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Abstract

AIM: To devise a simplified and efficient method for
long-term culture and maintenance of embryonic stem
cells requiring less frequent passaging.

METHODS: Mouse embryonic stem cells (ESCs) labeled
with enhanced yellow fluorescent protein were cultured
in three-dimensional (3-D) self-assembling scaffolds
and compared with traditional two-dimentional (2-D)
culture techniques requiring mouse embryonic fibroblast
feeder layers or leukemia inhibitory factor. 3-D scaffolds
encapsulating ESCs were prepared by mixing ESCs with
polyethylene glycol tetra-acrylate (PEG-4-Acr) and thiol-
functionalized dextran (Dex-SH). Distribution of ESCs
in 3-D was monitored by confocal microscopy. Viability
and proliferation of encapsulated cells during long-term
culture were determined by propidium iodide as well as
direct cell counts and PrestoBlue (PB) assays. Genetic
expression of pluripotency markers (Oct4, Nanog, Kif4,
and Sox2) in ESCs grown under 2-D and 3-D culture
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conditions was examined by quantitative real-time poly-
merase chain reaction. Protein expression of selected
stemness markers was determined by two different
methods, immunofluorescence staining (Oct4 and Nanog)
and western blot analysis (Oct4, Nanog, and KIf4).
Pluripotency of 3-D scaffold grown ESCs was analyzed
by /in vivo teratoma assay and /n vitro differentiation via
embryoid bodies into cells of all three germ layers.

RESULTS: Self-assembling scaffolds encapsulating ESCs
for 3-D culture without the loss of cell viability were
prepared by mixing PEG-4-Acr and Dex-SH (1:1 v/v)
to a final concentration of 5% (w/v). Scaffold integrity
was dependent on the degree of thiol substitution of
Dex-SH and cell concentration. Scaffolds prepared
using Dex-SH with 7.5% and 33% thiol substitution and
incubated in culture medium maintained their integrity
for 11 and 13 d without cellsand 22 + 5dand 37+ 5d
with cells, respectively. ESCs formed compact colonies,
which progressively increased in size over time due to
cell proliferation as determined by confocal microscopy
and PB staining. 3-D scaffold cultured ESCs expressed
significantly higher levels (P < 0.01) of Oct4, Nanog,
and Kl4, showing a 2.8, 3.0 and 1.8 fold increase,
respectively, in comparison to 2-D grown cells. A similar
increase in the protein expression levels of Oct4,
Nanog, and KIf4 was observed in 3-D grown ESCs.
However, when 3-D cultured ESCs were subsequently
passaged in 2-D culture conditions, the level of these
pluripotent markers was reduced to normal levels. 3-D
grown ESCs produced teratomas and yielded cells of all
three germ layers, expressing brachyury (mesoderm),
NCAM (ectoderm), and GATA4 (endoderm) markers.
Furthermore, these cells differentiated into osteogenic,
chondrogenic, myogenic, and neural lineages expressing
Coll, Col2, Myog, and Nestin, respectively.

CONCLUSION: This novel 3-D culture system demon-
strated long-term maintenance of mouse ESCs without
the routine passaging and manipulation necessary for
traditional 2-D cell propagation.

Key words: Three-dimensional culture; Pluripotency;
Embryonic stem cells; Self-assembling scaffold; Hydro-

gel

© The Author(s) 2015. Published by Baishideng Publishing
Group Inc. All rights reserved.

Core tip: The pluripotent nature of embryonic stem
cells (ESCs) makes them an ideal source for cell-based
therapeutics and regenerative medicine. Efficient and
reproducible expansion of ESCs ex vivo is critical for
high quality cells for translational applications. However,
propagation of ESCs is technically challenging, and often
leads to differentiation due to inefficient two-dimensional
culture techniques /7 vitro. To mimic the three-dimen-
sional microenvironment /n vivo, self-assembling
scaffolds made from thiol-functionalized dextran and
polyethylene glycol tetra-acrylate were designed to
encapsulate and propagate mouse ESCs. This culture

Raishidenge ~ WJSC | www.wjgnet.com

McKee C et al. 3-D culture system for ESC expansion

system is simple, robust, efficient and reproducible,
permitting long-term maintenance of ESCs without
routine passaging and manipulation.

McKee C, Perez-Cruet M, Chavez F, Chaudhry GR. Simplified
three-dimensional culture system for long-term expansion of
embryonic stem cells. World J Stem Cells 2015; 7(7): 1064-1077
Available from: URL: http://www.wjgnet.com/1948-0210/full/
v7/i7/1064.htm DOI: http://dx.doi.org/10.4252/wjsc.v7.i7.1064

INTRODUCTION

The pluripotent state of embryonic stem cells (ESCs)
allows their use in a wide array of translational and
clinical applications'. Mouse ESCs have been used to
investigate developmental and diseases processes,
toxicology, cell-based therapeutics and regenerative
medicine!®®, Research performed using animal
models™! and more recently human clinical trials®”!
have shown promising potential for ESCs in cell thera-
pies, repair of damaged tissues and organs, and in
vitro disease modeling. However, these applications
require routine and efficient expansion of pluripotent
ESCs and controlled differentiation to obtain a homo-
genous population of cells. The pluripotency of ESCs
is controlled by an intrinsic regulatory network™ and
extrinsic factors including the microenvironment,
organization and composition of the extracellular
matrix (ECM), cell-cell signaling, and the temporal and
spatial gradient of soluble factors®®'?, The complex
relationship between stem cell fate and their native
microenvironment results in a large discrepancy bet-
ween in vivo and in vitro culture conditions effecting the
quality of cultured cells™.

