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Microvascular networks support metabolic activity and define mi-
croenvironmental conditions within tissues in health and pathology.
Recapitulation of functional microvascular structures in vitro could
provide a platform for the study of complex vascular phenomena,
including angiogenesis and thrombosis. We have engineered living
microvascular networks in three-dimensional tissue scaffolds and
demonstrated their biofunctionality in vitro. We describe the litho-
graphic technique used to form endothelialized microfluidic vessels
within a native collagen matrix; we characterize the morphology,
mass transfer processes, and long-term stability of the endothelium;
we elucidate the angiogenic activities of the endothelia and differ-
ential interactions with perivascular cells seeded in the collagen
bulk; andwe demonstrate the nonthrombotic nature of the vascular
endothelium and its transition to a prothrombotic state during an
inflammatory response. The success of these microvascular net-
works in recapitulating these phenomena points to the broad poten-
tial of this platform for the study of cardiovascular biology and
pathophysiology.
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The microvasculature is an extensive organ that mediates the
interaction between blood and tissues. It defines the biologi-

cal and physical characteristics of the microenvironment within
tissues and plays a role in the initiation and progression of many
pathologies, including cancer (1) and cardiovascular diseases
(2, 3). Conventional planar cultures fail to recreate the in vivo
physiology of the microvasculature with respect to three-dimen-
sional (3D) geometry (lumens and axial branching points), and
interactions of endothelium with perivascular cells, extracellular
tissue and blood flow (4). Studies of the microvasculature in vivo
allow only limited control of physical, chemical, and biological
parameters influencing the microvasculature and present chal-
lenges with respect to observation (5). In vitro cultures that pro-
duce tubular vessels within 3D matrices will aid in elucidation of
the roles of the microvasculature in health and disease. Important
progress has been made toward this goal: Biologically derived or
synthetic materials have been used to generate macrovessel tubes
(6) and endothelialized microtubes (7); cellular self-assembly has
been used to generate random microvasculature (8); microfabri-
cation has been used to define complex geometries in hydrogels
at the micro-scale (9); and distributions of cells and biochemical
factors within 3D scaffolds (10). Of particular note, the group of
Tien has pioneered the use of collagen to template the growth
of vascular endothelium (7, 11) and demonstrated appropriate
permeability (7), response to cyclic AMP (12), and differential
properties as a function of the luminal shear stress and composi-
tion of the medium (13). Nonetheless, prior methodologies have
been unable to produce endothelialized networks that can under-
go substantial remodeling via angiogenesis; elucidate the roles of
perivascular cells in modulating vascular morphology and perme-
ability; control cellular, chemical, and physical stimuli at micro-
scale levels to manipulate the interactions between different cell

types and their matrices; and produce vessels with normal antith-
rombotic function when quiescent and prothrombotic behavior
when exposed to inflammatory stimuli.

Here, we address these challenges by defining networks of
endothelialized microchannels within matrices of type I collagen,
a microfluidic vascular network (μVN). With long-term (one to
two weeks) cultures of these μVNs, we demonstrate the emer-
gence of appropriate endothelial morphology and barrier function
(Fig. 1A, i). We then proceed to investigate angiogenic remodeling
(Fig. 1A, ii), interactions between endothelial cells (ECs) and
perivascular cells (Fig. 1A, iii), and interactions between blood
components and endothelium with flow (Fig. 1A, iv). These ex-
periments indicate recapitulation of important characteristics of
microvessels observed in vivo in both healthy and pathological
scenarios and suggest important biophysical mechanisms by which
geometry and luminal flow define function. We discuss the poten-
tial relevance of our system for modeling tumor progression,
inflammation, thrombosis, and other pathologies.

