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As a result of their pluripotency and potential for unlimited self-renewal, human embry-
onic stem cells (hESCs) hold tremendous promise in regenerative medicine. An essential pre-
requisite for the widespread application of hESCs is the establishment of effective and
efficient protocols for large-scale cell culture, storage, and distribution. At laboratory scales
hESCs are cultured adherent to tissue culture plates; these culture techniques are labor-in-
tensive and do not scale to high cell numbers. In an effort to facilitate larger scale hESC
cultivation, we investigated the feasibility of culturing hESCs adherent to microcarriers. We
modified the surface of Cytodex 3 microcarriers with either Matrigel or mouse embryonic
fibroblasts (MEFs). hESC colonies were effectively expanded in a pluripotent, undifferenti-
ated state on both Matrigel-coated microcarriers and microcarriers seeded with a MEF
monolayer. While the hESC expansion rate on MEF-microcarriers was less than that on
MEF-plates, the doubling time of hESCs on Matrigel-microcarriers was indistinguishable
from that of hESCs expanded on Matrigel-coated tissue culture plates. Standard hESC cryo-
preservation methodologies are plagued by poor viability and high differentiation rates upon
thawing. Here, we demonstrate that cryopreservation of hESCs adherent to microcarriers in
cryovials provides a higher recovery of undifferentiated cells than cryopreservation of cells
in suspension. Together, these results suggest that microcarrier-based stabilization and
culture may facilitate hESC expansion and storage for research and therapeutic applica-
tions. © 2009 American Institute of Chemical Engineers Biotechnol. Prog., 25: 20-31, 2009
Keywords: cryopreservation, human embryonic stem cells, microcarriers, cell expansion

Introduction

Human embryonic stem cells (hESCs) were derived from
the inner cell mass of blastocysts by Thomson et al. in
1998." These pluripotent cells can be propagated indefinitely
in vitro, yet still retain the capacity to differentiate into a
wide variety of somatic tissues representing progenies of the
three embryonic germ layers. In fact, hESCs have been
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shown to differentiate into cell types from each of the pri-
mary embryonic lineages in vitro, including neural cells,
myocytes, hematopoietic cells, and insulin-secreting cells. ™!
Therefore, hESCs possess significant promise to advance
cell-based regenerative medicine,'>™"> and also provide a
powerful in vitro model for the studies of early human de-
velopmental events.'®"

A prerequisite for the transition of hESC research advan-
ces to the clinic is the establishment of effective and effi-
cient cell culture and cryopreservation protocols for large-
scale cell expansion, storage, and distribution. In the
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laboratory, hESCs are typically batch cultured on tissue cul-
ture plates, and require medium replacement on a daily basis
and passaging every 4 to 7 days. This procedure is labor-in-
tensive, space-consuming, and the culture is subject to high
risk of contamination.”® Cell expansion surface area and
rapid depletion of culture medium also limit the scalability
of current culture methods.?! Accordingly, efforts have been
implemented recently to improve ESC scalability and robust-
ness. For example, intermittent perfusion feeding in tissue
culture plates can increase murine ESCs (mESCs) yield by
over 200% and hESC yield by 70% as compared to conven-
tional static culture.”'*> However, these perfusion systems
still operate at a low cell density compared to suspension
culture as a result of limited culture surface area. Suspension
culture in bioreactors can provide high cell volume density,
and also benefits from a homogenous, easy-to-monitor
microenvironment which, in the case of ESC culture, can be
regulated to favor either self-renewal or directed differentia-
tion. Suspension bioreactors have been used to expand
human hematopoietic stem cells**?* and neural stem cells.”
Nevertheless, suspension culture of embryonic stem cells,
including mESCs and hESCs, has been hindered by the ex-
cessive colony agglomeration, perhaps resulting from high
levels of E-cadherin expression in undifferentiated ESCs.?%
To reduce agglomeration, Dang et al.”’ encapsulated undif-
ferentiated ESCs in size-specified agarose capsules, and
before the cells outgrew the capsule the E-cadherin expres-
sion diminished with the progress of differentiation. While
this method was effective for producing embryoid bodies
(EBs) in suspension, its application to culture of undifferenti-
ated cells is limited.

In 2005, Fok and Zandstra® reported a method to propa-
gate mESCs in stirred-suspension culture as cell aggregates.
Stir-related shear stress reduced colony agglomeration and
regulated the size of aggregates. Cormier et al. 2829 reported
a similar mESC culture system. By varying inoculation
densities and stirring speeds, the culture doubling time was
shortened. hESCs possess a lower clonal recovery and
appear to be more anchorage-dependent than mESCs. One
possible method to assist suspension culture of hESCs
involves use of microcarriers as substrates. Microcarriers
are spherical particles, composed of various materials
including cellulose, glass, plastic, and polyester, with a typ-
ical diameter of 100-250 pm. Because of their high surface
area:volume ratio, microcarriers are commonly used to
scale culture of anchorage-dependent cells, including
human hepatocytes,®® human retinal pigment epithelial
cells’ and co-cultures of neurons and astrocytes.’> Glass
and Cytodex 3 microcarriers have been used for mESC sus-
pension culture and resulted in shorter doubling times than
those of mESCs cultured as substrate-free aggregates in
suspension.20

Inefficient hESC cryopreservation also limits cell expan-
sion via an extended lag in establishing a dense, viable cul-
ture following thawing. Even though hESCs are considered
to be “immortal”, aging cultures can acquire chromosomal
abnormalities and can lose differentiation potential.*>-*
Therefore, techniques to preserve stocks of early passage
cells are indispensable. Moreover, efficient cryopreservation
will facilitate banking hESC lines with different major histo-
compatibility complex genotypes and genetically-modified
clones.® Also, cryopreserved hESCs can be conveniently trans-
ferred between research centers, enabling scientific collabora-
tion and widespread research and clinical uses of the cells.
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Ji et al. reported an hESCs cryopreservation method in
which cells were frozen as adherent, intact colonies on their
culture plate, instead of freely-suspended colonies.>® This
technique substantially improved post-thaw survivability and
reduced spontaneous differentiation when compared to cryo-
preservation of colonies in suspension. However, large scale
storage of hESC colonies attached to plates does not make
efficient use of freezer space. In addition, tissue culture
plates are unable to be sealed or fastened as cryovials,
increasing the risk of sample cross-contamination during
storage in liquid nitrogen.