Conventionally, ESCs are grown in two-dimensional
(2-D) plastic culture plates on mouse embryonic
fibroblast (MEF) feeder layers or ECM components
(such as gelatin and Matrigel)**. Mouse ESCs can be
maintained in their pluripotent state by the addition
of soluble cytokines, such as leukemia inhibitory
factor (LIF), to the culture media™' "\, However, reli-
ance on MEF feeder layer, cytokines, and/or growth
factors complicates maintenance of ESCs due to the
potential transmission of xenogeneic pathogens and
the fluctuation of lot-to-lot quality™. Furthermore, the
distribution of soluble factors in 2-D culture lacks the
spatial gradient observed in three-dimensional (3-D)
microenvironments, which can alter cell growth and
fate determination™®. Studies have shown that the
ECM composition and organization send mechanical
signals for cell differentiation and the culture of ESCs
in 2-D culture can signal differentiation into specific cell
lineages™, For these reasons, the maintenance of the
self-renewing state of pluripotent ESCs and induced-
pluripotent stem cells remains a challenge!®. In
addition to strict culture media and growth conditions,
ESCs require regular passaging (every 2 to 3 d).
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Consequently, culturing of ESCs is laborious, expensive
and requires a high level of expertise™,

In order to overcome the problems associated with
2-D culture, we hypothesized that 3-D culture may better
mimic the in vivo environment supporting the growth
and maintenance of ESC pluripotency. 3-D growth of
ESCs can be facilitated by hydrogel scaffolds, composed
of hydrophilic polymer networks, which emulate the fully
hydrated native ECM and natural soft tissue™. Hydrogel
constructs incorporating drugs, cytokines, and growth
factors have been shown to promote proliferation,
directed differentiation, and integration of cells to
regenerate target tissue®’?*, Recently, ESCs were
cultured in 3-D hydrogel scaffolds but required routine
passaging, much like 2-D cultures!*®*,

Studies have utilized dextran-based hydrogels to
promote neovascularization and differentiation of ESCs
into endothelial cells®**. Whereas, thiol-functionalized
dextran (Dex-SH) was combined with PEG functionalized
with tetra-acrylate (PEG-4-Acr) to form chemically
cross-linked hydrogels by a Michael-type addition
for differentiation of chondrogenic progenitors™”. In
this report, we developed a 3-D culture system for
propagation and maintenance of mouse ESCs utili-
zing Dex-SH and PEG-4-Acr. Cells grown in the 3-D
scaffolds proliferated for extended periods of time, and
exhibited ESC characteristics including self-renewal and
pluripotency. Interestingly, ESCs grown in 3-D scaffolds
had upregulated expression of pluripotency genes.
This novel culture system is efficient, reproducible
and less cumbersome for long-term maintenance of
ESCs without the routine passaging and manipulations
associated with 2-D culture. These studies should help
facilitate development of methods for expansion of high
quality and homogenous populations of human ESCs,
which are critically important for regenerative medicine
and therapeutic applications.

MATERIALS AND METHODS

Maintenance and growth of ESCs

The mouse ESC line 7AC5, labeled with enhanced
yellow fluorescent protein (EYFP/GFP), (ATCC, Mana-
ssas, VA) was cultured on irradiated MEF feeder layer with
ESC medium containing high glucose Dulbecco’s modified
Eagle’s medium (Invitrogen, Carlsbad, CA) supplemented
with 10% fetal bovine serum (FBS, Aleken Biologicals,
Nashville, TX), 0.1 mmol/L 2-mercaptoethanol (Sigma,
St. Louis, MO), 0.1 mmol/L nonessential amino acids
(Invitrogen), 1 mM sodium pyruvate (Sigma), and
1000 U/mL of leukemia inhibitory factor (LIF; Chemicon
International, Temecula, CA) as previously described™,

Preparation of self-assembling scaffolds

Dextran (25 kDa, Mw/Mn = 1.30, Sigma) was fun-
ctionalized with pendant SH groups at differing degrees
of thiol substitution ranging from 4% to 34%, using
a published method™!. Dex-SH was characterized by
'HNMR spectroscopy using a 400 MHz Bruker Avance II
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spectrometer (Bruker, Billerica, MA).

Hydrogel scaffolds were formed by mixing Dex-
SH with PEG-4-Acr (20 kDa, Creative PEGWorks
Winston Salem, NC) via a Michael addition reaction, as
previously described. For this study, scaffolds were
prepared with final polymer concentrations of 5% w/v.
The molar ratio of thiol to acrylate groups used was 1:1.

Encapsulation of ESCs in self-assembling scaffolds

To encapsulate cells, Dex-SH and PEG-4-Acr were
dissolved separately in culture medium and mixed with
various concentrations (1 x 10* to 4 x 10° cells/mL)
of ESCs, which were harvested at 70% confluency.
Unless otherwise stated, ESCs were encapsulated at a
concentration of 2 x 10° cells/mL. The resulting mixture
was transferred to either a well of a 96-well plate or
1cc syringe for polymerization to produce fixed or
floating scaffolds, respectively. Floating scaffolds were
transferred from the syringes to 24-well plates. ESCs
encapsulated in 3-D scaffolds were incubated the ESC
medium and changed every 3 to 4 d or as needed. Cell
growth was monitored by phase-contrast and confocal
microscopy and analyzed by NIS Elements AR software
(Nikon Instruments Inc., Melville, NY).

Swelling test

The degradation rate of floating scaffolds was deter-
mined by swelling tests performed under physiological
conditions (37 'C). The initial dry weight (W) of the
floating scaffolds was measured before incubation in
ESC medium. At regular intervals, the scaffolds were
removed from the medium to record the swollen weight
(Ws) for analysis. The swelling ratio was defined as the
difference between Ws and Wi divided by Wi, The
degradation time was determined by the time required
to completely dissolve the hydrogel scaffolds of each
condition prepared in triplicate.

Cell viability and proliferation assays

Cell viability was determined qualitatively by propidium
iodide (PI, 1 mg/mL) (Fisher Scientific, Pittsburgh, PA)
staining in triplicate experiments, and was visualized
using fluorescent microscopy.

The quantitative analysis of cell growth in the
scaffolds was determined by direct microscopic count
using hemocytometer and PrestoBlue (PB) assays
(Invitrogen), following the manufacturer’s instructions.
The scaffolds were incubated in PB solution for 4 h,
before measuring the absorption of the solution at
570 nm and normalized to the reference wavelength
of 600 nm using the Epoch microplate reader (BioTek,
Winooski, VT). PB, a resazurin-based solution, was
reduced proportional to the number of metabolically
active cells to fluorescent resorufin.

