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a b s t r a c t

Human pluripotent stem cells (hPSCs) possess great value in the aspect of cellular therapies due to its
self-renewal and potential to differentiate into all somatic cell types. A few defined synthetic surfaces
such as polymers and adhesive biological materials conjugated substrata were established for the self-
renewal of hPSCs. However, none of them was effective in the generation of human induced pluripo-
tent stem cells (hiPSCs) and long-term maintenance of multiple hPSCs, and most of them required
complicated manufacturing processes. Polydopamine has good biocompatibility, is able to form a stable
film on nearly all solid substrates surface, and can immobilize adhesive biomolecules. In this manuscript,
a polydopamine-mediated surface was developed, which not only supported the reprogramming of
human somatic cells into hiPSCs under defined conditions, but also sustained the growth of hiPSCs on
diverse substrates. Moreover, the proliferation and pluripotency of hPSCs cultured on the surface were
comparable to Matrigel for more than 20 passages. Besides, hPSCs were able to differentiate to car-
diomyocytes and neural cells on the surface. This polydopamine-based synthetic surface represents a
chemically-defined surface extensively applicable both for fundamental research and cell therapies of
hPSCs.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Human pluripotent stem cells (hPSCs), including human embry-
onic stem cells (hESCs) and human induced pluripotent stem cells
(hiPSCs), have been studied as a potential cell source to treat a host of
diseases, since they have the unique ability of self-renewal and the
potential to differentiate into any specialized human cells [1,2].
Considerable progress has beenmade in the development of culture
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systems for derivation, self-renewal and differentiation of hPSCs [3].
Generally, hPSCs are cultured on feeder cell layers of human and
other species (including their extracts) [4e8] or Matrigel [9]. How-
ever, preparing feeder cells takes toomuch time and cannot produce
hPSCs in large scale [10]. In addition, chemically undefinedMatrigel
generally has some problems such as immunogenicity, animal
pathogens, and variability between batches [11e13]. Native and re-
combinant predominant adhesive proteins in Matrigel [13e19],
protein fragments [20e22] and recombinant spider silk [16,23] have
been explored for the chemically defined culture of hPSCs from
cellular therapies. Nevertheless, besides considerable expense, the
batch-to-batchvariabilityof thesebiologicalmaterials results invery
limited applications [24]. In this regard, a fewsynthetic surfaceshave
been developed for the self-renewal of hPSCs [24e32], because they
are much more economical and stable in comparison to the above
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mentioned biological materials. Unfortunately, these synthetic sur-
faces have their own drawbacks and limitations in fundamental
research and clinical application of hPSCs. First, none of them has
been reported to support the reprogramming of multiple human
somatic cells into hiPSCs. Second,most of these synthetic surfaces do
not present effectiveness for the long-term self-renewal of multiple
hPSCs [24]. Third, their preparation processes such as UV-ozone
activation [25e28] and surface initiated polymerization (SIP)
[24,30] not only use biologically inert or toxic materials, but also
require verycomplicated procedures,which cannotmeet the criteria
of Good Manufacturing Practices (GMP) protocols. At last, some
surfaces such as hydrogels [27], nanofibers [29] andmembranes [32]
need extra incubation with culture medium. A simple, scalable and
effective synthetic surface that can support the reprogramming,
long-term self-renewal and differentiation of hPSCs under chemi-
cally defined conditions is highly desirable and critical for the suc-
cessful application of hPSCs.

Polydopamine (PDA), inspired by the composition of adhesive
proteins in mussels, has been used as a universal surface modifica-
tion agent for the immobilization of biomolecules onto a wide va-
riety of substrates for years [33,34]. A stronglyattachedPDAfilmwill
be formed on the surfaces by simply immersing any solid substrates
into dopamine solution under slightly alkaline condition (pH¼ 8.5).
Combined with biomolecules that support the adhesion and self-
renewal of hPSCs, PDA-mediated surface modification possesses
good prospect to be an easy-handle process that allows hPSCs to be
cultured on diverse solid substrates. A synthetic peptide derived
from vitronectin (VN peptide) with effectiveness for survival of
hPSCs was chosen to be grafted on PDA coating for the following
reasons: (a) it is much cheaper to manufacture than proteins and
their fragments, (b) synthetic peptides exhibit nearly no concerns
regarding immunogenicity, (c) hPSCs could survive on peptide-
conjugated surface without additional culture medium incubation
step [26,35]. However, PDA film possess strong binding ability with
thiol, amine and imidazole groups [36], which could affect orienta-
tion and three-dimensional structure of biomolecules that contain
these groups, and result in reduced even abolished bioactivity.
Surface characterization proved that VN peptide was grafted on the
PDA-decorated cell culture surface, but this surface could not sup-
port the adhesion of hPSCs. This iswhy PDA coating have rarely been
utilized for thegenerationand self-renewal of hPSCs, althoughmany
studies have confirmed its effectiveness in the fields such as tissue
engineering [37e43], drug carriers [44,45] and biosensor [46,47].

Great effort has been made to conjugate biomolecules onto PDA
decorated surface for the survival of hPSCs. Synthetic surfaces that
presenting carboxyl group had been widely applied to conjugate
peptides or polymers for the self-renewal of hPSCs [24,26,28,30,35].
In this manuscript, carboxymethyl chitosan (CMC), a derivative of
chitosan, was used as a linker to orthogonally and controllably attach
VNpeptide to the synthetic PDA-surface for the culture of hPSCs. CMC
not only has good biocompatibility, biodegradability and bioactivity
[48,49], but also contains bothamine and carboxyl group. Thisnewly-
developed surface is able to support the reprogramming of human
somatic cells into hiPSCs, long-term self-renewal of four hPSCs lines
and differentiation of hPSCs into neural cells and cardiomyocytes
under defined conditions. We believe our scalable, controllable and
sustainable polydopamine-basedmodificationmethodwill be useful
for fundamental research and clinical application of hPSCs.

2. Materials and methods

2.1. Polydopamine-mediated surface modification

For PDA coating, 5 ml of 2 g L�1 dopamine solution (10 mM
TriseHCl buffer, pH ¼ 8.5) was added into each well of 6-well cell
culture plates (Corning, USA) and gently shaken at 37 �C for over-
night. The PDA-coated plates were ultrasonically cleaned in sterile
distilled water for 5 min to remove the physically adsorbed PDA
particles. They were then immersed in 5 ml of freshly prepared
10 mg ml�1

L-lysine or 3% (w/v) CMC solution (distilled water
buffer) with shaking for 24 h at 37 �C. The PDA-Lys/CMC coated
surfaces were thoroughly washed with sterile distilled water and
allowed to be dried. Those processes were conducted in a biological
safety cabinet (MSC-Advantage 1.2, Thermo, Germany), and all re-
action solution had been sterilized by 0.22 mm filter (Millipore,
USA) before use.
2.2. Immobilization of VN peptide

