jose, CA, http://www.bdbiosciences.com) or Synthemax
II-SC. The cells were maintained in 400 ml of XVIVO10 within
the insert and 600 ml in the well. Apical and basal supernatants
were collected on passage 2 day 30, 72 hours post-media change,
snap-frozen in liquid nitrogen, and stored at 280°C. Supernatants
from hESC-RPE on parylene-C membranes were collected 30 days
after thaw/seed, 24 hours post media change. Supernatants were
diluted 1:5,000; concentration of PEDF was determined with the
PEDF enzyme-linked immunosorbent assay kit (catalog no.
PED613-Human; Bioproducts MD, Middletown, MD, http://
www.bioproductsmd.com/) according to the manufacturer’s
instructions. Optical density was measured at 450 nm.

ROS Phagocytosis
The Rod Outer Segment (ROS) phagocytosis assay was performed
as previously described [45]. Briefly, hESC-RPE, human fRPE, and
ARPE19 cells were seeded in quadruplicate onto gelatin, Synthemax II-SC, or human vitronectin-coated 96-well plates at 1 3 105
cells per cm2 and maintained in Miller medium. Rod outer segments were isolated from fresh bovine retinas, labeled with fluorescein isothiocyanate (FluoReporter fluorescein isothiocyanate
[FITC] protein labeling kit; catalog no. F6434; Life Technologies)
and resuspended in 2.5% sucrose in Miller medium. Four weeks
after plating, confluent cells were incubated with 1 3 106 labeled
ROS, with or without 62.5mg/ml of the anti-avb5 function blocking antibody (catalog no. ab24694; Abcam, Cambridge, U.K.,
http://www.abcam.com) or the isotype control (catalog no.
ab18447; Abcam) for 5 hours at 37°C in 5% CO2. Unbound ROS
were removed with six rinses of warm 2.5% sucrose in PBS, and
extracellular fluorescence was quenched with 0.4% trypan blue
(catalog no. 25-900Cl; Corning) for 20 minutes at 37°C. Trypan
blue was replaced with 40 ml of PBS-sucrose, and internalized
fluorescence was imaged with an Olympus IX71. ImageJ software
was used to calculate the internalized fluorescence intensity by
pixel densitometry. Fluorescent signals from each condition were
normalized to the ARPE19 signal.

hESC-RPE on Parylene-C
Mesh-supported submicron parylene-C scaffolds were manufactured as previously described, resulting in an array of ultrathin
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Statistical Analysis
The two-tailed t test was used to determine the statistical significance of the differences between the amount of secreted PEDF
by hESC-RPE on parylene-C membranes. The one-tailed t test
was used to determine the statistical significance between
the differences of internalized ROS fluorescence by hESC-RPE
treated with avb5 function blocking antibody versus isotype
control. The one-tailed t test was also used to compare secretion
of apical versus basal PEDF of hESC-RPE cultured on inserts. The
level of p value that was considered significant has been denoted
as pp for p # .01 and p for p # .05.

RESULTS
Synthemax II-SC Supports Long-Term Culture of H9 and
H14 hESCs
Matrigel is one of the most widely used feeder-free substrates
for hESC culture [24, 46]. Therefore, morphology and gene expression of hESCs cultured on Synthemax II-SC were compared
with hESCs on Matrigel. Comparisons were also made to hESCs
maintained on Synthemax-R to determine whether Synthemax
II-SC is an acceptable alternative ACF substrate.
Overall, hESC colonies cultured on Synthemax II-SC exhibited morphology similar to hESCs grown on Matrigel, characterized by a homogenous layer of small, tightly packed cells,
and a distinct colony border. Colonies on Synthemax II-SC qualitatively appeared larger than those grown on Synthemax-R but
appeared to have thicker centers than the colonies grown on
Matrigel. Colonies on Synthemax-R generally appeared smaller
and thicker than those on the other two substrates and seemed
to manifest more regions with differentiated morphology
throughout the nine passages (Fig. 1A; supplemental online
Fig. 2, arrowheads). Qualitatively, hESC colonies were easier
to passage on Synthemax II-SC than Synthemax-R because colonies on the latter substrate remained small and developed
compact, differentiated centers, rendering the efficient passaging of undifferentiated cells difficult.
