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a b s t r a c t

The developmental potential of pluripotent stem cells is influenced by their local cellular microenvi-
ronment. To better understand the role of vascular endothelial growth factor (VEGFA) in the embryonic
cellular microenvironment, we synthesized an artificial stem cell niche wherein VEGFA was immobilized
in an agarose hydrogel. Agarose was first modified with coumarin-protected thiols. Upon exposure to
ultra-violet excitation, the coumarin groups were cleaved leaving reactive thiols to couple with mal-
eimide-activated VEGFA. Mouse embryonic stem cells (ESC) aggregates were encapsulated in VEGFA
immobilized agarose and cultured for 7 days as free-floating aggregates under serum-free conditions.
Encapsulated aggregates were assessed for their capacity to give rise to blood progenitor cells. In the
presence of bone morphogenetic protein-4 (BMP-4), cells exposed to immobilized VEGFA upregulated
mesodermal markers, brachyury and VEGF receptor 2 (TþVEGFR2þ) by day 4, and expressed CD34 and
CD41 (CD34þCD41þ) on day 7. It was found that immobilized VEGFA treatment was more efficient at
inducing blood progenitors (including colony forming cells) on a per molecule basis than soluble VEGFA.
This work demonstrates the use of functionalized hydrogels to guide encapsulated ESCs toward
blood progenitor cells and introduces a tool capable of recapitulating aspects of the embryonic
microenvironment.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Embryonic stem cells (ESCs) are derived from the inner cell mass
(ICM) of the embryo and have the ability to differentiate into cells
from all three germ layers. By manipulating ESC differentiation
toward the mesoderm, genetic and malignant blood disorders may
be treated with ESC-derived blood cells [1]. However, current cell
culture techniques are limited in their capacity to replicate aspects
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of the embryonic microenvironment and lack the ability to scale-up
and generate differentiated cells. ESCs are commonly differentiated
with soluble factors added to the media; however, niche engi-
neering such as growth factor immobilization is becoming
increasingly popular to better mimic the cellular microenviron-
ment. In vivo, cytokines and growth factors are often presented to
cells immobilized through their interactions with specific heparin-
binding domains [2], extracellular matrix (ECM) molecules such as
fibronectin or by directly binding to the cell membrane [3]. To study
specific cellular responses, biomimetic matrices have been
synthesized with immobilized growth factors that increase local
concentration in proximity to cell surfaces. Studies have also shown
that growth factors immobilized on biomaterials remain bioactive
and effectively target signalling receptors that control stem cell fate
[4e7]. We hypothesized that the incorporation of immobilized
vascular endothelial growth factor (VEGFA) and soluble bone
morphogenetic protein (BMP-4) in an in vitro culture systemwould
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enable better control and efficiency of ESC differentiation toward
blood progenitor cells.

VEGFA, one of five members of the VEGF family, is a signalling
growth factor that regulates angiogenesis by promoting prolifer-
ation, migration and sprouting of endothelial cells [8]. VEGFA
primarily interacts with two receptor tyrosine kinases known as
VEGF receptor-1 and -2 (VEGFR1/VEGFR2). VEGFR1 is mainly
found on endothelial cells whereas VEGFR2 (also known as Flk-1 in
mouse cells and KDR in human cells) is expressed on endothelial
cells, hematopoietic stem cells, megakaryocytes, and osteoblasts
[9]. Both VEGFR1 and VEGFR2 are important in normal and path-
ological vascular endothelial cell biology. We previously demon-
strated that temporal control of VEGFA is important to achieve
a hematopoietic stem cell fate [10]. In an attempt to drive ESC
differentiation using an engineering construct, Ferreira et al.
reported that a dextran-based hydrogel with VEGFA-loaded
microparticles enhanced vascular differentiation of human ESC-
derived cell aggregates termed embryoid bodies (EBs) in compar-
ison to soluble VEGFA [11]. However, the construct used was not
amenable for scale-up culture to attain large numbers of differ-
entiated cells.

