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Well-deﬁned culture conditions are essential for realizing the full potential of human embryonic stem
cells (hESCs) in regenerative medicine where large numbers of cells are required. Synthetic polymers
such as poly[2-(methacryloyloxy) ethyl dimethyl-(3-sulfopropyl) ammonium hydroxide] (PMEDSAH),
offer multiple advantages over mouse embryonic ﬁbroblasts (MEFs) and Matrigel™ for hESC culture and
expansion. However, there is limited understanding of the mechanisms by which hESCs are propagated
on synthetic polymers coatings. Here, the effects of PMEDSAH gel architecture on hESC self-renewal were
determined. By increasing the atom transfer radical polymerization (ATRP) reaction time, the thickness of
PMEDSAH was increased and its internal hydrogel architecture was modiﬁed, while maintaining its
overall chemical structure. A 105 nm thick ATRP PMEDSAH coating showed a signiﬁcant increase in the
expansion rate of hESCs. Theoretical calculations suggested that 20,000 hESCs cultured on this substrate
could be expanded up to 4.7  109 undifferentiated cells in ﬁve weeks. In addition, hESCs grown on ATRP
PMEDSAH coatings retained pluripotency and displayed a normal karyotype after long-term culture.
These data demonstrate the importance of polymer physical properties in hESC expansion. This modiﬁcation of PMEDSAH coatings may be used to obtain large populations of hESCs required for many
applications in regenerative medicine.
© 2014 Elsevier Ltd. All rights reserved.
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1. Introduction
Because of the capacity to self-renew indeﬁnitely and to
differentiate into specialized cell types of all three germ layers and
trophectoderm, human embryonic stem cells (hESCs) have become
a potential source of cells for regenerative medicine, tissue engineering, disease modeling and drug screening. However, the successful therapeutic application of hESCs and their derivatives is
based on the ability to develop clinically compliant strategies for
large-scale bioprocessing of therapeutically relevant cells [1e3].
Currently, the large-scale expansion methods for hESCs and
induced pluripotent stem cells (iPSCs) are limited by xenogeneic
components and poorly deﬁned culture conditions that utilize
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feeder cells and other animal-based products to support hESC selfrenewal [4e6]. To overcome these limitations, the use of human
recombinant proteins like laminin isoforms 111, 332, 511,
vitronectin, or E-cadherin have been tested for long-term maintenance of hESCs [7e9]. These ﬁndings suggest a trend in the evolution of hESC culture from feeder-cell dependence and ill-deﬁned
conditions, to feeder-free and deﬁned microenvironments [10].
However, puriﬁcation of human recombinant proteins is costly and
signiﬁcantly limits their potential for large-scale propagation of
hESCs. Likewise, the inclusion of protein-based substrates adds a
level of complexity to the study of the mechanisms by which a
surface coating supports the pluripotency of hECSs.
Recently, synthetic substrates [11e19] have demonstrated high
potential for large-scale expansion of hESCs because they exhibit
the following effective features: completely deﬁned chemical
composition, stability during storage, reproducibly synthesized,
cost-effectiveness, and compatibility with standard sterilization
techniques [20]. Among these synthetic substrates is poly[2-
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(methacryloyloxy) ethyl dimethyl-(3-sulfopropyl) ammonium hydroxide] (PMEDSAH), a fully deﬁned synthetic polymer coating
developed through a surface-initiated graft polymerization technique, which has demonstrated effective capacity to support hESC
self-renewal and expansion in long-term culture [14,21].
Recent evidence suggests that physico-chemical properties,
such as hydrophilicity [14], surface roughness [22] and stiffness
[23,24] can impact the capability of synthetic substrates to support
hESC growth [10]. However, the mechanisms by which PMEDSAH
and other synthetic substrates maintain self-renewal of hESCs are
not yet clearly understood. Therefore, we hypothesized that the
physical properties of PMEDSAH coatings, as determined by the
interfacial architecture of the zwitterionic surface layer, can inﬂuence the self-renewal of hESCs. In this study, PMEDSAH ﬁlms with
different thicknesses were prepared on tissue culture polystyrene
using a combination of chemical vapor deposition polymerization
[24] and atom transfer radical polymerization (ATRP) [25]. The
impact of gel architecture on hESC self-renewal was then tested on
PMEDSAH polymer coatings over a range of thicknesses.
2. Materials and methods
2.1. Synthetic surface preparation and characterization
2.1.1. UVO-initiated free radical polymerization
UVO-initiated free radical polymerization was carried out in a fume hood with
connections for argon and vacuum. A 500 mL reaction vessel was degassed by
vacuum for 60 min. While the reaction vessel was being evacuated, a monomer
solution consisting of 0.25 M MEDSAH (Sigma Aldrich) was dissolved in a mixture of
deionized water and ethanol (4:1, v/v). The solution was degassed for 40 min using
an argon purge. Once the reaction vessel and solvent were degassed, the monomer
solution was transferred to a reaction vessel and heated to 68e70  C. While the
reaction vessel was being heated, TCPS dishes (BD Biosciences) were activated by UV
ozone treatment (Jetlight Inc.) for 40 min to create initiation sites on the surface.
Samples without functionalization that consisted of poly-p-xylylene coated silicon
wafers and gold wafers were also added to the cell culture dishes to enable thickness
and contact angle measurement. After activation, the dishes were transferred to a
reaction vessel and the temperature was raised to 76e80  C. Surface-initiated
polymerization occurred over a 2.5 h time period under argon atmosphere at
76e80  C. Once the process was complete, TCPS plates and control samples were
removed from the reaction vessel and were rinsed in a 1% saline (w/v) solution at
50  C.
2.1.2. CVD and ellipsometry
The initiator used for ATRP was synthesized through chemical vapor deposition
(CVD)
polymerization of
40
mg of [2.2]paracyclophane-4-methyl-2bromoisobutyrate precursor, which was loaded into the sublimation zone. Subli
mation occurred at 120 C, followed by pyrolysis at 540e550  C, after which a thin
ﬁlm of poly[(p-xylylene-4-methyl-2-bromoisobutyrate)-co-(p-xylylene)] was
coated on the target substrates. The tissue culture polystyrene (TCPS) plates as well
as surrogates (gold and silicon wafers) were placed on a rotating stage in the
deposition chamber and were maintained at 15  C during CVD polymerization.
Ellipsometry was performed on the silicon wafers to measure thickness of the
initiator coating before and after the ATRP. Film thickness was assessed with a multiwavelength imaging null-ellipsometer (EP3 Nanoﬁlm, Germany). Fixed values of the
real (n ¼ 1.58) and imaginary (k ¼ 0) refractive index of the polymer coatings and the
ellipsometric delta and psi were used to determine ﬁlm thickness. After the reaction
was completed, the thickness of PMEDSAH coating was calculated by subtracting the
initial thickness from the post-reaction thickness.
2.1.3. Atom transfer radical polymerization
Poly[2-(methacryloyloxy)ethyl dimethyl-(3-sulfopropyl)ammonium hydroxide]
(PMEDSAH) (Monomer Polymer Dajac Labs, Trevose, PA) was polymerized using an
ATRP procedure. Initiator coated substrates were prepared according to the CVD
process described above. Initiator-coated samples and TCPS were placed in a glove
bag and degassed using 3 cycles of vacuum-argon purge and left at room temperature under argon. A 4:1 (v/v) mixture of methanol and water was degassed by three
cycles of freeze-pump-thaw. Approximately 20% of the degassed solvent was
transferred to a degassed ﬂask. The monomer was then dissolved in the main ﬂask
and the copper/ligand mixture was dissolved in the second ﬂask. After 10 min the
catalyst mixture was added to the monomer solution and mixed thoroughly at room
temperature. The polymerization solution was ﬁnally transferred to the glove bag
and distributed among the TCPS and the surrogates, so that each substrate was
submerged completely. The ATRP reaction was allowed to proceed for 1, 12, and 24 h
under argon atmosphere. After ATRP, surrogates and TCPS plates were rinsed with
1% sodium chloride solution and deionized water and dried. Residual copper was

