












hyaluronidase at the levels necessary for our work appear to be safe
for hESCs.

Human ESCs Encapsulated in HA Hydrogel Maintain Their Capacity for
Differentiation. An important advantage of the HA hydrogel system
is that the hESCs can be first maintained in their undifferentiated
state and then exposed to differentiation factors within the same
system or released to be studied with other strategies, in vitro or in
vivo. To illustrate this feature, we compared (i) spontaneous
differentiation of hESCs via EB formation for hESCs released from
hydrogel and (ii) induction of vasculogenic sprouting of HA-
encapsulated hESCs. Cells that were cultured in HA hydrogels for
30 days, released with hyaluronidase, and subsequently cultured in
suspension were found to form EBs containing cell types repre-
sentative of all three germ layers (SI Fig. 8). HA was observed to
play a role in the regulation of angiogenesis and vascular endothelial
cell function. In particular, low-molecular-weight degradation prod-
ucts (3–10 disaccharide units) stimulated endothelial cell prolifer-
ation, migration, and sprouting (22). Generation of ‘‘angiogenic’’
HA from the naturally occurring HA is mediated by the endogly-
cosidase hyaluronidase, by processes that are associated with tissue
damage, inflammatory disease, and certain types of tumors (21).
We therefore explored HA hydrogel culture systems for vascular
differentiation. Human ESCs were encapsulated in HA hydrogels
and cultured in MEF conditioned medium for 1 week, after which

the medium was replaced by angiogenic differentiation medium
containing VEGF. Cell sprouting and elongation was observed
after 48 h for hESC colonies treated with VEGF (Fig. 5 A and B).
After 1 week of differentiation, staining with specific vascular
markers revealed that most sprouting cells were positive for smooth
muscle actin (Fig. 5C), whereas few were positive for CD34
(Fig. 5D).

Materials and Methods
hESCs. Multiple lines of hESCs were studied: H9, H13, and, in
several studies, H1 (WiCell Research Institute, Madison, WI).

hESC Culture on MEFs. hESCs were grown on inactivated MEFs in
growth medium consisting of 80% knockout DMEM, supple-
mented with 20% knockout serum replacement, 4 ng/ml basic FGF,
1 mM L-glutamine, 0.1 mM 2-mercaptoethanol, 1% nonessential
amino acid stock (Invitrogen). Human ESCs were passaged every
4–6 days with 1 mg/ml type IV collagenase (Invitrogen).

hESC Encapsulation and Release. Methacrylated HA was synthesized
as described (32) (SI Materials and Methods). It was dissolved at a
concentration of 2 wt% in PBS containing 0.05 wt% 2-methyl-1-
[4-(hydroxyethoxy)phenyl]-2-methyl-1-propanone (Irgacure 2959),
and hESCs were added [(0.5–1) � 107 cells per milliliter of
precursor solution]. The mixture was pipetted into a sterile mold
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Fig. 4. Cell release from hydrogels and cell karyotyping. (A–D) hESCs (H13 line) grown on MEFs were incubated for 24 h in growth medium (A), 1% collagenase
solution in growth medium (B), 1,000 units/ml hyaluronidase solution in growth medium (C), and 2,000 units/ml hyaluronidase solution in growth medium (D).
To release hESCs from HA hydrogel, constructs were incubated with 2,000 units/ml hyaluronidase in growth medium. (E) After 18 h, small particles of hydrogels
remained that trapped hESCs. (F) After 24 h, hESCs colonies were completely released from the hydrogel. (G and H) hESCs (H9 line) released from the hydrogel
after 30 days of encapsulation and cultured on MEFs formed small colonies of undifferentiated cells after 24 h (G) and were propagated on MEFs for three
passages (H). (I) FACS analyses of released cells after 20 days of HA culture revealed high levels of SSEA4 and alkaline phosphatase. (Scale bars: 100 �m.)
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Fig. 5. Differentiation. H9 line cells were cultured in conditioned medium for 1 week followed by the replacement of medium containing VEGF. (A and
B) Cell sprouting was observed after 48 h in gels transferred to medium containing VEGF (arrows) (A) compared with gels continuously cultured in
conditioned medium (B). (C and D) After 1 week of differentiation, sprouting elongating cells were mainly positive for vascular �-smooth muscle actin (C),
whereas some were positive for early stage endothelial marker (D). CD34 (in situ 3D staining of gels). (Scale bars: A and B, 100 �m; C and D, 25 �m.)

11302 � www.pnas.org�cgi�doi�10.1073�pnas.0703723104 Gerecht et al.



