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in Spatially Organized 3D Hybrid Microgels 
 By    Hao   Qi  ,     Yanan   Du  ,     Lianyong   Wang  ,     Hirokazu   Kaji  ,     Hojae   Bae  , 
    and   Ali   Khademhosseini   *   
 The capacity of embryonic stem cells (ESCs) to differentiate into 
virtually any cell type opens tremendous opportunities to generate 
renewable cell source for tissue engineering and regenerative 
medicine. [  1  ,  2  ]  To implement ESCs as cell source for regenerative 
medicine, major challenge is to direct their differentiation to spe-
cifi c lineages with temporal and spatial control, mimicking the 
developmental processes  in vivo.  [  3  ]  Embryogenesis is a highly pro-
grammed process that results in polarized embryonic structures 
with proximal-distal and anterior-posterior axis. [  4  ]  The embryonic 
polarity is fi rst established during gastrulation as patterned cel-
lular differentiation occurs to yield spatially distinct cell types in 
embryo. [  5  ]  This patterning is governed by various intrinsic and 
extrinsic cues (such as soluble factors and extracellular matrix) 
presented in an asymmetrical manner. For example, during 
implantation, the embryo is partially embedded into endometrium 
in the uterus of mother. The contact between embryo and uterus 
induces the formation and development of polar trophectoderm 
complex in embryo with neo-vascularization for establishment 
and maintenance of connection with mother. [  6  ]  

 One of the most widely-used approaches to promote differen-
tiation of ESCs  in vitro  is by formation of three-dimensional (3D) 
© 2010 WILEY-VCH Verlag Gwileyonlinelibrary.com

 [∗]     Dr. H.   Qi ,    Dr. Y.   Du ,    Dr. L.   Wang ,    Dr. H.   Kaji ,    Dr. H.   Bae , 
   Prof. A.   Khademhosseini  
Center for Biomedical Engineering 
Department of Medicine 
Brigham and Women’s Hospital 
Harvard Medical School, Boston, MA, 02115 (USA) 
Telephone: 1 – 617-768 — 8395 
Fax: 1 – 617-768 — 8477 
 E-mail:  alik@rics.bwh.harvard.edu   
   Dr. H.   Qi ,    Dr. Y.   Du ,    Dr. L.   Wang ,    Dr. H.   Kaji ,    Dr. H.   Bae , 
   Prof. A.   Khademhosseini  
Harvard-MIT Division of Health Sciences and Technology 
Massachusetts Institute of Technology 
Cambridge, MA, 02139 (USA) 
   Dr. Y.   Du  
Biomedical Engineering 
School of Medicine 
Tsinghua University, Beijing (China) 
   Dr. L.   Wang  
Key Laboratory of Bioactive Materials 
Ministry of Education 
College of Life Science 
Nankai University, Tianjin (China )
   Dr. H.   Kaji  
Department of Bioengineering and Robotics 
Graduate School of Engineering 
Tohoku University, Sendai (Japan)  

 DOI: 10.1002/adma.201002873 
aggregates, called embryoid bodies (EBs). EBs give rise to three 
primary germ layers: ectoderm, mesoderm, and endoderm 
which recapitulate the early embryonic development. [  2  ]  Despite 
the presence of cells from all three-germ layers in differentiated 
EBs, stochastic patterning and developmental noise are found 
during EB development resulting in uncontrolled spatial distri-
bution of the differentiated cells. [  7  ]  Therefore, regulation of EB 
differentiation with defi ned polarities, which can imitate the 
patterned differentiation of primordial cells within an embryo, 
remains a challenge. 

 Microscale technologies enable unprecedented ability to con-
trol the cellular microenvironment, which can potentially provide 
solutions for addressing the challenges in recreating EB polari-
ties. [  1  ,  8  ,  9  ]  In embryos, morphogens and extracellular matrices 
provide spatially oriented instructive cues for governing cellular 
differentiation. [  3  ]  The effects of soluble factors on recreating 
EB polarities  in vitro  have been demonstrated by using micro-
fl uidics. [  10  ,  11  ]  For example, by taking advantage of the laminar 
fl ow in the microfl uidic channel vascular endothelial cell growth 
factor (VEGF) was exposed to one side of an individual EB to 
result in patterned differentiation into endothelial lineage. One 
drawback of this approach was that the cells cultured on 2D sub-
strates spread on the surface and lost their 3D geometry. 