removed from the ATRP-modiﬁed surfaces by washing alternately with 5 mM ethylenedimaine tetracetic acid sodium salt (EDTA) and 5 mM calcium chloride solutions and ﬁnally with deionized water.
2.1.4. Contact angle
Static contact angles of deionized water were measured using a contact angle
-Hart 200-F1 goniometer). Measurements were taken at three
goniometer (Rame
different locations and averaged.
2.1.5. Streaming potential measurement
Polymer coatings were prepared directly on polystyrene slides to measure
surface charge. An electrokinetic analyzer SurPASS (Anton Paar GmBH) was used in
clamping cell mode to acquire zeta potential values of the samples across a 3e10 pH
range. Two titrations were performed for each sample, one proceeding from the
neutral to the acidic range and another from the neutral to the basic range. 0.1 M
hydrochloric acid and 0.1 M sodium hydroxide were used as titrants. 0.001 M potassium chloride was used as the electrolyte. pH changes were performed using an
automated titration unit with pH being altered in steps of 0.3 with continuous
stirring of the electrolyte solution. Streaming current was measured using Ag/AgCl
electrodes and the helmohltz smoluchwski equation was used to compute the zeta
potentials. Flow rates of 50e70 ml/min were used at a pressure of 400 mbar and a
gap of 100 microns between the sample and the polypropylene reference standard.
Samples were rinsed for 3 min in between measurements at different pH points.
2.1.6. Atomic force microscopy (AFM)
The surface roughness of the PMEDSAH coatings was quantiﬁed via atomic force
microscopy (AFM) using a Dimension Icon (Bruker, Madison, WI). Measurements
were taken in tapping mode at room temperature in air using NSC15 cantilevers
(MikroMasch, San Jose, CA) with resonant frequency and spring constants of
20e75 N/m and 265e400 kHz, respectively as probe tips. Measurements were taken
at 1 Hz scan rate over a 2  2 micron area. Roughness values in the form of root mean
square roughness (Ra) were acquired through a statistical analysis performed by the
AFM software (NanoScope Analysis) by averaging over the scanned region. Three
values were acquired for each sample and averaged.
2.2. Preparation of Matrigel-coated substrates
Matrigel (BD BioSciences) was diluted to a concentration of 0.1 mg/ml in cold
Dulbecco's modiﬁed Eagle's medium/F12 (DMEM/F12; GIBCO) and then applied to
tissue culture polystyrene (TCPS) dishes (35 mm; BD Falcon). The coating was
allowed to polymerize during 2 h incubation at room temperature. Before plating
cells, excess Matrigel-DMEM/F12 solution was aspirated and the dishes were
washed with sterilized Dulbecco's phosphate buffered saline (D-PBS).
2.3. hESC culture
hESCs (H9 and H1, WiCell Research Institute, Madison, WI; CHB10, Children's
Hospital Corporation, Boston, MA) were cultured on PMEDSAH with human-cellconditioned medium (HCCM, Global Stem) supplemented with 5 ng/mL of human
recombinant basic ﬁbroblast growth factor (bFGF; Invitrogen™). Differentiated cells
were mechanically removed using a sterile pulled-glass pipet under a stereomicroscope (LeicaMZ9.5, Leica Microsystems Inc., Buffalo Grove, IL). Undifferentiated
colonies were cut and collected as small cell clusters into a 1.5 mL centrifuge tube.
After centrifugation and brief washing with PBS, cells were treated with0.5 mL 0.25%
Trypsin-EDTA (GIBCO) at 37  C. The trypsinization was terminated by the addition of
1 ml HCCM and brief centrifugation. The cell pellet was dispersed in HCCM supplemented with 5 ng/mL bFGF and 10 mM of ROCK inhibitor (Sigma) [26] and passed
through a 40 mm nylon mesh cell strainer (BD Biosciences, Bedford, MA) to remove
large cell aggregates. Single hESCs were counted and 20,000 cells (2000 cells/cm2)
were plated on Matrigel, PMEDSAH and three types of ATRP PMEDSAH (25 nm,
105 nm and 176 nm thick) coated-dishes and cultured for 7 days. The culture medium was replaced every other day. Single hESCs were passaged once a week for 5
consecutive weeks using the same method without removing differentiated colonies before passage.
2.4. Alkaline phosphatase assay
An Alkaline Phosphatase Detection Kit (Millipore) was used for phenotypic
assessment of hESC. Brieﬂy, on day 7, cells were ﬁxed with 4% paraformaldehyde in
PBS for 1e2 min, then rinsed and incubated in staining solution in the dark at room
temperature for 15 min. Cells were rinsed and covered with 1 PBS to prevent
drying prior to quantitative analysis. Undifferentiated colonies were identiﬁed by
speciﬁc alkaline phosphatase staining.
2.5. Quantitative analysis of undifferentiated colony formation and the total cell
number
ImageJ software (http://rsb.nih.gov/ij) was used to count the number and area of
undifferentiated colonies stained by alkaline phosphatase. The total number of cells
grown on each dish was counted with a hemocytometer at the time of passage
during the 5 consecutive weekly passages. A theoretical yield of total cell number of
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hESCs obtained on different substrates was calculated assuming that all cells would
be passaged each week instead of the only 20,000 single cells that were done. The
theoretical
yield
of
cells
was
determined
with
the
formula
CN(n þ 1) ¼ CNn  TN(n þ 1)/20,000, in which CN is the calculated total cell number, TN
is the total cell number and n is the passage number.

