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Abstract

The spatiotemporal coordination of angiogenesis in synthetic materials is important for mimicking
natural tissue morphogenesis. Here we report patterned hydrogel encapsulation of mesenchymal
stem cells to direct endothelial tubulogenesis in co-culture. Tubulogenesis occurs preferentially
over MSC patterns, suggesting this strategy may prove useful in guiding the design of heterotypic
engineered tissues.

Angiogenesis is an integral part of wound healing®. Cytokine or growth factor therapy is a
promising technique to promote angiogenesis; however there are several limitations
including irregular vasculature, vasodilation and tumor angiogenesis?. Recently, stem cell
therapy has emerged as a potential solution to the limitations associated with growth factor
therapy, where dynamic secretion can improve angiogenesis®. Human mesenchymal stem
cells (MSCs) are multipotent stem cells of mesoderm origin® which are postulated to act as
pericytes® with therapeutic properties through secreted factors.

Several methods to modulate the MSC secretory profile have been reported3. Amongst
these, extracellular matrix (ECM) properties are a potent factor in controlling MSC
behavior. MSC differentiation is modulated by ECM stiffness®’, composition® and cell
geometry”:9. In fact, mechanical properties of the ECM affect MSC cytokine secretionl? and
subsequent angiogenic potentialll. We have shown previously that stiffer matrix and protein
composition act together to significantly alter the secretome and angiogenic potential of
MSCs12,

For cell-based therapies, MSC delivery involves a more complex 3-D environment that
would benefit from a design that recapitulates aspects of in vivo tissuel3. It is well-
established that signaling in 3-D matrices will influence cell behavior and secretory profiles
differently than in 2-D assays'41®. Furthermore, MSC encapsulation within hydrogels has
been shown to improve their viability during transplantationl®. Taken together, this suggests
that 3-D environments may be an important factor in MSC angiogenic potential.

Feedback between different cell types can also direct angiogenesis. In vivo, MSCs often
secrete trophic factors in response to heterotypic cell-cell signalingl’. Endothelial cells have
been reported to alter gene expression profiles of MSCs18:19, Matrix properties also control
network formation in 3-D co-culture systems20,
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In this work, we demonstrate a chemical strategy to conjugate matrix proteins to
poly(ethylene glycol) (PEG) hydrogels. We use these hydrogels as a platform to investigate
the differences between 2-D and 3-D culture of MSCs on their angiogenic potential using a
secondary in-vitro angiogenesis assay. Using the same material we can compare the
influence of dimensionality when cells are either cultured on the surface or within the gel.
Finally, we show how, using UV photopolymerization, we can “pattern’ vascularization in
an MSC-endothelial cell co-culture system towards biomimetic architectures to study
heterotypic signaling. The approach presented here may prove valuable for the design of 3-
D biomaterials that are clinically viable for regenerative medicine.

In order to compare MSCs cultured on the surface of 2-D gels to cells encapsulated inside a
more clinically relevant 3-D hydrogel architecture, we used a poly(ethylene glycol)
diacrylate (PEGDA) system. We modified the end groups of PEG as previously reported?!
(Figure 1A) and confirmed modification using NMR (Figure S1). In order to incorporate
protein into the 3-dimensional matrix, proteins were acrylated by reacting pendant amines
with NHS-acrylate. We used a UV sensitive initiator to incorporate the matrix protein into
the gels and confirmed higher protein incorporation in the NHS-acrylate condition using
fluorescently labeled fibrinogen (Figure 1B). Based on our previous work!2, we used
fibronectin as the matrix protein and PEGDA hydrogels with an elasticity of around 40 kPa,
as this condition had previously shown the highest angiogenic potential. PEGDA gels were
made that were either flat with MSCs seeded on top (2-D) or they were mixed with MSCs
before gelation so that the MSCs were encapsulated inside the gel (3-D). MSCs were
cultured in both the 2-D and 3-D conditions for 2 days. Morphologically, MSCs look very
different when cultured in 2-D vs 3-D (Figure 1C). On the flat 2-D surfaces, MSCs were
spread out with a robust actin cytoskeleton, while inside the 3-D gels, the cells were more
rounded up with a significantly smaller projected area. Paxillin staining shows focal
adhesion formation on the surface of 2-D gels. After MSC culture, the conditioned media
was used for an in-vitro tubulogenesis assay to investigate the differences in angiogenic
potentiall? (Figure 2A). After 2 days of culture, conditioned media containing cytokines
secreted by MSCs was collected and then added to hMVECs seeded on a 3D matrigel
matrix. After 8 hours, h(MVECs angiogenic tube formation was quantitated and normalized
to hMVEC tubulogenesis in complete growth factor supplemented media (EGM-2).
Conditioned media collected from MSCs cultured in the 3-D environment showed
approximately 2-fold increase in tubulogenesis compared to MSCs cultured in the 2-D
system (Figure 2B). These differences can be discerned in the morphology of the hMVEC
tubes (Figure 2C). Both conditions showed less than half the tube formation of AMVECs in
complete medium, possibly due to the large number of growth factors included in that
medium. It should be noted that hMVECs show very low tubulogenesis when cultured in
serum free medium?2,