Here we report a scalable method of culturing and cryo-
preserving hESCs on microcarriers. We modified the surface
of Cytodex 3 beads with Matrigel or irradiated mouse em-
bryonic fibroblasts (MEFs) to enhance hESC seeding and
self-renewal. The growth rate of hESCs on microcarriers was
comparable to that of hESCs on conventional Matrigel-
coated culture plates and hESCs cultured on microcarriers
maintained self-renewal and pluripotency. The recovery of
hESCs cryopreserved adherent to microcarriers was also sig-
nificantly improved compared to that of hESCs frozen as
freely-suspended colonies. Our results suggest that microcar-
riers may facilitate an integrated distribution, storage, and
culture scale-up system.

Materials and Methods
Cell lines

Human embryonic stem cell lines H1 and H9,' passages
25 to 40, were used in this study. hESCs were cultured as
undifferentiated colonies attached to six-well tissue culture
plates, incubated inside a humidified 5% CO, incubator at
37°C, as described previously.36 The 6-well plates were ei-
ther pre-seeded with irradiated mouse embryonic fibroblasts
(MEFs) as a feeder layer, or pre-coated with Matrigel®>’
hESCs on MEFs were fed with UM/F+ medium (20%
knockout serum replacement, 0.5% 200 mM L-glutamine so-
lution, 1% 10 mM MEM nonessential amino acids solution,
78.5% DMEM/F12 medium, supplemented with 0.1 mM f-
mercaptoethanol and 4 ng/mL bFGF). While on Matrigel,
hESCs were cultured in CM/F+ medium (UM/F+ medium
without bFGF, pre-conditioned on MEFs, then supplemented
with 4 ng/mL bFGF before fed to hESCs). To passage
hESCs, collagenase or dispase was used to partially detach
cell colonies on MEF-plate or Matrigel-plate, followed by
scraping with the tip of a glass pipette. Matrigel was pur-
chased from BD Biosciences and f-mercaptoethanol was
from Sigma. Dispase, collagenase and all the other medium
components were obtained from Invitrogen.

hESC cultivation on microcarriers

In order to evaluate a suitable microcarrier for hESC cul-
ture, we screened a variety of commercially-available materi-
als. Cultisphere-S was purchased from Persell and a
Microcarrier Beads Starter Kit was purchased from Solo
Hill, containing the following microcarriers: F102-1521,
C102-1521, G102-1521, P102-1521, PP102-1521, PF102-
1521, H11-921. Cytodex 1 and 3, Cytoporel and 2 microcar-
riers were purchased from GE Healthcare as dry powders.
Dry microcarrier material was pretreated for cell culture
according to the manufacturer’s recommended procedures.
Briefly described for Cytodex 3, 1 g of microcarrier powder
was hydrated and swollen overnight in 80 ml Ca*" and
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Mngr free PBS (Invitrogen). The next day the PBS was dec-
anted and the microcarrier beads were twice washed and sed-
imented in 50 ml fresh PBS prior to sterilization by
autoclaving.

Initial trials with available microcarrier materials were
performed in CM/F+ after pre-coating microcarriers a mix-
ture of laminin and fibronectin. Microcarriers were pre-incu-
bated for 1 hr at 37°C in CM/F+ with laminin and
fibronectin (each 8.5 ug per ml; BD Biosciences) in a 15 ml
tube. An equivalent of 10 cm? surface area for each carrier
was used for each material and microcarriers were main-
tained in an untreated polystyrene 12-well plate to examine
initial cell attachment. To seed the cells onto microcarriers,
one well of culture (2-3 x 10° cells) was treated with dis-
pase and added directly to the microcarriers in CM/F+. The
plate was gently agitated on an orbital shaker inside the in-
cubator. Media changes were accomplished by carefully
aspirating the supernatants from the settled microcarriers.
After seeding, culture medium was changed every other day
for 5 days and microcarriers were visually examined for
attachment.

For all subsequent studies with Cytodex 3, the sterilized
microcarriers were pre-seeded with MEFs or pre-coated with
Matrigel before used for hESC culture. The PBS was deca-
nted, and then MEFs, suspended in MEF culture medium
(10% FBS, 90% DMEM, both ingredients from Invitrogen),
were added onto the microcarriers at a surface concentration
of 35 x 10* cells/cm®. MEF culture medium was added to
a final volume of 2.5 mL medium for every 1 x 10° MEFs.
Then the mixture of MEFs and microcarriers were trans-
ferred into a 100 ml Wheaton Magna-Flex spinner flask
(Fisher Scientific) which was placed on a Wheaton Micro-
stir stirrer (Fisher Scientific) inside the CO, incubator. The
mixture was stirred at 70 rpm for 5 min and let rest for 55
min; this stirring cycle repeated overnight to allow MEFs
to attach onto the microcarriers (MEF-microcarriers). The
next day, the MEF medium was decanted, and MEF-micro-
carriers were washed with DMEM/F12 three times and then
seeded with hESCs. To prepare Matrigel-coated microcar-
riers (Matrigel-microcarriers), 2 mg Matrigel was dissolved
in ice-cold DMEM/F12 and added to 65 mg (dry weight)
microcarriers. DMEM/F12 was added to bring the final vol-
ume to 60 ml. Then the mixture was transferred into the
spinner flask and stirred continuously overnight at 70 rpm.
Matrigel-microcarriers were washed with DMEM/F12
before seeding with hESCs.