Introducing hESCs to new culture conditions has been shown
to elicit various fluctuations in morphology and an increase in differentiation while the cells adapt to the new environment [47,
48]. Previous studies have reported that hESCs undergo an adaption period once transferred to various feeder free substrates [49,
50]. H9 and H14 hESCs transitioning to Synthemax II-SC at passages 2 and 4, respectively, manifested dense differentiated areas
harboring small regions devoid of cells within several colonies
(supplemental online Fig. 2A, 2C, arrows). This extent of differentiation was not observed in other passages. However, it is known
S TEM C ELLS T RANSLATIONAL M EDICINE
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PEDF Enzyme-Linked Immunosorbent Assay

regions (∼0.03 mm) supported by a thicker meshwork (∼6 mm)
[17]. These scaffolds were coated with human vitronectin in
a 48-well plate. Briefly, scaffolds were placed in a 48 well plate with
Teflon forceps, soaked in DPBS for 15 minutes, air-dried for 48
hours at room temperature, secured to the bottom of the plate
with a cloning cylinder (CLS316610; Sigma-Aldrich), and coated
with 250 ml of human vitronectin (10 mg/ml) for 2 hours at room
temperature. Enriched hESC-RPE were cryopreserved and stored
in liquid nitrogen (C. Presbey, M. Tsie, S. Hikita et al., manuscript
in preparation). The cells were thawed and seeded onto
vitronectin-coated parylene-C scaffolds at 1.5 3 105 cells per well
and grown for 30 days in XVIVO10 medium without antibiotics.
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Figure 1. Characterization of human embryonic stem cells (hESCs) cultured on Synthemax II-SC, Synthemax-R, and Matrigel. (A): Representative phase-contrast micrographs of H9 and H14 hESC colony morphology after nine passages on the indicated substrate. Scale bars = 200 mm.
(B): Representative flow cytometry histograms for pluripotency markers Oct4 and SSEA4 in H9 cultures grown on the indicated substrate at
passages 1, 3, 5, and 9. (C): Relative expression of pluripotency genes in H9 cultures grown on Synthemax II-SC, Synthemax-R, and Matrigel
at passages 1, 3, 5, and 9 as detected by quantitative polymerase chain reaction. (D): Normal karyotype of H9 hESCs maintained on Synthemax
II-SC for 23 passages. (E): Relative gene expression of germ layer markers is significantly higher in H9 hESCs differentiated on Synthemax II-SC for
10 days compared with hESCs at earlier passages. pp, p , 0.01, t test. (F): H9 hESCs on Synthemax II-SC stained for nuclear pluripotency transcription factors Oct4 and Sall4 and surface markers Tra-1-81 and Tra-1-60. Scale bars = 80 mm. Abbreviation: Diff, differentiation.
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Synthemax II-SC Permits RPE Differentiation
From hESCs
Because Synthemax II-SC was found to support the defined culture of hESCs, we next investigated whether this substrate also
permitted efficient, xeno-free differentiation of hESCs into RPE.
H9 and H14 hESC lines adapted to Matrigel, Synthemax-R, and
Synthemax II-SC for seven passages were spontaneously differentiated into RPE by changing the growth medium to XVIVO10,
a xeno-free formulation lacking basic fibroblast growth factor
(Fig. 2). During this process, pigmented foci appeared after 4
weeks and continued to enlarge over the next few months. At
115 days postdifferentiation, the area of pigmentation on each
substrate was quantified (Fig. 2). The lowest yield of pigmented
area occurred on Synthemax-R. Surprisingly, Synthemax II-SC
yielded significantly more pigmented area than Synthemax-R
(p , .01). However, there was no difference in the amount of
pigmented area produced on Matrigel and Synthemax II-SC. This

©AlphaMed Press 2015

Figure 2. Spontaneous differentiation of retinal pigmented epithelia generated from human embryonic stem cells (hESC-RPE) on
Matrigel and Synthemax II-SC yields significantly more pigmented
area than hESC-RPE on Synthemax-R. Top: Pigmented area in individual wells was calculated with ImageJ software after 115 days
of differentiation. Error bars denote standard deviation. pp, p , .01,
t test. Bottom: Three representative wells from a six-well plate
of differentiated hESC-RPE seeded on each substrate are shown.
