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Abstract

Objectives: Human embryonic stem cells (hESC)
are promising for tissue engineering (TE) purposes
due to their unique properties. However, current
standard mechanical passaging techniques limit rates
of possible TE experiments, as it is difficult to obtain
high enough numbers of the cells for experimenta-
tion. In this study, several dissociative solutions and
application methods are tested for their applicability
to, and influence on, hESC culture and expansion.
Materials and methods: Expansion of two hESC
lines, H1 and VUBOI1, subjected to different passag-
ing techniques, was evaluated. Four dissociative
solutions — TrypLE™ Express, Trypsin-EDTA, Cell
Dissociation Solution and Accutase™ — were com-
bined with two application protocols. As reference
conditions, manual and bead-based passaging tech-
niques were used.

Results: Results showed that use of Cell Dissocia-
tion Solution in combination with a slow adaptation
protocol, generated the best expansion profile for
both cell lines. The hESC single cell lines remained
pluripotent, had good expansion profiles and were
capable of differentiation into representatives of all
three germ layers. Reproducibility of the results was
confirmed by adaptation for three other hESC lines.
Conclusion: Use of Cell Dissociation Solution,
combined with slow adaptation protocol, allows a
fast switch from the mechanical passaging technique
to a single-cell split technique, generating stable and
robust hESC cell lines, which allow for large scale
expansion of hESC for TE purposes.
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Introduction

Since the first derivation of human embryonic stem cell
(hESC) lines (1), scientists have been researching these
cells and discovering their importance, complexity and
capabilities. This cell population is characterized by three
unique traits. First, the cells are unspecialized, secondly,
they can be kept undifferentiated in culture for unlimited
time, which is called long-term self renewal and finally,
they retain the capacity to form virtually every cell type
present in the adult human body and can be steered into a
certain tissue direction (differentiation) using specific cul-
ture media, a trait known as pluripotency (2). These
remarkable traits turn hESC into one of the most interest-
ing cell types for tissue engineering and cell therapy appli-
cations. The scientific world hopes to rapidly resolve
some major health issues, such as the organ shortage prob-
lem and treatment of currently incurable diseases (diabe-
tes, Parkinson’s disease, heart failure and more) (3,4) by
formation of tissue-engineered hESC constructs or by
hESC cell therapy.

Numerous studies have been performed to develop
basic culture requirements and key parameters of undiffer-
entiated and differentiated hESC culture. Although there
has been significant progress in establishing culture condi-
tions, many questions and improvement opportunities still
remain. Some rate-limiting steps that delay fast progres-
sion of hESC tissue engineering are: need for feeder layers
originating from animal or human tissues (5-7); use of
animal derived feeder-free alternatives (8—10) and lack of
alternatives; and application of ill-defined media and com-
ponents (11) with their inherent contamination risks.
However, the most important issue is difficulty in obtain-
ing large numbers of undifferentiated hESC. Currently,
the manual passaging technique (microdissection using
sharp glass cutting pipettes) is one of the most widespread
methods for hESC passaging, due to the need for high
level of control over differentiation. During this proce-
dure, undifferentiated and differentiated colonies are cut
into small pieces, separated based upon their morphology
and transferred manually to new feeder plates (6,12). As
can be deducted, this manual procedure is very labour-
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intensive, time-consuming and needs to be performed by
highly trained specialists. The technique allows for gener-
ation of sufficient numbers of undifferentiated hESC for
experiments involving techniques such as gene screening
and transfer as well as for drug discovery and in vitro toxi-
cology testing; unfortunately, it is not efficient enough for
generating large numbers of hESC (3).

Due to low clonal survival level of hESC (13) at low
densities and their dependence on cell-cell interactions
and para/autocrine signals, it is not obvious how to alter
the passaging technique. Different protocols for ‘cluster
passaging’ and ‘single cell passaging’ have been sug-
gested in the literature, using different enzymatic solu-
tions, such as CTK solution (14), TrypLE™ Express (15),
Trypsin-EDTA (16-18) and Accutase™ (19,20). The use
of these has in some cases, led to the development of chro-
mosomally unstable cell lines that develop CD30 expres-
sion (21) or karyotypic alterations (16). CD30, a member
of the tumour necrosis factor super family, is a surface
marker for malignant cells in Hodgkin’s disease and
embryonic carcinomas (22,23), but a clear link between
CD30 expression and chromosomal abnormalities has not
been shown (24). In addition, it is unclear if the enzymatic
solutions are responsible for these instabilities. Large
comparative studies of different passaging techniques and
dissociative solutions, focusing on cell number expansion,
have not yet been performed using the same hESC lines.
However, these studies are of crucial importance for the
improvement of hESC large scale culture, as variety
between hESC cell lines could be responsible for differ-
ences in responses between passaging techniques (25,26).

