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Reengineering functional vascular networks in vitro remains an integral part in
tissue engineering, since the incorporation of non-perfused tissues results in
restricted nutrient supply and limited waste removal. Microfluidic devices are rou-
tinely used to mimic both physiological and pathological vascular microenviron-
ments. Current procedures either involve the investigation of growth factor
gradients and interstitial flow on endothelial cell sprouting alone or on the hetero-
typic cell-cell interactions between endothelial and mural cells. However, limited
research has been conducted on the influence of flow on co-cultures of these cells.
Here, we exploited the ability of microfluidics to create and monitor spatiotemporal
gradients to investigate the influence of growth factor supply and elution on vascu-
larization using static as well as indirect and direct flow setups. Co-cultures of
human adipose-derived stem/stromal cells and human umbilical vein endothelial
cells embedded in fibrin hydrogels were found to be severely affected by diffusion
limited growth factor gradients as well as by elution of reciprocal signaling mole-
cules during both static and flow conditions. Static cultures formed pre-vascular
networks up to a depth of 4 mm into the construct with subsequent decline due to
diffusion limitation. In contrast, indirect flow conditions enhanced endothelial cell
sprouting but failed to form vascular networks. Additionally, complete inhibition
of pre-vascular network formation was observable for direct application of flow
through the hydrogel with decline of endothelial cell viability after seven days.
Using finite volume CFD simulations of different sized molecules vital for pre-
vascular network formation into and out of the hydrogel constructs, we found that
interstitial flow enhances growth factor supply to the cells in the bulk of the cham-
ber but elutes cellular secretome, resulting in truncated, premature vascularization.
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INTRODUCTION

A major issue in tissue engineering is the formation of necrotic cores inside biological
structures due to limited diffusion of oxygen and nutrients to tissue regions beyond
200—400 um. One promising strategy to overcome apparent oxygen and nutrient deficiencies
is based on the integration of lumenized and perfused vessels to promote long-term viability
of tissue-engineered constructs.' Over the last decade, generation of vascularized tissues has
steadily improved enabling controlled nutrient supply and waste removal to and from the
engineered construct through blood vessel-like networks.”® From a physiological point of
view, blood vessels are generally formed by two distinct mechanisms being vasculo- and
angiogenesis.4 While vasculogenesis refers to the de novo formation of blood vessels during
embryonic development, angiogenesis requires a pre-existing vasculature, which can be
extended by sprouting endothelial cells.” Additionally, mural cells such as vascular smooth
muscle cells and pericytes actively take part in vessel maturation and stabilization.® While
smooth muscle cells form concentric layers around arteries and veins, pericytes partially
envelope smaller sized structures including arterioles, capillaries, and venules.” Coordination
of endothelial cell sprouting is therefore guided by both reciprocal cell signaling events and
heterotypic cell-to-cell contact. Similar sprouting behavior has also been observed in the pres-
ence of adipose and bone-marrow derived mesenchymal stem cells, which are known to
mimic mural cells through heterotypic cell-cell interactions with endothelial cells.®®?
Mesenchymal stem cells secrete numerous factors including vascular-endothelial growth fac-
tor (VEGF) and hepatocyte growth factor (HGF) that not only contribute to endothelial cell
survival and proliferation but also promote the formation of pre-vascular structures
in vitro.®'*'" Although the importance of reciprocal cell signaling on endothelial cell sprout-
ing has been extensively studied over the years,® little is still known on the influence of
growth factor gradients, which are inherently present in any natural and engineered tissue
construct.