To create a biomimetic microenvironment, we chose to use
agarose as a scaffold for VEGFA immobilization to direct ESC
differentiation during the early stages of development toward
blood progenitor cells [10]. Agarose is a compelling material
because it is transparent, allowing for photochemical modifica-
tion, and can be mechanically tuned by varying its weight
concentration. It is a neutral polysaccharide that gels in water at
reduced temperatures, non-adhesive to cells, non-adsorptive to
proteins and resistant to swelling [45]; thereby providing a blank
canvas on which specific biological molecules can be immobi-
lized. Moreover, the use of agarose for in vivo applications has
been evaluated by investigators because it does not induce
specific xenogeneic responses [12]. Agarose has been used as
a carrier to deliver cell secreting factors via encapsulation
[13e16]. Ito et al. have shown that hamster islet cells encapsu-
lated in agarose beads exhibited prolonged viability and estab-
lished normoglycemia in streptozotocin-induced diabetic mice
compared to free injected hamster islets [16]. Similarly, Lahooti
and Sefton have shown that intraperitoneally injected mouse
fibroblasts co-encapsulated with poly(hydroxyethyl methacry-
late-co-methyl methacrylate) [HEMA-MMA] and agarose pre-
vented aggregation of cells and expressed alkaline phosphotase
21 days postimplantation. Fibrous tissue accumulation was
negligible on the surface compared to cells within HEMA-MMA
microcapsules injected without agarose [17]. To promote cell
attachment and differentiation, the primary hydroxyls present on
the backbone of agarose can be functionalized with adhesion
molecules [18] and bioactive ligands [4]. Subsequently, agarose
has been used to encapsulate human and mouse ESCs, thereby
allowing cell proliferation while preventing agglomeration, in
a mechanically stable environment [19].

In this study, wewere interested in functionalizing agarose with
moieties that facilitate VEGFA immobilization and testing these
matrices for their capacity to influence ESC differentiation. The
initial immobilization chemistry was optimized with a-chymo-
trypsinogen, a model protein for VEGFA. Cells were encapsulated
within VEGFA immobilized agarose in serum-free conditions and
blood progenitor cell output was assessed relative to soluble VEGFA
controls in the presence of BMP-4.
2. Materials and methods

All chemicals were obtained from Sigma Aldrich (St. Louis, MO, www.
sigmaaldrich.com) and used as received unless otherwise stated.
2.1. Synthesis and characterization of aminated, carboxylated and
coumarin-sulphide functionalized agarose

400 mg of ultra-low gelling temperature agarose (SeaPrep Agarose, Lonza,
Switzerland, www.lonza.com) was dissolved in 25 ml of anhydrous dimethyl
sulphoxide (DMSO) at 80 �C, and then cooled to room temperature. 70 mg of 1,1-
carbonyldiimidazole (CDI) dissolved in 2 ml of DMSO was added to the agarose
solution and then stirred for 2 h. Next, small molecules containing the functional
groups of interest were added to CDI-activated agarose: 2 ml of ethylenediamine for
aminated agarose; 1 ml of 2-mercaptoacetic acid for carboxylated agarose; or 60 mg
of coumarin-sulphide [42] in 1 ml of DMSO for coumarin-sulphide agarose (C-SH).
Agarose mixtures were protected from light and stirred overnight. Thereafter, 30 ml
of warm water (to maintain agarose solubility) was added to each mixture prior to
dialyzing (MW cut off 3500, Spectrum laboratories, CA, www.spectrapor.com)
against distilled water for 3 days with daily water changes. After dialysis, during
which DMSOwas extracted, agarosemixtureswere lyophilized and stored at�20 �C.

The degree of substitution (DS) of the modified agarose formulations was then
tested. For aminated agarose, a trinitrobenzene sulphonic acid assay (TNBSA,
Thermo Scientific, Rockford, IL, www.piercenet.com) was used as outlined by the
manufacturer. Fourier transform infrared spectroscopy (FTIR) was used to detect
carboxylic acids on carboxylated agarose. Briefly, lyophilized samples were placed
securely under a Harrick SplitPea on a Nicolet Avatar E.S.P spectrometer (Thermo
Electron Co., Waltham) and spectra were acquired using OMNIC software (Thermo
Electron Co., Waltham). FTIR spectra values (SplitPea, in cm�1): 1050 (lprimary alcohol

CeO); 1150 (lsecondary alcohol CeO); 1730e1700 (lcarboxylic acid C]O). Ultra-violet (UV)
absorbance was used to determine the DS of coumarin on agarose based on pub-
lished values: lmax bromohydroxy coumarin-sulphide ¼ 373 nm; 3 ¼ 14 500 M

�1 cm�1 [42].