Teratoma formation assay

For teratoma formation, ESCs were harvested following
trypsin treatment, washed and re-suspended in PBS,
and mixed with an equal volume of Matrigel (BD
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Table 1 Mouse primer sets used in quantitative real time polymerase chain reaction

Target-gene Forward (5’- 3’)

Reverse (5’-3”) Product size (bp)

Oct4 TCTGTTCCCGTCACTGCTCT
Nanog GCAAGCGGTGGCAGAAAAAC
Kif4 AAGCCAAAGAGGGGAAGAAG
Sox2 CGAACTGGAGAAGGGGAGAG
Coll GCAGGTTCACCTACTCTGTC
Col2 ACCCCCAGGTGCTAATGG
Myog CCTAAAGTGGAGATCCTGCG
Nestin AGACAGTGAGGCAGATGAG
Brachyury (T) CACACCACTGACGCACAC
FGF5 GCTCAATGATCAGAAGGAGGA
GATA4 GATGGGACGGGACACTACCTG
Gapdh GCACAGTCAAGGCCGAGAAT
B-Actin AGCCATGTACGTAGCCATCC

TGTCTACCTCCCTTGCCTTG 96
GCAATGGATGCTGGGATACTCA 92
CAGTGGTAAGGTTTCTCGCC 146
AAGCGTTAATTTGGATGGGA 165
CTTGCCCCATTCATTTGTCT 62
AACACCTTTGGGACCATCTTT 76
GTGGGAGTTGCATTCACTGG 147
CTCTCAGCTGTGGTGGTGAA 224
GAGGCTATGAGGAGGCTTTG 132
TCAGCTGGTCTTGAATGAGG 175
ACCTGCTGGCGTCTTAGATTT 309
GCCTTCTCCATGGTGGTGAA 151
CTCTCAGCTGTGGTGGTGAA 228

Biosciences, San Jose, CA)®%. Cells (1 x 10°) were
subcutaneously injected (20 ulL) using a Hamilton
syringe into 4-wk-old male immune-compromised SCID
(severe combined immunodeficient)-beige mice (Fox
Chase SCID Beige, Charles River, Wilmington, MA).
Animals were anesthetized by inhalation of isoflurane
gas for the injection of cells, and monitored daily.
All efforts were made to minimize discomfort. After
teratoma formation (3 to 4 wk), the animals were
humanely euthanized by CO: overdose. Teratoma tissue
was explanted, and flash frozen in liquid nitrogen for
isolation of RNA using the RNeasy Midi kit (Qiagen,
Germantown, MD)"!, Teratoma assays were performed
in triplicate. All procedures involving animals were
reviewed and approved by the Institutional Animal
Care and Use Committee of Oakland University (IACUC
protocol number: 14033).

Differentiation of ESCs

To differentiate ESCs, embryoid bodies (EBs) were
prepared by the hanging drop method®?. EBs were
cultured in ESC growth medium for differentiation into a
myogenic phenotype. EBs treated with 10”7 mol/L trans-
retinoic acid (RA) were cultured in B-glycerol phosphate
(10 mmol/L; Sigma), and ascorbic acid (50 ug/mL;
Sigma) for osteogenic differentiation; TGF-g (10 ng/
mL; Sigma), insulin (10 ug/mL; Sigma) and ascorbic acid
(50 pg/mL; Sigma) for chondrogenic differentiation*”’;
and neurobasal medium (Invitrogen) supplemented with
B-27 (10 pL/mL; Invitrogen), L-glutamine (0.5 mmol/
L; Sigma), penicillin/streptomycin (1 ulL/mL; Sigma)
and bFGF (5 ng/mL) for neural differentiation'®. Cell
morphology was monitored by light microscopy on a
daily basis. Osteogenic cells were analyzed for calcium
deposition by von Kossa staining™?. Proteoglycans
produced by chondrogenic derivatives were visualized
by alcian blue staining™. Analysis of lineage specific
markers was performed as described below.

Expression of genetic markers

Gene expression studies were performed using quan-
titative real time polymerase chain reaction (qRT-PCR).
RNA was isolated from cells using the RNeasy Mini
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kit (Qiagen). ESCs grown in 3-D scaffolds were flash
frozen with liquid nitrogen, ground into a fine powder
using a mortar and pestle, and homogenized using the
QIAshredder column (Qiagen)?*. RNA was purified by
treating with RNase-free DNase (Promega, Madison,
WI) and cDNA was synthesized with the iScript kit
(BioRad, Hercules, CA). PCR reactions were performed
in @ 10 uL reaction volume using the BioRad CFX90
Real-Time PCR system and SsoAdvanced SYBR Green
Supermix. The specific PCR conditions used were as
follows: polymerase activation 3 min at 95 C, 40 cycles
of denaturation, 15 s at 95 C; annealing, 20 s at 60 'C;
and melt curve, 5 s/step at 60 C-95 ‘C. The markers
used in this study represent pluripotency, all three
germ layers, as well as osteogenic, chondral, myogenic,
and neural cell lineages. Primers (IDT Technologies,
Coralville, IA) are listed in the supplemental material
(Table 1). All reactions were prepared in triplicate and
normalized to reference genes, Gapdh and B-Actin.

Immunofluorescence staining

Cells were fixed in 4% paraformaldehyde for 10 min,
washed with PBS, permeabilized with 0.5% Triton
X-100 (Sigma) for 10 min, and then blocked with
2% BSA (Sigma) for 1 h at room temperature. Fixed
cells were treated with primary antibodies (1:100
diluted in blocking buffer), Oct4 (ab19857, Abcam
Inc., Cambridge, MA), Nanog (sc-33760, Santa Cruz
Biotechnology, Santa Cruz, CA), brachyury (sc-20109,
Santa Cruz), NCAM (sc-10735, Santa Cruz), and
GATA4 (sc-25310) overnight at 4 °C. Primary antibody
treated cells were washed, and then stained with
1:200 diluted secondary antibodies, anti-rabbit Alexa
Fluor 568 (A-11011, Molecular Probes, Eugene,
OR) or Cy3-labeled anti-mouse IgG (072-01-18-06,
KPL, Gaithersburg, MD, United States). Nuclei were
counterstained with 1 mg/mL of 4’,6-diamidino-2-
phenylindole dihydrochloride (DAPI; Molecular Probes).
Images were acquired using confocal microscopy.