 Despite advances in using materials for directing ESC differen-
tiation, [  9  ]  the effectiveness of microengineered biological matrices 
on the formation of EB polarities has not been investigated. To 
address this issue we developed a novel microscale methodology 
to fabricate hybrid 3D microengineered hydrogels (microgels), 
containing two neighboring microscale hydrogels with dispa-
rate bioactivities. We hypothesized that the hybrid microgels can 
offer 3D asymmetrical microenvironments to direct the forma-
tion of EBs with engineered polarities. To test this hypothesis, 
we embedded individual EBs at the interface between the hybrid 
microgel with each half or quarter of each EBs exposed to different 
microenvironments. We used photocrosslinkable gelatin meth-
acrylate (GelMA) and poly(ethylene glycol) diacrylate (PEG) [  12  ]  as 
example hydrogels to demonstrate the feasibility and effectiveness 
of spatially organized 3D matrices on the formation of EB polari-
ties. We showed that EBs made from mouse ESCs exhibited devel-
opmental polarities with patterned vasculogenic differentiation 
induced by the GelMA/PEG hybrid microgels. More interestingly, 
the vasculogenic differentiation of individual EBs induced by the 
asymmetrical ECM was shown to be an orchestrated process with 
potential cross-talks between different portions of the EB exposed 
to different microenvironments. 

 Encapsulation of individual EBs into GelMA/PEG hybrid 
microgels was performed within a microwell array by using the 
combination of micromolding and photolithography techniques 
mbH & Co. KGaA, Weinheim Adv. Mater. 2010, 22, 5276–5281
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      Figure  1 .     Fabrication of GelMA/PEG 3D hybrid microgels. (A) Schematic diagram of the 
process for fabricating GelMA/PEG hybrid microgels around individual EBs. Each half of indi-
vidual EBs was successively encapsulated in PEG and GelMA microgel by photolithography. 
Photomasks were used to control the size of microgels. (B) Phase contrast and fl uorescence 
images of a uniform array of GelMA microgels (top), PEG microgels (middle) and GelMA/
PEG hybrid microgels (bottom). PEG and GelMA microgels were laden with green fl uorescent 
microbeads and Rhodamine conjugated streptavidin, respectively. Scale bar: 1000  μ m.  
( Figure    1A  ). Individual EBs ( ∼ 400  μ m in diameter) were formed 
in hanging drops and seeded in PDMS microwell array with one 
EB per square microwell (500  μ m(width)  ×  500  μ m(length)  ×  
450  μ m(height)). Each half of the GelMA/PEG hybrid micro-
gels was fabricated sequentially to encapsulate the EB within 
the microwell by controlled photocrosslinking through photo-
mask with appropriate patterns (Figure  1A ). The photomask was 
aligned with microwell array (covered by a glass slide) so that 
only half of a microwell containing the pre-polymer solution 
was exposed to the light. The GelMA half of the hybrid micro-
gels was fi rst formed on the glass slides followed by the forma-
tion of the second half made from PEG. The encapsulated EBs 
could be harvested by detaching the glass side from the micro-
well arrays. As shown by fl uorescence staining in Figure  1B , 
homogeneous GelMA or PEG microgel arrays or hybrid GelMA/
PEG microgel array were fabricated respectively. The hybrid 
microgel arrays contained 3D interconnected GelMA (red) and 
PEG (green) microgels without excessive overlapping with each 
other.  

 Upon the establishment of the microengineering approach 
for fabricating 3D hybrid microgel array, we investigated the 
effect of various properties of GelMA or PEG on EB differentia-
tion. In particular we attempted to optimize the concentration 
of these two materials to maximize their ability to induce con-
trolled polarity in EBs. 