2.2. Fluorescent tagging and activation of a-chymotrypsinogen

170 ml of a-chymotrypsinogen (1.5 mg/ml PBS, pH ¼ 7.4) was added to 30 ml 5,6
carboxyfluorescein, succinimidyl ester (FAMSE; 10 mg in 1 ml DMSO; Biotium Inc.,
Hayward, CA, www.biotium.com). The mixture was added to 250 ml solution of
1-ethyl-3-3-dimethylaminopropyl carbodiimide hydrochloride (EDC; 2.4 mg/ml in
PBS, pH ¼ 7.4)/N-hydroxysulphosuccinimide (Sulpho-NHS; 2 mg/ml, Thermo
Scientific) or sulphosuccinimidyl-4-(N-maleimidomethyl) cyclohexane-1-carbox-
ylate (Sulpho-SMCC, 1.5 mg/ml in PBS, pH ¼ 7.4, Thermo Scientific) and allowed to
react for 15 min. EDC/Sulpho-NHS and Sulpho-SMCC crosslinkers were used to
conjugate proteins onto aminated agarose and coumarin-sulphide agarose respec-
tively. Unreacted fluorescein and crosslinker molecules were removed by purifying
the mixture using a Sephadex G-25 packed column and fast protein liquid chro-
matography (AKTA-FPLC, Amersham Pharmacia). Activated a-chymotrypsinogen
was eluted in sterile PBS, pH¼ 7.4 and monitored at 280 nm using a UVevis monitor
(UPC-900 Pharmacia Biotech) equipped on the FPLC machine. Protein concentration
was determined by using a Micro-BCA assay kit (Pierce Biotechnology) as outlined
by the manufacturer.

2.3. Conjugation of activated a-chymotrypsinogen onto functionalized agarose

For each type of functionalized agarose, 1ug/ml of activated a-chymotrypsin-
ogen was added to agarose gels to obtain a final concentration of 2 w/v% (PBS,
pH ¼ 7.4). For carboxylated agarose, 250 ml EDC/Sulpho-NHS (2.4/2 mg/ml) was
added for 15 min to activate the hydrogel before introducing the activated protein.
Activated protein in aminated and carboxylated agarose mixtures was vortexed and
allowed to react for 90 min on a shaker at 37 �C. Activated protein in C-SH agarose
mixtures was vortexed, UV irradiated for 5 min and incubated for 30 min at room
temperature in the dark. To remove unconjugated protein, 100 ml agarose mixture
aliquots were placed into a 96 well plate and gelled for 1 h at 4 �C; gels were then
washed for 7 d in PBS buffer pH ¼ 7.4 with daily buffer changes at 4 �C. After
washing, the platewas placed in an oven at 50 �C for 5min afterwhich the re-melted
gels were recovered from the wells and subsequently stored at �80 �C. Immobilized
protein gels were quantified relative to a standard curve comprised of known
concentrations of fluorescently tagged protein mixed with functionalized agarose.
An ‘adsorbed’ control was generated with unactivated protein to assess the immo-
bilization chemistry.

2.4. Conjugation of VEGFA onto C-SH

Sulpho-SMCC chemistry was used to immobilize VEGFA to C-SH agarose. Briefly,
0.4 mg/ml VEGFA (100 mg in 250 ml PBS pH ¼ 7.4, Shenandoah Biotechnology,
Warwick, www.shenandoah-bt.com) was added to 10 ml of fluorescent dye (Alexa-
fluor 532, Invitrogen, Eugene, OR, www.invitrogen.com) and 1.5 mg/ml Sulpho-
SMCC. The mixture was allowed to react for 15 min at 4 �C before it was purified
using an AKTA-FPLC as previously described. 8 mg/ml of maleimide-activated VEGFA
was added to a final concentration of 2 w/v% C-SH agarose (PBS, pH ¼ 7.4) wherein
the mixture was vortexed and UV irradiated for 5 min to react with the thiols
present on the agarose. The mixture was protected from light and incubated for
30 min at room temperature before unconjugated proteinwas washed as previously
described and stored at �80 �C.
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Fig. 1. Synthesis and immobilization of a-chymotrypsinogen on functionalized agarose and the reaction scheme for VEGFA immobilization on coumarin-sulphide agarose.
(A) Agarose was modified using carbonyldiimidazole chemistry to synthesize (i) aminated agarose, (ii) carboxylated agarose and (iii) coumarin-sulphide agarose. A model protein,
a-chymotrypsinogen, was used to test immobilization chemistries on synthesized hydrogels. (B) Gels of aminated agarose, carboxylated agarose, coumarin-sulphide agarose and
native agarose were each mixed with activated fluorescently tagged a-chymotrypsinogen. Samples were gelled at 4 �C in a 96 well plate for 1 h and subsequently washed for 7 days
in PBS buffer (pH ¼ 7.4). Immobilized and adsorbed gels were collected by heating samples in an oven at 50 �C and protein concentration was quantified using fluorescence
spectroscopy. (C) Sulpho-SMCC chemistry was used to conjugate VEGFA onto coumarin-sulphide agarose. Maleimide groups on VEGFA were activated using Sulfo-SMCC in PBS
(pH ¼ 7.4) and purified using FPLC. Activated VEGFA was then mixed with coumarin-sulhpide agarose to form a 2 wt% gel in PBS and UV irradiated for 5 min to deprotect the thiol
groups on agarose for protein conjugation After conjugation, samples were gelled at 4 �C for 1 h, washed for 7 days in PBS buffer and quantified as previously described. (D) VEGFA
immobilization was successful on coumarin-sulphide agarose (p � 0.05) at a concentration of 253 � 44 ng/ml. Data are presented as mean � SD, n ¼ 3. Groups with asterisks are
significantly different (p � 0.05).
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2.5. Maintenance of ESCs