Western blot assay
Cells were lysed in RIPA buffer with protease inhibitors
(1 mmol/L PMSF) (Fisher Scientific), centrifuged at
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12000 rpm for 20 min at 4 'C, and the supernatants
were collected. Protein concentrations were determined
by the Pierce 660 nm protein assay (Fisher Scientific,)
using the NanoDrop 1000 spectrophotometer (Thermo
Scientific, Wilmington, DE), with BSA as a standard.
Equal amounts of protein (10 pg) of 2-D and 3-D
scaffold grown cells were resolved on 12% SDS-
polyacrylamide gels and transferred to nitrocellulose
membranes (BioRad). Membranes were incubated for
30 min at room temperature in blocking buffer [5%
non-fat dry milk in PBS containing 0.1% Tween-20
(PBST)]. The blocked membranes were then probed
with 1:200 diluted primary antibodies overnight at
4 °C against Oct4 (Abcam), Nanog (Santa Cruz), Kif4
(ab21949, Abcam) and B-Actin (sc-130656, Santa
Cruz). After washing with PBST, membranes were
incubated with 1:10000 diluted horseradish peroxidase-
conjugated secondary antibodies for 2 h at room
temperature (Santa Cruz). Proteins on the membranes
were detected by using an ECL chemiluminescence kit
(BioRad) and by exposing the membranes to X-ray film.
Finally, protein bands were analyzed using Image] (NIH,
Bethesda, MA), normalized to p-Actin and expressed in
arbitrary densitometric units.

Statistical analysis

All quantitative data were expressed as mean + SE.
One-way ANOVA analysis was performed on natural log
transformed data, and analyzed for unequal variances.
Post hoc tests used for multiple comparisons include
Games-Howell analysis for PB analysis as well as Tukey
and Dunnett’s test for relative gene expression in gRT-
PCR studies. Results with a P value less than 0.05 were
considered to be significant (°P < 0.05 and °P < 0.01).
All analyses were performed using SPSS version 11.5
(SPSS Inc, United States). The statistical methods of
this study were reviewed by Dr. Harvey Qu from the
Department of Statistics at Oakland University.

RESULTS

Viability and growth of ESCs in the 3-D scaffolds

The viability of 3-D grown ESCs was not affected by
encapsulation or the process of scaffold self-assembly.
Cell growth increased over a period of 3 wk, as evident
by the increase in the intensity as well as the number
of EYFP/GFP expressing cells in fixed scaffolds (Figure
1A-B). PI staining of the scaffolds 1 d after culturing
showed that a majority of the cells were viable cells
(green) and contained only a small fraction (< 5%)
of dead cells (yellow). Presence of dead cells could
be due to damage resulting from trypsinization of
ESCs used for encapsulation. When trypsinized ESCs
were tested by trypan blue staining, a similar fraction
of dead cells (about 10%) was observed, indicating
that encapsulation did not cause cell death. However,
it is interesting to note that unlike in 2-D culture,
encapsulated dead cells did not lyse during 3-D culture.
We speculate that the scaffold microenvironment
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Table 2 Effects of thiol substitutions of Dex-SH on the rate
of scaffold degradation

Degree of thiol substitution of Dex-SH Time in degradation (d)

4% 10£2
6% 13+4
7.5% 22+5
12% 28+6
30% 351+ 5
33% 37 +5
34% 37 +5

limited proteolytic activity. In our preliminary studies,
the colony size of viable cells was restricted due to the
limited swelling of fixed scaffolds (Figure 1A and B).
We reasoned that if the scaffolds were allowed to swell
freely, ESC growth and colony size would increase.
Indeed, when ESCs were cultured in the floating
scaffolds, cell growth and colony size increased in a
time dependent manner (Figure 1C and D). Growth of
encapsulated cells in floating scaffolds was confirmed
by direct cell counts as shown in Figure 1E. After a
lag period, ESCs grew at a generation rate of 36 h. A
similar growth pattern was observed using PB staining.
The results depicted in Figure 1F showed a continuous
and significant increase in proliferation at 2, 3 and 4
wk of culture following a period of acclimatization. The
highest increase in cell growth was observed between
week 3 and 4, following which, the scaffolds degraded
rapidly. Evidently, cell growth and colony size increased
concomitant with reduction in scaffold integrity. Con-
ceivably, scaffolds that retain integrity beyond 4 wk
would continue to support the undifferentiated growth
of ESCs.

Effect of composition and cell concentration on the rate
of degradation of scaffolds

The polymer concentration and MW of Dex-SH and PEG-
4-Acr, as well as the degree of thiol substitution of Dex-
SH influenced the polymerization and degradation rate
of scaffolds (Table 2), similar to previous reports?%,
After preliminary evaluation, we selected Dex-SH (MW
= 25 kDa) with 7.5% and 33% thiol substitution and
PEG-4-Acr (MW = 20 kDa) at 5% w/v for further studies
for propagating cells for various culture periods; these
preparations yielded scaffolds that degraded without
cells in 11 and 13 d and degraded with cellsin 22 £5d
and 37 £ 5 d, respectively.

Scaffolds prepared using 7.5% thiol substitution of
Dex-SH and various cell concentrations, ranging from 1
x 10% cells/mL to 10 x 10° cells/mL, exhibited different
swelling profiles, although the initial swelling capacity of
the scaffolds was similar. Scaffolds containing various cell
concentrations (0, 2 x 10° cells/mL or 4 x 10° cells/mL)
as shown in Figure 2A, exhibited comparable swelling
ratios until day 9; after which, control scaffolds without
cells degraded rapidly, followed by scaffolds prepared
with 4 x 10° cells/mL and finally scaffolds with 2 x 10°
cells/mL. Scaffolds with the higher number of cells (4
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Figure 1 Cell viability and growth of embryonic stem cells encapsulated in self-assembling three-dimensional scaffolds. Enhanced yellow fluorescent protein-
labeled ESCs were encapsulated (2 x 10° cells/mL) in fixed and floating scaffolds prepared using Dex-SH with 7.5% thiol substitution and PEG-4-Acr. Encapsulated
cells were cultured in ESC medium and periodically cell growth was visualized using fluorescent microscopy. A and B: Live (green) and dead (yellow) cells in fixed
scaffolds stained with Pl at day 1 and week 3, respectively. While the viable cells increased with time, the number of dead cells remained constant. Scale bars = 100 um;
C and D: Three-dimensional (3-D) confocal images of floating scaffolds representing ESC growth at day 3 and week 3, respectively; E: Growth of ESCs encapsulated
in 3-D scaffolds was assayed by direct count using hemocytometer. Cells seeded in 3-D scaffolds (at 2 x 10° cells/mL) were incubated in ESC medium and counted
at various time intervals. Data presented as cell number (x 10° cells/mL) + SE (n = 3) and plotted against the days of incubation; F: Quantitative determination of
ESC proliferation in floating scaffolds at week 0, 1, 2, 3, and 4 of culture after staining with PB as analyzed by microplate reader. The results were expressed as the
normalized absorbance + SE (n = 3), with a significant increase in cell number, compared to initial ESC viability at time 0. P < 0.05 and °P < 0.01 using one-way ANOVA
with the non-equal variance hypothesis and Games-Howell multiple comparisons test. ESCs: Embryonic stem cells; Dex-SH: Thiol functionalized dextran; PEG-4-Acr:
Polyethylene glycol tetra-acrylate.