PDA-modified 6-well plates were prepared as previously
mentioned, 1 ml of 1 mM VN peptide in sterile DPBS buffer (PBS
solution without Ca2þ and Mg2þ, pH ¼ 7.4) was then added into
each well at 4 �C for overnight to prepare PDA-VN surface. More-
over, PDA-Lys-VN and PDA-CMC-VN coated plates were manufac-
tured as follows: 3 ml of activation solution containing 2 mM EDC
and 5 mM NHS (0.1 M MES buffer, pH ¼ 5.6, filtered by 0.22 mm
filter) was poured into each well of PDA-Lys/CMC modified plates
for 40min at RT; After rinsingwith sterile DPBS buffer,1 ml of 1mM
VN peptide was pipetted to each activated well and incubated at
4 �C for overnight. These peptide-conjugated plates were washed
with sterile DPBS buffer to remove the unattached peptide. All
those processes were conducted in a biological safety cabinet.
Moreover, the content of VN peptide immobilized on diverse sur-
faces of PDA-VN, PDA-Lys-VN and PDA-CMC-VN were visualized
using FITC-labeled VN peptide (FITC-Ac-KGGPQVTRGDVFTMP).
2.3. Culture of hESCs and hiPSCs

The hESCs lines H1 (P46) and H9 (P46) were provided byWiCell
Research Institute (Madison, Wisconsin) [8]. The hiPSCs lines hNF-
C1 (P35) and UMC-C1 (P42) that derived via sendai virus (Invi-
trogen, USA) were supplied by Guangzhou Institutes of Biomedi-
cine and Health (Guangzhou, China) as gifts. The hNF-C1 hiPSCs
was generated from human skin fibroblasts, and the UMC-C1
hiPSCs was derived from human umbilical cord blood cells
(hUMC). These hESCs and hiPSCs were cultured on Matrigel (BD
Biosciences, Canada) coated plates under standard cell culture
conditions (37 �C, 100% humidity and 5% CO2) in an incubator
(HERAcell 150i, Thermo, USA). Matrigel was diluted with Dulbec-
co's modified eagle medium/F12 (DMEM/F12; Gibco, USA) at a ratio
of 1:80 on ice. Cells were fed daily and passaged at 1:3 splitting
ratio every 3e4 days by exposure to 0.5 mM EDTA (Aladdin, China)
for 4e5 min at 37 �C. In this manuscript, hPSCs were cultured in
chemically defined mTeSR1 medium (Stem Cell Technologies,
Canada) unless otherwise specified.
2.4. Survival of hESCs and hiPSCs on various polydopamine-based
surfaces

H1 hESCs and hNF-C1 hiPSCs were, respectively, seeded on PDA-
VN, PDA-Lys-VN and PDA-CMC-VN decorated 6-well plates at a
density of 23,500 cells$cm�2 as single cells using 0.25% Trypsin/
EDTA for 2e3 min (Stem Cell Technologies, Canada), and Matrigel
was used as a control. The mediumwas changed every day and the
cell attachment was measured after 4 day of culturing using the cell
counting kit-8 assay (CCK-8, Dojindo, Japan) according to manu-
facturer's instructions. Three parallel wells were used for each
group.
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2.5. Cell attachment on the PDA-CMC-VN surface

H1 hESCs and hNF-C1 hiPSCs were applied to investigate the
effect of VN peptide concentration, dissociation methods and ROCK
inhibitor (Y-27632, SigmaeAldrich, USA) on the adhesion and sur-
vival of hPSCs in mTeSR1 medium. A dilution series of VN peptide
solutions (0.25 mM, 0.5 mM, 0.75 mM and 1 mM) with a volume of
1 ml were, respectively, injected into each activated PDA-CMC
modified well of 6-well plates overnight at 4 �C. After rinsing
with DMEM/F12 (Hyclone, USA) three times, H1 hESCs and hNF-C1
hiPSCs were seeded on those surfaces at a density of
23,500 cells$cm�2 as single cells using 0.25% Trypsin/EDTA. In
parallel, single cells were seeded on 6-well plates coated with
Matrigel at the same density. Then, PDA-CMC modified 6-well
plates were reacted with 1 mM VN peptide as previously
mentioned. H1 hESCs and hNF-C1 hiPSCs were digested as colonies
by exposure to 0.5 mM EDTA (SigmaeAldrich, USA) for 4e5 min at
37 �C, and single cells were acquired using 0.25% Trypsin/EDTA.
After cell counting, H1 hESCs and hNF-C1 hiPSCs were seeded on
PDA-CMC-VN surface at a density of 23,500 cells$cm�2 in four
different conditions (single cells without Y-27632, single cells with
Y-27632, colonies without Y-27632 and colonies with Y-27632),
and Matrigel-coated plates was conducted as controls. Besides,
after cultured in E8medium (Cellapybio, China) onMatrigel surface
for several passages, H1 hESCs and hNF-C1 hiPSCs were seeded on
PDA-CMC-VN and Matrigel surface in E8 as colonies at a density of
23,500 cells$cm�2. 5 mM Y-27632 was supplemented for a day and
cells were fed daily. The numbers of survive cells were measured
after 4 day of culture using the CCK-8 reagent. Each group included
3 wells, and every test was performed in triplicate.

2.6. hiPSCs cultured on diverse substrates decorated by PDA-CMC-
VN

Glass, PDMS and Ti were ultrasonically cleaned in acetone, ab-
solute ethyl alcohol and distilled water for 20 min respectively, and
then dried under a stream of nitrogen. Each side of substrates
(glass, PDMS and Ti) was sterilized under UV irradiation for 30 min
and placed in 6-well plates. They were then sequentially modified
by PDA/CMC/VN peptide as previously mentioned. hNF-C1 hiPSCs
were seeded on those modified substrate surfaces as colonies with
the supplementation of Y-27632 at a density of 23,500 cells$cm�2.
After 4 day of culture, cells on those substrates were observed using
a phase contrast microscope (CKX31SF, Olympus, Japan) or upright
metallurgical microscope (BX51M, Olympus, Japan). Moreover, the
Oct-4 expression of those cells was evaluated using flow cytometry.

2.7. Characterization

The alteration of chemical composition and morphology for
various substrates (PS, glass, PDMS and Ti) before and after PDA/
CMC/VN modifications were analyzed by X-ray photoelectron
spectroscopy (XPS), water contact angle and atomic force micro-
scopy (AFM). The chemical constituents were characterized by XPS
(Kratos Analytical Ltd, UK) at 15 kV and 10 mA. The surface hy-
drophilicity was detected by contact angle goniometry (Data-
physics Instrument, Germany). Six measurements were performed
for each surface at ambient temperature based on the sessile drop
method, and the mean value was taken as the reported result. In
addition, the surface topography was detected by AFM (Dimension
ICON, Bruker, USA) using ScanAsyst automatic image optimization
technology with 1.0 Hz scan rates. Ra and Z were applied to eval-
uate the surface roughness on the basis of scan areas (1 mm � 1 mm
and 5 mm � 5 mm). Moreover, the surface morphology and relative
Young's modulus of PS that was sequentially modified by PDA/CMC/
VN peptide in PBS buffer were evaluated using Bruker MultiMode 8
scanning probe microscope (Veeco, USA).

2.8. RNA extraction and sequencing

H1 hESCs and hNF-C1 hiPSCs on Matrigel were seeded as col-
onies on PDA-CMC-VN and Matrigel surface in mTeSR1 medium for
24 h before harvest. Total RNAwas extracted using the RNeasy Mini
Kit and DNase1 digestion kit (Qiagen, Germany). RNA quality was
assessed using the ND-2000 Nanodrop to ensure an A260:A280
ratio of 1.9e2.0 and A260:A230 ratio above 2.2. Sequencing li-
braries were constructed with TruSeq RNA sample prep kit (Illu-
mina, USA) according to the manufacturer's manual. Sequencing
was performed using Illumina Hiseq™ 2000 device (Illumina, USA).
The quality controlled RNA-seq reads were mapped to the corre-
sponding human genome assembly hg19 using bowtie (v1.0.1). The
expression abundance was measured by transcripts per million
(TPM) and calculated with RSEM (v1.2.12).