The Brachyury/Tegreen fluorescent protein (GFP) [20] mouse embryonic stem
cell line was maintained in 37 �C humidified air with 5% CO2 on 0.5% gelatinized
culture coated flasks (Sarstedt, Montreal, Quebec, www.sarstedt.com). Cells were
kept in serum-free maintenance media comprised of Neurobasal media (48% v/v,
Invitrogen), Dulbecco’s Minimum Essential Media (DMEM)/F12 (48% v/v, Invi-
trogen), N2-supplement (0.5% v/v, Invitrogen), B27 with retinoic acid (1% v/v, Invi-
trogen), bovine serum albumin (BSA, 0.5 mg/ml, Sigma Aldrich), L-glutamax (1% v/v,
Invitrogen), penicillin/streptomycin (1% v/v, Invitrogen), monothioglycerol (MTG,
4.5 � 10�4 M), leukemia inhibitory factor (LIF, 1000 ml/ml, Chemicon, Billerica, MA,
www.millipore.com) and BMP-4 (10 ng/ml, R&D systems, Minneapolis, MN, www.
rndsystems.com). ESCs were passaged every second day and used between
passage 19 and 26.
2.6. ESC encapsulation and differentiation

ESC aggregates were formed by seeding 4.5 � 106 single cells in 15 ml main-
tenance media in 15 cm Petri dishes for 12 h before being encapsulated by emul-
sification and transferred into differentiation media. Settled aggregates suspended
in 100 ml Dulbecco’s Phosphate Buffered Saline (DPBS, Invitrogen) were quickly
mixed with 25 ml F-68 cell culture treated pluronic (Invitrogen) and 400 ml of VEGFA
immobilized agarose or C-SH. The cell mixture was added to 5 ml warm dime-
thylpolysiloxane (DMPS) in a conical tube using a micropipette tip (p1000) while
being vigorously stirred. The solution was then vortexed for 1 min (Vortex Genie at
setting 8, Fisher Scientific) before being cooled on ice for 10 min to allow for the
formation of agarose capsules. Cell encapsulated agarose capsules were obtained by
centrifugal phase separation through a wash procedure as previously described
[19]. Briefly, 10 ml of cold HBSS was added to the agarose-oil mixture and
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Fig. 2. Immobilized VEGFA exhibits similar cell proliferation compared to soluble VEGFA treatments. (A) Cartoon representations of EB encapsulations in (i) mixed, (ii) soluble and
(iii) immobilized VEGFA treatments supplemented with soluble BMP-4. (B) Cell proliferation of encapsulated mouse EBs in soluble and immobilized VEGFA treatments at 25 ng/ml
and 50 ng/ml. Cell counts were performed by mechanically dissociating encapsulated EBs into single cells using Trypsin-ethylenediaminetetraacetic acid (EDTA) followed by stop
solution (10% fetal bovine serum in DMEM/F12). Cells were sampled prior to flow cytometry analysis on day 4 and day 7. (C) Representative light microscope picture of EBs
encapsulated in VEGFA immobilized agarose. Scale bar ¼ 50 mm. Data are presented as mean � SD, n ¼ 3.
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centrifuged at 400 RCF for 5 min. The oil and HBSS layers were aspirated, leaving
the agarose cell pellet behind. Encapsulated cell aggregates were re-suspended in
1 ml of HBSS and transferred to a fresh conical tube with 10 ml HBSS before
centrifuging again at 400 RCF for 5 min. The agarose cell pellet was re-suspended in
differentiation medium and encapsulated aggregates were filtered through
a 350 mm nylon mesh before seeding at a density of 20,000 cells/ml. Differentiation
media was comprised of Iscove’s Modified Dulbecco’s Medium (IMDM, 71% v/v,
Invitrogen), F12 (24% v/v, Invitrogen), N2-Supplement (0.5% v/v), B27 without ret-
inoic acid (1% v/v, Invitrogen), BSA (0.5 mg/ml), glutamax (1.8% v/v), penicillin/
streptomycin (0.8% v/v), ascorbic acid (50 mg/ml) and MTG (4.5 � 10�4 M) sup-
plemented with a combination of 5 ng/ml BMP-4 and 5 ng/ml, 25 ng/ml or 50 ng/ml
VEGFA.
2.7. Flow cytometry