is more advantageous in 3-D culture compared to 2-D
culture (Table 3), since low seeding densities in 2-D
culture results in poor growth, decreased viability and
differentiation of ESCs.

Table 3 Cell concentration for optimal growth of embryonic

stem cells under 2-D and 3-D culture conditions

Culture conditions Cell concentration

(cells/mL) (cells/cm?)
) TES) . . .
D e o S0 tos 110 Expression of pluripotency markers in the 3-D scaffold

cultured ESCs

To confirm whether 3-D grown ESCs maintained
pluripotency, expression of selected ESC-specific mar-
kers was analyzed using gqRT-PCR. The results depicted
in Figure 3 indicate that expression of Oct4 and
Nanog increased 2.8 and 3.0 fold, respectively in 3-D
scaffold (prepared using 33% Dex-SH) grown ESCs as
compared to cells grown under 2-D culture conditions.
The expression of these markers significantly and
successively increased in 3-D grown ESCs during 1,
2 and 3 wk. The expression of KlIf4 also increased
significantly (1.8 fold) above the level of 2-D grown

3-D: Three-dimensional; 2-D: Two-dimensional.

x 10° cells/mL) swelled to 2-fold of their initial weight
and started to degrade on day 19 of culture. Whereas,
scaffolds with a lower number of cells (2 x 10° cells/mL)
swelled to nearly 3 times their initial weight and started
to degrade on day 27 of culture. Furthermore, scaffolds
prepared with the lower cell concentration (2 x 10°
cells/mL) resulted in rapid clonal growth (Figure 2B; B1,
B2) as compared to the higher cell concentration (4 x
10° cells/mL) (Figure 2B; B3, B4). Quantitative analysis

of colony size showed a 2-fold increase in the mean
diameter of colonies in scaffolds prepared with lower
numbers of cells (Figure 2C). The scaffold supported
the growth of encapsulated ESCs at concentrations as
low as 1 x 10* cells/mL (or 10*/cm?®), suggesting that
low concentration had no effect on the cell viability
(Figure 2D). Maintenance of ESCs at low concentrations
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ESCs but only during the second week of cell growth;
whereas, the expression of Sox2 was not affected by 3-D
culture. Concomitant with the start of degradation of the
scaffolds at 6 wk of culture, expression of pluripotency
markers gradually decreased to the levels of 2-D grown
ESCs.

Immunofluorescence analysis of 3-D grown ESCs
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Figure 2 Effect of cell concentration on the rate of scaffold degradation and embryonic stem cells colony size. A: Swelling tests of floating scaffolds prepared
with 7.5% thiol substitution were used to compare the rate of degradation of scaffolds prepared with various cell concentrations (0, 2 x 10° cells/mL and 4 x 10° cells/
mL). Scaffolds with and without ESCs were incubated in ESC medium and weighed periodically. Data expressed as the mean swelling ratio (Ws/W)) + SE (n = 3);
B: Representative composite confocal images of ESCs grown in floating scaffolds encapsulating 2 x 10° cells/mL (B1 and B2) and 4 x 10° cells/mL (B3 and B4) at
day-4 and day-18, respectively. Scale bars = 100 um; C: Quantification of ESC colony size in floating scaffolds encapsulating 2 x 10° cells/mL or 4 x 10° cells/mL
at day-4 and day-18 of culture. Cell colony size was expressed as mean diameter (um) + SE (n = 3); D: Growth of low concentrations of ESCs in 3-D scaffolds.
Light micrographs of the scaffolds encapsulating 1 x 10* cells/mL at day-0 and day-7 (D1 and D2, respectively) and 1 x 10° cells/mL at day-0 and day-7 (D3 and D4
respectively). Scale bars = 100 um. ESCs: Embryonic stem cells; 3-D: Three-dimensional.

showed upregulation of protein levels of Oct4 and intensity of cells stained with the respective antibodies
Nanog as evident by the increase in the fluorescent (Figure 4A). Furthermore, expression of these proteins
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Figure 3 Expression of pluripotent markers in three-dimensional grown embryonic stem cells. ESCs in scaffolds prepared with Dex-SH with 33% thiol
substitution were cultured and analyzed for the expression of selected markers, Oct4, Nanog, KIf4, and Sox2 using qRT-PCR at week 0, 1, 2, 3, and 6. Results
of experiments were expressed as the fold expression + SE (n = 3) normalized to reference genes Gapdh and B-Actin, where a significant (*P < 0.05 and °P < 0.01)
increase of pluripotent marker expression was compared to initial 2-D grown ESCs (day 0), using one-way ANOVA with the non-equal variance hypothesis and Dunnett’
s multiple comparisons test. Results depicted showed upregulation of Oct4, Nanog, and KIf4, but Sox2 was maintained at levels similar to the control. Expression of Oct4
and Nanog was successively and significantly higher at week 1, 2 and 3 until the onset of degradation (week 6), at which point their expression was decreased to initial

levels. ESCs: Embryonic stem cells; Dex-SH: Thiol funtionalized dextran; gqRT-PCR: Quantitative real time polymerase chain reaction; 2-D: Two-dimensional.

was analyzed by western blot and results are shown in
Figure 4B. Similarly, levels of Oct4, Nanog and KIf4 were
visibly increased in the 3-D grown cells when compared
with the control. Quantitative analysis of the western
blot confirmed the increase in Oct4, Nanog and Kif4 (1.9,
3.9 and 1.3 fold, respectively) compared to the control
(Figure 4C); this was well correlated with the observed
transcription levels of these genes.