2.9. Derivation of hiPSCs on PDA-CMC-VN surface

The generation of hiPSCs from both 2 donors of human urine
derived cells (hUC) and human umbilical cord blood cells (hUMC)
was conducted in Guangzhou Institutes of Biomedicine and Health
(Guangzhou, China), and the episomal plasmids and methods have
been reported previously [50]. Briefly, oriP/EBNA episomal vectors
carrying a combination of reprogramming factors encoded by Oct-4
(POU5F1), Sox-2, SV40LT, Klf-4 and microRNA cluster MIR302e367
were applied for the reprogramming. Three million cells, both for
hUC and hUMC, were transfected with oriP/EBNA episomal vectors
by electroporation apparatus (Amaxa Nucleofector II, Lonza,
Switzerland) according to the manufacturer's instructions. Then,
half a million cells were placed into each well of PDA-CMC-VN
coated 6-well cell culture plates. The transfected cells were
cultured in E7 medium with the supplementation of sodium
butyrate. The cells were fed every other day and the medium was
changed to mTeSR1 when ESC-like hiPSC colonies appeared. When
reprogramming for about 3 weeks, hiPSCs were picked onto
Matrigel surface in mTeSR1. These acquired hiPSCs were analyzed
using assays such as flow cytometry, immunostaining, karyotyping,
embryoid body (EB) and teratoma formation.

2.10. Long-term culture of hESCs and hiPSCs on PDA-CMC-VN
surface

The long-term self-renewal of hPSCs was performed on PDA-
CMC-VN modified 6-well plates. hESCs (H1 and H9) and hiPSCs
(hNF-C1 and UMC-C1) onMatrigel were harvested by 0.5 mM EDTA
treatment for 4e5 min at 37 �C. Cells were then dissociated by
pipetting and seeded on PDA-CMC-VN surface at a splitting ratio of
1:3 inmTeSR1medium containing 5 mMY-27632. ROCK inhibitor Y-
27632 was only added while passaging and the medium was
changed freshly every day. The morphology of cells was observed
every day using an inverted microscope (CKX41, Olympus, Japan).
Differentiated cells were marked and removed mechanically by a
negative pressure aspirator (YX932D, Baojia, China). Depending on
size and density of colonies, cells were passaged every 3e5 days at a
splitting ratio of 1:3 by treatment with EDTA and transferred onto
new PDA-CMC-VN surface. Besides, we serially passaged H1 hESCs
on PDA-CMC-VN surface in E8 for 10 passages under the same
conditions in mTeSR1. The cells at various passages were also
maintained in frozen stock solution containing 90% mTeSR1 me-
dium and 10% DMSO (Amresco, USA), and stored in liquid nitrogen
for future usage.



Fig. 1. Development of the PDA-mediated peptide-conjugated surface. (a) Schematic representation of the coating processes for PDA-VN, PDA-Lys-VN and PDA-CMC-VN surface. (b)
Table lists VN concentration, contact angle, cell adhesions of H1 hESCs and hNF-C1 hiPSCs after seeded 237,500 cells as single cells for 4 days (% of Matrigel, mean ± sd) and number
of passages achieved on PDA-VN, PDA-Lys-VN and PDA-CMC-VN decorated 6-well culture plates. (c) XPS wide spectra of unmodified PS and sequentially decorated by PDA/CMC/VN
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2.11. Cell population-doubling time

The cell doubling times of H1 hESCs and hNF-C1 hiPSCs on PDA-
CMC-VN and Matrigel surface were analyzed as time required for
the area of a colony to increase two-fold, and estimated as an
exponential function [25,51]. Briefly, the colony areawas calculated
using the surface area equation of an ellipse (p � a � b/4, where a
and b are the horizontal and longitudinal diameters), and the di-
ameters was measured using ImageJ software. Three areas con-
taining colonies were marked for H1 hESCs and hNF-C1 hiPSCs on
surfaces of PDA-CMC-VN and Matrigel in ten passages and photo-
graphed every 24 h by a phase contrast microscope (CKX31SF,
Olympus, Japan) with CCD camera (MP3.3-RTV, Olympus, Japan).

2.12. Expression of pluripotency markers

As provided in the Supporting Information, for hPSCs cultured
on PDA-CMC-VN and Matrigel surface, the pluripotency markers
expression of genes (Oct-4, Nanog, Sox-2 and Rex-1) was measured
by reverse-transcription PCR (RT-PCR), and the expression of pro-
teins (Oct-4, SSEA-3 and Tra-1 60) was investigated using fluores-
cence activating cell sorter (FACS) and immunofluorescence.

2.13. Karyotyping

hPSCs that cultured on PDA-CMC-VN surface were passaged
onto Matrigel for karyotyping analysis. The samples were submit-
ted for karyotyping analysis by standard G banding technique (Cell
inspore Biotechnology Co., Ltd, China). A minimum of 20 meta-
phase spreads were analyzed, and an additional 20 were counted.
The final karyotype was stated if it was present in more than 85% of
them.

2.14. Cell extracts preparation and detection of telomerase activity

The telomerase activities of H1 hESCs and hNF-C1 hiPSCs after
20 passages on PDA-CMC-VN and Matrigel surface were measured
using a novel method based on quartz crystal microbalance (QCM)
that we previously reported [52], and those of H1 hESCs and hNF-
C1 hiPSCs at P0 on Matrigel surface were conducted as controls.

2.15. Embryoid body formation

hPSCs were incubated with 1 mgml�1 Dispase (Invitrogen, USA)
for 5e7 min when grown to 80% confluence on both PDA-CMC-VN
and Matrigel surface. Then, cells were rinsed with DMEM/F12 three
times and mechanically scraped from the plates in knockout
DMEM/F12 medium (GIBCO, USA) supplemented with 20% fetal
bovine serum (FBS; GIBCO, USA), 2 mM L-glutaMax (GIBCO, USA),
1% (wt/vol) non-essential amino acids (GIBCO, USA), 0.1 mM 2-b-
mercaptoethanol (GIBCO, USA). After 8 days in suspension on low
adherence plates (Corning, USA), the embryoid bodies were
transferred into 0.1% gelatin (SigmaeAldrich, USA) coated 6-well
plates in the same medium for another 8 days before cell total
RNA was extracted. The medium for each condition was changed
every other day. Primers used in this study were provided in
Table S1 and b-actin was used for normalization.
peptide. (d) AFM surface topographies of those samples with scan area of 1 mm� 1 mm and 5
concentration-dependent H1 hESCs and hNF-C1 hiPSCs attachment and growth. PDA-CMC-V
peptide. 237,500 H1 hESCs and hNF-C1 hiPSCs were respectively seeded on each of PDA-C
survival of H1 hESCs and hNF-C1 hiPSCs depending on dissociation methods and Y-27632.
(single) or colonies (colony) on PDA-CMC-VN and Matrigel surface with or without Y-2763
Matrigel surface in mTeSR1 medium at initial attachment (1 h, 4 h, 12 h and 24 h). Imag
*Represents p < 0.05 and ** Represents p < 0.01 (n ¼ 3).
2.16. Teratoma formation assays

hPSCs samples were harvested using Dispase at 0.5 mg ml�1 for
5 min and one million cells were injected into the flanks of nude
mice subcutaneously. The mice were sacrificed when teratoma size
reached 1 cm in diameter and the excised tumor tissues were
fixated in 1% formalin for 24 h. After 70% ethanol treatment, the
tumors were embedded in paraffin and processed into 4 mm thick
sections. Then, sections were stained with hematoxilin/eosin (HE)
and histologically analyzed.