Results
Engineering μVNs in Type I Collagen. We engineered μVNs by seed-
ing human umbilical vein endothelial cells (HUVECs) into micro-
fluidic circuits formed via soft lithography in a type I collagen gel.
Native, type I collagen at 6–10 mg∕mL is of an appropriate stiff-
ness to allow high reproducibility of vessel microstructure and also
enables remodeling through degradation and deposition of extra-
cellular matrix. The lithographic process enables the formation of
endothelium along the microfluidic channels and the incorpora-
tion of living cells within the bulk collagen (Fig. 1B). The key steps
in the process are definition of a microstructured silicone stamp as
a master on which to mold collagen with microstructure; injection
and gelation in situ of collagen with or without perivascular cells
in plexiglass jigs (Fig. 1B and Fig. S1); and sealing together two
collagen layers to form the enclosed fluidic structure by applying
pressure within the final plexiglass device. The enclosed micro-
structure has an inlet and an outlet that enable the seeding of ECs
and perfusion of the vessels with medium during culture (Fig. S1).
ECs were cultured alone or with perivascular cells within the bulk
collagen for up to two weeks with gravity-driven flow (SI Methods).

Fig. 1C presents the morphology of a μVN formed by culturing
ECs alone. The vessels were fixed and stained after two weeks
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of culture in growth medium (SI Methods). CD31 (Fig. 1C) and
VE-cadherin (Fig. S2) were both expressed in regions of EC-EC
contact; this expression and localization indicates the mainte-
nance of the endothelial phenotype and the formation of inter-
cellular junctions between ECs (14). These proteins, which define
the restrictive barrier function of the endothelium in vivo (15),
were expressed throughout the whole network (Fig. 1C, i), with
no detectable differences at corners (Fig. 1C, ii) or bifurcations
(Fig. 1C, iii). Over the first 3 d in culture, the cross-sectional area
of the microvessel expanded and changed profile from the origi-
nal square cross-section defined lithographically (100 μm ×
100 μm) toward an elliptical cross-section with larger dimension
(150 μm × 120 μm). We observed no significant difference in the
average cell size relative to that of 2D cultures (approximately
3 × 103 μm2 per cell) (16). This evolution indicates that the
matrix (6–10 mg∕mL collagen with modulus of 200–500 Pa) (16)
possesses the appropriate stiffness and the capacity for chemical
remodeling by the ECs during spreading and proliferation. The
ECs in μVNs exhibit a cobble-stone pattern with no net align-
ment. This venule-like morphology (17) may be maintained by
the low flow shear stress (18) applied (0–10 dyne cm−2 with time

average of 0.1 dyne cm−2). Ultrastructural analysis of the endo-
thelium reveals extensive intracellular junctions (Fig. 1D), includ-
ing focal adherens junctions (Fig. 1D, i), overlapping junctions
(Fig. 1D, ii), and complex junctions (Fig. 1D, iii). The appearance
of these intercellular junctions and of pinocytotic vesicles
(Fig. S2) indicates that the major systems for transport of mole-
cules across the endothelium were intact, as expected in arterioles
and capillaries (19). The absence of intraluminal projections and
the normal architecture of organelles indicate that the endohe-
lium was quiescent, as one would expect in the absence of inflam-
mation (20).

The endothelium throughout the μVNs presented a barrier to
the transfer of solutes from the lumen into the matrix. As seen
qualitatively in Fig. 1E, little permeation of a macromolecule
(70 kDa FITC-Dextran) occurred over intervals of a few minutes;
this behavior strongly contrasts that seen in the absence of en-
dothelium (Fig. S3). We used the distributions of fluorescence
intensity during this transient to estimate the permeability coeffi-
cient of the endothelium, K [cm s−1] (SI Methods). On day 14, we
obtainedK values of ð4.1� 0.5Þ × 10−6 cm s−1 for 70 kDa FITC-
Dextran, and ð7.0� 1.5Þ × 10−6 cm s−1 for 332 Da fluorescein.