 Gelatin and PEG are known to exhibit different bioactivities. 
The biodegradable gelatin is capable of mediating cell adhe-
sion, proliferation and differentiation, while PEG hydrogels 
are nondegradable and chemically inert. [  13  ]  EBs were encap-
sulated in homogeneous PEG or GelMA hydrogels of various 
concentrations by UV photopolymerization. [  14  ]  As expected, 
© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, WeinhAdv. Mater. 2010, 22, 5276–5281
EBs remained viable and proliferative after 
6 days when encapsulated in GelMA with 
three different concentrations (5, 10, and 
15 wt%). Interestingly, higher prolifera-
tion was observed for EBs encapsulated in 
lower concentrations of GelMA ( Figure    2A  ). 
Our observation is in agreement with a 
number of previous studies in which encapsu-
lation inside high concentrations of hydrogels 
reduced cell growth. [  15  ]  Interestingly, different 
degrees of EB sprouting were also observed 
when encapsulated in different concentrations 
of GelMA (Figure  2A ). In low concentration 
GelMA (3 wt%), EBs exhibited distinct and 
robust sprouting that was reduced in GelMA 
with higher concentrations. The reduced 
proliferation and sprouting of EB in higher 
concentration of GelMA may be attributed to 
both the increased mechanical properties of 
the hydrogels and the enhanced spatial pres-
ence of the gelatin macromolecules required 
to be degraded for EB development. [  15  ]  There-
fore both mechanical and biochemical proper-
ties of GelMA hydrogels may be contributing 
to EB sprouting. [  16  ]  EBs were able to maintain 
their viability upon encapsulation in the inert 
PEG hydrogels (Figure  2B ), however much 
less cell proliferation was observed for EBs that 
 in PEG than in GelMA hydrogels. Similarly, 
were encapsulated

increased PEG concentration (15 wt%) reduced cell proliferation 
during 6 days of culture, while no EB sprouting was visible in PEG 
hydrogels which reaffi rmed its biological inertness (Figure  2B ). 
We did not test PEG hydrogels with concentrations lower than 
10 wt%, since they were unstable in medium during long-term 
cell culture. We therefore chose 3 wt% GelMA and 10 wt% PEG 
to analyze the effect of hydrogels on EB differentiation.  

 Vasculogenic and cardiogenic differentiation in EB encapsu-
lated in homogeneous GelMA (3 wt%) or PEG (10 wt%) hydro-
gels were investigated respectively after cultured in the same 
media used to form EBs (Figure  2C,D ). Higher expression of 
vasculogenic cell genes, PECAM1 and Tie-2 was detected by 
RT-PCR in EBs encapsulated in GelMA than in PEG (Figure  2C ). 
The elevated gene expression of PECAM1 and Tie-2 for EBs in 
GelMA and alpha-MHC for EBs in both PEG and GelMA is in 
agreement with previous studies which demonstrated that extra-
cellular environment with high concentration of collagen pro-
moted vasculogenic cell differentiation and cardiogenesis devel-
oped in early stage of embryo development. [  5  ,  17–19  ]  We further 
characterized the protein expression of PECAM1 to confi rm the 
pro-vasculogenic differentiation of EB in GelMA. As shown by 
immunostaining (Figure  2D ), PECAM1 was highly expressed for 
the sprouting EBs encapsulated in GelMA, while weak expres-
sion of PECAM1 was detected only at the periphery of the EBs 
encapsulated in PEG. These results demonstrated the drastic 
difference between GelMA and PEG hydrogels in inducing EB 
development, which enabled us to explore their use for inducing 
EB polarity formation by patterning these two materials. 