In 3-D environments cells are in contact with the extracellular matrix on all sides, which will
significantly influence the propagation of signals from the outside-in to regulate cell
behavior. Cytokine secretions have been reported to increase up to 35-fold in 3-D vs 2-D
environments'S, so it is not surprising that the encapsulation of MSCs leads to higher
angiogenesis. Although composition and mechanics are important factors, this result
indicates that dimensionality, ligand presentation and other factors present in the switch
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from 2-D to 3-D culturel3 have a major role in directing pro-angiogenic signaling from
MSCs.

A direct readout of angiogenesis in one platform would be useful in the study of materials
properties that direct pro-angiogenic signaling from MSCs. Towards this end, we designed
and developed a co-culture system where both encapsulated MSCs and hMVECs can be
cultured together (Figure 3A). By photopolymerizing gels under UV light through a
photomask, we made ‘islands’ of MSCs encapsulated in PEGDA. To check the fidelity of
these patterns we incorporated fluorescent beads in the PEGDA islands and imaged the
islands using confocal microscopy (Figure 3B). Islands were of good dimensional accuracy
and show good cross-sectional profiles and their shapes are not limited to circular but can be
varied to adopt a range of geometries. Island height could be varied by changing gel
crosslinking density but not by changing amount of gel solution prior to polymerization
(Figure S2). After MSCs are encapsulated in these islands, cell patterning in the islands was
verified using cell tracker (Figure 3C), and matrigel was added on top of the islands and then
placed in the incubator to gel. A(MVEC:s are then seeded on top of the matrigel and tube
formation was monitored. After 8 hours, there is tube formation on the areas of the matrigel
above the MSC islands with very little tubulogenesis elsewhere (Figure 3D). Due to the
gelling of the matrigel, small bubbles are trapped at the base of the islands and can be seen
around the edges. Tube formation may be enhanced on top of the islands due to closer
affinity of these areas to MSCs or higher concentration of MSC-secreted cytokines.

Conclusions

We developed a chemical strategy to conjugate proteins within a 3-D poly(ethylene) glycol
hydrogel towards tissue-mimetic architectures for exploration of heterotypic cell-cell
signaling. We show the importance of dimensionality and ligand presentation on MSC
angiogenic efficacy. We extend this to a heterotypic co-culture system where presence of
MSCs greatly increases tube formation from surrounding hMVECs. Spatial control of
angiogenesis signaling in vitro, with supporting MSC co-culture, may be a good model for
studying vasculature-pericyte interactions. Furthermore, this system is modular allowing
assessment of virtually any hydrogel and cell type of interest to aid the design of cell-based
therapeutic biomaterials.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Protein conjugated PEG gels for MSC culture (A) Acryloyl chloride was used for end group

modification of PEG into PEGDA (B) (top) NHS-acrylate (NHS-A) was used for the
acrylation of proteins via pendant amine groups.(bottom) Higher incorporation of protein
was confirmed using fluorescent protein. Scale bar is 5mm. * P<0.05 (C) MSC morphology
when cultured on the surface of PEG gels (2-D) or encapsulated inside (3-D). Scale bar is
100um
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Figure 2.
In-vitro angiogenesis assay of MSC-conditioned media (A) Schematic showing the in-vitro

angiogenesis assay using hMVECs (B) Box and whisker plot of quantitation of angiogenesis
from conditioned media from MSCs cultured in 2-D or 3-D (C) Representative images of
tube formation with conditioned media from 2-D and 3-D cultured MSCs. Scale bar is
200um
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Figure 3.

MSC-hMVEC co-culture (A) Schematic showing the procedure for co-culturing PEG
encapsulated MSCs and hMVECs on matrigel (B) Confocal images of fluorescent beads
embedded into PEGDA islands showing top view (left) and profile. PEGDA islands can also
be formed into irregular letters. Scale bars are 500um (C) Fluorescence image of MSCs
captured in a PEG grid. Scale bar is 5mm (D) Brightfield images of hMVECs at the surface
of matrigel after 8 hours of co-culture. Dotted outline indicates PEG island; pink arrows
indicate tube formation; white arrow indicates rounded cells. Scale bar is Imm.
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