2.17. In vitro differentiation of hPSCs on PDA-CMC-VN surface

A recently published process was applied for chemically defined
generation of human cardiomyocytes from E8 medium cultured
hNF-C1 hiPSCs on PDA-CMC-VN and Matrigel surface [53]. After
inducing for 12 days, the differentiation towards cardiomyocytes
was analyzed using RT-PCR, FACS and immunofluorescence stain-
ing. Primary antibodies such as mouse monoclonal IgG1 TNNT2
(ab8295, Abcam), rabbit monoclonal IgG a-ACTININ (H-300, Santa
Cruz) and their corresponding secondary antibodies purchased
from Life technologies were utilized for FACS and immunofluores-
cence staining. The primer sequences used for the RT-PCR were
listed in Table S1.

Moreover, after 15 passages on PDA-CMC-VN surface, H9 hESCs
were differentiated towards neural cells using the STEMdiff neural
system (Stem Cell Technologies, Canada) according to the manu-
facturer's instructions, which was confirmed by immunofluores-
cence staining using primary antibodies such as SOX-1 (R&D
AF3369, USA), Nestin (R&D MAB1259, USA), MAP-2 (Millpore
AB5622, USA), Anti-b-Tubulin III (TUJ-1, SigmaeAldrich T3952,
USA) and their corresponding secondary antibodies that purchased
from R&D or Life technologies.

2.18. Statistical analysis

All data were expressed as the average of at least three replicate
experiments andwere presented as themean ± standard deviation.
Student's t-test was used to determine the significant differences
among the groups, and p values < 0.05 were considered statistically
significant.

3. Results and discussion

3.1. Design of PDA-CMC-VN surface for survival of hPSCs

We developed a PDA-VN surface for the survival of hPSCs as
shown in Fig. 1a. Surface characterization via XPS andwater contact
goniometry confirmed that PDA and VN peptide were grafted on
the plate surfaces (shown in supporting results). Although high
concentration of VN peptide (67.74 ± 17.27 ng cm�2) was detected
on PDA-VN surface, no survival of H1 hESCs or hNF-C1 hiPSCs was
found, suggesting VN peptide grafted directly on PDA coating could
not support the adhesion of hPSCs (Fig. 1b). This is consistent with a
very recent report that PDA coated with VN-dimer, not VN peptide,
allows self-renewal of hPSCs [31]. Unfortunately, only one hiPSCs
and H9 hESCs were cultured on that surface for 10 passages.
mm� 5 mm. Insert are values of Z range and Ra for surfaces of those samples. (e) Peptide
N decorated 6-well plates were prepared with serial dilutions of VN or FITC-labeled VN
MC-VN and Matrigel surfaces as single cells and cultured for 4 days. (f) Distinct cell
Data represent the cell numbers of live cells after seeded 237,500 cells as single cells
2 for 4 days. (g) Serial phase-contrast images of single H1 hESCs on PDA-CMC-VN and
es at the bottom right show an enlarged view of enclosed boxes. Scale bars, 200 mm
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Moreover, the cell population-doubling time and the percentage of
hPSCs that maintained pluripotency at each passage on the syn-
thetic surface are not shown. At last, it did not provide any evidence
of supporting the generation and differentiation of hPSCs.

In this study, PDAmodified surface was conjugated with Lys and
CMC, biomolecules containing groups of both amine and carboxyl,
via reaction between amino groups and catechol/quinone groups
through Michael addition and Schiff-base reactions [54], and then
reacted with VN peptide using standard NHS/EDC chemistry. These
surface modification processes were verified by XPS and contact
angle goniometry (shown in supporting results). The concentration
of VN peptide on PDA-Lys-VN (51.70 ± 13.74 ng cm�2) and PDA-
CMC-VN surface (48.72 ± 14.52 ng cm�2) were both lower than
that on PDA-VN surface (Fig. 1b). We had performed more than
fifteen biological replicates to assay the adhesion of H1 hESCs and
hNF-C1 hiPSCs on PDA-Lys-VN surface. In most cases, whether
dissociated as single cells or colonies, none or few colonies of H1
hESCs and hNF-C1 hiPSCs were found on PDA-Lys-VN surface.
These results suggested that PDA-Lys-VN surface was not suitable
for the long-term proliferation of hPSCs. A number of biological
replicates were also conducted to investigate the adhesion and
survival of H1 hESCs and hNF-C1 hiPSCs on PDA-CMC-VN surface.
Many survive hPSCs colonies were observed at each test, indicating
that PDA-CMC-VN surface is much better than PDA-Lys-VN surface
for the culture of hPSCs. As we know, the orientation and three-
dimensional structure of RGD containing peptide exhibit
apparent influence on their bioactivity [55]. PDA coating with
strong covalent graft ability could react with amino groups on the
side-chains of VN peptide, resulting in decreased bioactivity of VN
peptide. Nevertheless, the relatively weak covalent graft ability of
activated PDA-CMC by NHS/EDC chemistry did not affect the
bioactivity of VN peptide. This is consistent with previously re-
ported acrylate [26] and SIP [24,30] surfaces that could support the
self-renewal of hPSCs after being grafted with adhesive peptides.
Moreover, we think the peptide bond structure that formed be-
tween PDA-CMC and VN peptide is beneficial to retain the bioac-
tivity of VN peptide.

AFM measurement also demonstrated that PDA-CMC-VN sur-
face not only exhibited appropriate nanotopography (Z ¼ 24.1 nm
and Ra ¼ 2.2 nm at 1 mm � 1 mm; Z ¼ 113 nm and Ra ¼ 2.4 nm at
5 mm � 5 mm) for the adhesion and proliferation of hPSCs (Fig. 1d)
[56], but also endowed the stiff cell culture plates with soft surface
(Young's modulus ¼ 5.58 MPa at 1 mm � 1 mm; Young's
modulus ¼ 4.82 MPa at 5 mm � 5 mm) that was beneficial to the
homogeneous self-renewal of hPSCs (Fig. S6) [57]. Moreover,
knowing that the distribution of VN peptide on PDA-CMC-VN sur-
face has great implications for adhesion and self-renewal of hPSCs,
FITC-labeled VN peptide was conjugated to PDA-CMC decorated 6-
well cell culture plates as previously described. Then, a large fluo-
rescent image at a size of 1.5 cm � 1.5 cm that composed of 361
pictures was made using LSM5 laser confocal microscopy (Carl
Zeiss, Germany) with the excitation wavelength at 488 nm. Make
clear that the lower fluorescence intensity in the bottom right
corner of each picture was caused by the imperfection of laser
confocal microscopy, the difference of fluorescence intensity for all
361 pictures on PDA-CMC-VN surface were little (Fig. S7a). CMC,
one of chitosan derivatives from animal chitin, has been commonly
applied as a promising biopolymer for drug delivery systems and
tissue engineering scaffolds with the advantages of enhanced
aqueous solubility, excellent biocompatibility, and controllable
biodegradability. These features make it desirable for use in hPSCs
culture [58].