(50-�l volume per well, to obtain discs with diameters of 3 mm and
thicknesses of 2 mm) and photopolymerized [�10 mW/cm2 UV
light (BlakRay) for 10 min]. The acrylated dextran macromer was
prepared as described (18) (SI Materials and Methods), and hESCs
were encapsulated within the dextran by using the same procedures
as for HA hydrogels. Cell–gel constructs were cultivated in MEF
conditioned medium as previously described (2). For differentia-
tion, gels were cultured with endothelial growth medium (Cam-
brex) supplemented with 100 ng/ml VEGF (R & D Systems).

To release encapsulated hESCs, HA constructs were incubated
for 24 h in hESC growth medium containing 100, 500, 1,000, or
2,000 units/ml hyaluronidase (Sigma). The percentage of viable
hESCs incubated with 2,000 units/ml HAase for 24 h or 1 mg/ml
collagenase IV for 30 min was examined by trypan blue. For
reculture, cells were collected, centrifuged, washed three times with
PBS to remove any hydrogel residues, resuspended in growth
medium, and cultured on MEF-coated dishes according to standard
methods (35, 36). For adherence studies, released hESC colonies
were seeded on four-well plates coated with MEFs and the medium
was not changed for 48 h. To estimate the adherence percentage,
we collected the media from each well and counted the colonies in
the supernatant and those that attached to the MEFs. We excluded
single cells from the counts. Results are presented for n � 3. For
EB formation, released hESCs were recultivated in nonadherent
Petri dishes with EB medium (13).

Presence of HA in Medium. MEF-conditioned medium was prepared
as described (2) and compared with hESC growth medium with
respect to the levels of HA by using an HA test kit (Corgenic).

FACS Analysis. hESCs were removed from MEFs or released from
hydrogels and analyzed by means of flow cytometry (SI Materials
and Methods).

Proliferation Assay. Cell proliferation was detected either by daily
cell count or the XTT kit (Sigma) according to the manufacturer’s
instructions (SI Materials and Methods).

Immunohistochemistry. EBs and HA constructs were either embed-
ded in histo-gel or directly fixed in 10% neutral-buffered formalin
(Sigma) overnight, dehydrated in graded alcohols (70–100%),
embedded in paraffin, sectioned to 4 �m, and either stained with
hematoxylin eosin or immunostained with specific markers (SI
Materials and Methods).

Immunofluorescence and Confocal Microscopy. hESC colonies grown
on MEFs, hESC colonies grown on MEFs and exposed to UV for
10 min and 5 h, and HA-hESC-differentiated constructs were fixed
in situ with Accustain (Sigma) for 20–25 min at room temperature.
After blocking with 5% FBS, cells were permeabilized (when
intracellular markers were examined) and stained with one primary
antibody (see list of antibodies in SI Materials and Methods). Cells
were then rinsed three times with PBS (Invitrogen) and incubated
for 30 min with suitable FITC- (R & D Systems) or Cy3-conjugated
(Sigma) secondary antibodies. DAPI (2 �g/ml; Sigma) or To-pro 3
(1:500; Molecular Probes/Invitrogen) were added during the last
rinse. IgG isotype-matching using mouse or goat (both from R &
D Systems) or secondary antibody alone served as controls. The
immunolabeled cells were examined by using either fluorescence
microscopy (TE300 inverted microscope; Nikon) or confocal laser
scanning microscopy (LSM 510; Zeiss).

HA Binding, Uptake, and Blocking. The binding assay of FL-HA was
performed as described (26). Briefly, hESCs were cultured on
coverslips and gently washed. Human FL-HA at 100 �g/ml (Sigma)
was added to the growth medium for 16 h at 4°C. In some cases, to
study the role HA receptor, anti-human CD44 was added to the
cultures or incubation with FL-HA. After three washes with
ice-cold PBS, the cells were fixed in 100% ice-cold acetone for 10
min, air-dried, and rehydrated for 15 min in PBS. Processed cells
were further stained with anti-CD44 or anti-CD168 and examined.
To block HA receptors, hESCs were passaged and seeded with or
without the addition of a mixture of anti-CD44 (clones A3D8 and
P3H9) and anti-CD168 (n � 4). Colony formation and morpho-
logically differentiating colonies were quantified and documented
after 24–48 h.

RT-PCR. RNA was extracted and analyzed as described (40). Please
see SI Materials and Methods for details.

Karyotyping Analysis. Cells were prepared and analyzed as de-
scribed and recommended (41). Please see SI Materials and Meth-
ods for details.
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