To gain a deeper understanding of the modulating effect of spatio-temporal gradients on
the formation of pre-vascular networks, we have developed three different microfluidic devices
that allow precise control over nutrient supply from predefined entry points to a 3D-hydrogel
based co-culture system. Microfluidic cell culture systems are ideally suited to study vascular
biology due to the inherent ability to control the respective microenvironment.">'” For
instance, 2D microfluidic endothelial cell cultures systems have been used to elucidate the
impact of growth factor gradients in intra- and extravasation of cancer cells'®? as well as
VEGF*'** and angiopoietin-1 (ANG-1) gradients in endothelial cell sprouting.?' In addition to
demonstrating the importance of VEGF gradients for the formation of blood vessels,>>*** micro-
fluidic devices are routinely employed to provide physiologically relevant shear and interstitial
flow regimes.”> As an example, changes in endothelial cell morphology, phenotype, and prolif-
erative capacity have been reported for increasing shear conditions ranging up to 130dyn
cm 2.2 While under physiological shear stress of 0.1dyn cm ™2 to 3dyn cm 2, a decrease in
endothelial sprouting has been reported,” shear restriction and the presence of interstitial flow
velocities between 1 um/s and 35 um s~ ! in turn, have shown to positively affect vasculo- and
angiogenesis.”>*"*® Although, in the absence of supporting cells, these microfluidic endothelial
cell culture systems failed to recapitulate the physiological architecture of microvessels in inter-
stitial tissues, these studies still demonstrated that growth factor gradients may influence sprout-
ing. Interestingly, all existing perfused microvascular networks based on co-culture of endothe-
lial cells and mural cells did not consider apparent wash out effects and gradients of soluble
growth factors during interstitial flow conditions.”>*® While current microfluidic strategies
mainly focus on engineering perfusable vascular networks in tumor models**>! and investigat-
ing endothelial barrier functions,®> we aim at utilizing microfluidics to fine tune vascular net-
work formation by controlling growth factor gradients and flow profiles. In contrast to previ-
ously reported vascularization on chip models, which focus on perfusable networks
anastomosed to the microfluidic channel, the goal of this study is to establish enlarged tissue
constructs for potential applications in tissue engineering. This means that our microfluidic
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chamber geometries greatly vary from previously published vasculature-on-chip work in terms
of chamber size as well as hydrogel boundary surface.

To close this knowledge gap and to gain a deeper understanding of the relationship between
heterotypic cell-to-cell interactions and reciprocal cell signaling during initial endothelial cell
sprouting, a dual in vitro and in silico strategy is employed to describe the effects of spatial deple-
tion of growth factors on the formation of a vascular network. In our experimental approach, three
microfluidic 3D co-culture systems, which contain adipose-derived stem cells as supporting cells
and human umbilical vein endothelial cells embedded in a fibrin matrix, are used to evaluate vas-
cular network area coverage and average microvessel length over a seven day cultivation period.
Similar to recent publications in the field,”>" an initial vascular network formed after five days of
culture with a mature vascular network after seven days. The microfluidic biochips are designed
either for indirect and lateral perfusion or direct flow conditions to establish various gradients in
1, 3, and 8 mm thick 3D vascular co-culture systems. Additional finite volume CFD simulations
are performed to characterize transport phenomena and distance-relationships of signaling mole-
cules and growth factors of increasing sizes ranging from 10kDa, 20kDa, 40kDa, to 500kDa in
the absence and presence of varying interstitial flow conditions. Since the individual and combi-
natorial biophysical constraints such as interstitial flow, size-dependent gradients, and tissue
dimension are keys in vascular network formation, a better understanding of their modulating
effects may provide new insight into angiogenesis, tissue regeneration, and cancer biology.

MATERIALS AND METHODS
Device fabrication

Three microfluidic devices were used for characterization of tube formation under static or
fluid flow conditions. Two of the devices had a circular chamber adjacent to a medium channel
(see Fig. 1 and supplementary material Fig. 1). Microstructures were fabricated using polydime-
thylsiloxane (PDMS, Sylgard® 184 Silicone Elastomer Kit, Down Corning) by soft lithography
from 3D-printed molds (i.materialise). After polymerization, the PDMS was bonded to glass
slides using air plasma (Harrick Plasma, High Power, 2min) and sterilized with 70% ethanol

1. Injection of cell-laden fibrin 2. Gelation of fibrin and cells at 37°C 3. On-chip vascular co-culture

FIG. 1. Schematic overview of the microfluidic device and cell loading procedure.
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before use. In turn, the microfluidic biochip designed for direct perfusion through hydrogel [see
Fig. 4(a)] was manufactured using a PDMS-sheet cutter (CAMM-1 GS-24, Roland DGA). After
cutting the microchannel network into PDMS membranes, the fluidic layer was sandwiched
between two glass slides, sealed via air plasma activation, and treated with 3% (3-Aminopropyl)
triethoxysilane (APTES; Sigma Aldrich) solution for 1 h. The assembled microfluidic biochips
were sterilized (70% ethanol), rinsed with de-ionized (DI) water for a period of 30 min, and
coated with 10 mg/ml fibrinogen solution overnight.