Knowing that the cell numbers of H1 hESCs and hNF-C1 hiPSCs
as single cells at day 4 on PDA-CMC-VN surface were much less
than those on Matrigel (Fig. 1b), we have investigated the effect of
peptide concentration, dissociation method and ROCK inhibitor Y-
27632 on the cell binding capacity of PDA-CMC-VN surface in
mTeSR1 medium. As shown in Fig. 1e, a good correlationwas found
between conjugated VN peptide density and hNF-C1 hiPSCs cell
numbers after 4 day of culture on PDA-CMC-VN surface. The cell
number of H1 hESCs increased evidently with the enrichment of VN
peptide from 0.25 mM to 0.75 mM. These results reveal that high
surface density of the supportive peptide on PDA-CMC-VN is
required to achieve hPSCs expansion. EDTA dissociation method
and Y-27632 that exhibit great benefits to the survival of hPSCs
were applied to facilitate the attachment and growth of H1 hESCs
and hNF-C1 hiPSCs on PDA-CMC-VN surface (Fig. 1f) [59,60].
Regardless of whether hPSCs were dissociated as single cells or
colonies, supplement of 5 mM Y-27632 for 1 day had apparently
increased the cell numbers of both H1 hESCs and hNF-C1 hiPSCs at
day 4 on PDA-CMC-VN surface (p < 0.05). However, either seeding
as single cells or colonies on Matrigel surface, the promoting effect
of Y-27632 was only found for the survival of H1 hESCs, but not for
hNF-C1 hiPSCs. Moreover, in the presence of Y-27632 or not, the cell
numbers of H1 hESCs and hNF-C1 hiPSCs that dissociated as col-
onies were much more than those dissociated as single cells after 4
day of culture on PDA-CMC-VN surface (p < 0.05). Surprisingly, it
was found that when seeding hPSCs as colonies with the supple-
mentation of Y-27632, the cell numbers of H1 hESCs and hNF-C1
hiPSCs after 4 days in culture on PDA-CMC-VN surface were very
close to those on Matrigel surface, indicating they exhibited com-
parable properties in hPSCs proliferation. Moreover, similar results
were found when the medium was changed to E8 (Fig. S8aec).
Besides, except for the marginal area, we observed uniform
distributed H9 hESCs colonies on PDA-CMC-VN surface after 2 day
of culture in mTeSR1 medium (Fig. S7b), indicating whole PDA-
CMC-VN surface on cell culture plates presented enough VN pep-
tide for the survival of hPSCs. As a matter of fact, more hPSCs col-
onies adhesion on the marginal area were also found in our daily
cultivation of hPSCs onMatrigel surface, which supposed due to the
edge effect.

H1 hESCs in mTeSR1 medium were seeded onto PDA-CMC-VN
and Matrigel surface as single cells, and the cell attachment was
investigated by live cell images at time intervals of 1 h, 4 h, 12 h and
24 h (Fig. 1g). Well-spread single H1 hESCs were observed on
Matrigel surface after 1 h of culture, but not on PDA-CMC-VN sur-
face. When cultured for 4 h, the cell migration of H1 hESCs on
Matrigel surface was more apparent than that on PDA-CMC-VN
surface. Then, bigger H1 hESCs colonies were found on Matrigel
surface in comparison with PDA-CMC-VN surface after both 12 h
and 24 h of seeding. Compared to Matrigel, a gelatinous protein
mixture that secreted by the sarcoma cells of Engelbreth-Holm-
Swarm (EHS) mouse, PDA-CMC-VN surface is not beneficial to the
adhesion of hPSCs, which is the reason why the cell numbers of
hPSCs that seeded onto PDA-CMC-VN surface as colonies with the
supplementation of Y-27632 for 4 days are slightly less than
Matrigel control.

3.2. Genome-wide gene profiling analysis

To gain insights of the mechanism underlying the cell-adhesion
process, we performed RNA-seq to compare the gene expression
patterns of hPSCs cultured on PDA-CMC-VN and Matrigel surface.
We found that hPSCs cultured on PDA-CMC-VN surface had gene
expression profile closely resembling those on Matrigel surface. H1
hESCs and hNF-C1 hiPSCs cultured on PDA-CMC-VN surface clus-
tered together with their control on Matrigel surface, respectively
(R > 0.97, Fig. 2a). Among differentially expressed genes, 735 and
317 genes were expressed at lower level in H1 hESCs and hNF-C1
hiPSCs on PDA-CMC-VN surface than cells on Matrigel surface



Fig. 2. Global gene expression analysis of hPSCs on PDA-CMC-VN and Matrigel surface. (a) Pearson correlation analyses of global gene expression in H1 hESCs and hNF-C1 hiPSCs
that attached on PDA-CMC-VN and Matrigel surface for 24 h. (b) Pie charts show the number of differentially expressed genes with an adjusted P value 0.05 and fold change 2 in
hPSCs on PDA-CMC-VN and Matrigel surface. (ced) Functional annotations of these differentially expressed genes in H1 hESCs (c) and hNF-C1 hiPSCs (d) samples. Gene ontology
(GO) statistics for these genes were computed using the hypergeometric test, and down-regulated GO terms (biological processes) for each cell type were plotted with �log10 of the
adjusted P values (adjpvalue). (e) Heatmap displays the expression profile of selected embryonic stem cell specific genes and cell-adhesion related genes for those hPSCs samples.
The mean expression values of two duplicate samples for each group were applied for the heatmap analysis.
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respectively (Fig. 2b, Fig. S9aeb). GO biological process analysis of
these genes is shown in Fig. 2ced. Compared to Matrigel control,
genes involving in extracellular structure organization and extra-
cellularmatrix organizationwere downregulated for bothH1 hESCs
and hNF-C1 hiPSCs seeded on PDA-CMC-VN surface. This may be
due to longer time needed for the adherence of hPSCs to PDA-CMC-
VN surface in comparison to Matrigel surface, so activation of
extracellular matrix secretion occurred later. However, only H1
hESCs cultured on PDA-CMC-VN surface were found to express
genes related to cell-substrate adhesion and cell-matrix adhesion
at lower level compared to their counterparts on Matrigel surface.
This could explain why the cell number of H1 hESCs seeded as
colonies was lower than hNF-C1 hiPSCs on the same PDA-CMC-VN
surface without the addition of Y-27632 (Fig. 1f). Notably, genes
involved in development of striated muscle cell and muscle cell
were also lowly expressed in these hPSCs on PDA-CMC-VN surface
(Fig. 2ced), indicating our synthetic surface is beneficial for the
self-renewal of hPSCs, although it may also imply PDA-CMC-VN
surface affect muscle development. Moreover, the expression
pattern of crucial pluripotency genes for H1 hESCs on PDA-CMC-VN
surface was similar to that on Matrigel surface, and no significant
difference of such genes was found for hNF-C1 hiPSCs (Fig. 2e,
upper panel). This result suggests that PDA-CMC-VN surface is
comparable to Matrigel surface in supporting the pluripotency
maintenance of hPSCs. Importantly, we also noted that a few genes
related to cell-adhesion were upregulated in hPSCs on PDA-CMC-
VN surface in comparison to Matrigel surface (Fig. 2e, lower
panel). Compared to control cultured on Matrigel, cell-adhesion
related genes such as CTGF, COL11A1, THBS1 for H1 hESCs and
COL11A1, COL7A1 for hNF-C1 hiPSCs were upregulated more than
two fold (Fig. S9c). This data prove that our synthetic surface is
better than Matrigel to support expression of certain genes
involved in cell adhesion, although hPSCs cultured on PDA-CMC-VN
surface expressed substantial of genes associated with extracellular
matrix formation and cell-adhesion at lower level in general.
Together these data showed that the ability of PDA-CMC-VN surface
to maintain pluripotency of hPSCs was comparable to Matrigel
control, although subtle difference remained for cell-adhesion.