 We induced polarization of individual EBs with spatially pat-
terned vasculogenic differentiation by encapsulating individual 
5277eim wileyonlinelibrary.com
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      Figure  2 .     The effect of hydrogels properties on differentiation of EBs. (A,B) Phase contrast images of EBs at days 1, 3, 6. EBs were encapsulated in 
GelMA microgels with concentration of 3 wt%, 5 wt%, 10 wt% or PEG microgels with concentration of 10 wt%, 15 wt% respectively. Cell proliferation 
was measured by using Alamarblue assay at same time point and all data were normalized to day 0 values. (n  =  3,  ∗  indicates p  <  0.05,  ∗  ∗  indicates 
p  <  0.01). Scale bar: 300  μ m. (C) Expression of vasculogenic (PECAM1, Tie2) and cardiogenic (alpha-MHC and Gata4) in EBs after 6 days in GelMA 
(middle lane), PEG (right lane) microgel, and in EBs before encapsulation (left line). (D) Immunostaining PECAM1 (green) (scanning confocal micro-
scopy) in EBs encapsulated in 3 wt% GelMA (left lane) and 10 wt% PEG (right lane) after 7 days culture with nuclear co-staining (PI, red).  
EBs inside microgels at an interface between 3 wt% GelMA and 
10 wt% PEG. Using the above mentioned microengineering 
approach, arrays of EBs in GelMA/PEG hybrid microgels were 
generated with two halves of an individual EBs exposed to an 
asymmetrical matrix environment. The encapsulation of an 
individual EBs at the center of the 3D hybrid microgels (con-
taining adjacent GelMA and PEG microgels) was illustrated by 
double staining of the two adjacent microgels (red for GelMA 
and green for PEG) and nuclear staining of EBs ( Figure    3A  ). We 
cultured EBs encapsulated in the asymmetric microengineered 
matrices in the same media used for EBs forming. In these cul-
tures sprouting was observed exclusively from the half of the 
EB that was encapsulated in the GelMA microgel. The degree 
of sprouts increased with culture time and became extensive by 
7 days. In contrast, there was no visible morphological change 
in the other half of the EBs encapsulated in the PEG microgels, 
indicating that different cell-matrix interactions experienced by 
the two halves of the EB (Figure  3B  left). The spatially patterned 
sprouting of individual EBs was verifi ed by immunostaining of 
vasculogenic marker PECAM1, which marked the differentiated 
vasculogenic cells sprouting from EBs exclusively throughout 
the GelMA microgel (Figure  3B  right). The patterned sprouting 
had extensive cell-matrix interactions between the EB and the 
GelMA microgel, which was illustrated by highly expression 
of vinculin, a protein in focal adhesion to mediate the cell-
extracellular matrix interactions (Figure  3C  left). [  20  ]  In agree-
ment with PCR gene expression analysis no prominent vascu-
logenic differentiation was observed in the half EB encapsulated 
in the PEG microgel. To study the differentiation of EB exposed 
to GelMA/PEG hybrid microgels in real-time, we formed EBs 
© 2010 WILEY-VCH Verlag Gwileyonlinelibrary.com
from engineered ESCs carrying green fl uorescent protein (GFP) 
at goosecoid (Gsc) gene locus. Gsc is an excellent marker for 
mesendoderm differentiation of ESCs, as it is expressed spe-
cifi cally in precursor cells from which defi nitive endoderm and 
mesodermal lineages arise. [  21  ]  After being cultured in the hybrid 
GelMA/PEG microgels for 7 days, EBs derived from the Gsc-
GFP ESCs showed homogeneous GFP expression indicating 
mesendoderm differentiation of the entire EB (Figure  3C  right) 
in comparison with EBs on day 1 after EB formation (data not 
shown). These results demonstrate that in GelMA/PEG hybrid 
microgels ESCs in EBs developed into vasculogenic cell lineages 
that sprouted into the GelMA microgels resulting in spatially 
asymmetrical patterns. Morphogen gradients have tradition-
ally thought to be the major strategy for embryonic patterning. 
Here we showed that besides soluble factors, engineered asym-
metrical matrices can also spatially pattern the differentiation of 
developing cells.  