Fig. 1. Microfluidic vessel networks (μVNs). (A) Schematic cross-sectional view of a section of μVN illustrating (i) morphology and barrier function of endothe-
lium, (ii) endothelial sprouting, (iii) perivascular association, and (iv) blood perfusion. Arrow, Flow direction. (B) Schematic diagram of microfluidic collagen
scaffolds after fabrication (detailed fabrication processes and parts in Fig. S1). (C) Z-stack projection of horizontal confocal sections of endothelialized micro-
fluidic vessels (overall network, i) and views of corner (ii) and branching sections (iii). Red, CD31; blue, nuclei. (Scale bar: 100 μm.) (D) Transmission electron
micrographs showing focal contacts (i), overlapping junctions (ii), and complex adherens junctions (iii) between endothelial cells. Magnification: 29,000×.
(E) Permeability across the endothelium, perfused with 70 kDa FITC-Dextran (Upper), and corresponding fluorescence intensity (Lower) averaged over the
height of the dashed box on the micrograph (analysis in SI Methods and Fig. S3 B and C). Blue and red curves correspond to the perfusion with 70 kDa Dextran
at perfusion time t ¼ 11 min and 13 min, respectively. (Scale bar: 100 μm.)
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These permeability coefficients were approximately five times
higher than reported for mammalian venules in vivo [ð0.15�
0.05Þ × 10−6 cm s−1 for 70 kDa FITC-Dextran] (21), but close
to those for isolated mammalian venules (approximately
2 × 10−6 cm s−1 for FITC-albumin) (22) and of endothelial
monolayers formed in vitro [Oð10−6Þ −Oð10−5Þ cm s−1 for
FITC-albumin] (7, 23). Price et al. (13) studied vessel stability
as a function of pressure and shear stress and showed that low
flow produced short-lived (fewer than 5 d for 80% of vessels)
leaky vessels. Our vessels cultured under low flow, however,
remained stable with venule and capillary-like morphology and
permeability. This distinction may arise from different cell types
[HUVECs here vs. human dermal microvascular endothelial
cells (13)], extracellular matrices [10 mg∕mL type I collagen
extracted in this study (16) vs. 7 mg∕mL type I collagen from
BD Bioscience (13)], growth medium, fabrication [injection
molding (9) vs. metal tube demolding (7)], and geometry [inter-
connected network vs. single tube (7, 13)].

Angiogenesis and Endothelial Cell-Perivascular Cell Interactions.
Three-dimensional system have been developed to study sprout-
ing angiogenesis in vitro, for example, endothelial sprouting
from a planar endothelium into bulk collagen gel (24), lateral
endothelial sprouting into a collagen gel isolated between two
microfluidic channels formed in PDMS silicone (25), and 3D
endothelial sprouting from microbead supports in a bulk gel (26).
None of these systems allows for the initiation of angiogenesis
from native-like vessels with luminal flow and simultaneous
control of the chemical and cellular microenvironment of the
endothelium. We have exploited the versatility of μVNs to inves-
tigate the angiogenic response of an endothelium with and with-
out local interactions with perivascular cells. To begin, we applied
vasculogenic medium exogenously through μVNs with perfusion
to mimic the proangiogenic environment found in the vicinity of
ischemic tissue or solid tumors (24, 27). After a week of exposure,
μVNs presented the following properties (Fig. 2A): CD31 stain-
ing at regions of cell-cell contact was less organized (Fig. 2A, i);
endothelial cells sprouted into the collagen matrix with lumens
(Fig. S4A); and solute dyes leaked from the vicinity of the sprouts
(Fig. 2A, ii). The average length of endothelial sprouts was 75.4�
22.4 μm with an areal density of 41.8� 3.1 mm−2 (n ¼ 4). This
length was greater than that observed in a 2D sprouting assay
with HUVECs in a monolayer on 10 mg∕mL collagen gels at
day 14, but the invasion density was similar (invasion depth ¼
38.0� 9.9 μm and invasion density ¼ 38.8� 14.9 mm−2) (16).
Due to the increased permeability at the projections, the spatially
averaged permeability was nearly one order of magnitude greater
than that of μVNs cultured in regular growth medium (Fig. 2D).
Solute extravasations in regions of endothelial sprouting have
been observed in vivo in the presence of strong proangiogenic
signals, such as in tumor neovasculature (28).