Scale bar = 1 cm.

suggests that Synthemax II-SC is an acceptable replacement
for Matrigel in the xeno-free production of clinical-grade RPE
from hESCs.

RPE Cultured on Synthemax II-SC Maintain RPE Identity
Pigmented regions produced by spontaneous differentiation
(Fig. 2) were manually isolated from nonpigmented cells in a process termed “enrichment” (supplemental online Fig. 1). Protocols
have been developed whereby hESCs are differentiated to RPE on
Matrigel and then enriched onto Synthemax-R (Mg-SR method)
[17, 18, 52–54]. To investigate whether Synthemax II-SC can entirely replace Matrigel for the growth of hESCs and their differentiation into RPE, we compared cultures maintained solely on
Synthemax II-SC with those produced using the Mg-SR method.
Synthemax II-SC hESC-RPE were also compared with cells produced solely on Synthemax-R or Matrigel.
After 30 days in culture, the hESC-RPE produced on Synthemax II-SC and Synthemax-R qualitatively appeared darker than
those produced on Matrigel or by the Mg-SR method (Fig. 3A;
S TEM C ELLS T RANSLATIONAL M EDICINE
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that healthy hESC cultures will experience a slight degree of differentiation in every passage, and some percentage of differentiation is expected [51]. In this regard, hESCs on Matrigel
consistently demonstrated the least amount of differentiated
morphology throughout nine passages. Because the original cultures for these experiments were previously adapted to Matrigel,
the minimal differentiation observed in these cells is expected
compared with the hESCs transitioning to a new substrate. Cultures of hESCs on Synthemax II-SC and Synthemax-R generally
appeared slightly more differentiated than cells on Matrigel
(supplemental online Fig. 2, arrowheads).
To investigate the percentage of cells expressing pluripotency
markers Oct4 and SSEA4, flow cytometry was carried out on cultures at passages 1, 3, 5, and 9 (Fig. 1B; supplemental online Fig.
3A). Although hESCs on Matrigel consistently expressed both pluripotency markers, a decrease in Oct4 expression was observed
on both xeno-free surfaces at some passages. Expression of
SSEA4, however, was consistent on all three substrates throughout these passages. Additional markers of undifferentiated cells
were examined by qPCR and immunocytochemistry. By passage
7, hESCs on Synthemax II-SC and Matrigel expressed similar levels
of pluripotency-associated mRNAs (Fig. 1C; supplemental online
Fig. 3B) and had similar colony morphologies. Throughout all passages, hESCs on Synthemax II-SC and Matrigel expressed the pluripotency surface antigens SSEA4, Tra-1-60, and Tra-1-81 along
with nuclear hESC transcription factors Oct4 and Sall4 (Fig. 1B,
1F; supplemental online Fig. 3A, 3B). The H9 and H14 hESC
lines continued to be subcultured for 23 and 16 passages, respectively, and each line maintained a normal karyotype (Fig. 1D;
supplemental online Fig. 3D).
The differentiation potential of hESCs grown on Synthemax
II-SC was investigated by culturing the cells in a differentiation
medium for 10 days. These differentiated cells expressed markers
from the three germ layers at significantly higher levels than the
undifferentiated cultures (p , .01) (Fig. 1E; supplemental online
Fig. 3C). Markers of ectoderm (MAP2 [microtubule-associated
protein 2]) [34], mesoderm (Tbx6 [T-box protein 6]) [35], and endoderm (AFP [a-fetoprotein]) [52, 53] were detected. Taken together, these data demonstrate that Synthemax II-SC is a suitable,
ACF substrate for the maintenance of hESCs that express canonical pluripotency markers and can differentiate into cells expressing markers of all three germ layers.