2.6. Flow cytometry analysis
hESCs cultured on different substrates from week 1e5 were washed with PBS
and harvest by incubation in 0.25% trypsin-EDTA (GIBCO). The trypsinization was
terminated by adding 1 ml HCCM and the cells were incubated ﬁrst with human IgG
to block un-speciﬁc binding and then with human/mouse SSEA-4 PE-conjugated
antibody (R&D systems) and analyzed by ﬂow cytometry. Analysis was carried out
with MoFlo® Astrios™ (Beckman Coulter) using standard procedures. Background
ﬂuorescence and autoﬂuorescence were determined using cells incubated with
Mouse IgG1 phycoerythrin isotype Control (R&D systems).

2.7. Immunoﬂuorescence staining
Cells grown on different substrates were ﬁxed in 4% paraformaldehyde for
30 min at room temperature and then permeabilized with 0.1% Triton X-100 for
10 min. Primary antibodies raised against SSEA-4 (Santa Cruz Biotechnology), OCT3/
4 (Santa Cruz Biotechnology), SOX2 (Millipore), TRA-1-60 (Santa Cruz Biotechnology), TRA-1-81 (Millipore), and NANOG (Abcam) were diluted in 1% normal
serum and incubated overnight at 4  C and detected with respective secondary
antibodies. Sample images were captured using a Nikon TE2000-S inverted microscope with a Nikon DS-Ri1 camera.