hESC colonies cultured on six-well plates were washed
with Ca*" and Mg”"-free PBS. Then 1 mL trypsin (Invitro-
gen), pre-warmed to 37°C, was added to each well and the
plate was incubated at 37°C for 5-10 min. The plates were
monitored visually until the cell suspension consisted of small
clumps (120 cells). At this time, 1 ml hESC culture medium
was added to each well to neutralize the trypsin. The cells
were collected and washed in hESC medium, and resuspended
in CM/F+ at a concentration of 0.6-1 x 10%mL. These cells
were added to MEF-microcarriers or Matrigel-microcarriers at
the surface concentration of 3-7 x 10* cells/cm®. The mixture
was transferred into Corning Ultra Low Attachment six-well
plates (Fisher Scientific) at 2 ml/well, then placed on a rocker
inside the incubator and gently rocked overnight. The medium
was replaced with 3 ml/well fresh CM/F+ medium the follow-
ing day. The cells were cultured on the rocker and medium
was changed every day until the microcarriers were confluent
(>80% coverage, estimated visually).
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Long-term cultivation of hESCs on microcarriers and
karyotyping

hESCs were seeded onto MEF-microcarriers and Matrigel-
microcarriers, and cultured in CM/F+ as described above.
When the cultures reached confluence, the cells were har-
vested. hESCs adherent on microcarriers were washed once
in DMEM/F12, and treated with trypsin for 5-10 min at
37°C before the trypsin was neutralized with hESC culture
medium. Then the cells were further dissociated from the
beads and individualized by pipetting. The mixture was fil-
tered through a 40 or 70 um mesh (cell strainer) to remove
the beads. The cells were then pelleted, resuspended in fresh
CM/F+, and seeded onto newly-made MEF-microcarriers
and Matrigel-microcarriers. hESCs (H9, passage 26) were
continuously cultured on MEF-microcarriers for 10 passages,
and on Matrigel-microcarriers for 11 passages. On the fourth
day of the fifth passage, both cultures were sampled for
karyotype analyses, which were performed at the cytogenet-
ics lab of WiCell Research Institute (Madison, WI).

hESC cryopreservation

Freezing in Suspension. hESC colonies were pretreated
with collagenase or dispase for 3-5 min at 37°C and then
scraped off culture plates with the tip of a glass pipette. The
cells were collected, pelleted at 1,000 rpm, and washed in
culture medium. They were then resuspended in CM/F+ and
the total cell number was determined by counting on a
hemocytometer. CM/F+ was added to generate a final cell
concentration of 2 x 10° cells/mL. Freezing medium (20%
DMSO, 60% FBS, 20% CM/F+) was added dropwise to the
cells, so that the final cell concentration was 1 x 10° cells/
mL and the final composition of the medium was 10%
DMSO, 30% FBS, and 60% CM/F+. The solution was ali-
quoted into cryovials, 1 mL/tube, then placed inside an Nal-
gene Cryo 1°C Freezing container (Fisher Scientific) and
frozen in an —80°C freezer. The frozen hESCs were trans-
ferred into liquid nitrogen for long-term storage the next
day.

Freezing on Microcarriers. hESC-microcarriers were col-
lected, washed, and resuspended in fresh CM/F+. The
hESC-microcarriers were treated similar to cryopreserved
hESC colonies, except the cells were not removed from the
microcarriers prior to freezing. hESC-microcarriers were sus-
pended in 10% DMSO, 30% FBS, and 60% CM/F+ at ~1
x 10° cells/mL on ~10 cm? microcarriers. The cells were
divided into cryovials, frozen inside the Nalgene Cryo 1°C
Freezing container in the —80°C freezer, and transferred into
liquid nitrogen within the next 24 hr.

Thawing. The procedure for thawing hESCs frozen in
suspension or on microcarriers followed the same protocol.
Cryovials were quickly thawed in a 37°C water bath. Fresh
hESC culture medium was added dropwise into the vials to
dilute the cryoprotectants. The cells were then pelleted and
washed in culture medium. Finally, they were resuspended
in UM/F+ and plated onto a MEF feeder layer on a culture
plate. Cells frozen on microcarriers were not detached from
the microcarriers prior to replating.

Differentiation

After hESC-microcarrier cultures became confluent, CM/
F+ was replaced with UM/F-(UM/F+ medium without
bFGF) to facilitate hESC differentiation via embryoid body
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Table 1. Qualitative Visual Assessment of Microcarrier Materials During Preliminary Screen
Visual Assessment
Name Manufacturer Material Attachment Viability
Cytodex 1 GE Healthcare Cross-linked dextran with N, N-diethylaminoethyl groups Fair Poor
Cytodex 3 GE Healthcare Crosslinked dextran, denatured collagen on surface Fair Fair
Cytopore 1 GE Healthcare Macroporous cross-linked dextran with N, Poor* Poor
N-diethylaminoethyl groups, charge density of 1.1 meq/g
Cytopore 2 GE Healthcare Macroporous cross-linked dextran with N, Poor* Poor
N-diethylaminoethyl groups, charge density of 1.8 meq/g
CultiSphere-S PerCell Crosslinked pharmaceutical grade porcine gelatin Fair Poor
H11-921 Solo Hill Crosslinked polystyrene, modified with cationic Poor None
trimethyl-ammonium
F102 Solo Hill Crosslinked polystyrene, modified with cationic gelatin Poor None
C102 Solo Hill Crosslinked polystyrene, modified with gelatin Poor None
G102 Solo Hill Crosslinked polystyrene, modified with high silica glass Poor None
P102 Solo Hill Crosslinked polystyrene Poor None
PP102 Solo Hill Crosslinked polystyrene, cationic Poor None
PF102 Solo Hill Crosslinked polystyrene, modified with recombinant Poor None

fibronectin

Summary of a preliminary screen of 12 different available microcarriers. Microcarriers were pre-incubated in CM/F+ with laminin and fibronectin.
An equivalent of 10 cm? surface area for each microcarrier class was used. The cells were cultured in CM/F+ in an untreated polystyrene 12-well plate
to examine initial attachment. Culture medium was changed every other day for 5 days. Performance was judged by qualitative visual evaluation of

attachment and survival after 5 days.

*Because of the macroporous structure of Cytopore 1 and Cytopore 2, the visual accessibility of cell attachment inside the microcarrier beads was
poor. However, since no out-growth of cells from inside of the beads was observed, the attachment inside was assumed to be low.