In this article, we have examined and compared
expansion profiles of two different hESC cell lines — com-
mercially available H1 and VUBOI — with 10 different
passaging protocols. We focused on their expansion
profiles under different conditions, to discover the most
suitable protocol for fast and robust large scale hESC
expansion. Meanwhile, we also took into account that
such a protocol needed to be easy to perform, not time
consuming and cost effective for future applications in tis-
sue engineering and cell therapy. Our most favourable
condition was then applied to three other hESC lines to
confirm our findings.

Materials and methods

Cell culture

Mouse embryonic fibroblasts. Mouse embryonic fibro-
blasts (MEFs), originating from MF1 mouse embryos
between passage 0 and 4, were used as a feeder layer to
sustain the hESC culture. The MEFs were treated with
10 pg/ml mitomycin C (MP Biomedicals, Brussels,
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Belgium) for 3 h to arrest mitosis, and were seeded at a
density of 8500 cells/cm?, on gelatine-coated tissue
culture plates.

hESC culture protocols. The human embryonic stem cell
lines used for these experiments were the H1 (p50)
(Wicell, Madison, WI, USA) and VUBO1 (p260) (27)
(VUB, Brussels, Belgium). All cells were cultured on
mitomycin-C-inactivated MEFs on tissue culture plates at
37 °C and 5% CO,. hESC medium consisted of 80% Dul-
becco’s Modified Eagle’s medium (DMEM)-F12 (Invitro-
gen, Merelbeke, Belgium) + 20% Serum Replacement
(Invitrogen) + 1 mM L-glutamine (Invitrogen) + 0.1 mm
Non Essential Amino Acids (NEAA; Invitrogen) +
0.1 mm B-mercapto-ethanol (Invitrogen) and 4 ng/ml
basic fibroblast growth factor (bFGF) (Millipore, Brussels,
Belgium). Medium was changed daily and cells grew as
dense colonies. Our most favourable strategy was also
tested on H9 (p30), BGO1 (p30) (Wicell) and 181 (p30)
(Karolinska Institutet, Stockholm, Sweden) hESC lines.
An overview of the ten different test protocols can be
found in Table 1. Four different dissociative solutions
were investigated in this study TrypLE™ Express (Invi-
trogen), Trypsin-EDTA (Invitrogen), Cell Dissociation
Solution (Sigma, Bornem, Belgium) and Accutase™
(Millipore) and a slow adaptation and fast adaptation
protocols were applied. The slow protocol proceeds as
follows: during the first three passages, the hESC were
incubated with Collagenase IV solution (1 mg/ml)
(Invitrogen) for 30-40 min. Detached colonies were col-
lected and centrifuged for 3 min at 90 g. After removal of
supernatants, colonies were resuspended in one of the four
dissociative solutions, for 5-10 min at 37 °C. At this
stage, it was visually confirmed that single cells were

Table 1. Protocol overview

Dissociative

solution Test protocol Tools

1 TrypLE™ Express
2 Trypsin-EDTA
Cell Dissociation

Slow protocol Vigorous trituration

Occasional trituration

Solution
4 Accutase™
5 TrypLE™ Express  Fast protocol Vigorous trituration
6 Trypsin-EDTA
7 Cell Dissociation Occasional trituration
Solution
8 Accutase™
9 / Manual mechanical ~ Sharp glass cutting
passaging pipettes
10 Collagenase IV Bead-based Soda-lime glass
passaging beads
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obtained. In case of observation of cell clumps or unde-
tached colonies, incubation time was prolonged (up to
20 min) or a cell scraper was used in combination with
trituration. Next, culture medium was added and suspen-
sions were centrifuged at 185 g for 5 min. After removal
of supernatants and addition of fresh culture medium,
hESC were seeded on MEF plates. These first three pas-
sages are considered to be the adaptation period for the
cells. After three passages, colonies were immediately
treated with one of the dissociative solutions and cell
mesh was used to ensure achievement of single cells. The
fast protocol does not allow for an adaptation period, so
colonies are immediately treated with one of the dissocia-
tive solutions, as described above. Manual mechanical
passaging, which is routinely used for hESC culture, is
described in the general open literature and will not be
repeated here (6,12).

Bead-based passaging is an enzymatic bulk passaging
approach. hESC were incubated for 10 min with Collage-
nase IV solution (1 mg/ml; Invitrogen) and scraped from
tissue culture flasks by application of a small amount of
soda lime glass beads. Afterwards, cell suspensions were
collected, centrifuged for 3 min at 90 g and plated on
fresh feeder plates.

hESC embryoid body formation. Plates with fully grown
hESC colonies were selected and cells were detached
from the feeder layers by incubation with Collagenase IV
solution (1 mg/ml) for 30—40 min. Colonies were pel-
leted by centrifugation for 3 min at 90 g, resuspended in
embryoid body (EB) medium and transferred to shaker
flasks. EB medium consisted of 80% DMEM-F12 (Invi-
trogen) + 20% foetal bovine serum (Invitrogen) + 1 mm
L-glutamine (Invitrogen) + 0.1 mm NEAA (Invitrogen)

these had uniform compact morphology and clear, sharp
edges. Grade B colonies consisted of 50-80% undifferen-
tiated cells; here, colony edges were less sharp and
showed mild differentiation. Grade C colonies — more
than 50% differentiation, and grade D colonies dead or
detached. The morphological scoring system allowed us
to observe differences in colony quality and level of dif-
ferentiation present in each grade, an important factor
when comparing different working protocols. This system
provided clearer results compared to reporting only total
number of colonies present on a plate or the number of
single cells, at each passage. For each plate, an uncertainty
degree (established after repeated counting experiments of
the same plate) of five percent, was taken into account.
This was used in uncertainty analysis based on ‘An intro-
duction to error analysis’ (30) — to determine error bars in
statistical analysis.