Maintenance of pluripotency of 3-D grown ESCs was
further investigated by subculturing under 2-D culture
conditions (Figure 5A, A1-A3). They displayed typical
compact colony morphology (even upon passaging five
times) in 2-D culture and were indistinguishable from
the initial ESCs seeded and grown in 3-D scaffolds.
Expression of pluripotent genes in ESCs first grown in
3-D scaffolds for 2 wk and then subcultured under 2-D
conditions were analyzed. The results depicted in Figure
5B showed that the expression of Oct4, Nanog, and
KlIf4 returned to levels comparable to traditionally 2-D
propagated ESCs (Figure 5B).

Pluripotency of 3-D scaffold grown ESCs was further
validated by in vivo teratoma assays using immune-
compromised mice. The animals injected with 1 X
10° cells formed teratomas within 4 wk (Figure 6A
and B). Analysis of explanted teratoma tissue showed
expression of Brachyury, FGF5, and GATA4, suggesting
differentiation of injected ESCs into cell lineages of all
three germ layers (Figure 6C). Conceivably, the 3-D
scaffold provided a microenvironment for upregulation
of pluripotent genes, maintenance of pluripotency and
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self-renewal of ESCs.

Differentiation of the 3-D scaffolds grown ESCs into
various cell lineages

Differentiation potential of the 3-D grown ESCs was also
studied via EB formation. The EBs from 3-D grown ESCs
were allowed to spontaneously differentiate into all three
germ layers, mesoderm, ectoderm, and endoderm and
expressed specific protein markers such as Brachyury,
NCAM, and GATA4 (Figure 7A). Furthermore, 3-D grown
ESCs were induced to differentiate into various cell
lineages, including osteogenic, chondrogenic, myogenic,
and neural cell types. The results of differentiation
depicted osteogenic derivatives that had the cobblestone
appearance of osteoblast cells and were positive for
calcium deposition as determined by von Kossa staining
(Figure 7B, B1). Chondrogenic derivatives of 3-D grown
ESCs were analyzed by alcian blue staining showing
positive proteoglycan production (Figure 7B, B2). Light
micrographs of myogenic derivatives of 3-D grown ESCs
had spindle shaped morphology (Figure 7B, B3), while
neural derivatives of ESCs displayed neurofilaments
(Figure 7B, B4). Further analysis of the 3-D grown ESC
derivatives revealed expression of cell-specific markers
(Figure 7C) as determined by gRT-PCR; osteogenic,
chondrogenic, myogenic, and neural derivatives expre-
ssed Collagen type 1 (Coll), Collagen type 2 (Col2),
Myogenin (Myog), and Nestin, respectively. The
expression of these cell-specific markers signified that
3-D grown ESCs maintained differentiation potential.
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Figure 4 Protein expression of pluripotency markers in embryonic stem cells grown in two-dimensional and three-dimensional cultures. ESCs grown in two-
dimensional (2-D) and in 3-D floating scaffolds (prepared with 33% thiol substitution) were analyzed by immunofluorescence staining and western blotting. A: Cells grown
in 2-D culture and 3-D scaffolds for 2 wk were cultured on coverslips for 2 d and stained with primary antibodies, Oct4 and Nanog, treated with Alexa Fluor 568 conjugated
secondary antibodies, and counterstained with DAPI. Confocal images depicted an increase in Oct4 and Nanog protein expression in 3-D scaffold grown ESCs compared
to 2-D cultured cells; B: Western blot analysis showed increased expressions of Oct4, Nanog, and Kif4 proteins in ESCs grown in the 3-D scaffold for 2 wk compared
to initial 2-D grown ESCs (day 0). Cell were lysed in RIPA buffer and aliquots containing an equal amount of protein (10 ug) were subjected to 12% polyacrylamide gel
electrophoresis, transferred to nitrocellulose membranes, and probed with antibodies against Oct4, Nanog, and Kif4; C: Quantitative analysis of western blots (normalized
to B-actin levels) showed that Oct4, Nanog and Kif4 protein levels in 3-D grown cells were increased by 1.9, 3.9 and 1.3 fold, respectively, as compared to 2-D cultured
controls. Representative results are shown. ESCs: Embryonic stem cells. DAPI: 4',6-diamidino-2-phenylindole dihydrochloride.

Michael addition reaction, facilitated the self-assembly
of the 3-D scaffolds and encapsulation of ESCs.
Polymerization was dependent upon several factors

DISCUSSION

In this report, we described an alternative to traditional

2-D culturing of ESCs without the need for a MEF
feeder layer and routine passaging. This method was
developed utilizing two components, Dex-SH and
PEG-4-Acr, for self-assembling 3-D hydrogel scaffolds.
Evidently, this hydrogel scaffold better emulated the
fully hydrated native 3-D microenvironment and
supported the pluripotent growth of ESCs. This method
eliminates laborious and time-consuming manipulations,
which often results in the loss of ESC lines due to
contamination of cultures or differentiation of cells.