(EB) formation on the microcarriers. The EBs were cultured
in ultra-low adhesion plates with gentle agitation to prevent
aggregation. After suspension culture in UM/F- for about
1 week, the microcarriers were allowed to settle, collected,
and transferred into a gelatin-coated conventional tissue
culture plate, and the EBs were allowed to attach to the
plate. Cells were maintained in UM/F- for one additi-
onal week, with daily medium changes, before analysis by
immunocytochemistry.

Immunocytochemistry

Cells were washed in PBS and fixed in 4% paraformalde-
hyde for 15 min at room temperature (RT). Cells were then
permeabilized by incubating in PBS-T (PBS + 0.4% Triton
X-100) for 30 min and blocked in 5% milk in PBS-T for 1 h
at RT. Primary antibodies were added onto the cells as a
1:50 or 1:100 dilution in PBS-T and samples were gently
rocked overnight at 4°C. The next day, the samples were
washed with PBS-T and secondary antibodies were added as
a 1:500 or 1:1,000 dilution in PBS-T. After gentle rocking
for 1 hr at RT, the samples were washed with PBS-T before
imaging with epifluorescence or confocal microscopy. The
primary antibodies used here included anti-Oct3/4 (Santa
Cruz Biotechnology) for detecting undifferentiated hESCs,
anti-o-fetoprotein (Biodesign International) for endodermal
cells, anti-brachyury (Santa Cruz Biotechnology) for meso-
dermal cells, and anti-nestin (Santa Cruz Biotechnology) for
ectodermal cells. The secondary antibodies were Alexa fluor
488 or 594 conjugates (Molecular Probes).

The presence of the Matrigel layer on the surface of
microcarriers after coating was confirmed by anti-laminin
staining of Matrigel-microcarriers. The immuno-staining pro-
cedure was similar to that described above. The dilution of
primary anti-laminin antibody (Sigma) was 1:300.

Flow cytometry

hESCs were detached from six-well plates or microcarriers
with 5-10 min trypsin (supplemented with 2% chicken se-
rum) treatment, and filtered through a 40 micron mesh to

eliminate cell aggregates and/or microcarriers. Then the cells
were washed with PBS and fixed in 1% paraformaldehyde
for 10 min at 37°C. After chilling on ice for 1 min, the cells
were washed in FACS buffer (CazJr and Mg2+ free PBS, 2%
FBS). To permeabilize the cells, they were resuspended in
ice-cold 90% methanol and incubated on ice for 30 min. The
cells were then washed and resuspended in FACS+T buffer
(FACS buffer 4+ 0.1% Triton X-100) at the concentration of
1 x 10° cells/mL. The cell solution was divided into FACS
tubes, 100 pL/tube, and 1 ul of the primary antibody anti-
Oct3/4 was added into each tube. The samples were incu-
bated overnight at 4°C. The next day the cells were washed
and the secondary antibody was added as a 1:1,000 dilution
in FACS-T buffer. The samples were then incubated at RT
in the dark for 30 min and washed. Cell fluorescence was
assessed with a FACScan flow cytometer (Beckton Dickin-
son) to quantify the Oct4 expression.

The viability of hESCs growing on microcarriers was
quantified via a Calcein-AM assay. Cells were detached and
filtered as described above. They were then washed and
resuspended in FACS buffer. Calcein-AM (Invitrogen) was
added into the samples as a 1:1,000 dilution, and incubated
20 min at RT. The cells were then washed in FACS buffer
and analyzed with flow cytometry.

Results

hESCs cultured on MEF -microcarriers and
Matrigel-microcarriers remain undifferentiated

Culturing hESCs in their self-renewing, undifferentiated
state requires an appropriate extracellular matrix (ECM). As
reported to date, hESCs can be cultured on feeder cells
(mainly MEFs and human fibroblasts), or on Matrigel, lami-
nin, fibronectin, collagen IV, and vitronectin substrates.>”™!
In a preliminary screen of 12 different commercially-avail-
able microcarriers we determined Cytodex 3 (GE Healthcare)
to be suitable for further studies based on qualitative visual
evaluation of attachment and survival after 5 days (Table 1).

Cytodex 3 microcarriers consist of a thin layer of dena-
tured collagen covalently coupled to a matrix of cross-linked
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Figure 1. hESCs cultured on microcarriers.

hESCs were seeded onto microcarriers at ~6.7 x 10* cells/em® in Corning Ultra Low Attachment six-well plates and rocked gently overnight inside
an incubator. (a, b) Phase contrast images of hESCs growing on bare Cytodex 3 microcarriers, 1 day (a) and 4 days (b) after seeding. (c) Phase con-
trast image of MEFs on Cytodex 3 microcarriers. MEFs were seeded onto the microcarriers at ~3.7 x 10* cells/cm? in a spinner flask overnight
with intermittent stirring (cycle: 70 rpm for 5 min followed by 55 min without stirring). (d) Fluorescence image of anti-laminin staining of Matrigel-
coated microcarriers. 65 mg (dry weight) microcarriers were coated with 2 mg Matrigel in 60 ml DMEM/F12 in spinner flask and stirred overnight
at 70 rpm. (e, f) Phase contrast images of hESCs growing on MEF-microcarriers, one day (e) and 4 days (f) after seeding. (g, h) Phase contrast
images of hESCs cultured on Matrigel-microcarriers, one day (g) and 4 days (h) after seeding. Scale bars: 200 pum.

dextran. These microcarriers have been used as a substrate
for mass cultivation of various types of mammalian cells,
including human retinal pigment epithelial cells, human he-
patocytes, and murine neurons and astrocytes.’* > However,
our initial attempts to culture hESCs directly on Cytodex 3
microcarriers were impeded by low attachment (Figures
la,b). Moreover, collagen is much less effective than MEFs
or Matrigel in long-term maintenance of undifferentiated
hESCs.?” Therefore, we modified the surface of Cytodex 3
microcarriers by formation of a MEF monolayer on the sur-
face, or incubation in Matrigel. Unlike hESCs, MEFs easily
attached to the collagen outer layer of the Cytodex 3 micro-
carriers (Figure 1c). MEFs on the microcarrier surface exhib-
ited the same spread morphology as on a conventional tissue
culture plate. To verify the effectiveness of Matrigel coating,
we labeled the laminin on the surface of the microcarrier
beads with immunocytochemistry (Figure 1d).