2.8. RNA isolation and quantitative RT-PCR
Cells grown on different substrates were manually scraped from dishes and
pelleted by centrifugation. RNA was isolated and puriﬁed using the RNA easy MiniKit (Qiagen) following the manufacturer's protocol. RNA quality and concentration
was checked with a Synergy NEO HTS Multi-Mode Microplate Reader (BioTek Instruments, Winooski, VT).
Reverse transcription from 1 g of total RNA into cDNA was performed using
SuperScript™ III First-Strand Synthesis SuperMix (Invitrogen™). Quantitative PCR
was performed using TaqMan probes (Applied Biosystems) and TaqMan Universal
PCR Master Mix (Applied Biosystems) on 7900 HT Fast Real Time PCR system
(Applied Biosystems). Gene expression data was normalized to the expression levels
of GAPDH, and calculated using the deltaedelta cT expression level.

2.9. Analysis of hESC pluripotency
At passage 5, pluripotency of hESCs was tested by embryoid body (EB) formation
and directed cell-lineage differentiation. EB formation was achieved by hESC clusters
cultured in suspension in DMEM (Life Technologies) supplemented with 10% FBS for
10 days to promote differentiation. Directed cell-lineage differentiation was performed on Matrigel using the following protocols [27]. hESCs were induced to
differentiate in chemically deﬁned medium (CDM) base consisting of DMEM/F12
(Invitrogen) supplemented with 1 N2 (Invitrogen), 1 B27 (Invitrogen), 0.11 mM 2mercaptoethanol, 1 mM nonessential amino acids, 2 mM L-glutamine, and 0.5 mg/ml
BSA (fraction V; Sigma Aldrich). To induce deﬁnitive endoderm (pancreatic differentiation) 100 ng/ml human recombinant activin A (STEMGENT) was added to CDM
and cells were cultured in this condition for 6 days, followed by culture in CDM
without activin A for an additional 9 days. For mesoderm (cardiomyocyte differentiation) cells were cultured in CDM supplemented with 50 ng/ml human recombinant BMP4 (STEMGENT) and 50 ng/ml human recombinant activin A
(STEMGENT) for 4 days, then further cultured in CDM with no activin A and BMP4
for another 10 days. For ectoderm (neuronal differentiation), 100 ng/ml human recombinant Noggin (STEMGENT) was added to the CDM and cells were cultured in
this condition for 8 days.

2.10. Cytogenetic evaluation
After 5 weeks of cell culture, standard G-band analysis on at least 20 cells was
performed on cells cultured on 105 nm ATRP PMEDSAH by Cell Line Genetics
(Madison, WI) using standard protocols.