The polymerization of Dex-SH and PEG-4-Acr, via a

Raishidenge ~ WJSC | www.wjgnet.com

including concentration and ratio of polymers, degree
of thiol substitution of Dex-SH, and cell concentration.
Optimal conditions for scaffold polymerization, cell
encapsulation, and cell viability were achieved by
varying these parameters. The results showed that
higher the degree of thiol substitution of Dex-SH, the
faster the polymerization of hydrogel. Consistent with
a previous report®”, the ratio and amount of Dex-SH
and PEG-4-Acr also affected the formation and swelling
properties of the hydrogel scaffolds. In one study, 10%
w/Vv polymer concentrations were used to prepare Dex-
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Figure 5 Three-dimensional grown embryonic stem cells were subcultured under two-dimensional culture conditions expressed normal levels of pluripotent
markers. A: Light micrographs depicting cell morphology of the initial ESCs used for encapsulation (A1), cultured in three-dimensional (3-D) scaffolds for 2 wk (A2), and
subsequently passaged 5 times in 2-D culture (A3); B: Expression of Oct4, Nanog, and Kif4 in ESCs grown in 2-D culture, 3-D grown ESCs, and 3-D grown ESCs, which
were subsequently passaged 5 times in 2-D culture as determined by gRT-PCR. Results were expressed as the fold expression + SE (n = 3) normalized to reference
genes Gapdh and B-Actin where a significant (°P < 0.05 and °P < 0.01) increase of marker expression was compared to initial 2-D grown ESCs, using one-way ANOVA
and Tukey multiple comparisons test. ESCs: Embryonic stem cells; MEF: Mouse embryonic fibroblasts; qRT-PCR: Quantitative real time polymerase chain reaction;
ANOVA: Analysis of variance.
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Figure 6 Three-dimensional grown embryonic stem cells formed teratomas in severe combined immunodeficient-beige mice. Explanted teratoma tissues
were analyzed for the expression of three germ layer markers. A: Gross images of tumor growth resulting from injection of 3-D grown ESCs. Tumor growth was
observed in all mice injected (n = 3); B: Explanted tumor at 4 wk showed encapsulated, lobular and well-circumscribed gross morphology consistent with teratoma
growth; C: Expression of germ layer markers, Brachyury, FGF5, and GATA4 representing mesoderm, ectoderm, and endoderm was analyzed by gRT-PCR. Results
of tumor explants were expressed as fold expression + SE (n = 3) normalized to reference genes Gapdh and B-Actin, and compared to initial cells injected in vivo.
ESCs: Embryonic stem cells; qRT-PCR: Quantitative real time polymerase chain reaction..
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Figure 7 Differentiation potential of three-dimensional grown embryonic stem cells. A: Embryoid bodies derived from ESCs grown in the 3-D scaffolds were
allowed to spontaneously differentiate and analyzed by immunofluorescence staining with antibodies against all three germ layers. Confocal images depicted the
presence of Brachyury, NCAM, and GATA4 protein expression, showing the potential of ESCs to differentiate into mesoderm, ectoderm, and endoderm, respectively;
B: 3-D scaffold grown ESCs were also directed to differentiate via EB formation and selective induction media. Shown are light micrographs depicting cell morphology of
ESC derivatives, osteogenic, chondrogenic, myogenic, and neural (B1, B2, B3, and B4 respectively). Osteogenic and chondrogenic derivatives were cultured for 4 wk and
analyzed by von Kossa, and alcian blue staining, respectively. Osteogenic cell-specific ECM stained dark brown for calcium deposition (B1). Proteoglycan produced by
chondrogenic derivatives stained blue; C: Expression of cell-specific markers in differentiated ESC derivatives expressed Col1 (C1), Col2 (C2), Myog (C3), and Nestin (C4)
markers for osteogenic, chondrogenic, myogenic and neural cells, respectively. Results represent the fold expression + SE (n = 3) normalized to reference genes Gapdh
and B-Actin where a significant (°P < 0.05 and "P < 0.01) increase of marker expression was compared to initial 2-D grown ESCs (day 0), using one-way ANOVA with the
non-equal variance hypothesis. ESCs: Embryonic stem cells; ANOVA: Analysis of variance..
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SH and PEG-4-Acr scaffolds to promote differentiation
of ESCs!**, However, we determined that 5% w/v
polymer concentrations were ideal to provide a scaffold
microenvironment with a greater degree of flexibility
and suitability for ESC growth. Mixing of cells with PEG-
4-Acr prior to scaffold molding yielded homogeneous
distribution of cells in both fixed and floating scaffolds.
The 3-D scaffold grown ESCs displayed undifferentiated
compact round colony morphology, even upon prolon-
ged culturing. Previously, Gerecht et a/*® reported
the potential of hyaluronic acid-based hydrogels in
maintaining human ESCs with an undifferentiated
morphology for 20 d. However, polymerization of
hyaluronic acid-based hydrogels was achieved with
ultraviolet light, a potent carcinogen. Whereas, self-
assembly of the Dex-SH and PEG-4-Acr scaffold does
not require a mutagenic catalyst, and ESCs can be
maintained for over 6 wk. They also reported that
at least 5 x 10° cells/mL to 10 x 10° cells/mL were
required for cell growth and colony formation in the
hyaluronic acid-based scaffolds. In contrast, we found
that use of Dex-SH and PEG-4-Acr scaffolds supported
ESC growth at concentrations as low as 1 x 10* cells/
mL or 1 x 10°/cm? in 3-D scaffolds. At concentrations
below 1 x 10* cells/mL successful encapsulation in the
scaffold was difficult to assess due to low cell density.
Furthermore, low concentration may also affect the
viability of the cells. In traditional 2-D culture, optimal
maintenance of ESCs requires a much higher cell
density (3 x 10% to 5 x 10" cells/cm?)¥**.

ESC self-renewal was not affected by the duration
of growth in 3-D scaffolds as long as the integrity
of the scaffold was maintained. Scaffold integrity
also influenced the cell proliferation rate and colony
size. ESCs grew at a slower rate with smaller colony
size in fixed scaffolds. However, cell growth rate and
colony size was less restricted in floating scaffolds.
In agreement with previous reports®*%, we found
that mouse ESCs doubled nearly every 12 h in 2-D
culture, whereas the generation time for ESCs in the
3-D culture system was approximately 36 h. It has
been reported that the growth rate of stem cells in vivo
vary from a few hours to months depending upon the
niche®. In 2-D culture, ESCs reached near confluency
in 3 d and started to differentiate, whereas the growth
rate in 3-D was slower; the cells did not differentiate
and continued to grow for up to 6 wk, limited only by
scaffold degradation. Using the exponential cell growth
formula N = No x 29, where N is the final cell number,
No is the initial cell number (2 x 10°%), and g is the
number generations (25), the expected total humber
of cells after 6 wk of growth would be 134 x 10* cells.
The fact that ESCs grew for an extended period without
the loss of cell viability and their self-renewal potential
suggested that the 3-D culture system described here
was superior to 2-D culture, which requires routine
passaging.