Surface modification of Cytodex 3 microcarriers with
MEFs and Matrigel improved the seeding of hESCs onto
microcarriers (Figures le,g). As described in Materials and
Methods, hESCs were seeded onto microcarriers in low-
attachment plates with a hydrophilic and neutrally-charged
surface, and were gently rocked, which diminished the cell
loss caused by attachment to the plate surface and enhanced
the interactions between cells and microcarriers. Using this
protocol with a seeding density of 3-7 x 10* cells/cm?, over
80% of the microcarriers were covered with hESCs by the
time the hESC-microcarrier culture reached confluence 4-
6 days after seeding (Figure 1f,h). As shown in Figure 1,
hESC-microcarriers agglomerated in culture. The sizes of
hESC-microcarrier aggregates did not increase indefinitely,
however; once the culture reached confluence, the cells of
the outer layer started to dissociate and numerous dead cells
were observed floating in the culture.

In this study, hESCs were serially cultured on microcar-
riers for up to 11 passages. To harvest or passage, hESCs
were detached from microcarriers by trypsin, and microcar-
riers were removed using cell strainers. Compared to hESC
colonies cultured on Matrigel-microcarriers, hESC colonies
growing on MEF-microcarriers were more compact. This
morphology difference is consistent with differences in
shapes of hESC colonies cultured on tissue culture plates.

To verity the undifferentiated status of hESCs growing on
microcarriers, the expression of transcription factor Oct4 was
assessed via flow cytometry (Figures 2a—c) and immunocyto-
chemistry (Figure 2d). After 10 passages on Matrigel-micro-
carriers, hESCs were harvested as single cells using trypsin
and the percentage of Oct4 positive cells was measured.
hESCs cultured on a Matrigel-plate were used as a positive
control. Of the hESCs cultured on Matrigel-microcarriers,
98.7 £ 0.6% were Oct4 positive, comparable to that of the
hESCs cultured on Matrigel-plate (99.5 £ 0.1%). At each
passage up to passage 10, >98% of the cells in each culture
expressed Oct4 (not shown). Confocal fluorescence micro-
graphs further confirmed that hESCs cultured on Matrigel-
microcarriers were Oct4 positive. Additionally, we trans-
ferred hESC-microcarriers to a conventional tissue culture
plate, let the hESCs attach and spread onto the plate, then
stained the colonies with an anti-Oct4 antibody. These cells
also possessed positive Oct4 immunoreactivity (data not
shown).

hESCs cultured on microcarriers are pluripotent

The ability of hESCs cultured on microcarriers to differen-
tiate into progeny cells in each of the three embryonic germ
layers was assessed in vitro as an indication of their pluripo-
tency. In typical hESC differentiation protocols, embryoid
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hESCs cultured on Matrigel-microcarriers remained Oct4 positive.

(a—c) Flow cytometry density dot plots of fluorescence showing Oct4 expression of hESCs cultured on Matrigel-plates (b) and Matrigel microcarriers
(c). hESCs from the same culture were simultaneously seeded on Matrigel-microcarriers and Matrigel-plates, cultured for 10 passages, harvested as
single cells using trypsin on the 6th day of the 10th passage, then immuno-stained for Oct4 and analyzed with flow cytometry. The gated region
was determined with the reference to the plot of hESC sample treated with only secondary antibodies (a). The percentages of events located inside
the gated region (Oct4 positive) are indicated on the plots. (d) Confocal microscopy fluorescence image showing undifferentiated hESCs cultured on
Matrigel-microcarriers with positive Oct4 immunoreactivity. Scale bars: 100 um.

bodies (EBs) are formed via suspension culture of hESCs col-
onies in bFGF-free medium.'”***’ Instead of detaching the
cells from microcarriers to form EBs, we directly transferred
hESC-microcarriers from CM/F+ into UM/F- to facilitate
hESC differentiation. As shown in Figure 3a, some of the
hESC colonies differentiated on microcarriers formed cyst-like
structures after 4-7 days in suspension. After 7 days in sus-
pension, the microcarriers were transferred to a gelatin-coated
plate and cells cultured for another week. Immunocytochemis-
try was used to detect the expression of the markers for prog-
eny cells in each of the three germ layers, i.e. a-fetoprotein
(endoderm), Brachyury (mesoderm), and nestin (ectoderm)
(Figure 3), indicating pluripotency. Oct4 expression was not
observed in microcarrier cultured EBs, while nestin-expressing
cells exhibited a neural morphology and many cells in the
EBs also stained positive for SIII tubulin (data not shown).

Expansion rates of microcarrier-cultured hESCs

Maintaining a high expansion rate is an important consid-
eration in scaling cell culture. We measured the doubling
time of hESCs growing on microcarriers and compared it

with that of hESCs cultured on tissue culture plates. The cells,
harvested from the same mother culture, were seeded onto
microcarriers as small clumps of trypsinized cells and onto cul-
ture plates as dispase-treated colonies. After seeding, both cul-
tures were incubated overnight to permit cell attachment to the
culture substrate. The initial cell count (0 hr) was performed
20 hr after seeding. Subsequent counts were conducted every
12 hr. Samples harvested from each culture were trypsinized
into single cells for counting. Trypan blue was used to exclude
cells lacking an intact plasma membrane. Greater than 90% of
the cells excluded Trypan blue at each time point.