hESC data processing. The following strategy was
applied for comparison of the data generated in the first
passages of the cultures, obtained by the different proto-
cols and solutions. All conditions in the slow protocol
were started from one plate of fully grown hESC colonies,
which was divided into equal quantities over the four dif-
ferent test solutions. For the fast protocol, we applied the
same strategy, although each condition was started up
from a single plate, which was divided into four at the
beginning. Mean (p) of the total amount of generated
colonies for the different conditions was calculated and
used as reference, to normalize amounts of colonies (N)
for each condition. By normalizing the data (N*X), results
for different conditions can be compared on a fair basis to
determine which solution gave the best start-up, in combi-
nation with distribution of colonies in the first passage.

N TrypLE™ Express + N Trypsin-EDTA + N Cell Dissociation Solution + N Accutase™

Hy =

and 0.1 mm B-mercapto-ethanol (Invitrogen). EBs were
formed at passage 15 of the experimental conditions and
cultured for 28 days in these settings.

Evaluation, data collection and statistical analysis

hESC morphological evaluation and data collec-
tion. hESC colonies were evaluated and counted at every
passage, using an inverted phase-contrast light microscope
(Olympus inverted Research System Microscope IX81)
employing a gradual scoring system (28,29). This system
allows for division of all observed colonies into four
groups (grade A to D) based on morphological appear-
ance. Grade A colonies — more than 80% undifferentiated;

4

X = TrypLE™ Express, Trypsin-EDTA, Cell Dissociation
Solution, Accutase™.

To eliminate random variations, results represent a
pool of three independent experiments for each dissocia-
tion solution tested. Amount of generated colonies over
different passages was calculated, based on observed
number of total counted colonies on a single plate and
applied split ratios of each passage. This number was then
normalized by initial numbers of colonies, to eliminate
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experimental variation. Data are plotted in 3D bar graphs
to visually represent expansion differences.

hESC colony measurements. Colonies, formed in the
first passage, under the different experimental conditions,
were measured to evaluate and compare the mean size of
the obtained colonies. Digital images of randomly selected
colonies of each experimental condition were recorded.
Then, using Excellence® software of the Olympus micro-
scope system (Olympus Inverted Research System Micro-
scope IX81, Brightfield, Objective 4x), colonies were
measured. Statistically significant differences were calcu-
lated using two-sided Student’s 7-test (P = 0.01).

hESC statistical analysis. 3D bar graphs indicate cumu-
lative expansion profiles of each experimental condition,
logarithmically. To establish whether these observed
expansion differences were significantly different, two-
sided Student’s #-test (P = 0,01) was performed.

Cell characterization

Immunocytochemical analysis of hESC colonies. Human
embryonic stem cell pluripotency was determined by
immunostaining for SSEA-4, TRA 1-60, TRA 1-81 (ES
Cell Marker Sample kit by Chemicon, Brussels, Belgium)
and with alkaline phosphatase staining (BCIP/NBT
Liquid Substrate System by Sigma, Bornem, Belgium).
For SSEA-4, TRA 1-60, TRA 1-81, colonies were fixed in
1% paraformaldehyde for 10 min, washed with PBS and
blocked in blocking serum (PBS/5% normal rabbit or
goat serum/0,2% Tween) for 30 min. Primary antibodies
used were mouse monoclonal anti-SSEA-4 (IgG 1/50),
mouse monoclonal anti-TRA 1-60 (IgM1/50) and mouse
monoclonal anti-TRA 1-81 (IgM 1/50) (Millipore). After
1h incubation, cells were washed in PBS and incubated in
secondary antibody (FITC-labelled rabbit anti-mouse IgG
or FITC-labelled goat anti-mouse IgM 1/80) for 1 h in the
dark. After washing, cells were immersed in PBS and
evaluated using fluorescence microscopy (Olympus
Inverted Research System Microscope I1X81, GFP filter,
Cell™ software).