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Figure 3. Characterization of RPE generated from human embryonic stem cells (hESC-RPE) derived on Synthemax II-SC. (A): Phase-contrast and
bright-field images show the typical pigmentation and cobblestone morphology of H9 hESC-RPE cultured on different surfaces are shown. Scale
bar = 200 mm. (B): Representative flow cytometry histograms are shown for the premelanosome pigmentation marker PMEL17 and the pluripotency marker Oct4 (not detected) in H9-RPE at passage 2 day 28 on the indicated substrate. (C): Expression of RPE marker genes in H9 hESCRPE on the indicated substrates. fRPE served as a positive control (n = 3). p, p , .05, t test. (D): Normal karyotype of H9 hESC-RPE after
spontaneous differentiation, enrichment, and three passages on Synthemax II-SC. (E): Epifluorescent images are shown of H9 hESC-RPE derived
on Synthemax II-SC stained for the tight junction marker, ZO-1, RPE markers Otx2 and PMEL17, and the pluripotency marker Sall4 (not detected).
Nuclei were detected using Hoechst (blue, merged right panels). Scale bar = 50 mm. Abbreviations: fRPE, fetal retinal pigmented epithelium; MgSR, condition of culturing and differentiating hESCs on Matrigel and then enriching and propagating the hESC-RPE on Synthemax-R; RPE, retinal
pigmented epithelium.
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RPE Derived on Synthemax II-SC Are Functional
One of the primary functions of RPE in the retina is to internalize
the shed photoreceptor outer segments by phagocytosis [6, 62,
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63]. The phagocytic function of hESC-RPE derived on Synthemax
II-SC was compared with RPE generated on the other substrates.
hESC-RPE on Synthemax II-SC internalized FITC-labeled ROS at
levels similar to the other hESC-RPE (Fig. 4A; supplemental
online Fig. 4E). In the first steps of ROS phagocytosis, integrin
avb5 physically binds the ROS, which activates focal adhesion
kinase to stimulate receptor tyrosine kinase Mer to initiate
ROS engulfment [62]. To test whether phagocytosis occurred
via this pathway, function blocking antibodies to integrin
avb5 or an isotype control antibody were added with the
ROS. Inhibiting avb5 significantly reduced the amount of internalized ROS compared with the isotype control, indicating that
hESC-RPE derived on Synthemax II-SC perform phagocytosis
similarly to hESC-RPE derived on Matrigel, Synthemax-R, or
Mg-SR (p , .01) (Fig. 4A; supplemental online Fig. 4E). Because
vitronectin-coated scaffolds are being developed as cellular
therapies for AMD [17], phagocytic function of hESC-RPE derived on Synthemax II-SC was analyzed on human vitronectincoated plastic. hESC-RPE derived under defined, xeno-free culture conditions using Synthemax II-SC were capable of ROS
phagocytic function when seeded on either vitronectin-coated
surfaces or on Synthemax II-SC Substrate (p , .01) (Fig. 4B;
supplemental online Fig. 3F).
In addition to phagocytosis, RPE are known to secrete
growth factors that support the health of the neural retina
and its structural integrity [6]. Among these is the apically secreted PEDF, which protects photoreceptors from ischemia
and light damage [64, 65]. hESC-RPE derived on Synthemax IISC secrete significantly more apical PEDF than basal PEDF when
seeded on either xeno-free substrate of human vitronectin or
Synthemax II-SC (p , .01). However, the amount of apical PEDF
secreted by these cells is less than the apical PEDF secreted by
hESC-RPE derived on Synthemax-R or by Mg-SR and fRPE (Fig.