Moreover, H1 hESCs and hNF-C1 hiPSCs were seeded as colonies
onto PDA-CMC-VN andMatrigel coated glass-bottom dishs for 24 h.
Then, both for H1 hESCs and hNF-C1 hiPSCs, we found that the
expression of Vinculin, a membrane-cytoskeletal protein in focal
adhesion plaque that play a key role in hPSCs adhesion, on PDA-
CMC-VN and Matrigel surface were similar as shown by immuno-
staining (Fig. S10). This indicated that hPSCs on synthetic PDA-
CMC-VN surface exhibited comparable ability in production of
focal adhesion plaque to Matrigel control. These results of RNA-seq
and immunostaining suggested that our PDA-CMC-VN can be used
for the long-term self-renewal of hPSCs.
3.3. Detailed evaluation of hPSCs proliferation and pluripotency in
ten passages

H1 hESCs and hNF-C1 hiPSCs were serially passaged on both
PDA-CMC-VN and Matrigel surface in mTeSR1 medium for ten
passages, and their proliferation rates and pluripotency mainte-
nance were investigated in detail. The cells doubling times of hPSCs
Fig. 3. Evaluation of proliferation and pluripotency for H1 hESCs and hNF-C1 hiPSCs culture
hESCs and hNF-C1 hiPSCs over the course of 10 consecutive passages on PDA-CMC-VN and M
CMC-VN and Matrigel surface for 10 sequential passages measured by FACS. (c) FACS analysis
VN surface at P1, P5 and P10. IgG and IgM control: red peak; FITC or PE-conjugated antibod
those cells are shown. Nuclei were visualized by DAPI-staining (blue). Scale bars, 100 mm. (Fo
the web version of this article.)
were assessed at each passage for ten passages (Fig. 3a). Both for H1
hESCs and hNF-C1 hiPSCs, doubling times for cells grown on PDA-
CMC-VN surface were similar to those of Matrigel cultures, proving
the growth rates of hPSCs cultured on PDA-CMC-VN surface were
comparable to those of Matrigel control. In addition, at each pas-
sage of ten passages, FACS analysis indicated that more than 97.9%
of hPSCs grown on both PDA-CMC-VN and Matrigel surface were
positive in Oct-4 expression (Fig. 3b). Moreover, we measured the
expression of SSEA-3 and Tra-1 60 for hPSCs grown on PDA-CMC-
VN and Matrigel surface at P1, P5 and P10 using FACS too. At least
80.0% of these cell samples positively expressed SSEA-3, and 91.8%
for Tra-160 (Fig. 3c, left; Fig. S11, left). Furthermore, all for H1 hESCs
and hNF-C1 hiPSCs cultured on PDA-CMC-VN and Matrigel surface
at P1, P5 and P10, immunofluorescence analysis shown that Oct-4
and SSEA-3 were expressed at high levels throughout the col-
onies (Fig. 3c, right; Fig. S11, right). These measurements demon-
strate that PDA-CMC-VN surface is comparable to Matrigel surface
in terms of pluripotency maintenance for hPSCs.

Moreover, after serially passaged on PDA-CMC-VN surface in E8
for 10 passages, H1 hESCs showed unaltered morphology (Fig. S8d)
with intact karyotype (Fig. S8e). Immunofluorescence showed that
Oct-4 and SSEA-3 were expressed at high levels throughout the
colonies (Fig. S8f). FACS analysis indicated that most cells co-
expressed pluripotent markers such as Oct-4, SSEA-3, and Tra-1
60 (Fig. S8g). Quantitative RT-PCR demonstrated the formation of
cells from all three germ layers in EBs from H1 hESCs samples
(Fig. S8j). These results suggested that our PDA-CMC-VN surface
could also support the self-renewal of hPSCs using xeno-free E8
medium.
3.4. Derivation of hiPSCs on PDA-CMC-VN surface

Mostly, hiPSCs were generated from various human somatic
cells on feeder cell layers, Matrigel, proteins and protein fragments
that support the survival of hPSCs. So far, none of synthetic peptide
presenting surfaces have been reported to support the derivation of
hiPSCs, and the question arose that whether the reprogramming of
human somatic cells could be accomplished on these artificial
surfaces. Taking surface-initiated polymerization (SIP), a common
surface modification method to present carboxyl group on sub-
strate surface, as an example, it has been used to conjugate various
peptides for the self-renewal of hPSCs for years, but none had
investigated whether these surfaces could support human somatic
cells reprogramming or not. Thus, we performed the reprogram-
ming of both human urine derived cells (hUC) and human umbilical
cord blood cells (hUMC) on Au-SIP-VN surface [30], and found that
no ESC-like hiPSCs colonies appeared (Fig. S12). This indicates that
surface suitable for long-term self-renewal of hPSCs may not fit for
somatic cell reprogramming.

Fortunately, we generated four hiPSCs lines from 2 donors of
hUC and 2 donors of hUMC on our PDA-CMC-VN surface under
defined conditions (Fig. 4). When reprogramming for about 3
weeks, many typically ESC-like hiPSCs colonies could be observed
evidently on PDA-CMC-VN surface (Fig. S13b). For all these four
acquired hiPSCs lines, cells presented typically undifferentiated
morphologies (Fig. S13c), and with intact karyotypes (Fig. 4a, left).
Moreover, they expressed high levels of pluripotency markers such
d on PDA-CMC-VN and Matrigel surface for ten passages. (a) Cell doubling times of H1
atrigel surface. (b) Oct-4 expression of H1 hESCs and hNF-C1 hiPSCs cultured on PDA-
of Oct-4, SSEA-3 and Tra-1 60 for H1 hESCs and hNF-C1 hiPSCs cultured on PDA-CMC-
y: unfilled peak. To the right, immunostaining of Oct-4 (green) and SSEA-3 (green) for
r interpretation of the references to color in this figure legend, the reader is referred to



Fig. 4. Generation of hiPSCs from hUC and hUMC on PDA-CMC-VN surface. (a) Karyotypes (left) and expressions of protein markers (Oct-4, SSEA-3 and Tra-1 60) measured using
FACS analysis (right) for hiPSCs derived from both 2 donors of hUC and hUMC on PDA-CMC-VN surface. (b) Quantitative RT-PCR was performed in spontaneously differentiated cells
derived from these hiPSCs to detect expression of three-germ layer gene markers (ectoderm: PAX6 and Sox1; mesoderm:T, MSX1 and CDH5; endoderm: AFP, GATA4 and SOX17).
The expression of these genes in hPSCs before differentiation has been standardized to 1, and it is marked by a single dotted threshold line. (k) VNUC1 hiPSCs were injected
subcutaneously into SCID mice to form a teratoma, and pluripotency was determined by tissues from all three germ layers, represented as secretory epithelium (endoderm),
cartilage (mesoderm) and neuroepithelium (ectoderm). Scale bars: 200 mm.