Interactions between ECs and perivascular cells define the
structural and functional properties of microvessels (29). When
we seeded human brain vascular pericytes (HBVPCs), expressing
both desmin and α-smooth muscle actin (α-SMA) in the bulk
of the collagen gels, we observed two distinct behaviors. In half
of the cases (Fig. 2B, n ¼ 3), we observed endothelial sprouting
into the collagen matrix. Long sprouts, with lumens, grew into the
collagen by day 14 (Fig. 2B, i. Average sprouting length of
174.3� 6.6 μm and density of 15.8� 1.2 mm−2). Brain pericytes
are known to secrete both VEGF and FGF, which may have
driven this sprouting, even in the absence of exogenous GFs (30).
Interestingly, these sprouts displayed good barrier properties
(Fig. 2B, ii): The permeability of the vessels (Fig. 2D) was similar
to that of the EC-only case with growth medium and significantly
lower than that obtained with exogenous growth factors. Pericytes
associated sparsely with the endothelium (Figs. 2 B and S4B) and
expressed both α-SMA (Fig. S4B) and desmin (Fig. S4 D and E).

In the other half of the experiments (Fig. 2C, n ¼ 3), we observed
retraction of the endothelium from the walls of the microchan-
nels (although the lumens remained open) and a complete
absence of sprouts to day 14 (Fig. 2C, i). These retracted vessels
were leakier (Fig. 2C, ii), with permeabilities similar to that of the
EC-only vessels treated with exogenous GFs (Fig. 2D). These ves-
sels showed significantly higher coverage by pericytes than those
observed in the other half of the experiments (Fig. 2D), with

Fig. 2. Sprouting angiogenesis and endothelial-pericyte interactions. (A)
Sprouting into bulk collagen with proangiogenic stimuli. The microvessel
network was cultured for 7 d with growth medium, followed by 7 d with
vasculogenic medium. (i) The z-projection of confocal images of the overall
network; and (ii): permeability measurement -70 kDa FITC-Dextran leaked
from microvessels, especially at regions of new sprouts. Red, CD31; blue,
nuclei. (B and C) Perivascular recruitment from the collagen bulk toward
endothelium, with endothelial sprouting (B) or endothelial retraction (C):
(i) z-projected confocal image, and (ii) permeability measurement with
perfusion of 70 kDa FITC-Dextran. Red, CD31; green, α-SMA; and blue, nuclei.
(D) Permeability and ratio of associated perivascular cell to endothelial cells
(PC:EC) for five conditions in μVNs. EC-GM: monoculture of ECs with growth
medium; EC-VM: monoculture of ECs with vasculogenic medium; ECPC-GM
(S): co-culture of ECs and pericytes with growth medium—sprouting cases;
ECPC-GM(R): co-culture of ECs and pericytes with growth medium—retracted
cases; ECPC-VM: ECs and pericytes co-cultured with vasculogenic medium.
Red, permeability; black, PC:EC ratio. Error bar: standard error. *p < 0.05, N,
number of replicates.
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the associating pericytes strongly expressing α-SMA (Fig. S4C)
(and weakly expressing desmin) (Fig. S4 F and G).

The potential origins of the two distinct outcomes (sprouting
and retracted) include variations in the percentage of the initial
population of pericytes of a certain character (the seeding popu-
lation is mixed, and one type of pericytes may express more
contractile proteins in the retracted cases, for example), differ-
ence in the initial density of ECs (200� 100 cells∕mm2), or in
the structure of the collagen in which the channels were formed
(e.g., variation of fiber architectures with mechanical forces,
temperature and pH during gelation) (31). In support of the first
possibility, we note that experiments with purified populations of
smooth muscle cells (human umbilical arterial smooth muscle
cells) consistently (n ¼ 6) showed local retraction of the endothe-
lium, luminal constriction, and the absence of sprouting (Fig. S5).

For both outcomes, ultrastructural analysis (Fig. S4 H and I)
showed that the PCs were located between the collagen matrix
and the ECs. In regions of close apposition of the two cell types,
the ECs were polarized, with their focal adhesions anchored
toward the perivascular cells. A basal lamina formed between
the two cell types; this basal lamina was not detected around the
vessels in areas devoid of adjacent pericytes.