The growth curves of cells cultured on Matrigel-microcar-
riers and Matrigel-plates for 60 hr are shown in Figure 4a,
and those of cells cultured on MEF-microcarriers and MEF-
plates for 84 hr are shown in Figure 4b. Growth curves were
fit to an exponential growth model N = Nye*’; thus the cell
doubling time is #, = In 2/k. Fitting the data in Figure 4a, k
= 0.020 hr ' for Matrigel-microcarrier culture and k& =
0.019 hr ' for Matrigel-plate culture, which are equivalent
to t, = 35 hr for Matrigel-microcarrier culture and 7, =
36 hr for Matrigel-plate culture (P > 0.1, 2-tailed Student’s
t test for Kmicrocarrier = Kplate)- Similarly, from the data in
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Figure 3. hESCs cultured on microcarriers differentiated into progeny of all three germ layers.

hESCs were cultured on Matrigel-microcarriers in CM/F+ until confluent, transferred to UM/F— and cultured in suspension for 1 week, then trans-
ferred to a gelatin-coated culture plate and cultured for another week before fixation. (a) phase contrast images of differentiating hESCs on microcar-
riers suspending in UM/F—. The arrows indicate cyst-like structures formed during differentiation. (b—d) fluorescence images of differentiated
hESCs stained for a-fetoprotein (endoderm, b), Brachyury (mesoderm, c¢), and nestin (ectoderm, d). Scale bars: 100 um.

Figure 4b, k = 0.020 hr' for MEF-microcarrier culture and
k = 0.027 hr~' for MEF-plate culture, which are equivalent
to t, = 35 hr and ¢, = 26 hr, respectively (P < 0.05, 2-tailed
Student’s t test for Kmicrocarrier = Kpiaie). The doubling time
values of microcarrier culture and Matrigel-plate culture
obtained here are similar to those reported by Xu et al.: 31—
33 hr for hESCs on Matrigel plates.”” These data suggest
that hESCs cultured on Matrigel-microcarriers grow as fast
as hESCs on Matrigel-plates. Nevertheless the doubling time
of hESCs cultured on MEF-plates was about 9 hr less than
that of hESCs on MEF-microcarriers.

The viability of hESCs growing on MEF-microcarriers
was quantified via Calcein-AM reduction using flow cytome-
try, and was compared with that of hESCs cultured on a
MEF-plate. Propidium iodide (PI) was also used to identify
dead cells. Of hESCs cultured on microcarriers, 91.5% were
PI-negative and 89.0% were both Pl-negative and Calcein-
positive (live), compared to 94.1% Pl-negative and 80.6%
PI-negative and Calcein-positive hESCs cultured on a MEF-
plate. Together, these results suggest that rates of microcar-
rier and plate-based cell expansion and viability are similar.

hESCs can be passaged on microcarriers

Chromosomal abnormalities, such as trisomy of chromo-
somes 17q and 12, are commonly detected in long-term cul-
ture of hESCs.>* To determine whether hESCs cultured on

microcarriers contained any chromosomal abnormalities, we
performed karyotype analyses of these cells after several
passages. hESCs from the same mother culture on MEF-
plates were sub-cultured on MEF-microcarriers and Matri-
gel-microcarriers separately for five consecutive passages
before they were harvested for G-band chromosome analysis.
The karyotypes of hESCs in both MEF-microcarrier and
Matrigel-microcarrier cultures were found to be normal
female at the standard level of resolution (Figure 5). The
cultures of hESCs on MEF-microcarriers and Matrigel-
microcarriers were maintained for over 2 months for 10 pas-
sages and 11 passages, respectively. Both Hl and H9 lines
were able to be expanded in an undifferentiated state through
10 passages.

hESC recovery improves when cryopreserved
on microcarriers

In a previous study by Ji et al., adherent hESCs cryopre-
served directly on a culture plate exhibited higher recovery
and less spontaneous differentiation than hESCs frozen as
free colonies in suspension.’® However, large scale storage
of hESCs in tissue culture plates is not feasible because cells
on plates cannot easily be stored at high density. Since
hESCs can be successfully cultured on microcarriers, we
assessed survival of microcarrier-immobilized colonies fol-
lowing cryopreservation to determine whether the same
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Figure 4. Growth curves of hESCs cultured on microcarriers
and six-well tissue culture plates in their exponential
growth stages.

Cell number normalized to the initial value (N/Ny) was quanti-
fied as a function of time during exponential growth. (a) Matri-
gel-microcarriers vs. Matrigel-plates. hESCs (cell line: HI,
passage: 30) were seeded onto microcarriers as small clumps
of trypsinized cells at 3.0 x 10* cells/cm?; they were also
seeded onto 6-well tissue culture plates as dispase-treated colo-
nies at the density of 2.8 x 10° cells/well. The first cell count
(0 hr) was performed 20 hr after seeding. (b) MEF-microcar-
riers vs. MEF-plates. hESCs (cell line: H9, passage: 36) were
seeded onto MEF-microcarriers at 3.3 x 10* cells/cm?; they
were seeded onto plates at the density of 3.0 x 10° cells/well.
The first counting (0 hr) was performed 17 hr after seeding.
Cells were trypsinized into single cells and counted. Trypan
blue was used to exclude cells lacking an intact plasma mem-
brane. Error bars indicate SEM.

survival cues provided by plate immobilization improve via-
bility of microcarrier-cultured cells.