Real time RT-PCR analysis of hESC colonies. The hESC
colonies were detached with Collagenase IV solution
(1 mg/ml) (Invitrogen), collected and centrifuged at 90 g,
3 min. After removal of supernatants, TRI Reagent was
added to lyse the cells. RNA was isolated using chloro-
form and further purified with isopropanol and ethanol. It
was then transcribed to cDNA using a Reverse Transcrip-
tase Core Kit (Eurogentec, Ougrée, Belgium) on a Ther-
mocycler (Applied Biosystems 2720 Thermocycler). Real
time PCR was performed on ABI 7500 Fast Real Time
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PCR device with ABI Tagman probes (Applied Biosys-
tems, Halle, Belgium) for the following genes: OCT4
(Hs00742896_s1), NANOG (Hs02387400_gl), HANDI
(Hs00231848_m1), COL2AI (Hs01064869_ml), CD34
(Hs00990732_m1), RUNX2 (Hs00231692_m1), NESTIN
(Hs00707120_s1), SOX9 (Hs00165814_ml), PAX6
(Hs01088112_m1), CERBERUS (Hs00193796_m1), AFP
(Hs00173490_m1) and GATA4 (Hs00171403_m1). Stan-
dard culture H1 and VUBOI reference samples were used
for evaluation and GAPDH was selected as endogenous
control. Analysis of gene expression was performed using
ABI software for gene expression analysis on ABI 7500
Fast Real Time device.

Karyotyping of colonies. Plates with fully grown hESC
colonies were selected for G-band karyotyping (p20). Cells
were treated with KaryoMAX Colcemid solution (Invitro-
gen) and fixed in cold fixer solution (one part acetic acid:three
parts methanol). Slide preparation and metaphase spreading
were performed at the Department of Paediatrics and Medi-
cal Genetics of Ghent University. Metaphases were
detected and analysed (minimum of 20 spreads) using
Metafer 4 software (MetaSystems, Altlussheim, Germany)
on a microscope (Zeiss Axio Imager M1) with high-reso-
lution, monochrome megapixel CCD camera.

Results

Transfer of hESC to the experimental protocols:
first passage

Preceding this study, the hESC lines were passaged every
6-7 days, using the standard mechanical passaging tech-
nique. When applying dissociative solutions to the hESC,
differences could be seen in the way the cells detached
from the plates. TrypLE™ Express and Trypsin-EDTA
had a similar effect: all cells, including the MEF feeder
cells, detached rapidly and floated as single cells in sus-
pension. Collected cell solutions needed to be triturated
quite vigorously, as remaining MEFs in solution had the
tendency to clump together. Cell dissociation solution
worked differently: when observing plates microscopi-
cally in real-time after addition of Cell Dissociation Solu-
tion, the hESC could be seen detaching as single cells
from the centre towards the exterior of colonies. Most
differentiated hESC and MEF feeder cells remained on
the tissue culture plate bottoms. Using this solution, incu-
bation period sometimes needed to be prolonged if very
large or dense colonies were present, and in some cases a
cell scraper was used combined with trituration. Accu-
tase™ detached hESC as single cells from plates, but more
MEEF feeder cells appeared to remain on plates compared
to after use of TrypLE™ Express or Trypsin-EDTA.
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Figure 1a,b graphically shows normalized quantity of
hESC colonies, generated in the first passage with the dif-
ferent protocols. The most favourable experimental condi-
tions for both cell lines are 3 and 7. These two top
conditions had their dissociative solution — Cell Dissocia-
tion Solution — in common, but with slow and fast proto-
cols respectively. As the third method demonstrates
generation of more colonies than the seventh method,

there was indication that the slow protocol had an
advantage over the fast protocol.

Figure lc,d depicts morphological quality of hESC
colonies in first passages of the experimental conditions.
Little difference can be seen in quality of the colonies
across all conditions. Conditions 3 (Cell Dissociation
Solution, slow protocol) and 7 (Cell Dissociation Solu-
tion, fast protocol) had highest quantities of grade A
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Figure 1. Graphical representation of normalized number of colonies and colony quality, generated in the first passage, for the different exper-
imental conditions. The two best conditions, for both cell lines, were combination of Cell Dissociation Solution with the slow protocol and with the fast
protocol. Use of Trypsin-EDTA results in the formation of fewest colonies. TrypLE Express and Accutase™ generate intermediate amounts of colonies.
(a) Bar chart of normalized number of generated colonies, under the different experimental conditions, in the first passage for the H1 cell line. (b) Bar
chart of normalized amount of generated colonies, under the different experimental conditions, in the first passage for the VUBOI cell line. (c) Bar chart
of colony quality, under the different experimental conditions, in the first passage for the H1 cell line. (d) Bar chart of colony quality, under the different

experimental conditions, in the first passage for the VUBOLI cell line.
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colonies, in both cell lines. H1 line showed more variation
in colony gradation than VUBOI, indicating that H1 was
more sensitive to culture changes than VUBOL.

In Fig. 2, start-up images (passage 1, day 6) of H1 and
VUBOI colonies under the different experimental proto-
cols are presented for comparison. When conventional
methods were used (conditions 9 and 10), slightly larger
colonies were obtained. Using the slow protocol (condi-
tions 1 to 4), less cell debris and differentiated cells were
observed compared to the fast protocol (conditions 5 to
8). The largest and highest quantity of colonies was found
in conditions 3 and 7, both generated with Cell Dissocia-
tion Solution. Colonies generated with TrypLE™ Express
(1 and 5) or Trypsin-EDTA (2 and 6) appeared to be much
smaller. Those generated with Accutase™ (4 and 8) were
of small to intermediate size.