EBs were dissociated and test samples were re-suspended at a concentration of
2 � 105 cells/10 ml in 2% v/v FBS in HBSS (HF). Samples were incubated for 35 min at
4 �C on day 4 or day 7 at a concentration of 1 ml/100 ml HF with the following
antibodies as previously described [21]: allophycocyanin (APC) anti-mouse fetal
liver kinase, phycoerythrin (PE) anti-mouse CD41 or allophycocyanin 647 (APC647)
anti-mouse CD34. Negative control cells were incubated with fluorochome-labelled
isotype control antibodies: APC rat IgG2a,k, PE rat IgG1,k and APC647 Rat IgG2a,k. All
antibodies were obtained from BD Biosciences (Mississauga, ON, www.
bdbiosciences.ca). Stained cells were washed twice in cold HF and placed in 1 ml/
ml 7-amino-actinomycin D (7AAD, Molecular Probes, Eugene, OR) as a viability
indicator prior to analysis. Samples were analysed on a Becton Dickinson FACSCanto
machine using BD FACS Diva Software version 5.0.1. Positive staining was gated as
the fluorescence emission at >99.5% of the levels obtained by negative or isotype
control cells from the same population.
2.8. Colony forming cell (CFC) assay

1.5 � 105 cells were seeded in duplicate on day 7 in 35 mm Greiner dishes in
methylcellulose based M3434 media (Stem Cell Technologies, www.stemcell.com,
Vancouver, BC). Samples were scored based on morphology 7 days after plating as
previously described [22].

2.9. Statistical analysis

Statistics were performed using JMP IN 7 (SAS Institute, Cary, NC, USA). To
identify significant trends between groups, comparisons were performed by one-
way ANOVAwith Tukey’s post hoc analysis or student’s t-test. An alpha level of 0.05
was used to determine significance between groups with three independent repli-
cates. Data are reported as mean � standard deviation (SD).

3. Results

3.1. Functionalized agarose

We were interested in water-based chemistries to immobilize
VEGFA on agarose as proteins are known to be most stable in
physiological conditions [23]. The most reactive groups of the
agarose backbone are the primary hydroxyls, which were modified
using CDI chemistry to introduce amine, carboxylic acid or
coumarin-protected thiol groups, thereby facilitating protein
immobilization (Fig. 1Aieiii). Agarose modification was confirmed
for amines using the TNBSA assay, where we calculated 8% amine
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substitution based on the number of moles of ethylenediamine per
agarose repeat unit. The carboxylic acid substitutionwas difficult to
quantify; however, the modification was confirmed by a character-
istic carbonyl peak at 1730e1700 cm�1 by FTIR spectroscopy. This
peak was absent in adsorbed or unmodified agarose samples.
Coumarin substitution was calculated at 0.7% using UV absorbance
(lmax ¼ 373 nm, 3 ¼ 14 500 M

�1 cm�1 in 0.1 M HEPES, pH 7.4) [42].
3.2. Immobilization and quantification of a-chymotrypsinogen

a-chymotrypsinogenwas used in initial experiments as a model
protein for VEGFA to determine which functionalized agarose was
most efficient for protein immobilization. a-chymotrypsinogenwas
activated using a heterobifunctional crosslinker and fluorescently
tagged with FAMSE for quantification purposes. Protein was
detected on all three functionalized agarose samples (Fig. 1B). By
comparing the protein concentration of covalently-bound to
adsorbed controls, it was clear that of the three functionalized
agarose samples, covalent modification was most successful for
both aminated agarose (240 � 10 ng/ml relative to adsorbed
controls with 56 � 5 ng/ml) and coumarin-sulphide agarose
(204 � 11 ng/ml relative to adsorbed controls of 36 � 2 ng/ml).
However, the difference between covalently-bound (480 � 70 ng/
ml) and adsorbed controls (410 � 88 ng/ml) for carboxylated
agarose was not significantly different. While both aminated and
coumarin-sulphide agarose were candidates for VEGFA conjuga-
tion, wewere concerned that VEGFA carboxylic acids may crosslink
with its own amine functional groups during the immobilization to
aminated agarose. Given that VEGFA-thiols are unavailable for
chemical reaction, coumarin-sulphide agarose was pursued for
VEGFA immobilization.
3.3. Immobilization and quantification of VEGFA