Fig. 5. Long-term self-renewal of hPSCs on PDA-CMC-VN surface. (a) Karyotype analysis of four hPSCs lines (H1 hESCs, H9 hESCs, hNF-C1 hiPSCs, and UMC-C1 hiPSCs) after cultured
on PDA-CMC-VN surface for 20 passages. (b) FACS measurements of Oct-4, SSEA-3 and Tra-1 60 for all four hPSCs lines samples. IgG and IgM control: red peak; FITC or PE-
conjugated antibody: unfilled peak. To the right, immunostaining of Oct-4 (green) and SSEA-3 (green) for those cells are shown. Nuclei were visualized by DAPI-staining (blue).
Scale bars, 100 mm. (ced) Telomerase activity of H1 hESCs (c) and hNF-C1 hiPSCs (d) before and after 20 passages on Matrigel and PDA-CMC-VN surface. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)



Fig. 6. Multipotent differentiation of hPSCs on PDA-CMC-VN surface. (aeb) Quantitative RT-PCR results for the relative expression of three-germ layer gene markers for sponta-
neous differentiated H1 hESCs (a) and hNF-C1 hiPSCs (b) both at P20 on PDA-CMC-VN surface. The expression of these genes in hPSCs before differentiation has been standardized
to 1, which is marked by a single dotted threshold line as indicated. (c) Tissues from all three germ layers, represented as secretory epithelium (endoderm), cartilage (mesoderm)
and neuroepithelium (ectoderm), were identified in teratomas formed by H1 hESCs and hNF-C1 hiPSCs cultured on PDA-CMC-VN surface for 20 passages. Scale bars, 200 mm.
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as Oct-4, SSEA-3 and Tra-1 60, as shown by FACS analysis (Fig. 4a,
right) and immunostaining (Fig. S13d). Furthermore, in vitro EB and
in vivo teratoma formation proved that all four hiPSCs lines could
generate all three germ layers cells (Fig. 4bec). To our knowledge,
these results, for the first time, have demonstrated that multiple
human somatic cells could be successfully reprogrammed into
hiPSCs on synthetic peptide presenting surface under defined
conditions, which would promote the application of synthetic
surfaces in hiPSCs studies.

The reprogramming of hUC and hUMC on Au-SIP-VN and PDA-
CMC-VN surface revealed that peptide-conjugated synthetic sur-
faces that allow the survival of hPSCs may not support the gener-
ation of hiPSCs. The samewith PDA-CMC-VN surface, we previously
found that the cell number of hPSCs after 3 day of culture on Au-
SIP-VN surface in mTeSR1 medium was similar to Matrigel con-
trol [30]. This indicate that the density and presentation of VN
peptide on Au-SIP-VN and PDA-CMC-VN surface should have no
significant difference. It is reported that softer substrate is benefi-
cial in cellular reprogramming through mesenchymal-to-epithelial
transition and stemness markers expression [61]. We found that
the elasticity modulus and hardness of Au-SIP-VN were much
higher than those of PDA-CMC-VN surface (Table S2), whichmay be
the reason why human urine derived cells and human umbilical
cord blood cells could reprogrammed into hiPSCs on PDA-CMC-VN
surface, but not on Au-SIP-VN surface.



Fig. 7. Directed differentiation of hNF-C1 hiPSCs into cardiomyocytes on PDA-CMC-VN surface. (a) Cell morphologies of hNF-C1 hiPSCs on PDA-CMC-VN surface before and after
induction for various days (2, 3, 5, 7 and 12 days). (b) RT-PCR analysis of RNAs from differentiated cardiomyocytes on PDA-CMC-VN (VN-CM) and Matrigel (MG-CM) surface
illustrating the expression of pluripotent genes (Oct-4 and Nanog), and cardiomyocyte-specific genes (NKX2.5, MYH6, MYH7, KCNH2, MLC2v and MLC2a). Gene expression of
undifferentiated hNF-C1 hiPSCs on Matrigel surface served as the control. (c) Flow cytometry analysis based on TNNT2 staining for differentiated cardiomyocytes on PDA-CMC-VN
(VN-CM) and Matrigel (MG-CM) surface. (d) Immunofluorescence staining for TNNT2 and a-ACTININ for cardiomyocytes on PDA-CMC-VN surface. Black scale bars: 200 mm. White
scale bars: 20 mm.
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3.5. Pluripotency of hPSCs after 20 passages on PDA-CMC-VN
surface

Two hESCs lines (H1 and H9) and two hiPSCs lines (hNF-C1 and
UMC-C1) were sequentially passaged on PDA-CMC-VN surface in
defined mTeSR1 medium for over 20 passages with Matrigel as a
control, in order to determine whether the synthetic surface could
support the long-term self-renewal of hPSCs. All hPSCs on PDA-
CMC-VN surface at P20 showed unaltered morphology (Fig. S14),
and their karyotypes remained intact (Fig. 5a). FACS analysis indi-
cated that most hPSCs cultured on PDA-CMC-VN surface co-
expressed pluripotent markers such as Oct-4, SSEA-3, and Tra-1
60. Immunofluorescence showed that Oct-4 and SSEA-3 were
expressed at high levels throughout the colonies (Fig. 5b). These
results agreed perfectly with that of the control group (Fig. S15,
Fig. S16aeb). Besides, these four hPSCs lines maintained in the
frozen stock solution could be thawed and used for fresh cultures
on PDA-CMC-VN surface (Fig. S17).

It is known that high telomerase activity in pluripotent stem cell
correlates with their ability to self-renewal [62]. However, the
telomerase activity of hPSCs after long-term self-renewal on syn-
thetic surfaces had never been studied. Interestingly, the telome-
rase activity of hNF-C1 hiPSCs (Df ¼ 88 HZ) is a little higher than
that of H1 hESCs (Df ¼ 72 HZ) at 0th generation on Matrigel surface
measured by quartz crystal microbalance (QCM) (Fig. 5d). The
telomerase activities of H1 hESCs and hNF-C1 hiPSCs after 20
passages on both Matrigel and PDA-CMC-VN surface were in close
vicinity to cells at P0. It demonstrates that hPSCs cultured on PDA-
CMC-VN surface retained as good telomerase activity as onMatrigel
surface.

Moreover, we further analyzed the pluripotency of H1 hESCs
and hNF-C1 hiPSCs on PDA-CMC-VN surface at P20 using in vitro
embryoid body (EB) and in vivo teratoma formation, since main-
tenance of multipotent differentiation ability play a key role in
evaluating new culture surface. Quantitative RT-PCR demonstrated
the formation of cells from all three germ layers in EBs from those
hPSCs samples (Fig. 6aeb), which is consistent with Matrigel con-
trol (Fig. S16ced). Moreover, teratoma formation assay showed that
cells could form teratoma after 6e8 weeks, and generate cells
derived from all three germ layers (Fig. 6c). These results demon-
strated that hPSCs retained the multilineage potential after
cultured on PDA-CMC-VN surface for 20 passages.
3.6. In vitro differentiation of hPSCs on PDA-CMC-VN surface