These visually observed size differences were con-
firmed by the measurement data of start-up colonies, in
Fig. 3. Here, graphical representation of size measure-
ments can be found in the boxplots. Mean value of mea-
sured area (mmz) of colonies is noted above each bar.
Data represented are calculated based on VUBO1 cell
line, but were similar for HI1. In general, colonies
obtained by application of the slow protocol (1-4) were
somewhat larger than those obtained by application of
the fast protocol (5-8) and use of TrypLE™ Express,
Trypsin-EDTA or Accutase™, regardless of applied pro-
tocol, lead to colonies significantly smaller than those of
the reference conditions (P = 0.01). Use of Cell Dissoci-
ation Solution and slow protocol resulted in colonies
which were (not significantly) different in size from the
reference conditions. Application of Cell Dissociation
Solution and the fast protocol generated colonies which
were significantly different from those of the reference
conditions. These differences in size could only be
observed in first passages during adaptation of the cells
to the dissociative solutions; thereafter (passage 4 and
onwards), colonies were relatively comparable in size to
each other and statistically significant differences disap-
peared.

Progression and expansion of the hESC cultures

As should be noted beforehand, not all experimental set-
ups were successful. In some cases, very few colonies
were generated in the first passage, subsequently
obstructing further culture advancement. However, when
large numbers of colonies were obtained in the first
passage, progression beyond it was normally not a
problem.

Cumulative expansion profile of H1 cell line under
the different experimental conditions is plotted in Fig. 4.
As can be observed, not all experiment conditions were
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successful for progression further than a few passages;
this was generally due to overgrowth of differentiated
cells. In some cases, however, hESC colonies simply
stopped growing. As indicated by the data, use of Try-
pLE™ Express (1 and 4), Trypsin-EDTA (2 and 6) and
Accutase™ (4 and 8) did not result in stable continuous
hESC culture progression; these conditions were all lost
between three and five passages. Use of Cell Dissociation
Solution (3 and 7) resulted in formation of stable expand-
ing hESC lines and obtained cumulative expansion at
passage 15 of conditions 3 (Cell Dissociation Solution,
slow protocol) and 7 (Cell Dissociation Solution, fast pro-
tocol) were also higher than of the two reference condi-
tions (9 and 10). In addition, use of the slow protocol
(condition 3) in combination with this solution exhibited
better results, not only from quantity perspective but also
by quality. At passages 5 and 10 respectively, 92% and
98% Grade A colonies were counted. However, use of
the fast protocol with Cell Dissociation Solution resulted
in 87% of Grade A colonies at passage 5 and 90% at
passage 10. Statistical analysis of the data revealed a
significant difference (P = 0.01) in expansion between
conditions 3 (Cell Dissociation Solution, slow protocol)
and 9 (reference, manual mechanical), starting at passage
9. The same significant difference in expansion was
observed between conditions 7 (Cell Dissociation Solu-
tion, fast protocol) and 9 (reference, manual mechanical),
starting at passage 11.

Cumulative expansion profile of VUBOI line can be
found in Fig. 5. All applied experimental conditions
were successful with this cell line and resulted in contin-
uously expanding hESC lines. Nevertheless, as clearly
can be observed from the plot, conditions 3 and 7 were
once more, the best option. Cumulative expansion at pas-
sage 15 was for both cell lines, slightly higher when Cell
Dissociation Solution combined with the slow protocol
was used compared to use of Cell Dissociation Solution
with the fast protocol. In addition, as we also observed
with the H1 cell line, use of the slow protocol resulted in
better morphological profile of the colonies. Here, use of
Cell Dissociation Solution combined with the slow pro-
tocol (condition 3) resulted in 96% at passage 5 and 98%
at passage 10 of grade A colonies. Use of the fast proto-
col with Cell Dissociation Solution (condition 7) lead to
84% at passage 5 and 92% at passage 10 of grade A col-
onies. Statistical analysis of the data revealed highly sig-
nificance difference (P = 0.01) in expansion between
conditions 3 (Cell Dissociation Solution, slow protocol)
and 9 (reference, manual mechanical), starting at passage
2. The same significant difference in expansion was
observed between conditions 7 (Cell Dissociation Solu-
tion, fast protocol) and 9 (reference, manual mechanical),
starting at passage 4.
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1: TrypLE express, slow protocol 5: TrypLE express, fast protocol 9: Manual mechanical

2: Trypsin-EDTA, slow protocol 6: Trypsin-EDTA, fast protocol 10: Bead-based
3: Cell dissociation solution, slow protocol 7: Cell dissociation solution, fast protocol
4: Accutase, slow protocol 8: Accutase, fast protocol

Figure 2. Phase contrast microscopy of H1 and VUB01 hESC colonies under the different experimental conditions. Morphologically, there is no
difference visible in the first passage between the colonies formed by H1 cell line and VUBOL1 cell line, under the same experimental conditions. In gen-
eral, colonies formed with TrypLE™ Express and Trypsin-EDTA are the smallest. Those formed by Cell Dissociation Solution are comparable to the
reference conditions and those formed with Accutase are of an intermediate size.
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Experimental conditions