Cell culture and device seeding

Isolation of human adipose-derived stem cells (ASC) as well as human umbilical vein endo-
thelial cells (HUVEC) was carried out as previously described®>** following the approval of the
ethics committees (state of Upper Austria and the AUVA) and written donor consent. Harvested
cells were maintained in fully supplemented endothelial cell growth medium 2 (EGM-2,
PromoCell) with 5% fetal calf serum until passage 5 to 9. Retroviral infection of GFP-HUVECs
was carried out as previously published.**>° Prior to cell seeding into microfluidic devices, fibrin
hydrogel (TISSEEL®, Baxter) with a final concentrations of 2.5 mg/ml fibrinogen, 1 U/ml throm-
bin, and 5 x 10’ cells/ml per cell type was loaded into the hydrogel chambers and polymerized
for 45min. Cell cultivation was carried out in the presence of fully supplemented EGM-2
medium under static conditions (exchange of medium every other day) and constant perfusion
over a period of 7days with four replicas per condition. Adipose-derived stem cell conditioned
medium was generated by seeding 3500 cells/cm” and collecting secretome after three days of
incubation. Non-treated controls were similarly incubated in culture flasks without cells. For
experiments using a temporal adjustment of flow, co-cultures were statically cultivated for three
days before initiation of flow using fresh culture medium for five days.

Finite volume CFD simulation

A multipurpose finite volume CFD code was used for solving the flow problems. The geome-
tries were split in hexahedral control volumes, an example grid is presented in supplementary Fig.
2A. Second or higher order discretization was selected for all flow variables as well as for the spe-
cies equations. To ensure physically correct transient solutions, the time step size was selected to
guarantee a maximum Courant number Co < 1 within the flow domain over the whole run time
of up to 18 h. Wall boundaries were treated as ideally smooth, no slip boundary conditions were
selected for all surfaces. The inlet of the flow geometry was set to mass flow inlet with a plug
flow velocity profile, and the outlet was set to pressure outlet at a standard pressure of 1atm
(101325 Pa) with the flow considered to be isothermal. For simplicity, Newtonian fluid behavior
was assumed with a constant dynamic viscosity and constant density. As the concentrations of the
dissolved species in the fluid are low, the properties of the solvent, water, have been used for the
simulation (p = 998kg/m>, # = 0.001003 Pa s). The diffusion coefficients for the tracer compo-
nents have been set according to measurements or literature values, assuming a dilute solution.
Tracers at the flow inlet were added as step functions at the initial time T=0 s, and at the same
time a constant tracer saturation of the hydrogel zones were set as starting values for the simula-
tion runs. In addition to the tracer species, a non-diffusing scalar was tracked for calculation of the
residence time distributions—an example can be found in S1B. The maximum Reynolds number
Re within the geometry was <1; therefore, laminar flow was assumed with no boundary layer
grid. The hydrogel regions were approximated as porous zones with constant porosities of ¢ = 0.99
and isotropic viscous resistances of R =6.67 x 10~ m™ 2

Data analysis

All microfluidic devices were analyzed on day 7 based on green fluorescence intensities
obtained from transfected HUVECSs using AngioTool64 software [Version 0.6a (02.18.14)] to
determine network parameters as described elsewhere.?’
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RESULTS AND DISCUSSION

Impact of hydrogel volume and diffusion distances on reciprocal signaling during
pre-vascular network formation

Microfluidic devices similar in design but consisting of differently sized hydrogel chambers
(@1 =3mm and @, =8 mm) are used to investigate tube formation, vessel length, and area cov-
ered throughout the hydrogel in the presence of growth factor gradients. Figure 2 shows the
impact of growth factor depletion on vascular network formation caused by diffusion-distance
limitation and the elution of molecules produced by stem cells as well as endothelial cells dur-
ing medium replacement. Results shown in Fig. 2(a) and supplementary material Fig. 3
revealed that vascular network formation occurred homogeneously throughout the smaller
cultivation chamber (@, =3 mm, V=7.5 ul), covering approximately 9% of the entire growth
volume with 15-20 junctions per mm®. Since the average vessel length increased from
297 = 26 um within the first 1 mm to 439 = 60 over a 3 mm distance into the cultivation cham-
bers, sufficient supply of nutrients is provided throughout the whole cultivation chamber. In
turn, results shown in Fig. 2(b) point at the presence of a biochemical gradient, since vascular
network parameters varied greatly throughout the 8 mm long (V=100 ul) fibrin hydrogel con-
struct. Within the first 3 mm distance from the medium supply channel, peak values for vessel
area coverage of 40.4 = 5.9%, an average vessel length of 2.05 = 0.94 mm and 22 * 2 junctions
per mm? are found. Between 3 and 8 mm distance, however, the quality of pre-vascular network
formation declined gradually resulting in an average reduction in vessel area of 2.5 *2.2%, a
vessel length of 0.18 = 0.25mm and of 2.19 + 0.1 junctions per mm?>.