VEGFA was modified with maleimide functional groups using
sulpho-SMCC chemistry and reacted with thiol-modified agarose
(Fig. 1C). Coumarin-sulphide agarose was exposed to UV light
(275 nme350 nm) thereby cleaving coumarin and exposing thiol
groups that reacted with VEGFA-maleimide through Michael
addition. Using Alexa-532 tagged VEGFAwe determined that it was
covalently immobilized to agarose-sulphide at a concentration of
254 þ 44 ng/ml, which was significantly greater than adsorbed
controls with a concentration of 81 þ 54 ng/ml (Fig. 1D, p � 0.05).
Fig. 3. Immobilized VEGFA enhances Brachyury-GFP/VEGFR2 expression on day 4.
Brachyury-GFP and VEGFR2 expression were quantified on day 4 in mixed, soluble and
immobilized VEGFA treatments at 5 ng/ml, 25 ng/ml and 50 ng/ml supplemented with
soluble 5 ng/ml BMP-4 in serum-free media. 15% fetal bovine serum (FBS) was used as
a positive control. Treatments were normalized to unsupplemented VEGFA treatments
with 5 ng/ml BMP-4 (V0B5). EBs were encapsulated in their respective conditions and
supplemented with factors on day 0. EB samples were dissociated to single cells,
stained for VEGFR2 and analysed using flow cytometry on day 4. Data are presented as
mean � SD, n ¼ 3. Treatments that do not share the same letter are significantly
different (p � 0.05). Notation used has V for VEGFA and B for BMP-4 and the number
represents the concentration of each used. For example, V25B5 is VEGFA at 25 ng/ml
and BMP-4 at 5 ng/ml.
3.4. ESC differentiation in VEGFA functionalized agarose

Prior to testing bioactivity of the immobilized VEGFA, we
compared ‘mixed’, ‘soluble’ and ‘immobilized’ agarose formulations
where ‘mixed’ samples had VEGFA (5 ng/ml, 25 ng/ml, 50 ng/ml)
homogeneously dispersed in C-SH agarose prior to cell encapsu-
lation, and acted as an adsorbed control (Fig. 2). ‘Soluble’ samples
had cells encapsulated in C-SH agarose immersed in media sup-
plemented with VEGFA (5 ng/ml, 25 ng/ml or 50 ng/ml) whereas
‘immobilized’ samples had cells encapsulated in agarose with
covalently-bound VEGFA (5 ng/ml, 25 ng/ml or 50 ng/ml). For all
three conditions, diffusion of nutrients in agarose gels was likely
similar [24,25]. Serum-free media was supplemented with BMP-4
(0 ng/ml or 5 ng/ml) for all conditions. After encapsulation, 95% of
mouse EB aggregates were in agarose capsules (data not shown). By
day 7, cell proliferation in soluble and immobilized VEGFA treat-
ments for 25 ng/ml and 50 ng/ml were similar, suggesting that
VEGFA functionalized agarose was not detrimental to EB prolifer-
ation compared to native agarose.
3.5. Day 4 differentiation with VEGFA and BMP-4

The bioactivity and efficacy of immobilized VEGFA in driving
mouse EBs toward blood progenitor cells were compared to soluble
VEGFA controls in the presence of soluble BMP-4. We used a Bra-
chyury-GFP (T) cell line to assess early blood development and
monitored the generation of TþVEGFR2þ cells in soluble, immo-
bilized and mixed VEGFA treatments. This phenotype is associated
with cells capable of both endothelial and hematopoietic devel-
opment [20]. Serum-free treatments with 5 ng/ml soluble BMP-4 in
the absence of VEGFA (soluble V0B5) resulted in an induction of
9.2 � 1.2% TþVEGFR2þ and all other treatments were normalized
to this baseline control (Fig. 3). EBs differentiated in the absence of
both VEGFA and BMP-4 (V0B0) or BMP-4 (V25B0) did not induce
TþVEGFR2þ. This result confirmed that EBs required BMP-4 to
express early mesodermal phenotypes [21,26]. For soluble VEGFA
treatments, TþVEGFR2þ expression increased with VEGFA dose,
peaking at 25 ng/ml (approximately 1.7 times the baseline control).
However, the induction for immobilized VEGFA treatments was
highest at 50 ng/ml (2.75 times the baseline control, Fig. 3,
p � 0.05). Concentrations of immobilized VEGFA higher than
50 ng/ml resulted in lower TþVEGFR2þ induction (data not
shown). Serum conditions induced TþVEGFR2þ approximately 2
times the baseline control (Fig. 3, p � 0.05). These results indicate
that immobilized VEGFAwas bioactive and could drive ESCs toward
early blood development in conjunction with soluble BMP-4.
3.6. Day 7 differentiation with VEGFA and BMP-4

VEGFA immobilized treatments were characterized for their
ability to give rise to blood progenitor cells on day 7 as detected by
the CD34þCD41þ phenotype and functional CFC assays [21].
Serum-free conditions supplemented with 5 ng/ml BMP-4 in the