1: TrypLE express, slow protocol
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3: Cell dissociation solution, slow protocol

4: Accutase, slow protocol
5: TrypLE express, fast protocol

6: Trypsin-EDTA, fast protocol

7: Cell dissociation solution, fast protocol
8: Accutase, fast protocol

9: Manual mechanical passaging

10: Bead-based passaging

Figure 3. Measurement data of colonies under the different experimental conditions (passage 1) of VUBO1 cell line. Measurement data confirm
visual observations regarding colony size under the different experimental conditions. In general, colonies formed with the fast protocol are smaller than
those with the slow protocol, in the first passage. Colonies formed with TrypLE™ Express and Trypsin-EDTA are the smallest, regardless of which
adaptation protocol was applied. Those formed with Cell Dissociation Solution are of comparable size with the reference conditions, especially when
the slow adaptation protocol was applied. Application of Cell Dissociation Solution and the fast protocol, resulted in smaller colonies. Colonies formed

with Accutase were of small to intermediate size.

Pluripotency, differentiation capacity and karyotype

hESC colonies from our most favourable conditions,
Cell Dissociation Solution combined with slow and
fast protocols and manual mechanical passaged refer-
ence condition were immunocytochemically evaluated
after 7 and 15 passages. Results were similar for the
three tested conditions (Cell Dissociation Solu-
tion + slow and fast and manual mechanical reference).
Positive results were obtained for SSEA-4, TRA 1-60,
TRA 1-81 and ALP. A representational image is pre-
sented in Fig. 6 (Cell Dissociation Solution, slow pro-
tocol).

OCT-4 and NANOG expression were examined using
real-time relative quantitative gene expression PCR. Anal-
ysis of the data revealed a slight reduction in OCT-4
expression at passage 7, compared to the standard
mechanically passaged hESC. However, at passage 15,
OCT-4 expression had increased. NANOG expression
showed a mild increase at passage 7 and a high increase at
passage 15. These results are consistent for both cell lines
and were independent of the applied protocol.
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Embryoid bodies, formed in experimental conditions
with Cell Dissociation Solution (3 and 7) and manually
mechanical passaged reference condition (9), were also
analysed by real-time PCR, Table 2 summarizes the
results. Embryoid body formation induced differentiation
of hESC, resulting in reduced expression of OCT-4 and
NANOG, two pluripotency markers. Several differentia-
tion markers were analysed. There was clear upregulation
of ectodermal (Nestin, Pax6, So0x9), endodermal (Cer-
berus, AFP, GATA4) and mesodermal (Hand1, Col2A1,
CD34, Runx2) markers, indicating that differentiation into
all three germ layers had occurred. G-band karyotyping of
the experimental conditions using Cell Dissociation Solu-
tion (performed at passage 20) revealed no abnormalities
of the hESC cultures compared to reference experimental
condition 9, for both cell lines.

Reproducibility testing

To verify reproducibility, three other hESC lines were
tested for their ability to form stable expanding hESC lines
when Cell Dissociation Solution and the slow protocol
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Figure 4. 3D bar chart of cumulative expansion profile of H1 cell line under the different experimental conditions. The only two conditions that
progressed further than 3 to 5 passages were combination of Cell Dissociation Solution with the slow protocol and the fast protocol.

were applied. Results are presented in Fig. 7. All three
hESC lines formed stable expanding hESC lines, using
this protocol and had good expansive behaviour.

Discussion

In the last few years, multiple studies have been published
regarding alternative passaging methods and solutions for
hESC culture. In this article, we have compared ten differ-
ent passaging strategies for hESC culture, including the
standard manual mechanical passaging technique and
commonly used bead-based passaging technique. As our
focus is on large scale hESC expansion for future tissue
engineering and cell therapy applications, we tried to

identify the most suitable option for fast and robust hESC
expansion.

Four different solutions were selected for the hESC
passaging protocols, each having specific interesting char-
acteristics. First, TrypLE™ Express, an optimized form of
Trypsin-EDTA, was examined. This enzymatic solution
had already been successfully tested in hESC culture (15)
and has the additional advantages that it does not contain
any animal- or human-derived components and that it is
stable at room temperature. Secondly, the most commonly
used enzymatic cell dissociating solution, Trypsin-EDTA
(16-18) could not be left out of the comparison. Although
this solution is widely used for all types of cultures, its
animal origin poses issues for future hESC tissue

© 2011 Blackwell Publishing Ltd, Cell Proliferation, 44, 462-476.
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Figure 5. 3D bar chart of cumulative expansion profile of VUBO1 cell line under the different experimental conditions. All conditions progressed

for more than 5 passages and were able to generate stable expanding single passaged hESC lines. However, looking at expansion level, use of Cell
Dissociation Solution combined with the slow and fast protocol, were the two best conditions.

engineering applications. Thirdly, Cell Dissociation
Solution was selected. This mild dissociating solution,
also stable at room temperature, is non-enzymatic and
animal-free. It has not been examined in combination with
hESC. Lastly, Accutase™, an enzymatic cell dissociation
solution that does not contain any animal- or bacteria-
derived proteins and is claimed to be less damaging to
hESC than traditionally used Trypsin-EDTA, was tested.
This solution has previously been shown to support hESC
culture (19,20).