4C). Taken together, these data demonstrate that hESC-RPE derived under xeno-free conditions on the synthetic Synthemax IISC surface perform phagocytosis and apically secrete PEDF
when seeded on defined substrates.

H9 hESC-RPE Derived on Synthemax II-SC Maintain RPE
Identity and Function on Parylene-C Scaffolds
Vitronectin-coated mesh-supported submicron parylene-C scaffolds have been developed as transplantable surfaces to deliver
hESC-RPE produced by the Mg-SR method into AMD patients
[17, 18, 54]. To determine whether Synthemax II-SC can be used
as a xeno-free alternative to the Mg-SR method to produce
hESC-RPE, cells from these two conditions were cultured for
30 days on vitronectin-coated parylene-C scaffolds. No difference in initial attachment was observed, and hESC-RPE derived
under both conditions grew to confluent monolayers with cobblestone morphology (Fig. 5A). Cells derived on Synthemax II-SC
did not form lacunae when seeded onto vitronectin-coated
parylene-C (n = 8 scafolds). Once again, darker pigmentation
was observed in the hESC-RPE cultures generated on Synthemax
II-SC by day 30 (Fig. 5A, 5B). However, there was no significant
difference in the expression levels of genes associated with pigmentation as measured by qPCR (Fig. 5C). The mRNA encoding
the melanocyte-specific Mitf-4 isoform (Mitf-M) was not
detected, whereas variant 2 (Mitf-H), which is expressed during
RPE development along with isoforms 1 and 7 (Mitf-A and MitfD), was observed (Fig. 5C) [66]. Although hESC-RPE derived on
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supplemental online Fig. 4A). Expression of three pigmentation
markers was investigated in each condition. Tyrosinase and
tyrosinase-related protein-1 (Tyrp1) catalyze reactions in the melanogenesis pathway, and PMEL17 is a structural protein in premelanosomes. At passage 2 day 28, H9 hESC-RPE derived on
Synthemax II-SC expressed Tyrp1 and PMEL17 similarly to those
derived on the other substrates but expressed significantly more
tyrosinase (Tyr) mRNA than RPE on Synthemax-R or fRPE controls
(Fig. 3C). H14-derived RPE on Synthemax II-SC did not exhibit any
difference in pigmentation marker expression compared with
the other conditions (supplemental online Fig. 5A).
All conditions of each line displayed the typical cobblestone
morphology of cultured RPE. A few lacunae were observed in a minority of hESC-RPE cultures on Synthemax II-SC at some passages
(supplemental online Fig. 6A, 6B). These may be related to the efficiency of enrichment and the effects of paracrine signaling on tight
junctions by non-RPE cells [55] or could be caused by miniscule
bubbles that form during the Synthemax II-SC coating process that
results in uneven peptide distribution. However, the hESC-RPE
seemed to expand and fill the lacunae when cultured on Synthemax
II-SC for 3 months or longer (supplemental online Fig. 6C).
The purity of the RPE population and efficiency of enrichment were measured at passage 2 day 28 by assessing the percentage of cells that express PMEL17, an essential structural
protein for melanogenesis [56, 57]. All cultures were more than
95% positive for the protein PMEL17, and localization was confirmed by immunocytochemistry (Fig. 3B, 3E; supplemental
online Fig. 4B, 4C). There was no significant difference in the expression of RPE65 and RLBP1 transcripts, which are involved in
the visual cycle [6, 58], nor the RPE chloride channel, bestrophin1 (BEST1) (Fig. 3C; supplemental online Fig. 5A). Furthermore,
RPE produced on Synthemax II-SC expressed RPE marker proteins with proper localization. The RPE master transcription factor Otx2 [59, 60] was visualized in the nucleus and zonula
occludens-1 (ZO-1) [6] immunoreactivity was observed at cell
junctions, consistent with localization to tight junctions (Fig.
3E). BEST1 localized to the basal surface, which demonstrates
that hESC-RPE on Synthemax II-SC achieve a polarized morphology (supplemental online Fig. 7).