 To further regulate the dynamics of vasculogenic patterning 
in individual EBs encapsulated in GelMA/PEG hybrid 3D 
microgels, we applied an extrinsic soluble factor. Marimastate, 
a broad-spectrum matrix metalloproteinase (MMP) inhibitor [  22  ]  
was supplemented to culture medium to inhibit gelatin degrada-
tion. MMP is important for vascular cell invasion by degradation 
of surrounding extracellular matrix. [  23  ]  Therefore, we hypoth-
esized that the addition of a MMP inhibitor should reduce 
vasculogenesis of EB encapsulated in the GelMA microgel. As 
expected, the sprouting of vascular network from EB in both 
the homogeneous GelMA microgel and in the GelMA/PEG 
hybrid microgel was signifi cantly reduced in the presence of 
marimastate as illustrated by phase images and fl uorescence 
mbH & Co. KGaA, Weinheim Adv. Mater. 2010, 22, 5276–5281
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      Figure  3 .     Polarity induction in individual EBs encapsulated in GelMA/PEG hybrid microgels with spatially-patterned vasculogenic differentiation. 
(A) Phase contrast images (left) of individual EBs in hybrid microgel. Microbead (green) laden PEG microgel and streptavidin conjugated Rhodamine 
(red) laden GelMA microgel in hybrid microgel structure and EB morphology stained by DAPI (right, blue). (B) Phase contrast image of EB during 
7 days culture (left lanes), Immunostaining of PECAM1 (green) and PI (red) at day 7. (C) Immunostaining of vinculin (left); GFP labeled Gsc allele 
(right). (D) Regulating polarity formation of EB encapsulated in GelMA/PEG hybrid microgels by using soluble factor. Sprouting and PECAM1 expres-
sion (green) of EB encapsulated in homogeneous GelMA microgel (upper) and GelMA/PEG hybrid microgel (lower) were analyzed with and without 
supplement of MMP inhibitor marimastate. Nuclear was co-stained by PI (red). All scale bars: 300  μ m.  
immunostaining (Figure  3D ). The ability to regulate the 
dynamics of polarity formation of EB enables the temporal con-
trol of the patterned differentiation, making our in vitro model 
more closely resembling the embryogenesis that is under well-
orchestrated spatial and temporal regulation. 