The solutions were applied in two different strategies
to the hESC, to investigate influence and need for an

© 2011 Blackwell Publishing Ltd, Cell Proliferation, 44, 462-476.

adaptation period. A short adaptation period of three
passages was introduced in the slow protocol. During this
adaptation period, hESC colonies were detached from the
tissue culture plates using Collagenase IV solution. As
Collagenase IV, a very mild enzymatic agent, only
detaches entire hESC colonies from the substrate, most
METF feeder cells remained on the plate. This has the addi-
tional advantage that the intermediate cell solution is more
pure and less dense. In the fast protocol, direct addition of
the dissociative solutions on the colonies was applied.
Here, many MEFs detached and remained in the interme-
diate cell solution. These MEFs can reattach to substrate
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Figure 6. Pluripotency analysis of the hESC cultures. 1: H1 p15, cell dissociation solution, slow protocol Al: SSEA-4 B1: TRA 1-60 C1: TRA 1-81
D1: ALP 2: VUBOI1 pl15, cell dissociation solution, slow protocol A2: SSEA-4 B2: TRA 1-60 C2:: TRA 1-81 D2:: ALP 3: Real-time PCR data for

OCT-4 and Nanog.
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Table 2. Overview of real-time PCR EB analysis
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HI cell line

hESC EB (differentiation)
Manual mechanical Cell Diss Sol Cell Diss Sol Manual mechanical Cell Diss Sol Cell Diss Sol
passaging Slow prot Fast prot passaging Slow prot Fast prot
Cond 9 Cond 3 Cond 7 Cond 9 Cond 3 Cond 7
Oct 4 +++ +++ +++ + + +
Nanog +++ +++ +++ + + +
Hand1 +++ +++ +++
Col2A1 ++ ++ ++
CD34 +++ +++ ++
Runx2 ++ ++ ++
Nestin ++ ++ ++
Sox9 ++ +++ +++
Pax6 ++ ++ ++
Cerberus + + +
AFP +++ +++ ++
GATA4 ++ ++ ++
VUBOI cell line
hESC EB (differentiation)
Manual mechanical Cell Diss Sol Cell Diss Sol Manual mechanical Cell Diss Sol Cell Diss Sol
passaging Slow prot Fast prot passaging Slow prot Fast prot
Cond 9 Cond 3 Cond 7 Cond 9 Cond 3 Cond 7
Oct 4 +++ 4+ +++ + + +
Nanog +++ +++ +4++ + + +
Hand1 +++ ++ ++
Col2A1 ++ ++ ++
CD34 ++ ++ ++
Runx2 ++ ++ ++
Nestin + + +
Sox9 ++ ++ ++
Pax6 ++ ++ ++
Cerberus + + +
AFP -+ +++ +++
GATA4 ++ ++ ++

plates and thus increase MEF cell density, which is a
crucial factor in maintenance of undifferentiated hESC
(31). This implies that the fast protocol inherently carries
a higher risk of shock to the hESC, inducing more cell
death or differentiation. Results indicated that larger num-
bers of colonies could be generated in the first passage
using the slow protocol compared to the fast protocol for
both cell lines (Fig. la,b). A longer adaptation period was
not tested. Keeping in mind our goal to obtain an easy,
robust and economically feasible passaging method for
large scale hESC expansion, this would have been
counterproductive and our results indicate that longer
adaptation is unnecessary as stable expanding hESC lines

© 2011 Blackwell Publishing Ltd, Cell Proliferation, 44, 462-476.

can be obtained with both the fast and slow protocols
(Figs 4 and 5).

Figure 1 provides an overview of hESC colony qual-
ity and quantity during the first passage of experimental
conditions. Application of Trypsin-EDTA resulted in low-
est numbers of colonies of the four dissociative solutions
tested. TrypLE™ Express and Accutase™ generated inter-
mediate colony numbers. Ellerstrom et al. (15) also tested
Trypsin-EDTA and TrypLE™ Express as solutions for
single-cell dissociation and obtained similar results.
Ellerstrdm et al. observed that use of TrypLE™ Express
generated three times more colonies than by use of Tryp-
sin-EDTA, when applied in their culture settings. In our
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Figure 7. 3D bar chart of cumulative expansion profile of H9, BG01 and 181 cell lines. The three cell lines were able to form stable expanding
hESC lines when passaged with Cell Dissociation Solution and the slow protocol. They exhibited good expansion profiles.

experiment, such large differences were not observed, but
clearly use of TrypLE™ Express allows generation of
more hESC colonies. Bajpai et al. compared Trypsin-
EDTA and Accutase™ (19) and again, Trypsin-EDTA
came out as one of the poorest solutions for hESC single-
cell enzymatic passaging.