Spontaneously beating clusters were observed from day 9 after
cardiac induction on PDA-CMC-VN surface (Movie S1). At 12 day of
differentiation, we accessed the differentiation efficiency of hNF-C1
hiPSCs on both PDA-CMC-VN (86%) and Matrigel (90.5%) surface as
measured by FACS for TNNT2 (Fig. 7c). Furthermore, we examined
the expression of both pluripotent and cardiomyocyte specific
genes by RT-PCR (Fig. 7b). As expected, the pluripotent genes Oct-4
and Nanog were down-regulated and the early heart development
related gene NKX2.5 was up-regulated. Consistently, the differen-
tiated cells expressed cardiomyocyte specific genes such as MYH6,
MYH7, MLC2a, MLC2v and KCNH2, indicating that these car-
diomyocytes containing subtypes of atrial-like cells (MLC2a) and
Fig. 8. hPSCs cultured on diverse substrates with PDA-CMC-VN surface under defined c
sequentially decorated by PDA/CMC/VN peptide. (b) The alteration of water contact angles
PDMS and Ti). (c) AFM surface topographies of various substrates (glass, PDMS and Ti) before
Insert are values of Z range and Ra for surfaces of those samples. (d) Cell colony morpholog
PDA-CMC-VN coated glass, PDMS and Ti as indicated. Scale bar, 100 mm. IgG control: red peak
in this figure legend, the reader is referred to the web version of this article.)
ventricular-like cells (MLC2v). We noted that cells differentiated on
PDA-CMC-VN surface expressed higher NKX2.5, MYH6 and MYH7
than Matrigel group, suggesting that PDA-CMC-VN surface may be
more favorable for the maturation of hiPSCs derived car-
diomyocytes compared with Matrigel surface. Besides, functional
cardiomyocytes on PDA-CMC-VN surface positively expressed
TNNT2 and a-ACTININ as confirmed by immunofluorescence
staining (Fig. 7d).

Supplementary data related to this article can be found online at
http://dx.doi.org/10.1016/j.biomaterials.2016.02.012.

Moreover, uniform EBs were generated fromH9 hESCs at P15 on
PDA-CMC-VN surface using AggreWell™800 plates (Fig. S18a), and
then differentiated towards neural cells under defined conditions.
We observed some neural rosette structures in neural aggregates
after incubating in neural induction medium for 14 days (Fig. S18b).
Cells expressed neural markers such as Sox-1 and Nestin
(Fig. S18d), demonstrating the successful generation of neural
progenitor cells. Then, we collected those neural rosette structures
and cultured in neural rosette selection reagent for 7 days to further
differentiate into neurons (Fig. S18c), which were proved by the
expression of neuron markers such as MAP-2 and TUJ-1 via
immunofluorescence (Fig. S18e).

These results proved the capacity of hPSCs to differentiate into
cardiomyocytes and neural cells on PDA-CMC-VN surface, con-
firming that the surface is suitable for both the expansion and
differentiation phases of hPSC culture.
3.7. hPSCs cultured on diverse substrates with PDA-CMC-VN surface

Taking the advantage of polydopamine, our PDA-CMC-VN sur-
face could support the growth of hPSCs on diverse solid substrates.
In this regard, we modified glass (basic materials for optical im-
aging research), PDMS (hydrophobic and anti-fouling materials
widely used in the fields of microfluidics and patterned surface
[63,64]) and Ti (mostly used as biomaterials for implants) with
PDA-CMC-VN surface for the adhesion and growth of hPSCs.

The alterations of chemical composition and surface
morphology after each modification step on glass, PDMS and Ti
substrates were analyzed by XPS, water contact angle and AFM. XPS
measurement of PDA-CMC-VN surface on these substrates was
similar to that on PS. Briefly, newly detected N 1 s peaks in the wide
spectra of PDA decorated surfaces and broad -C-N- peaks in the
high-resolution C 1 s spectrums of PDA-CMC coated surfaces
demonstrated PDA and CMC were grafted on those substrates
(Fig. 8a, Fig. S19c, Fig. S20c, Fig. S21c). Then, the conjugation of VN
peptides on those substrates was proved by the enhanced peaks of
eC]O and -C-N- in high-solution C 1 s spectrum and the content of
N element alteration (Fig. S19dee, Fig. S20dee, Fig. S21dee).

Prior to modification, the water contact angles of pristine glass,
PDMS and Ti were 36.79 ± 3.54�, 111.54 ± 5.62� and 58.90 ± 2.00�

respectively (Fig. 8b). Except for glass, we detected significantly
lower contact angles for PDMS and Ti after PDA coating (p < 0.05).
Then, the contact angels of these PDA coated substrates went on to
decrease both after conjugated with CMC and VN peptide, and
reached a quite low value at a range from 15.56� to 31.88�. This
confirmed that our PDA-CMC-VN surface could change the surface
properties of diverse types of materials.
onditions. (a) XPS wide spectra of unmodified substrates (glass, PDMS and Ti) and
during each step of PDA-CMC-VN surface coating process on diverse substrates (Glass,
and after sequential modified by PDA/CMC/VN peptide with scan area of 1 mm � 1 mm.
y and Oct-4 expression analyzed by FACS for hNF-C1 hiPSCs cultured for 3e4 days on
; FITC conjugated antibody: unfilled peak. (For interpretation of the references to color
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Wemeasured the surface topographies of those substrates using
AFMwith scan areas of 1 mm� 1 mmand 5 mm� 5 mm. For scan area
of 1 mm � 1 mm (Fig. 8c), the surfaces of pristine glass (Z ¼ 36.2 nm,
Ra ¼ 4.4 nm) and PDMS (Z ¼ 42.5 nm, Ra ¼ 2.8 nm) were relatively
smooth. Pristine Ti exhibited rough surface (Z ¼ 133 nm,
Ra ¼ 20.7 nm) due to the processing limits. After PDA modification,
typically PDA aggregates were found and the values of Z range and
Ra of glass-PDA and PDMS-PDA increased to 140/6.3 nm and 162/
14.2 nm respectively. However, a more smooth surface was detec-
ted for PDA coated Ti (Ra ¼ 12.1 nm), since grooves on the pristine
Ti surface were filled with PDA particles. For all those PDA deco-
rated substrates, the Ra values decreased both after modifying by
CMC and VN peptide, and all of them terminally presented smooth
surface. Similar AFM results of those substrates were measured at
5 mm � 5 mm (Fig. S22).

After incubated for 4 days, hNF-C1 hiPSCs maintained typical
undifferentiated morphology on substrates (glass, PDMS and Ti)
that coated by PDA-CMC-VN (Fig. 8d). Moreover, at least 99.3% of
the cells on those substrates were positive for the pluripotency
marker Oct-4 as detected by FACS (Fig. 8d). Remarkably, our PDA-
CMC-VN surface enabled the growth of hPSCs on various sub-
strates and possessed great prospects for further application in the
fields of tissue engineering, imaging, drug screening and so on.

4. Conclusions

Herein, we have developed a synthetic PDA-CMC-VN surface,
and confirmed their potential use for the generation, long-term
self-renewal and differentiation of hPSCs under defined condi-
tions. Specifically, the cell number of hPSCs that cultured on PDA-
CMC-VN surface for 4 days was in close victinty to Matrigel con-
trol. The expression of cell-adhesion genes and pluripotency genes
in hPSCs on the synthetic surface for 24 h was similar to that on
Matrigel surface. We successfully reprogrammed human urine
derived cells and human umbilical cord blood cells into hiPSCs on
PDA-CMC-VN surface under defined conditions. Moreover, the
proliferation rates and pluripotency maintenance of both hESCs
and hiPSCs on our surface were comparable to Matrigel control
throughout the long-term culture, as well as high telomerase ac-
tivities. Furthermore, hPSCs were able to differentiate into car-
diomyocytes and neural cells on PDA-CMC-VN surface. We also
achieved the growth and proliferation of hPSCs on diverse sub-
strates with PDA-CMC-VN surface. These results suggested that our
PDA-CMC-VN surface has great value in fundamental research and
clinical application of hPSCs.
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