To gain a better understanding of the underlying mechanisms responsible for the distance-
dependent decline in the quality of pre-vascular network, fluorescently labelled dextran similar
in size as proangiogenic molecules including a 10kDa dextran (e.g., EGF and IGF), a 20kDa
dextran (e.g., B-FGF and PDGF), and a 40kDa dextran (e.g., VEGF and Ang-1/-2) as well as
FITC-dextran with 500kDa in size was chosen as a reference molecule to visualize gradient
formation inside the fibrin hydrogel constructs under static conditions; for representative images
of the dextran diffusion and a comparison of in vitro to in silico results, see supplementary
material Figs. 4 and 5. Based on these results, finite volume CFD simulations were performed
to determine the distribution of differently sized biomolecules inside the hydrogel volume.
Figure 3(a) shows that approximately 30% of proangiogenic biomolecules with 40kDa in size
and 50% of smaller molecules are readily delivered within 12h to cells residing up to 3 mm
inside the hydrogel construct (for three dimensional graphs see also supplementary material
Fig. 6). This is followed by the formation of a steep gradient starting around 3 mm hydrogel
distance where only 10% of 20kDa biomolecules but hardly any 40kDa sized proangiogenic
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FIG. 2. Fluorescence images of pre-vascular networks with quality parameters in fibrin-based hydrogel constructs seeded
with adipose-derived stem cells and green-fluorescent endothelial cells for (a) 3 mm and (b) 8 mm hydrogel chamber diam-
eter day 7 post seeding.
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FIG. 3. Finite volume CFD simulations of size-dependent molecule diffusion (a) and elution (b) for static cell culture con-
ditions and (c) concentration profile of molecules with distance.

factors can reach deeper regions of the fibrin hydrogel. Any larger biomolecules only diffuse
up to a distance of 2 mm reaching approximately 5% of mass after a 12 h period. Additionally,
the removal of secreted biomolecules and elution into the medium supply channel was simu-
lated to estimate the distribution of cell signaling molecules within the fibrin hydrogel con-
struct. Results shown in Fig. 3(b) indicate that over 80% of secreted biomolecules are eluted
from the first millimeter and 50% are still eluted from up to 3 mm inside the fibrin construct. In
other words, small hydrogel volumes are prone to elution of proangiogenic factors, thus
severely impeding reciprocal cell-cell signaling events.
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Overall, our simulation results correlate well with experimental differences observed in
vascular network formation using microfluidic co-cultures of adipose-derived stem cells with
endothelial cells, indicating that distance between 2 to 3 mm inside the hydrogel reaches opti-
mum equilibrium between nutrient supply and elution of metabolites for pre-vascular network
formation in static culture conditions. Since the 8 mm diameter hydrogel chamber design dis-
played gradient-dependent network formation, it was selected for subsequent flow experiments.

Impact of direct and indirect interstitial fluid flow on pre-vascular network formation

In addition to diffusion-limited supply of nutrients, interstitial flow conditions can also
influence vascular network formation due to the increased elution of secreted biomolecules. To
study the effects of direct and indirect fluid flow on pre-vascular network formation, two differ-
ent microfluidic geometries shown in Fig. 4 are employed in subsequent experiments. In the
first microfluidic configuration (right panel of Fig. 4) indirect interstitial flow conditions are
established by directing the medium flow alongside the hydrogel interface at a velocity of
3 um/s, whereas the second microchip design (left panel of Fig. 4) was adjusted to reduce
hydrogel resistance and increase hydrogel anchorage to enable direct flow through the hydrogel.
Results of our lateral flow direction study revealed that microfluidic ASCs/HUVEC co-cultures
embedded in 8 mm fibrin hydrogel constructs started to form vascular connections already at
day 3. Since apparent vascular network morphologies improved over the following 4 days in
culture, sufficient supply of reciprocal signaling of proangiogenic growth factors is provided
during indirect medium perfusion. In contrast, fluid flow forced through the fibrin hydrogel