In Fig. 3, size of hESC colonies under the different
experimental conditions can be seen; these findings con-
cur with the observed morphological data. Colony size,
generated under almost every experimental condition,
was significantly different (P = 0.01) from those of the
reference conditions; this means that generated colonies
were much smaller than their reference counterparts. After
several passages of adaptation (three to four passages),
statistically ~significant differences disappeared and
colonies were comparable in size. One exception was
condition 3, where Cell Dissociation Solution was used
combined with the slow protocol. Size of these colonies
was comparable to those of the two reference conditions,
from the start of culture.

Cumulative expansion profiles of hESC can be found
in Figs 4 and 5. Remarkably, not all experimental condi-

tions lead to development of stable expanding hESC lines.
Adaptation of H1 to the different conditions appeared to
be much more difficult than VUBOI. Unexpectedly, no
positive outcome could be established with TrypLE™
Express, Trypsin-EDTA and Accutase™ for the H1 cell
line. Only use of Cell Dissociation Solution, a solution
previously untested on hESC cultures, resulted in a posi-
tive outcome. This was not observed for the VUBOI cell
line. We suggest that this might have been caused because
the VUBO1 cell line had been kept in culture for over 260
passages, and was subsequently well adapted to in vitro
cell culture and culture changes. It is also known that there
are inherent differences between hESC cell lines, which
could also account for these different findings (25).

The two best experimental conditions for both cell
lines, conditions 3 and 7, were generated with Cell Disso-
ciation Solution. After several passages, split ratios of
1/20 to 1/40 could easily be applied, without risk of cul-
ture loss or decrease in colony quality (>90% Grade A
colonies). As a comparison, standard manual mechani-
cally passaged cultures of HI and VUBOLI cell lines have
routine split ratios of 1/3 to 1/6 and overall medium high

© 2011 Blackwell Publishing Ltd, Cell Proliferation, 44, 462-476.



quality of generated colonies (>75% undifferentiated). As
can be seen, the proposed single-cell protocol allows for
much faster expansion and accumulation of large quanti-
ties of pluripotent hESC for tissue engineering experi-
ments or others. Two sided t-test revealed a significant
difference between conditions 3 and 9 at passage 9 for H1
cell line, and at passage 11 between conditions 7 and 9.
Similarly, a significant difference between conditions 3
and 9 for VUBOLI cell line was established at passage 2,
and between conditions 7 and 9 at passage 4. Predictably,
the significant difference was obtained much faster with
VUBOI cell line, which adapted easier, compared to H1.
The significant difference was also reached two passages
earlier with the slow protocol than with the fast protocol,
indicating benefit of the short adaptation period. However,
adaptation period in the slow protocol can be seen as labo-
rious and unnecessary, as it was possible to obtain stable
expanding hESC lines without the adaptation period (by
use of the fast protocol). However, as we focussed on
obtaining the highest expansion in the shortest period of
time, going through the application of the more laborious
slow protocol was worthwhile. At passage 10, this
resulted in 4-fold increase in colony number for H1 cell
line and 14-fold increase for VUBO1.

We suggest that the observed results could further be
improved by use of Rho-associated kinase (ROCK) inhib-
itor Y-27632 during passaging. This inhibitor has benefi-
cial effects on survival of hESC during single-cell
passaging (32,33). We chose not to add this solution in
our study, to investigate basic capacities of each dissocia-
tive solution with regard to hESC passaging. We were
able to establish stable expanding hESC cell lines without
addition of ROCK-inhibitor, although this was not always
the case, and it could explain why it was not possible for
us to generate H1 hESC lines with TrypLE™ Express of
Accutase™. In addition, our setup was to generate an eco-
nomically feasible expansion approach. It should be care-
fully investigated whether benefits of addition of ROCK
inhibitor would outweigh the costs.

Immunocytochemical analysis of SSEA-4, TRA 1-60,
TRA 1-81 and ALP, and real-time reverse transcriptase
PCR for Oct4 and Nanog (Fig. 5) confirmed the observed
undifferentiated status of the colonies. Colonies also
retained their differentiation capacity, as indicated by the
EB analysis (Table 2) and normal karyotyping.

Our most favourable condition (Cell Dissociation
Solution, slow protocol) has been investigated in combi-
nation with three other cell lines, H9, BGO1 and 181
hESCs. Again, positive results were obtained and stable
expanding hESC cell lines were formed. Thus, we con-
clude that use of Cell Dissociation Solution in combina-
tion with a slow adaptation protocol is the best way to
generate fast, stable expanding and robust hESC lines.

© 2011 Blackwell Publishing Ltd, Cell Proliferation, 44, 462-476.
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After the adaptation period, large numbers of colonies
were obtained with superior morphological characteristics
and high split ratios (1/20 to 1/40) could easily be
applied. No additional selection procedures were needed
to maintain pluripotency, and Kkaryotypic stability
remained. This protocol is useful for obtaining large quan-
tities of pluripotent hESC for tissue engineering experi-
ments.
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