The relative recoveries of hESCs cryopreserved on micro-
carriers to those of hESCs cryopreserved as freely-suspended
colonies (conventional hESC cryopreservation method) are
shown in Figure 6. In this experiment, Hl hESCs were cul-
tured on MEF-microcarriers to a density of ~1.1 x 10’
cells/cmz, then frozen on the microcarriers. For each batch
of hESCs cultured and cryopreserved on microcarriers,
hESCs from the same mother culture were cultured on a six-
well MEF plate to a density of 1.5-2 x 10%well and then
frozen as freely-suspended colonies after removal from the
plate. Approximately 1 X 10° hESCs in a 1 ml sample
volume were frozen in each cryovial with a cooling rate of
~ —1°C/min in a —80 °C freezer. The hESCs were then
stored in liquid nitrogen for one day, one week, 2 weeks or
1 month. After thawing, the hESCs were plated onto fresh
MEF-plates and cultured for one week before the cell num-
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ber was counted. This cell number, divided by the number
of cells in each sample at the time of freezing, represents the
recovery. Although the results indicate that cryopreservation
of hESCs adherent to microcarriers was superior to freezing
hESCs as freely-suspended colonies, the recoveries varied
significantly from one batch of cells to another, ranging
from 20 to 200% for the freely-suspended colonies. There-
fore we normalized the recoveries of hESCs frozen on
microcarriers to the recoveries of hESCs frozen as free colo-
nies in the same experiment. The consequential ratios of all
the three cell batches were then averaged and the results are
displayed in Figure 6. The recovery of adherent hESCs fro-
zen on microcarriers was 1.5-1.9 times of the recovery of
hESCs frozen as free colonies (P < 0.05). The improvement
in recovery did not change significantly over 1 month in
storage (P > 0.05). hESCs adherent on Matrigel-microcar-
riers were also cryopreserved, and the recovery was similar
to the recovery of hESCs frozen as freely-suspended colonies
(data not shown). Compared to hESCs on MEF-microcar-
riers, hESCs adherent to Matrigel-microcarriers were more
prone to detach from the beads after thawing.

hESCs remained undifferentiated after cryopreservation on
microcarriers, as determined by anti-Oct4 immunocytochem-
istry and flow cytometry (Figure 7). After thawing, hESC-
microcarriers were plated onto a MEF-plate, cultured for one
week and analyzed for differentiation state. Figures 7a,b
show a thawed undifferentiated hESC colony recovered
from a microcarrier. Flow cytometry for Oct4 expression
indicated that 91.1 £ 1.0% of the cells cryopreserved on
MEF-microcarriers and recovered on MEF-plate for 7 days
were Oct4-positive, while 93.8 £ 0.7% of cells recovered
from the conventional hESC cryopreservation were Oct4-
positive (Figures 7c-e).

Discussion

Current hESC expansion methods rely on laborious feed-
ing and propagation techniques. Microcarriers permit culture
of adherent cells in suspension and typically afford higher
cell density and scalability than cell growth on culture plates.
In this study, we report a method to culture hESCs on micro-
carriers. The surface of Cytodex 3 microcarriers was modi-
fied with Matrigel or MEFs to enhance hESC attachment
and inhibit hESC differentiation. Our experiments have
shown that hESCs cultured on Matrigel-microcarriers have
similar growth rates to hESCs grown on Matrigel-coated tis-
sue culture plates. hESCs cultured on MEF-plates, however,
possessed a higher growth rate than hESCs cultured on
MEF-microcarriers. Due to the differences in microcarrier
and plate surfaces and MEF seeding protocols, the surface
concentration of MEFs on microcarriers varied from that on
plates, which may contribute to the disparity in the growth
rates of hESCs on MEF-microcarriers and on MEF-plates.
The mother cultures used in this growth-curve experiment
were the hESCs of passage 36 (Figure 4b) grown on MEF-
plates, i.e., the cells had been cultured on MEF-plates for
long-term before they were transferred onto new culture sur-
faces and grown in new conditions. During their 36 pas-
sages, hESCs may have been selected to adapt to MEF-plate
culture conditions, which may also contribute to the faster
growth rate on MEF-plates than on MEF-microcarriers as
shown in Figure 4b. In fact, we have qualitatively observed
that, to a certain extent (passage < 50), hESCs cultured in
constant conditions grow faster as passage number increases.
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Figure 5. Karyotypes of hESCs cultured on (a) MEF-microcarriers and (b) Matrigel-microcarriers.

hESCs (H9, passage 26) cultured on MEF-plates were seeded onto microcarriers, and consecutively cultured on microcarriers for five passages. On
the 4th day of the 5th passage on microcarriers, the cells were analyzed for G-band karyotype.
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Figure 6. Recovery of hESCs cryopreserved on MEF-micro-
carriers (Ry), compared to that of hESCs cryopre-
served as freely-suspended colonies (Rp).

hESCs (HI, passage 32-37) were frozen in a medium com-
posed of 10% DMSO, 30% FBS and 60% CM/F+, with a cool-
ing rate of ~ —1°C/min, and stored in LN, for 1 day, 1 week,
2 weeks, or 1 month as indicated. After rapid thawing in a
37°C water bath, cells were cultured on fresh MEF-plate for
1 week before recovered cells were trypsinized from the plate
and the cell number was counted using Trypan blue to exclude
cells lacking an intact plasma membrane. Recovery is defined
as the number of cells that exclude Trypan blue divided by the
number of cells in each sample at the time of freezing. The
recoveries of hESCs frozen on microcarriers were normalized
by recoveries of hESCs frozen as free colonies (Ry; / Rg). The
value represented by each bar is the average Ry/Rp ratio of
three samples of cryopreserved hESCs in each of three inde-
pendent experiments. Error bars represent SEM.

Since hESCs grow in multiple layers on microcarriers and
multiple microcarriers can agglomerate into larger cell
masses, inefficient transport of nutrients, growth factors and
metabolic wastes may eventually exert detrimental effects on
hESCs and cause inconsistency in cell growth and differen-
tiation. However, after 4-6 days, the cells of the outer layer
start to dissociate and the aggregate size reaches an apparent
steady-state confluence. We have transferred the confluent
hESC-microcarriers onto a plate. Similar as shown in Figure
7, the cells spread on plate surface and exhibited consistent
hESC morphology and strong Oct4 expression throughout

the entire colony. This implies that the diffusion in the
hESC-microcarrier suspension culture was sufficient to sup-
port the growth of undifferentiated hESCs throughout the
multiple layers of cells wrapping around the microcarrier by
the time of culture confluence. Passaging from microcarriers
to plates or expansion to additional microcarriers requires ef-
ficient detachment of viable cells. At harvest, trypsin was
used to detach hESCs from microcarriers. We have also tried
dextranase to digest Cytodex 3; however this enzyme caused
severe hESC toxicity before the breakdown of the beads.