FIG. 4. Influence of direct compared to orthogonal interstitial fluid flow on pre-vascular network formation.
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construct using our second microfluidic configuration (left panel of Fig. 4) resulted in endothe-
lial cell alignment in the direction of the fluid flow with no evidence of pre-vascular network
formation at day 3. Even more striking, complete loss of endothelial cell viability occurred by
day 7 under direct interstitial fluid flow conditions. Additionally, finite volume CFD simulations
(see supplementary video 1) revealed that direct fluid flow through a hydrogel results in com-
plete elution of pro-angiogenic growth factors from the perfused region already after 120 s,
thus eliminating reciprocal cell signaling and the formation of vascular structures. In other
words, secretion of proangiogenic growth factors from the adipose-derived stem cells plays a
key role in the initial phase of vascular network formation, while forced fluid flow through a
hydrogel construct may be beneficial in maturation of preformed lumenized vessels.

Interstitial flow enhances sprouting but lessens network maturation

Since reciprocal cell-cell signaling is an important part during the onset and formation of
pre-vascular networks, additional finite volume CFD simulations were performed to assess the
distribution of proangiogenic growth factors in fibrin hydrogel constructs. In silico results
shown in Fig. 5 indicate that during indirect lateral flow conditions sufficient growth factors are
present over the complete hydrogel distance, where 50% of 20kDa sized molecules reach 4 mm
and 40% diffuse up to 6 mm into the hydrogel within a period of 12h. Additionally, Fig. 5(a)
shows that approximately 50% of biomolecules ranging from 10 to 20kDa in size are delivered
in a similarly fashion to static cultures. It is important to note, however, that slightly higher bio-
molecule concentrations in the deeper regions of the hydrogel construct could be achieved in
the presence of lateral fluid flow. Interestingly, lateral fluid flow did not increase the penetration
depth of 40 and 500 kDa biomolecules after 12 h of perfusion. Furthermore, elution of proangio-
genic growth factors from the fibrin hydrogel construct is significantly enhanced for smaller
biomolecules sizes with complete removal from the first millimeter distance [see Fig. 5(b)],
while bigger sized molecules displayed similar distribution as static cultivation.

In a next set of experiments, network area coverage, vessel length, and number of junctions
of microfluidic in vitro co-cultures of stem cells and endothelial cells were evaluated to assess
the quality of vascular network formation in the presence of physiologically relevant fluid flow
rates that resemble interstitial flow regimes. Figure 6(a) shows a cross-section analysis of the
3D-cultivation chambers where images of endothelial tube formation are compared, revealing
good agreement with above in silico results. While endothelial cell alignment along the flow
direction is found within the first millimeter where highest flow rates are present, premature
vascular connections started to form 2 mm inside the hydrogel exhibiting a vessel area coverage
of 5.11 = 1.42%, 51 *+ 12 junctions mm >, and an average vessel length of 0.066 *+ 0.008 mm.
In turn, within deeper regions around 4 mm inside of the hydrogel construct, vascular network
formation improved markedly featuring a vessel area of 12.07 = 1.21%, 155 * 16 junctions
mm 2, and an average vessel length of 0.16 = 0.02mm. This improved vascular structure qual-
ity suggests efficient nutrient delivery to the entire hydrogel volume, while simultaneously
retaining secreted cell signaling molecules, thus promoting homogenous vascular network
formation.