In addition to the concentration of the scaffold
components and degree of thiol substitution, cell con-
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centration significantly affected the rate of scaffold
degradation. Consistent with previous studies'”’,
scaffolds without cells degraded earlier compared to
seeded scaffolds (13 d vs 27 d, respectively) suggesting
that the addition of cells improved the stability of the
scaffolds. Moreover, scaffolds encapsulating a higher
concentration of ESCs degraded faster and swelled
less than scaffolds with lower concentration of ESCs.
Consequently, ESC colony size was smaller in scaffolds
with a higher concentration of cells as compared to
scaffolds prepared with a lower cell concentration.
In addition, encapsulated ESCs in floating scaffolds
grew rapidly with larger colony sizes as compared to
fixed scaffolds of similar composition. These results
suggested that the swelling plasticity of the self-
assembling scaffolds favorably promoted the growth
and maintenance of ESC colonies. Previous studies also
indicated that cell encapsulation increased integrity of
the scaffold as compared to scaffolds without cells®®?.
However, in this report the effect of cell concentrations
on scaffold integrity was not reported. Our observations
indicated that higher cell concentrations inversely
effected scaffold integrity suggesting that the cells may
be producing factors that de-stabilize the scaffolds. The
nature of these factors remains unknown.

ESCs grown in the 3-D scaffolds for 6 wk maintained
their pluripotency and differentiation potential, as
determined by their ability to spontaneously differentiate
into cell types comprising all three germ layers. The EBs
differentiated into osteogenic, chondrogenic, myogenic,
and neural cell types, expressing cell-specific markers.
These results indicated that the self-assembling
scaffolds support the self-renewal and pluripotency of
ESCs, even after prolonged periods of culturing. The
pluripotency of 3-D grown ESCs was further confirmed
by teratoma formation in vivo. Teratomas explanted
from immune-compromised mice following injection
of 3-D grown ESCs showed specific gene expression
representing all three germ layers.

Interestingly, the expression of three pluripotency
markers, Oct4, Nanog and Klf4, was higher in 3-D
cultured ESCs as compared to 2-D grown ESCs both at
a transcriptional and translational level. The expression
of these genes remained at higher levels throughout
the extended growth period (up to 6 wk) until the onset
of scaffold degradation. In contrast, Sox2 expression
levels in 3-D grown ESCs was found to be similar to the
control (2-D grown ESCs). Although high expression
of Nanog and KlIf4 has been reported to enhance self-
renewal and pluripotency™®®!, overexpression of Oct4 has
been implicated in spontaneous ESC differentiation™?.
Contrary to this, we did not observe differentiation
of ESCs grown in 3-D scaffolds. When 3-D grown
ESCs were subcultured under 2-D culture conditions,
expression of pluripotent markers returned to levels
similar to 2-D grown cells. Previous reports™*” also
described differential regulation of stemness genes, with
an upregulation of Oct4 but downregulation of Sox2
in ESCs cultured in three different scaffolds prepared

August 26, 2015 | Volume 7 | Issue 7 |



McKee C et al. 3-D culture system for ESC expansion

using PGLA, collagen and chitosan; whereas Nanog was
only highly upregulated in chitosan scaffolds. Taken
together with our findings, it can be argued that the
scaffold microenvironments play an important role in
influencing cell-matrix communication, thus effecting
gene expression. It is also possible that cellular proteins
may have interacted with thiol groups during the
encapsulation step of self-assembly of the scaffolds
resulting in alteration of their activities. Nevertheless,
the underlying molecular mechanism responsible for the
upregulation of pluripotent genes in ESCs grown in 3-D
Dex-SH and PEG-4-Acr scaffolds remain unknown and
warrants further investigation.

The findings reported here demonstrate a novel,
efficient, reproducible, and simple approach to ESC
cultivation. However, these results were obtained using
mouse ESCs as a model, further studies are required
to expand these results to human pluripotent stem
cells. Previous attempts at 3-D cultivation of ESCs have
required routine passaging™®*?*!, To our knowledge
this is the first report that described a robust system
for 3-D culturing of ESCs for extended periods without
passaging or manipulation. These improvements in the
maintenance of ESCs will help their use in translational
research, disease modeling, stem cell therapies, and
regenerative medicine.
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COMMENTS

Background

Embryonic stem cells (ESCs) are capable of differentiating into any of the over
200 cell types found in the body, which makes them an ideal source for cell-
based therapies and regenerative medicine. These applications require efficient
and reproducible expansion of ESCs ex vivo for high quality cells, which then
can be uniformly differentiated for clinical use. However, propagation of ESCs
is technically challenging, laborious and expensive. Traditional ESC culture
techniques are heavily dependent on cell adherence to two-dimensional (2-D)
plastic culture plates, regular passaging (every two to three days) and xenogeneic
feeder layers. This often results in differentiation and loss of cell lines.

Research frontiers

In order to overcome the problems associated with 2-D cell culture, few studies
have reported the use of three-dimensional (3-D) scaffolds to propagate ESCs.
However, these methods are not efficient and require the use of carcinogenic
catalysts for polymerization of the scaffolds. Moreover, these techniques required
routine passaging in order to maintain the pluripotency of ESCs.

Innovations and breakthroughs

A novel 3-D culture system was developed for propagation of ESCs for an
extended period of time. In this system, ESCs were encapsulated upon self-
assembly of 3-D scaffolds prepared with thiol-functionalized dextran and
polyethylene glycol tetra-acrylate. The 3-D scaffold microenvironment supported
the growth of ESCs while maintaining their pluripotency and self-renewal potential

Raishidenge ~ WJSC | www.wjgnet.com

for extended periods without passaging and extensive manipulation, which is
required for 2-D culture of ESCs.

Applications

This new culture system should help develop methods of expansion for high
quality and homogenous populations of ESCs, which are critically important for
regenerative medicine and therapeutic applications.

Terminology

A scaffold is an engineered matrix formed from biomaterials mimicking the
microenvironment and capable of supporting cell growth. In this study, self-
assembling scaffolds were formed upon combination of two polymers,
polyethylene glycol tetra-acrylate and thiol-functionalized dextran.

Peer-review

The authors designed a simplified and efficient system, which mimics the
microenvironment in vivo for long-term proliferation and maintenance of ESCs.
Furthermore, the culture system is efficient and reproducible and is expected to
lead to further innovations.
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