One of the primary concerns regarding stem cell-derived
therapies involves the potential of introducing tumorogenic, undifferentiated stem cells into patients [61]. Therefore, the expression of the pluripotency markers Oct4, Rex1, and Sall4
was assessed for all conditions of H9 and H14 hESC-RPE. All lines
tested negative for these embryonic stem cell markers (Fig. 3B;
supplemental online Figs. 4B, 4C, 5B, 5C). Also, the proliferative
marker mKi67 could not be detected in any of the hESCRPE derived under different conditions, which suggested that
the cells are quiescent and have exited the cell cycle
(supplemental online Fig. 5B, 5C). Furthermore, H9 and H14
hESCs that were grown, differentiated, enriched, and maintained as RPE for three passages on Synthemax II-SC retain a normal human karyotype (Fig. 3D; supplemental online Fig. 4D).
These data demonstrate that hESC-RPE maintained in xenofree conditions on Synthemax II-SC retain an RPE identity and
are similar to RPE derived using the Mg-SR method.
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Synthemax II-SC expressed higher levels of RPE marker genes
RPE65, Best1, and RLBP1 than the Mg-SR cells, this difference
was not significant. The Synthemax II-SC hESC-RPE secreted
∼18% less PEDF than hESC-RPE derived using the Mg-SR method
(16 vs. 19.6 ng/mm2) (Fig. 5D). However, both amounts are within
the expected range of PEDF secretion by H9-derived RPE on
parylene-C scaffolds (C. Hinman, D. Zhu, S. Hikita et al., manuscript in preparation). Taken together, these data suggest that
Synthemax II-SC is a viable alternative to Matrigel for the xenofree derivation and culture of hESC-RPE on parylene-C scaffolds.

DISCUSSION
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Figure 4. Functional characterization of H9 RPE generated from human embryonic stem cells (hESC-RPE) derived on Synthemax II-SC.
(A): Phagocytosis of ROS by H9 hESC-RPE derived on Matrigel,
Synthemax-R, Synthemax II-SC, or Mg-SR. A function-blocking antibody against avb5 integrin, which is necessary for phagocytosis by
RPE, significantly decreased internalization of ROS in all hESC-RPE
when compared with the IgG isotype control. pp, p , .01, t test. fRPE
served as a positive control. (B): Phagocytosis of ROS by H9 hESC-RPE
derived on Synthemax II-SC after seeding on the defined substrates
Synthemax II-SC and human vitronectin. Phagocytic activity was significantly decreased with the function-blocking avb5 antibody when
compared with the IgG isotype control. pp, p , .01, t test. (C): All conditions secrete PEDF significantly more on the apical surface compared with the basal side when seeded on surfaces coated with
human vitronectin or Synthemax II-SC. pp, p , .01, t test. hESCRPE derived on Synthemax II-SC secrete less apical PEDF compared
with fRPE and cells derived on Synthemax-R. Abbreviations: fRPE, fetal retinal pigmented epithelium; HuVn, human vitronectin; ROS, rod
outer segment; S2, hESC-RPE derived on Synthemax II-SC; Mg-SR,
hESCs grown and differentiated on Matrigel and then enriched as
hESC-RPE on Synthemax-R; PEDF, pigment epithelium-derived factor;
SR, hESC-RPE derived on Synthemax-R.

The advent of using pluripotent stem cell-derived therapies to
treat human diseases necessitates good manufacturing practices and, preferably, defined culture conditions that do not
use xenogeneic products [25]. However, some of the current
methods used to produce hESC-RPE use Matrigel, a mixture of
ECM proteins harvested from the Engelbreth-Holm-Swarm
mouse sarcoma [17, 18, 54]. Coculturing therapeutic cells
with xenogeneic derivatives may inadvertently introduce nonhuman viruses that could potentially inoculate the patient
post-transplantation. Synthemax II-SC is a novel, ACF, GMPcompliant copolymer containing an RGD peptide. To date, it
has been shown to support the growth of pluripotent human
iPSCs as well as the large scale production of human mesenchymal stem cells [41, 42]. Here, we present the first characterization of hESC cultures and the xeno-free derivation of RPE using
Synthemax II-SC. Furthermore, we have shown that hESC-RPE
maintained on Synthemax II-SC express RPE markers and secrete PEDF when seeded onto transplantable parylene-C scaffolds. These data show that Matrigel can be entirely
eliminated from the production of hESC-RPE and replaced with
Synthemax II-SC.