When μVNs produced by coculture of ECs and HBVPCs
(n ¼ 4) were perfused with vasculogenic media, we observed
sprouting with no retraction (Fig. S4 J–L). The sprouts were sig-
nificantly longer and less frequent than for either the EC-only case
with exogenous GFs or the EC-pericytes case without GFs (aver-
age length of 228.5� 35.9 μm and density of 7.2� 1.1 mm−2);
the vessel permeability was intermediate between these two other
cases (Fig. 2D). These observations suggest that pericytes modu-
late the response of the μVNs to proangiogenic signals. The con-
sistently low coverage of the vessels by pericytes and the lack of
a retracted state suggest that the presence of proangiogenic factors
suppressed recruitment of pericytes toward the microvessels; this
behavior is consistent with the observation in vivo that VEGF is a
negative regulator for perivascular recruitment (32).

Blood–Endothelium Interactions. In healthy scenarios, the endothe-
lium provides a nonadhesive and antithrombotic interface for
the transport of blood through the vessel whereas during inflam-
mation, the endothelium promotes the formation of the thrombi
via local expression and secretion of adhesive proteins (33). The
interaction of blood with endothelium has been studied exten-
sively in vitro in planar formats that lack appropriate vessel geo-
metries or a 3D matrix (34, 35). We examined the interaction of
whole blood and the endothelium in μVNs in a quiescent state
(after 7 to 14 d in our standard microfluidic culture; see Methods
and SI Methods) and a stimulated state induced by brief exposure
to phorbol-12-myristate-13-acetate (PMA). Upon perfusion of
the μVNs with whole human blood (citrate-stabilized with labeled
platelets), we observed dramatically different behaviors in the
two situations (Fig. 3 A–C). In untreated μVNs, the vast majority
of platelets flowed past the endothelial surface without adhering
(Fig. 3A, i, and Movie S1). A small portion of platelets adhered
reversibly and rolled along the endothelial surfaces. Localized,
firm adhesion of platelets occurred only at some EC-EC junctions
and at sites of defect in the endothelium (Fig. S6 A and B), as has
been reported in vivo at sites of endothelial injury (36) and on
exposed subendothelial matrix (37). Neither the transient nor
firm binding led to formation of aggregates larger than 10 μm
(Fig. S6 A and B). In a collagen network with no endothelium,
platelets immediately adhered and aggregated on the exposed
collagen (Movie S2).

In stimulated vessels, large aggregates of platelets formed im-
mediately on the endothelial surface (Fig. 3A, ii, and Movie S3).
In the first minutes of perfusion, these aggregates proceeded to
grow to fill a substantial fraction of the lumen and then were shed
into the flowing blood (Fig. 3B), possibly as a result of the rise in

shear stress associated with the local decrease of lumen diameter
during the formation of the thrombus (38). Platelets continued to
accumulate over time on the vessel wall (Fig. 3 B andC). After 1 h
of perfusion with blood, leukocytes were observed to attach on
the luminal side of vessel walls and to begin migrating through
the endothelium into the collagen matrix; some of the thrombi
became stable (Fig. 3D and Fig. S6 C and D).

To elucidate the mechanism of thrombosis in the stimulated
vessels, we perfused μVNs with FITC-conjugated antibodies
against von Willebrand factor (VWF). VWF is a protein that can
be released from endothelial Weibel–Palade bodies (WPBs) and
assemble into fibers on the endothelial surface upon endothelial
activation (34) under flow. These fibers bind platelets; leukocytes
and red blood cells also accumulate at these sites, possibly by
binding the adherent platelets (Fig. S6G) (39). PMA is a known
secretagogue for VWF, working by activating protein kinase C. In
unstimulated μVNs, we observed VWF in WPBs in the endothe-
lial cytoplasm, but not on the endothelial surfaces (Fig. S7 A
and B). In contrast, in the stimulated vessels, fibers of VWF with
lengths up to 2 mm covered the surface of the vessels (Fig. 3E and
Fig. S7C). These fibers bound to platelets, almost all irreversibly
(Fig. 3F), as shown previously on cultured endothelial cells (34)
and in mice (40). Electron micrographs illustrate the binding of
platelets to the activated endothelium, with the density of bound
platelets being the highest near bifurcations and vessel junctions
(Figs. S6 E and F, and S7).