Fig. 4. Immobilized VEGFA enhances CD34 þ CD41 þ on day 7 and gives rise to colony forming cells. (A) CD34 þ CD41 þ expression on day 7 in mixed, soluble and immobilized
VEGFA treatments. (B) CFCs counted on day 14 generated from day 7 EBs in mixed, soluble and immobilized VEGFA treatments. Treatments were normalized to unsupplemented
VEGFA treatments with soluble 5 ng/ml BMP-4 (V0B5). EB samples were dissociated into single cells, stained for CD34/CD41 and analysed using flow cytometry on day 7. (C)
Representative blood colony forming cells obtained from day 7 EBs in VEGFA immobilized treatments at 50 ng/ml. Scale bar ¼ 100 mm and data are presented as mean � SD, n ¼ 3.
Treatments that do not share the same letter are significantly different (p � 0.05). 15% FBS was used as a control. Notation used: V25B5 ¼ VEGFA at 25 ng/ml and BMP-4 at 5 ng/ml.
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absence of VEGFA generated 1.2 � 0.3% CD34þCD41þ and
75 � 10 CFCs per 1.5 � 105 cells and all samples were normalized to
these values (Fig. 4A and B). The addition of increasing soluble
VEGFA or serum containing media did not significantly increase
CD34þCD41þ induction compared to the baseline control (Fig. 4A
and B, p � 0.05). The highest CD34þCD41þ was observed with
immobilized VEGFA at 50 ng/ml with an induction of 1.5 times the
control (Fig. 4A, p � 0.05). Interestingly, there were three treat-
ments that resulted in higher CFCs compared to the control. These
treatments were 25 ng/ml soluble VEGFA, 50 ng/ml immobilized
VEGFA and serum containing media (Fig. 4B, p � 0.05). Mixed
VEGFA treatments showed CD34þCD41þ induction and CFC



Fig. 5. Immobilized VEGFA treatments are more potent than equivalent soluble treatments for marker expression. Induction efficiency in VEGFA immobilized treatments are higher
at 25 ng/ml and 50 ng/ml than soluble treatments for: (A) Day 4 brachyuryþVEGFR2þ expression, (B) Day 7 CD34 þ CD41 þ expression and (C) CFC generation. Induction per
nanogram for each condition was calculated by subtracting the induction of the baseline condition (V0B5) from the sample induction and dividing it by the total amount of VEGFA
used. (D) Strategy of a cell-hydrogel system to incorporate micro- and macro-environmental control for directing cell differentiation. Bioreactor figure adapted from Kirouac D.C. and
Zandstra P.W, Cell Stem Cell, 2008. Data are presented as mean þ SD, n ¼ 3. Groups with asterisks are significantly different (p � 0.05).
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generation similar to the baseline control (Fig. 4B). These results
suggest that immobilized VEGFA treatments were capable of
generating blood progenitor cells by day 7 in serum-free media
(Fig. 4B and C).

4. Discussion

Much work has been accomplished in recreating the adult stem
cell microenvironment, but only recently has the niche been
engineered to guide ESC differentiation [27,28]. Various studies
have investigated different strategies to mimic the niche by
controlling cell density [29], presenting motifs from the ECM [30],
co-culturing different cell types [31] and altering mechanical
stiffness [32,33]. In the current study, we investigated the effect of
immobilized VEGFA on blood progenitor cell generation from
encapsulated mouse EBs within agarose hydrogels cultured under
serum-free conditions.

Using CDI chemistry, we synthesized three different function-
alized forms of agarose e amines, carboxylic acids and coumarin-
sulphides e and found that C-SH was the most suitable for VEGFA
immobilization. Interestingly, while the degree of substitution of
the aminated agarose (8%) was greater than that for coumarin-
sulphide (0.7%), the concentration of immobilized a-chymotryp-
sinogenwas similar, suggesting that the maleimide-thiol chemistry
was efficient at protein conjugation. The coumarin-derivative,
6-bromo-7-hydroxycoumarin, has been previously used to
synthesize thiol (C-SH) [42] and amine-protected [43] agarose for
3-D spatial patterning of molecules within agarose gels. For the first
time, we demonstrate the use of C-SH chemistry to immobilize
maleimide-modified proteins in aqueous solutions. While not
pursued here, gradients of immobilized biomolecules can be
synthesized using photo-patterning techniques [42], thereby
providing a tool to replicate gradients of cytokines that are present
in embryogenesis during early patterning of the germ layers [1].

To test the efficacy of immobilized VEGFA, aggregates were
encapsulated within VEGFA immobilized agarose using a water in
oil emulsification method. This process allows 3-D presentation of
immobilized ligands similar to VEGFA presentation within the
native ECM in vivo [34]. Cells grown in 3-D hydrogels better mimic
physiological environments, providing more relevant cellecell
interactions than 2-D analogs [35].