2.11. Data analysis
Three independent replicates for each experiment were performed. Two data
sets were compared using unpaired student t-test function in Excel (Microsoft,
Seattle, WA) to calculate p values. Multiple data sets were compared using one way
ANOVA analysis followed by the Tukey's post hoc test to calculate p values. Levels of
statistical signiﬁcance were set at p < 0.05.
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3. Results
3.1. Differences in properties of PMEDSAH coatings
PMEDSAH polymer coatings were fabricated using two
different surface-initiated polymerization procedures: UVOinitiated free radical polymerization (UVO-grafting) [21] and
atom transfer radical polymerization (ATRP) conducted at three
different reaction times. Physico-chemical comparison between
these four coatings was based on ﬁlm thickness, wettability, surface roughness and zeta potential measurements (Fig. 1). The
thickness of ﬁlms prepared through UVO-grafting was of
25 ± 6.5 nm. In contrast, ATRP-prepared coatings displayed a
gradual augmentation in ﬁlm thickness with increasing reaction
time: 25 ± 3 nm in a 1 h-reaction; 105 ± 8 nm in a 12 h-reaction;
and up to 176 ± 18.2 nm in a 24 h reaction (Fig. 1A). The contact
angle of UVO-grafted PMEDSAH was 16.6 ± 1.6 , while ATRP ﬁlm
thicknesses that ranged between 25 nm and 176 nm demonstrated an increase in the contact angle from 21.9 ± 9.4 to
75.3 ± 4 (Fig. 1B). In several studies, engineering roughness into
soft cell culture substrates in the form of nano-grooves and pillars
has been shown to play a role in mediating cell adhesion [28].
Thus, the roughness of the four coatings was quantiﬁed with a
topographical examination using atomic force microscopy. Differences in roughness, as measured by root-mean-square roughness values, were not statistically signiﬁcant among the four
coatings (Fig. 1A). The zeta potential of grafted PMEDSAH was less
negative than ATRP coatings. In addition, the 25 nm and 176 nm
thick PMEDSAH coatings exhibited more negative charge than the
105 nm thick coating in the neutral range of pH values. The isoelectric point of the 105 nm thick ATRP coating shifted slightly to
the right from that of the other two coatings, indicating that it
was less negative in terms of charge (Fig. 1C).
3.2. Propagation of undifferentiated hESC colonies
Alkaline phosphatase staining was used to identify undifferentiated hESC colonies. When CBH10 hESCs were initially cultured as
single cells on ATRP PMEDSAH with a surface thickness of 105 nm,
the number of undifferentiated colonies was similar to that of the
Matrigel control group (Fig. 2A and B). However, compared to the
other experimental groups, a signiﬁcantly higher number of colonies were detected on the 105 nm thickness group. No signiﬁcant
differences in colony surface area were observed among experimental groups (Fig. 2A and B). Similar results were obtained with
the H9 hESC line, which limits the possibility of a hESC line-speciﬁc
effect (Supplementary Fig. S1). Taken together, these results indicated that the gel architecture of PMEDSAH coatings inﬂuenced
hESC colony formation.
3.3. hESC expansion
To quantify the impact of gel architecture on long-term expansion of hESCs, a consistent number (20,000) of hESCs cultured
initially as single cells on Matrigel, PMEDSAH and ATRP PMEDSAH
(25 nm, 105 nm, 176 nm) were passaged weekly for ﬁve consecutive
weeks. Prior to each passage to newly coated dishes, the total cell
number was quantiﬁed and ﬂow cytometry was performed on a
subset of cells to evaluate the expression of SSEA-4, a hESC marker
(Supplementary Fig. S2). The percentage of SSEA-4 positive cells
ranged from 96.65% to 99.95% and was not statistically (p > 0.05)
different among the different substrates and passages. However,
the total number of cells that adhered to Matrigel decreased after
each passage and cells on Matrigel did not survive after four
consecutive passages. In contrast, single hESCs cultured on ATRP
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Fig. 1. Differences in properties of PMEDSAH coatings. (A) Thickness (circles) and roughness (columns) of PMEDSAH coatings polymerized through UVO-grafting and ATRP.
Thickness of ATRP coatings increased with ATRP reaction time. (1 h- 25 nm, 12 h-105 nm, 24 h- 176 nm) (B) Illustrations depict polymer conformations adopted by the four
PMEDSAH coatings studied. Water molecules are represented in yellow. Differences in hydration and ion-pairing behavior are illustrated. Inset- Photographs of static contact angle
measurements performed with deionized water on PMEDSAH coatings. Contact angle values are displayed below the respective images. (C) Comparison of zeta potential values of
PMEDSAH coatings polymerized through UVO-grafting and ATRP.
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Fig. 2. Gel architecture inﬂuences the undifferentiated colony formation and expansion of hESCs. (A) Undifferentiated colonies were identiﬁed by alkaline phosphatase staining
after 7 days of culture on different substrates. (B) Plot of undifferentiated colony number ratio compared to Matrigel indicating that ATRP PMEDSAH with a 105 nm hydrogel
thickness lead to a higher number of undifferentiated colonies compared to other experimental groups. Plot of undifferentiated colony area indicating that the areas of undifferentiated colonies cultured on different substrates had no signiﬁcant differences. (C) Plot of total cell number ratio compared to Matrigel after 1 week and compared to grafted
PMEDSAH after 5 weeks indicating ATRP PMEDSAH with a 105 nm hydrogel thickness lead to a higher total cell number compared to other experimental groups. Data in (B) & (C)
presented as mean ± standard deviation (SD) from three independent experiments (*p < 0.05).

PMEDSAH and grafted PMEDSAH continued to thrive with each
passage. Growth of hESCs was particularly robust on the ATRP
PMEDSAH with a 105 nm surface thickness that supported a
signiﬁcantly (p < 0.05) higher total cell number than all other
experimental groups (Fig. 2C).
The hypothetical yield of total hESCs achieved after ﬁve passages on each substrate was calculated assuming that all cells
obtained at each passage were sub-cultured, instead of the
20,000 cells that were actually propagated. The theoretical yield
of
cells
was
determined
using
the
formula

CN(n þ 1) ¼ CNn  TN(n þ 1)/20,000. In this formula, CN was the
calculated total cell number, TN was the total cell number in the
determined week, and n represented the culture week. Using this
formula, it was estimated that on the 105 nm thick-ATRP PMEDSAH, the expansion of 20,000 cells over a period of ﬁve weeks
would yield up to 4.7  109 undifferentiated stem cells. This level
of hESC expansion on the 105 nm thick-ATRP PMEDSAH was 33.6-,
1.6- and 12.7-fold greater than the theoretical yield calculated
when cultured on grafted PMEDSAH, 25 nm and 176 nm
thickness-ATRP PMEDSAH, respectively (Table 1). These
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Table 1
Calculated total cell number of hESCs cultured on different substrates.
Substrates

Calculated total cell numbers from week 0 to week 5
W0

Matrigel
Grafted PMEDSAH
ATRP PMEDSAH (25 nm)
ATRP PMEDSAH (105 nm)
ATRP PMEDSAH (176 nm)

2
2
2
2
2







W1
4

10
104
104
104
104

3.7
1.4
2.5
3.2
1.7

W2






5

10
105
105
105
105

2.4
8.2
2.4
4.0
1.4

W3






6

10
105
106
106
106

3.5
5.0
3.4
4.9
1.0

W4






6

10
106
107
107
107

1.2
2.7
2.9
4.0
6.2

W5






6

10
107
108
108
107

/
1.4
2.9
4.7
3.7






108
109
109
108

Formula: CN(n þ 1) ¼ CNn  TN(n þ 1)/20,000.
CN: calculated total cell number, TN: total cell number, n: culture week number.