The importance of the 3D architecture of the μVNs manifests
itself in the flow-driven pattern of VWF fibers and VWF-platelet
strands observed around junctions and bifurcations in the network
of vessels. Fibers that were anchored to the endothelium upstream
of a bifurcation were convected off of the wall as the flow entered
the junction, leading to the formation of 3D webs of fibers that
traverse the lumen (Fig. 3G and Movie S3). This 3D network
of VWF fibers increases the contact between the binding surfaces
of the fibers and the components of the blood such that platelets
are captured more efficiently and the flow is further perturbed
(Fig. S7 D and E). Such structures have not been reported in
planar cultures in which the flow is uniaxial and parallel to the
endothelium (35), or in mouse models, where details of the pro-
gression of thrombosis have been difficult to resolve (40).

Discussion
Our lithographic approach (Fig. 1B and Fig. S1) allows for the
definition of endothelialized vessels with physiologically relevant
geometries such as bifurcations and junctions within a matrix that
is permissive of remodeling and 3D cell culture. Our functional
studies indicate the usefulness of μVNs for the study of angiogen-
esis (Fig. 2) in healthy (Fig. 2B) and pathological (Fig. 2A) sce-
narios, and thrombosis (Fig. 3) under quiescent and inflammatory
conditions. Future work with μVNs could benefit from the use of
alternative microfabrication techniques such as 3D printing (41)
to extend the geometrical complexity of the networks.

The versatility of the μVN platform, with respect to its struc-
ture, cellular composition, and in situ control of the endothelial
microenvironment, opens opportunities to address biophysical
and biological questions that are difficult to access either in vivo
or in conventional, planar cultures in vitro. These include the
effects of geometry (42), hydrodynamic stresses, and transport
processes (13, 43) on the stability of vessels, the progression of
angiogenesis, and the interactions of the vessel with blood cells;
and the roles of vascular cells from different organs in defining
physiological and pathological states specific to those organs
(for example, properties of the blood-brain barrier) (44); and the
abnormal angiogenic and inflammatory profiles of solid tumors
(45) and diabetic tissues (46).

As our platform matures, we anticipate that μVNs can be used
to test drugs and drug-delivery strategies that target microvascu-
lar function (for example, angiogenesis (47) and hypertension)
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(48) or blood-endothelium interactions (for example, sickle cell
disease (49) and thrombotic thrombocytopenic purpura) (50).
Scaffolds with μVNs could also provide a starting point for the
growth of vascularized tissues in vitro for applications in regen-
erative medicine (51).

Methods
The microvessel networks were fabricated within native, type I collagen by
molding microstructures in collagen gels with injection molding techniques
(9). Human umbilical vein endothelial cells (HUVECs) were seeded and
cultured on the walls of the microchannels created in the collagen to form
an endothelialized lumen. Human brain vascular pericytes (HBVPCs) or
human umbilical arterial smooth muscle cells (HUASMCs) were embedded
in collagen bulk for the study of interactions between endothelium and
perivascular cells. The microvessel networks were cultured with gravity-
driven flow of endothelial growth media for 7 to 14 d. The angiogenesis

experiments were conducted with proangiogenic media containing exogen-
ous vascular endothelial cell growth factor (VEGF), basic fibroblast growth
factor (bFGF), and phorbol ester (PMA). The experiments of blood-endothe-
lium interactions were performed with reconstituted whole blood that was
stabilized with 3.8% sodium citrate containing labeled platelets and leuko-
cytes. Live imaging was performed for the permeability measurement with
the perfusion of fluorescent dyes or the whole blood interactions with the
microvessels. At the designated time points, the microvessel network was
fixed and stained in situ with perfusion of fixatives and antibodies through
the lumens, followed by the fluorescence confocal microscopy, scanning elec-
tron microscopy or transmission electron microscopy. Detailed methods are
available in SI Methods.
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