Encapsulated EBs were characterized for early blood develop-
ment by tracking TþVEGFR2þ expression [20]. Immobilized VEGFA
treatments elicited similar differentiation responses compared to
soluble and mixed conditions at 5 ng/ml and 25 ng/ml, but
produced almost 3 times more TþVEGFR2þ cells at 50 ng/ml. It is
known that immobilized growth factors increase local protein
concentration by hindering receptor mediated endocytosis and
preventing diffusion [28]. As a result of this phenomenon, immo-
bilized VEGFA treatments are likely to have increased VEGFA/
VEGFR2 complexes with encapsulated EBs thereby leading to
greater mesoderm induction than soluble and adsorbed controls.
Our results are consistent with other experiments that have shown
inductive responses to immobilized VEGFA. For example, Anderson
et al. reported that immobilized VEGFA on 2-D surfaces was bio-
logically active and retained its ability to phosphorylate VEGFR2 in
both an overexpressing KDR cell line and human umbilical vein
endothelial cells (HUVECs) [36]. Alberti et al. have shown that
immobilized leukemia inhibitory factor and stem cell factor on
polymeric surfaces have the ability to phosphorylate their respec-
tive receptors and induce cell signalling [5]. Others have also shown
enhanced induction resulting from immobilized growth factors
upon comparison to similar levels of soluble supplementation
[36e38,44]. To this end, we calculated an ‘induction per nanogram’

(IPN) factor for all VEGFA treatments. For soluble and immobilized
treatments, IPN was calculated by dividing the observed induction
by the total amount of VEGFA (see Supplemental information,
Sample Calculation of Induction per Nanogram). Treatments with
25 ng/ml and 50 ng/ml immobilized VEGFA were 8- and 75- times
more efficient in TþVEGFR2þ induction than their soluble coun-
terparts by day 4 (Fig. 5A).

Encapsulated cells were further characterized by CD34þCD41þ
surface marker expression on day 7 and seeded in CFC assays for
blood progenitor quantification. CD34 is a common blood marker
[39] and CD41 cells are known to give rise to hematopoietic
progenitor cells (HPCs) in functional assays [40]. Encapsulated EBs
grew out of their hydrogel capsule by day 4e4.5, and BMP-4 was
not supplemented to any treatments thereafter since it has been
reported that BMP-4 alone does not enhance the generation of
HPCs from mouse ESCs after this time [21,26]. It was also reported
that VEGFA supplementation after day 5 preferentially guides
mouse ESCs toward endothelial cells [10]. Thus, it is thought that
early VEGFA treatment may have stimulated endogenous signals
that support later blood development in this study. We found that
25 ng/ml and 50 ng/ml immobilized VEGFA treatments were 8-
and 108- times more efficient at inducing CD34þCD41þ expres-
sion and 9- and 23-times more efficient in CFC generation
compared to equivalent soluble concentrations (see Fig. 5B, C and
Supplemental information for a sample calculation of Induction
per Nanogram and Fig. 5B and C). These observations suggest that
induction from immobilized VEGFA treatments is more efficient in
guiding ESCs toward blood progenitor cells compared to soluble
VEGFA.

This hydrogel system may be used as a framework to mimic the
native stem cell niche and influence ESC differentiation. Through
functionalized systems, as described herein, and culture conditions
that allow control over macroscopic cues such as oxygen tension
[41], pH and glucose; both micro- and macro-environments within
which cells are cultured can be controlled. This extrinsic control
will allow us to understand important mechanisms involved in
stem cell regulation and provide a technique for the robust and
effective differentiation of ESCs toward target cell types.
5. Conclusion

Agarose was successfully functionalized with VEGFA at
a concentration of 254 þ 44 ng/ml and was shown to elicit cellular
activity. Under serum-free conditions, EBs were encapsulated
within VEGFA immobilized agarose wherein they differentiated to
express early and late blood phenotypes, giving rise to blood
colonies in CFC assays. VEGFA immobilized treatments at 50 ng/ml
resulted in cells that expressed 2.75 times more TþVEGFR2þ on
day 4, had 1.5 times more CD34þCD41þ induction on day 7 and
generated 1.7 times more blood progenitor colonies compared to
unsupplemented VEGFA (V0B0). Consequently, immobilized treat-
ments at 25 ng/ml and 50 ng/ml were highly efficient in their
induction toward blood progenitor cells compared to soluble
treatments. Ultimately, this hydrogel system can be tailored to
functionalize biomolecules of interest and used as a platform to
investigate ligand interactions in a combinatorial manner within
a 3-D environment.
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