calculated total cell numbers demonstrated that modifying the gel
architecture signiﬁcantly facilitated the expansion of hESCs.
3.4. hESC pluripotency and genomic stability
Quantitative RT-PCR analysis of cells after ﬁve passages
demonstrated that RNA expression levels of hESC markers OCT4,
SOX2, KLF4 and NANOG were similar among hESCs cultured on
grafted PMEDSAH and ATRP PMEDSAH (25 nm, 105 nm, 176 nm;
Fig. 3A). Immunoﬂuorescent staining of OCT4 and SSEA-4 in hESCs
was also strong when cultured on both grafted PMEDSAH and ATRP
PMEDSAH (25 nm, 105 nm and 176 nm) coatings (Fig. 3B). Because
105 nm ATRP PMEDSAH demonstrated a stronger capacity to support hESC self-renewal and expansion, an additional hESC line was
also cultured on 105 nm ATRP PMEDSAH during the same period of
time. In addition to OCT4 and SSEA-4, primary antibodies to SOX2,
NANOG, TRA-1-60 and TRA-1-81 were used for immunoﬂuorescence staining of H1 hESCs and all stem cell markers were strongly
expressed (Fig. 3C).
The pluripotency of hESCs cultured on the 105 nm thick-ATRP
PMEDSAH was determined by embryoid body (EB) formation and
directed cell-lineage differentiation after ﬁve passages. Clusters of
hESC cultured on 105 nm thick-ATRP PMEDSAH formed EBs when
cultured in suspension and expressed genes representing endoderm, mesoderm and ectoderm (Table 2). Furthermore, speciﬁc
cell-lineage differentiation was successfully directed in vitro with
chemically deﬁned conditions, as demonstrated by a signiﬁcant
increase in expression of representative genes for each germ layer:
AFP, FOXA2, PDX1 and SOX17 for endoderm; HESX1, NKX2-5 and
TNN13 for mesoderm; and NES, NEUROD1, PAX6 and SOX1 for
ectoderm (Fig. 4). These results demonstrated that ATRP PMEDSAH
with a 105 nm surface thickness supported the pluripotency of
hESCs.
Because chromosomal changes may occur during long-term
culture of hESCs [29], the genetic stability of cells cultured on
105 nm thick-ATRP PMEDSAH was evaluated by standard G-band
analysis after ﬁve passages. The results demonstrated a normal
human male karyotype for the H1 cell line (Fig. 3D).
4. Discussion
The evolution of hESC culture from feeder-cell dependence and
non-deﬁned conditions to feeder-free and deﬁned microenvironments has been enabled by the development of new culture materials. Because of its strong capacity to support hESC and induced
pluripotent stem cell (iPSC) growth with chemically-deﬁned and
xenogeneic-free medium, the PMEDSAH-coating has the potential
to serve as a substrate to generate high numbers of clinical grade
pluripotent stem cells [10]. Thus, the elucidation of mechanisms by
which PMEDSAH is able to support hESC self-renewal, pluripotency
and long-term propagation will not only advance our knowledge of
pluripotent stem cell biology, but also increase the effectiveness of