The success of culturing undifferentiated and pluripotent
hESCs on microcarriers opens the path of large-scale cultiva-
tion of hESCs. Further improvements are likely to improve
the performance of microcarrier hESC culture methods. For
example, a perfusion system which continuously feeds the
cells may increase the culture density.22 However, some
challenges have to be addressed before the hESC-microcar-
rier culture technique is fully developed and applied into
high-yield production of hESCs. hESCs are “highly-coopera-
tive”; they cannot be efficiently passaged as individual
cells.** The clonal efficiency of individualized H1 and H9
hESCs is less than 7% under the conventional culture condi-
tions.* In plate culture protocols, hESCs are treated with
collagenase or dispase and passaged as relatively large col-
ony fragments which are too large to be seeded onto micro-
carriers. Instead, hESCs are seeded onto microcarriers as a
mixture of very small cell clumps and single cells. Therefore
the seeding efficiency of hESCs onto microcarriers is cur-
rently very low, which would not only compromise the
hESC production efficiency, but also exert selective pressure
on the cultures. The seeding efficiency was very sensitive to
cell density. Confluent cultures were not obtained using
seeding densities below 10* cells/cm? (data not shown). At
cell densities greater than 10° cells/cmz, confluent microcar-
riers were readily achieved, but seeding efficiency was low
since the microcarrier surface was saturated. Seeding den-
sities from 3-7 x 10* cells/cm® represented an optimum for
expansion. Furthermore, seeding efficiency was sensitive to
the size of clumps used to seed the microcarriers. Single cell
suspensions did not attach and grow. Likewise, large clusters
of cells did not efficiently adhere to the microcarrier surface.
We found that a mixture of 1-20 cells/cluster was optimal
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hESCs remained undifferentiated after cryopreservation on microcarriers.

After thawing, hESCs frozen on microcarriers were plated onto an MEF-plate, and cultured on the plate for one week before fixation, immuno-stain-
ing and flow cytometry analysis. Phase contrast (a) and Oct4 immunofluorescence (b) images of an undifferentiated hESC colony recovered from
cryopreservation on MEF-microcarriers. The ring shown in both images is the outline of a microcarrier bead. Scale bars: 100 um. (c—e) Density dot
plots of fluorescence from flow cytometry showing the Oct4 expression of hESCs recovered from cryopreservation with (d) or without (e) microcar-
riers. The gated region was determined with the reference to the plot of hESC sample treated with only secondary antibodies (c). The percentages of
events located inside the gated region (Oct4 positive) are indicated on the plots.

for seeding. A possible way to improve the seeding effi-
ciency is to lower the oxygen level of the culture from 21%
to 2%, since it was reported that physiologic oxygen concen-
tration (2%) increased H1 and H9 hESC clonal efficiency to
25-31%.% Alternatively, inhibition of Rho-associated kinase
(ROCK) may likewise increase clonal survival and microcar-
rier seeding efficiency.*® Like mESCs cultured in suspension,
hESC-microcarriers also agglomerate, which diminishes ac-
cessible surface area, reducing the ratio of hESC yield to the
mass of microcarriers used. Agglomeration of mESC aggre-
gates was significantly reduced by appropriate levels of agi-
tation.”?® Hence it is expected that appropriately-designed
agitation for the hESC-microcarrier culture could also reduce
agglomeration while avoiding deleterious mechanical dam-
age to the cells.

The ECM and culture media used in this study contain
poorly-defined components of animal origin. hESCs cultured
under these conditions were reported to express nonhuman
sialic acid Neu5Gc which would evoke an immune response
if these cells were transplanted.47 Another enhancement to
the hESC-microcarrier culture would be xeno-free and defined
components for ECM and medium as desired for future clini-
cal applications in regenerative medicine.”® However prelimi-
nary studies with mTeSR1 medium in our lab (data not
shown) showed low attachment and survival of hESCs on
microcarriers after trypsinization, possibly due to their known
limited cloning efficiency in this defined medium.

With the efforts to advance hESCs cultivation techniques,
significant effort has been placed on development of effec-

tive, robust hESC cryopreservation techniques. The reported
recoveries after conventional slow freezing in a variety of
labs vary from 0% to 48%.**>* However, each study uses
different metrics to evaluate effectiveness of their protocol,
complicating comparison of results. Typically colony-based
measurements of recovery provide higher apparent viabilities
than cell-based measurements, as a colony may attach and
grow even if not all cells in that colony survived the freeze-
thaw process. We stored our frozen hESC samples in LN,
for up to one month, and cultured the hESCs for 7 days after
thawing before assessing viability. Considering the sizes of
the colonies vary greatly, we chose cell-based recovery to
evaluate the effectiveness of the cryopreservation of hESCs
adherent on microcarriers, which was compared to that of
the conventional hESC slow freezing method. As shown in
Figure 6, hESC cryopreservation on microcarriers resulted in
1.7 times the recovery of hESCs cryopreserved in free sus-
pension, suggesting that adherence of hESCs to microcarriers
aids cell survival during the freeze-thaw process.

ECM has been shown to help certain cells survive freezing
and thawing. For example, rat hepatocytes cryopreserved in
collagen displayed a higher viability than cells cryopreserved
in suspension.55 hESCs embedded in Matrigel exhibit an
approximately ten-fold improvement in recovery as com-
pared to the ~1.5-fold improvement found in this study.’®
Heng et al showed that post-thaw apoptosis was the predom-
inant mechanism of death when hESCs were cryopreserved
adherent on plate.56 They argued that Matrigel entrapment
further improved hESC colony recovery by preserving gap-
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junctions and other intercellular adhesion contacts during freez-
ing and thawing. Although the mechanism is far from fully
understood, this study supports the notion that maintaining cell
adhesion improves hESC recovery following cryopreservation.
Furthermore, storing frozen colonies on microcarriers in cryo-
vials is more scalable than storing culture plates.

This study reveals a promising approach to improve hESC
culture which may allow efficient scale-up of hESC storage,
distribution and culture systems. Although culturing and
stabilizing hESCs on microcarriers still require further opti-
mization and translation to defined xeno-free culture condi-
tions, our approach serves as a proof-of-principle for future
larger-scale investigations.
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