Qualitatively, hESCs on Synthemax II-SC appeared larger
than those grown on Synthemax-R. The observed restriction
in colony size on the latter substrate may be due to the slightly
higher density of peptide on the Synthemax-R Surface (8–12
pmol/mm2) compared with the recommended coating density
for Synthemax II-SC (5–10 pmol/mm2) [31]. Consistent with this
observation, a previous study has shown that human iPSC colonies on Synthemax-R were more compact than the Matrigel controls [36]. It is not uncommon to observe varying sizes of hESC
colonies on various feeder-free substrates as demonstrated
by a comparison of Matrigel, CELLstart, and vitronectin conducted by Yoon et al. [46].
The compact hESC colonies on Synthemax-R may also explain the significant decrease in the yield of pigmented area
after spontaneous differentiation. For these experiments, pigmentation potential seemed to be augmented by a high confluence of hESCs and a low percentage of differentiation at the time
of applying the XVIVO10 differentiation medium. Varying
degrees of culture confluence have previously been implicated
in determining the ultimate fate of differentiated stem cells [67,
68]. This may explain why the apparently smaller colonies on
Synthemax-R gave a lower yield of pigmented area after spontaneous differentiation. Perhaps the lower peptide density of
the Synthemax II-SC substrate permitted hESC colonies to expand more freely and achieve confluence faster than the cells
on Synthemax-R. This could have augmented the yield of
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Figure 5. Characterization of H9 RPE generated from human embryonic stem cells (hESC-RPE) derived on Synthemax II-SC versus Mg-SR seeded
onto parylene-C scaffolds. (A): Bright-field and phase-contrast images of H9 hESC-RPE cells grown for 30 days on parylene-C scaffolds. hESC-RPE
were derived on Synthemax II-SC or by the Mg-SR method. Ultrathin regions of the membrane appear as an array of circles in the micrographs.
Scale bar = 200 mm. (B): Bright-field images of three representative parylene-C scaffolds seeded with hESC-RPE in a 24-well plate (n = 8). Scale
bar = 1 cm. Note darker pigmentation in the RPE derived on Synthemax II-SC. (C): Expression of RPE and pigmentation markers after 30 days on
parylene-C scaffolds as detected by quantitative polymerase chain reaction (n = 3). (D): Quantification of PEDF protein secreted by hESC-RPE
derived on Synthemax II-SC or by the Mg-SR method after 30 days on parylene-C scaffolds (n = 6; error is SEM). p, p , .05, t test. Abbreviations:
Mg-SR, hESCs grown and differentiated on Matrigel and then enriched as hESC-RPE on Synthemax-R; PEDF, pigment epithelium-derived factor;
RPE, retinal pigmented epithelium.

pigmented area after 115 days of spontaneous differentiation
on Synthemax II-SC.
Flow cytometric analysis of hESCs at passages 1, 3, 5, and 9
revealed stable expression of the pluripotency-associated surface
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antigen SSEA4 [69] on all three substrates and a small subpopulation of cells negative for Oct4 on the synthetic surfaces at some
passages. A previous study demonstrated that hESCs beginning to
differentiate into an early neural lineage maintained high levels of
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Synthemax II-SC express pluripotency markers and are capable
of differentiation into cells expressing markers from the three
germ layers. The yield of pigmented area on Synthemax II-SC after
spontaneous differentiation of hESCs is significantly more than
the yield on an alternative ACF substrate, Synthemax-R. hESCRPE derived on Synthemax II-SC express RPE markers and internalize ROS by phagocytosis similarly to hESC-RPE derived on Matrigel
and are also capable of PEDF secretion. Taken together, this work
validates the use of a novel, ACF substrate for the defined culture of
hESCs and the xeno-free production of hESC-RPE that can translate
to stem cell-based therapies for human maladies such as AMD.