hESC and iPSC expansion on deﬁned conditions for potential human applications.
Because Matrigel is the most commonly used feeder-free substrate for hESC culture, it was used as a control in our experiments.
We found that the number of hESCs cultured on Matrigel decreased
after each passage, which may be due to the poor survival of hESCs
on Matrigel after cell dissociation [26,30]. In contrast, both grafted
and ATRP PMEDSAH supported hESC expansion during the ﬁveweek expansion period. In particular, the ATRP PMEDSAH with a
105 nm surface thickness led to signiﬁcantly higher total cell
numbers compared to all other experimental groups (Table 1). In
addition, hESCs retained their pluripotency and a normal karyotype
after multiple passages during culture, which indicates that hESCs
maintained their unique characteristics and genetic stability. These
ﬁndings are well aligned with the long-term goal of large-scale
production of clinical grade hESCs.
The different surface preparations tested in this study affected
the gel architecture of the substrates. The UVO-grafted PMEDSAH
surface had thin, poly-dispersed and unassociated polymer
brushes. Whereas the ATRP process was capable of producing thick
and mono-dispersed polymer brushes [31,32]. Moreover, the gel
architectures were also different among the three ATRP surfaces
due to differences in the ATRP reaction time. These data suggest
that the gel architecture of the 105 nm thick ATRP coating best
supported hESC growth, supporting the hypothesis that gel architecture of the zwitterionic surface layer is capable of inﬂuencing the
culture and expansion of hESCs.
The thickness of PMEDSAH produced using a 1-h ATRP reaction
time was nearly equal to that of the UVO-grafted surface (Fig. 1).
However, the former was capable of expanding the stem cell population at a higher rate than the latter. Interestingly, the 176 nm
thick coating exhibited a lower capacity for hESC expansion than
both the thinnest coating (25 nm) and the best-performing
PMEDSAH surface for hESC expansion (105 nm). The molecular
weight of the UVO-grafted ﬁlms could not be precisely controlled
due to the kinetics of conventional free radical polymerization,
where the radical lifetime is short and the termination step is rapid
[33]. However, the molecular weight of ATRP ﬁlms was controlled
and augmented as the ﬁlm thickness increased by longer ATRP
reactions. Therefore, the observation that 105 nm thick ATRP ﬁlms
supported hESC self-renewal better than the other ATRP groups
with reduced or increased thickness, suggests that an optimal range
of molecular weight for synthetic polymer coatings exists for the
support hESC self-renewal. This ﬁnding is consistent with a recent
study in which polymer molecular weight inﬂuenced hESC growth
in a non-monotonic manner [18]. Another study comparing substrates with different chemical structures demonstrated that hydrophobic materials are less permissive for hESC adhesion [14].
Here, however, we investigated the effects of hydrophilicity on
hESC behavior using PMEDSAH surfaces with identical chemical
compositions with different degrees of wettability. The UVO-grafted and the 25 nm ATRP PMEDSAH, which have a contact angle of
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Fig. 3. Modiﬁed PMEDSAH supports hESC stemness and maintains genomic stability. (A) Relative transcript levels of OCT4, SOX2, KLF4 and NANOG from hESCs cultured on grafted
PMEDSAH and ATRP PMEDSAH after 5 passages showed no signiﬁcant differences. Data presented as mean ± SD from three independent experiments. (B) Fluorescence micrographs
of colonies of hESCs cultured on grafted PMEDSAH and ATRP PMEDSAH showing expression of pluripotent markers after 5 passages. Primary antibodies OCT4 and SSEA-4 were used
to detect the expression of these markers from hESCs cultured on grafted PMEDSAH and ATRP PMEDSAH (25 nm, 105 nm and 176 nm). hESC cultured on 105 nm ATRP PMEDSAH
after 5 passages (C) showed expression of pluripotent markers in ﬂuorescence micrographs and (D) maintained a normal karyotype.
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Table 2
Embryoid body (EB) formation with expression of genes representing different germ
layers. EBs were formed from hESCs cultured on 105 nm ATRP PMEDSAH after 5
passages. Quantitative RT-PCR showed increasing transcript levels of genes representing different germ layers from EBs compared to the undifferentiated hESCs
grown on 105 nm ATRP PMEDSAH after 5 passages.

Endoderm

Mesoderm

Ectoderm

Gene

Relative transcript levels ± SD

PDX1
AFP
SOX17
FOXA2
HESX1
TNN13
NKX2-5
NES
SOX1
PAX6
NEUROD1

35.58
53.14
159.47
249.12
10.21
94.32
117.31
3.58
37.26
107.36
860.77

±
±
±
±
±
±
±
±
±
±
±

2.58
4.76
12.51
25.67
0.84
6.99
4.04
0.15
1.35
7.27
97.08

16.6 and 21.9 , respectively, were the most hydrophilic surfaces
tested. The 176 nm thick ATRP coating, with a contact angle of 75.3 ,
was the least hydrophilic of all PMEDSAH surfaces tested. However,
all three surface coatings demonstrated lower hESC expansion rates
compared to the 105 nm thick ATRP PMEDSAH coating, which had a
contact angle of 43.7. Thus, modifying the PMEDSAH surface to a
moderate hydrophilicity led to better support of hESC growth than
surfaces at the extremes of contact angle.
The hydrophilicity of UVO-grafted PMEDSAH is attributed to
water afﬁnity of the anionic sulphonate and cationic quaternary
ammonium present in their side chains. The tendency of these
functional groups to be hydrated leads to water penetration,
swelling of the polymer brush and a lower contact angle. For ﬁlm
thicknesses between 25 nm and 176 nm, the contact angle
increased from 21.9 to 75.3 (Fig. 1B). This transition from

hydrophilic to hydrophobic behavior of PMEDSAH was ﬁrst
explained in terms of whether inter-chain associations dominate
the hydration behavior of the polymer brush [34]. Differences in
wettability between UVO-grafted and ATRP polymer coatings can
be attributed to the effect of grafting density and polymer chain
length on the balance of inter- and intra-polymer chain associations [35].
Because neither grafting density nor molecular weight distribution can be precisely controlled [36] in UVO-grafted ﬁlms, the
resulting polymer brush is likely to be thin, poly-dispersed and
unassociated. In the unassociated state, ionic attractions between
the sulphonate and the ammonium groups in the side chains are
not dominant, allowing the polymer to be fully hydrated, resulting
in a low contact angle [37]. In contrast, ATRP coatings have a
controllable and high grafting density that results in greater
proximity of polymer chains and increased opportunities for shortrange ionic interactions. The 25 nm ﬁlms would exhibit only a slight
degree of association behavior, as they do not have a sufﬁcient
number of ion pairs and are therefore hydrophilic. The 105 nm and
176 nm coatings, being of higher molecular weight, have a greater
number of ion pairs and are able to form stronger intermolecular
associations that lead to dehydration and collapse of the brush. This
ioneion pairing prevents complete hydration of the ionic groups
and is effective in sealing out water from the polymer coating. As
the PMEDSAH polymer grows in length, more ion pairs are created,
increasing the strength of the association, extent of water exclusion
and contact angle [34].
In the absence of systematic intermolecular associations, the
UVO-grafted PMEDSAH brush remains fully hydrated [37]. It was
initially believed that water molecules in the polymer brush could
reduce the zeta potential through charge screening. Thus, the
higher isoelectric point of UVO-grafted PMEDSAH within the ATRP
ﬁlms was attributed to the lack of ion-pairing effects between