In a final comparative analysis, vascular network formation in the presence of varying con-
centration gradients was investigated to assess the impact of size-depended growth factor distri-
bution inside the hydrogel construct. Additionally, we investigated whether preconditioning of
culture medium in stem cell secretome or application of a stop-flow regime alters vascular net-
work formation. Results of our comparative study are summarized in Fig. 7 where size-
dependent biomolecule distribution and vascular network formation of ASC and HUVEC
co-cultures embedded in fibrin hydrogels are analyzed. Results in Fig. 7(a) illustrate that the
distribution of biomolecules in the range of 10 and 20kDa differs between 20% to 40% over a
distance of 1, 3, and 6 mm inside the hydrogel construct in the presence of indirect perfusion.
These phenomena can mainly be attributed to the elution and removal of smaller molecules
from the hydrogel during lateral flow conditions. The evaluation of the quality of the vascular
structures over the distance in the absence and presence of interstitial flow is shown in
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Fig. 7(b). While lateral perfusion of the fibrin-hydrogel construct led to improved endothelial
sprouting events, reduced vessel length and network area coverage, particularly inside deeper
regions (< 4mm), are found compared to static conditions. Although dynamic culture condi-
tions resulted in overall lower vascular network quality values, the obtained vascular morphol-
ogy displayed a higher degree uniformity and regularity throughout the fibrin hydrogel con-
struct. These results point at the mitigating effect of local concentration of proangiogenic
biomolecules, which is governed by supply of nutrients, maintenance of secretome, and elution
of metabolic waste products. In a final set of experiments, we investigated the possibility to
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improve vessel parameters by either employing a setup with temporal adjustment of flow or
stem cell conditioned culture medium in the initial setup in the presence of continuous flow
directly after cell seeding. In the “temporal adjustment of flow setup” (Stop-Flow), the co-
cultures were cultivated statically for three days to allow establishment of preliminary vascular
connections before application of flow for the final five days of culture. Results of both setups
are displayed in Fig. 7(c) and show a minor improvement of network area and number of junc-
tions/mm? within the first millimeter of the construct. However, both parameters were visibly
increased at distances of 3 and 6 mm into the construct. Interestingly, temporal adjustment of
flow resulted in 4.6-times longer vessels at 3mm from the medium channel but only slight
improvement at the other distances while the stem cell conditioned medium enhanced the vessel
length at all distances.

CONCLUSION

In this work, we have investigated the influence of concentration gradients on the formation
of vascular networks inside fibrin-hydrogel constructs containing human umbilical vein endo-
thelial cells and adipose-derived stem cells. Using three different microfluidic 3D vascular co-
culture models, the importance of biochemical gradients and reciprocal cell signaling events on
endothelial sprouting was demonstrated in the absence and presence of indirect as well as direct
flow conditions. Starting with single elongated cells at the edges of the hydrogel construct, pre-
vascular network formation started within 0.5—-1 mm distance inside the fibrin hydrogel for all
devices. In the absence of fluid flow, pre-vascular microvessels formation occurred predomi-
nantly inside 2-3 mm inside the fibrin construct followed by subsequent decline of vascular net-
work quality. The observed asymmetry in endothelial sprouting events can be attributed to dif-
fusional transport limitations of nutrients into deeper zones of the vascular co-culture model. In
turn, direct perfusion through the fibrin construct resulted in endothelial cell alignment in flow
direction during the first three days of culture; however, no tube formation was obtained after
7 days. Indirect perfusion based on the lateral flow direction showed significantly higher sprout-
ing activity and uniformity throughout the hydrogel construct, but also exhibited a reduced vas-
cular network area coverage and decreased average microvessel length. To gain deeper insights
into gradient-mediated endothelial sprouting within a 3D matrix, an in silico assessment of
size-dependent biomolecule distribution was performed. Our finite volume CFD simulations are
based on experimental data derived from differently sized and fluorescently labeled dextrans.
The selected size range of 10, 20, 40, and 500 kDa soluble molecules correspond to the size of
major signaling molecules and growth factors present during vascular network formation.
Results from the finite volume CFD simulations on the distribution profiles of differently sized
proangiogenic molecules suggest that at least a 1:1 ratio between fresh nutrient supply and elu-
tion of reciprocal signaling molecules, produced locally within the hydrogel construct by the
co-culture, is best suited to ensure efficient vascular network formation. This ratio corresponds
to a balance of delivery of 50% fresh medium supplements and retention of 50% of reciprocal
signaling molecules inside the fibrin hydrogel, a comparative graph of supply and elution in
both static and dynamic conditions can be found in Fig. 7(a). In summary, we found that the
establishment of growth factor gradients via lateral fluid flow on the order of micrometers per
second enhances endothelial cell sprouting and heterotypic cell-cell interactions facilitate initial
network formation. However, after vessel maturation, spatio-temporal control of direct perfusion
in microvascular systems is of utmost importance to ensure proper endothelial phenotype. In
other words, direct flow through a hydrogel construct is only beneficial in the presence of
mature lumenized microvessels, since adipose-derived stem cell secretome plays a key role in
the initial phase of vascular network formation.

SUPPLEMENTARY MATERIAL

See supplementary material for additional information on microchip geometries, finite vol-
ume CFD simulations, and FITC-dextran diffusion experiments.
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