CONCLUSION
hESC-derived therapies are expected to be a powerful tool in regenerative medicine that requires defined, xeno-free culture conditions as the field moves forward. Here, we demonstrate that
a novel synthetic substrate, Synthemax II-SC, supports pluripotent hESC cultures and promotes their efficient differentiation
into functional RPE.
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SSEA4 expression, whereas Oct4 was progressively downregulated [70]. The differentiated morphology seen in the cultures on the Synthemax surfaces could likely account for the small
population of cells negative for Oct4 by flow cytometry. Despite
the slightly smaller population positive for Oct4 at some passages,
we conclude that Synthemax II-SC is a suitable, defined substrate
for the maintenance of hESCs.
It is interesting that the H9-derived RPE on Synthemax II-SC
express significantly higher Tyr mRNA than those on SynthemaxR, despite their similarities of darker pigmentation compared
with the Matrigel cultures. RPE pigmentation performs a myriad
of essential roles for vision such as protecting against harmful
short-wavelength light, participating as an antioxidant to reduce
oxidative damage, and even contributing to proper retinal structure during development [6, 71]. The macula is also reported to
contain a higher concentration of pigment granules than the peripheral retina [72]. The discrepancy between the H9 Synthemax
cultures could be due to differential rates of RPE maturation on
the various substrates. During embryonic development of the
optic cup, activation of the tyrosinase promoter initiates RPE
maturation and melanogenesis [59, 71]. RPE then begin to
produce melanosomes, which are specialized organelles for
melanin synthesis. Tyrosinase, a heavily post-translationally
modified enzyme, catalyzes the rate limiting step of melanin synthesis in developing melanosomes [57, 71, 73]. Pigment production in the RPE occurs during embryonic development, however,
and no melanogenesis nor melanosome assembly is thought to
occur after gestation [73]. RPE manifesting darker pigmentation
may be more mature and could thus be starting to reduce the
expression of melanogenesis genes while the proteins persist. Differential expression of gene transcripts and proteins for tyrosinase have been previously reported [74]. RPE pigmentation can
vary considerably in vivo, however, and does not necessarily reflect on other functional capacities [12]. H14-derived RPE grown
on the given substrates, however, did not have significant differences in the gene expression of pigmentation markers, so it will be
interesting to determine if this trend in H9-derived RPE persists
with further experimental repetitions.
hESC-RPE derived under xeno-free conditions with Synthemax II-SC demonstrated polarized secretory function and the
ability to internalize ROS by phagocytosis. Regarding the secretory function of hESC-RPE, polarized secretion of PEDF testifies
to the integrity of the tight junctions that separate the apical
and basal environments, as well as to the maturity of the cells.
H9 hESC-RPE on parylene-C scaffolds have been observed to
secrete a range of apical PEDF concentrations between 11
and 20 ng/mm2 of protein (C. Hinman, D. Zhu, S. Hikita et al., manuscript in preparation). When seeded on parylene-C scaffolds and
culture inserts coated with human vitronectin, hESC-RPE derived on Synthemax II-SC secreted less PEDF than hESC-RPE derived by the Mg-SR method. However, the secreted amount of
PEDF by the Synthemax II-SC cells on the scaffolds was still
within the expected range. Whether these cells will increase
the amount secreted PEDF as they mature in culture remains
to be determined. It will also be interesting to investigate cell
morphology and function when seeded on parylene-C scaffolds
coated with Synthemax II-SC because the synthetic peptide contains the RGD binding site from vitronectin.
In summary, we have found that Matrigel can be replaced by
the GMP-compliant substrate Synthemax II-SC for the culture of
hESCs and the production of hESC-RPE. hESCs cultured on
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