Fig. 4. Modiﬁed PMEDSAH supports hESC pluripotency. hESCs cultured on 105 nm ATRP PMEDSAH after 5 passages retained pluripotency as demonstrated by induced speciﬁc
lineage differentiation with expression of genes representing different germ layers. Data presented in as mean ± SD from three independent experiments.
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polymer side chains. In the ATRP coated PMEDSAH ﬁlms, the
25 nm and 176 nm thick ATRP PMEDSAH coatings exhibited more
cumulative negative charge than the 105 nm thick coating in the
neutral range of pH values. The isoelectric point of the 105 nm
thick ATRP coating was shifted to the right of the other two
coatings, indicating that it was less negative in charge (Fig. 1C).
Since even the hydrophilic 25 nm coating had a highly negative
surface charge, differences in surface charge among the ATRP
coatings could not be attributed to the level of hydration. The
coatings with the highest and lowest degrees of ion-pairing (176
and 25 nm, respectively) were similar in their surface charge with
their zeta potential plots overlapping in the neutral region. For
reasons not yet fully understood, the 105 nm PMEDSAH coating
had the least negative surface charge among the three ATRP
coatings and this may render this surface as more favorable for
cell adhesion.
It has been shown that surfaces with a roughness of Rq ¼ 1 nm,
which are categorized as smooth, support hESCs growth better than
nano-rough surfaces with a Rq of 75e150 nm [22]. Our analyses of
substrate roughness on all four surfaces showed a Ra lower than
2 nm and had no statistical differences among them, which suggested that all these surfaces could be considered as smooth surfaces. It has also been shown that an optimum range of surface
charge is associated with maximal cell adhesion to metallic
biomaterial surfaces [38]. In our study, it was also observed that an
optimum range of surface charge of PMEDSAH supports hESC
expansion. The 105 thick-ATRP PMEDSAH ﬁlms were more favorable for hESC expansion compared to the UVO-grafted ﬁlms with a
lower negative charge and to the 25 nm and 176 nm thick ATRP
PMEDSAH ﬁlms that exhibited a more negative charge. The more
negatively charged 25 nm and 176 nm ATRP ﬁlms may generate
stronger repelling forces to cells, as cell membrane potential is
typically negative, which may result in an adverse effect on hESC
adhesion. However, this would not explain the lower cell expansion
observed on UVO-grafted surfaces with the less negative charge.
Thus, it is possible that hESCs prefer an optimum range of repelling
forces. Alternatively, the UVO-grafted surfaces had unique gel architecture with polydispersed and unassociated polymer brushes
compared to the well-uniformed ATRP surfaces. If this were true,
then the surface charge may not be the key factor leading to the
differences of hESC expansion between UVO-grafted and ATRP
PMEDSAH.
Taken together, the observed trend in hESC expansion (105 nm
thick PMEDSAH >25 nm thick PMEDSAH >176 nm thick PMEDSAH
>UVO-grafted PMEDSAH) could not be attributed alone to a single
physical property of the substrates studied here. Comparing
thickness and contact angle helped establish that differences in gel
architecture between coatings existed. Balance between ionpairing driven inter-molecular association and hydration behaviors of PMEDSAH brushes may dictated the gel architecture adopted
in each substrate. Thus, the data suggest that the 105 nm thick ATRP
PMEDSAH coating possesses the optimal gel architecture for hESC
expansion with its intermediate thickness, hydrophilicity, surface
charge, and a moderate degree of inter-chain association. In addition to signiﬁcantly higher efﬁciency in hESC expansion during
long-term culture, the 105 nm ATRP PMEDSAH has the following
advantages compared to Matrigel: deﬁned molecular composition,
more stably on long-term storage minimal lot-to-lot variability,
ease of preparation and compatible with standard sterilization
techniques. All of these feature make the 105 nm thick ATRP
PMEDSAH a very promising substrate to obtain scalable populations of clinical grade hESCs. This could be accomplished by
reducing the cell expansion time, production cost, as well as
possible contamination and population drift under current culture
conditions.
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5. Conclusion
Our results revealed differences in gel architecture between
UVO-grafted PMEDSAH and among ATRP PMEDSAH substrates that
point towards alterations in the balance of inter-molecule associations between polymer chains. This in turn inﬂuences the interfacial properties of the substrate and exercises a profound effect on
the culture and expansion of hESCs. While all four coatings were
able to maintain their pluripotency over long-term culture, significant differences in cell expansion were observed. The 105 nm thick
ATRP-based coating was found to perform signiﬁcantly better than
the other three substrates. In conclusion, the physical properties
inﬂuenced the ability of PMEDSAH to support hESC expansion. The
newly developed 105 nm thick ATRP PMEDSAH described here may
be effective in the scalable production of hESCs for application in
regenerative medicine.
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