 It is known that intercellular communication inside 
embryo is highly important in specifying patterning. [  3  ,  24  ]  
We therefore explored the possibility of similar intercel-
lular communication within different portions of an indi-
vidual EBs exposed to asymmetrical microenvironments. 
To do this, we quantifi ed the area of the vasculogenic 
sprouting of EBs and correlated the area of EB sprouting 
with the spatial patterning of GelMA/PEG hybrid microgel 
with different ratios of the two materials. EB was virtually 
divided into 4 quarters as showed in schematics ( Figure    4K   
upside). By adoption of the above mentioned pat-
terning approach, each quarter of the EB was encap-
sulated in either GelMA or PEG microgel respec-
tively resulting in GelMA/PEG hybrid microgels with 
ratios of 0:4, 1:3, 2:2, 3:1, and 4:0 (Figure  4A–E ). 
After culturing cells for 7 days, vasculogenic sprouting of 
EB was imaged by immunostaining against PECAM1. As 
expected, vasculogenic cell in EB sprouted exclusively within 
GelMA microgels but not in PEG microgels. This behavior 
resulted in controlled sprouting patterns corresponding to 
GelMA/PEG ratios (Figure  4F–J ). When we quantifi ed the 
© 2010 WILEY-VCH Verlag GmAdv. Mater. 2010, 22, 5276–5281
vasculogenic sprouting of EB represented by the PECAM1 
immunostaining, signifi cant differences in spatial patterns 
of vasculogenic sprouting were observed (Figure  4K ). In par-
ticular we found that, quantitatively, the sprouting from each 
quarter of EB was determined not only by the hydrogels it 
directly interacted with, but also by the neighboring hydrogels 
environment. For example, in homogeneous GelMA microgel 
(with GelMA/PEG ratio of 4:0), the sprouting area from each 
quarter of EB was the largest (regarded as 100% sprouting); 
when one or more quarters of EB was encapsulated in PEG 
(with GelMA/PEG ratio of 3:1, 2:2, 1:3, or 0:4), not only the 
sprouting area from the regions encapsulated in PEG microgel 
was blocked ( ∼ 20% for 3:1 and 2:2, below 5% for 1:3 and 0:4), 
but the sprouting area from the remaining quarters of EB 
encapsulated in GelMA was also reduced ( ∼ 70% for 3:1 and 
2:2 and  ∼ 25% for 1:3). These results showed that the presence 
of PEG played an inhibitory role to suppress the sprouting 
not only to the portion of the EB directly encapsulated within 
the PEG microgels, but also to EB regions encapsulated in 
adjacent GelMA microgels (Figure  4K ). We observed that PEG 
inhibits sprouting of EBs in regions encapsulated in adjacent 
GelMA microgels. This effect may be due to intercellular 
cross-communication among different portions of individual 
EBs. It is known that diffusion of morphogens allow commu-
nication between different parts of the embryo and regulate 
differentiation event. [  25  ]  Here we hypothesize that secreted 
5279bH & Co. KGaA, Weinheim wileyonlinelibrary.com
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      Figure  4 .     Spatial regulation of vasculogenic sprouting in GelMA/PEG hybrid microgels with various ratios of encapsulation materials. (A–E) Individual 
EBs were encapsulated in hybrid microgels with GelMA/PEG ratios of A  =  4:0, B  =  1:3, C  =  2:2, D  =  3:1, E  =  0:4. GelMA or PEG microgel were precisely 
patterned with designated ratios and visualized in phase contrast images (left lane) and fl uorescence images (right lane). For fl uorescence imaging, 
PEG microgels were laden with fl uorescent microbead (green) and GelMA microgel were laden with Rhodamine-labeled streptavidin (red) and EB was 
stained by DAPI (blue). (F–J) Phase contrast images of EBs after 7 days culture (left lane) and confocal fl uorescent image of EBs stained with PECAM1 
(green) and nucleus co-stained by PI (red, right lane). All scale bars: 500  μ m. (K) Quantifi cation of patterned vasculogenic sprouting area on each 
quarter of an individual EBs immunostained with PECAM1 and normalized to value of GelMA/PEG 4:0 sample as relative sprouting. Insert: Representa-
tion of four quarters of GelMA/PEG hybrid microgel where sprouting of EB was quantifi ed within each individual quarter ( ∗  indicates p  <  0.05).  
factors diffuse through the EB, and that this secreted fac-
tors regulate the degree of endothelial cell development at an 
area being stimulated by GelMA. Moreover this inhibition of 
sprouting by PEG may be propagated and orchestrated within 
the entire EB. Thus, our results suggest that it may be pos-
sible to regulate cross-communication within an EB through 
precisely manipulating its microenvironment.  

 In summary, we developed a novel hybrid microgel platform 
containing asymmetrical extracellular matrices to mimic the 
anisotropic stem cell niche. The 3D hybrid microgels consist 
of two adjacent but independent parts made from two types 
of materials for inducing the patterned differentiation in indi-
vidual EBs. As an example, spatially patterned vasculogenesis in 
individual EBs was achieved in GelMA/PEG hybrid microgels. 
Also the dynamics of vasculogenic patterns were shown to be 
controllable by the addition of soluble chemical factors. We fur-
ther demonstrated that there may exist cross-communication 
within different portions of an individual EBs when encapsu-
lated in different materials. The 3D spatial regulation on EB 
development by the asymmetrical microenvironments recapitu-
lates some features of the polarized embryonic development. 
It is envisioned that this platform may be of benefi t for 
mimicking asymmetrical environments to investigate spatially-
regulated embryonic development. Furthermore, in tissue engi-
neering studies, such approaches can be used to modulate the 
© 2010 WILEY-VCH Verlag Gmwileyonlinelibrary.com
stem cell niche and provide powerful tools for generating pat-
terned tissues to recreate complex organs.  

 Experimental Section 
 Encapsulation of individual EBs into GelMA/PEG hybrid microgels 
was performed within a microwell array by using the combination of 
micromolding and photolithography techniques. Wild type mouse ESC 
line R1 and engineered ESC line E14 encoding GFP at goosecoid (Gsc) 
gene locus were used for embryoid bodies formation. See main text and 
Supporting Information for details.  
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