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1 Introduction

The term microvasculature refers to vessels smaller than
100150 pum that are generally located deep within the tissue of
functioning organs. It is the interface between circulating blood
and organ parenchyma (cells and tissues in the specific organ
microenvironment), and functions to integrate systemic processes
with changes in the local tissue microenvironment. As such, it
plays an important role in homeostatic processes as diverse as
organ perfusion/oxygenation, angiogenesis, thrombosis, fluid and
solute balance, blood pressure, and inflammation [1]. Microvascu-
lar dysfunction can lead to dysregulation of these fundamental
processes and is a central mediator in a variety of human diseases.
Studies of the microvasculature and its role in human disease,
however, have been hindered due to both a lack of accessibility
in vivo and a lack of modeling tools in vitro. In the last decade,
advances in microfabrication techniques have made it possible to
recreate microvascular structure and function within a laboratory
setting. This has made the study of the human microvasculature
significantly more accessible, and research within engineered
microvascular systems continues to enhance our understanding of
fundamental biologic principles and human pathophysiology [2].

To successfully utilize engineered microvessels as a platform
for the study of human disease and therapeutics, it is essential to
understand the native biology that these laboratory systems seek
to replicate, as well as the technical aspects involved in different
approaches for microvessel formation. This review begins with a
description of basic vascular biology including components of the
microvasculature and related human diseases. Next, we provide a
discussion of how vessels form naturally within the human body,
as a prelude to discussing strategies used for the formation of
microvessels in vitro. Finally, we discuss current and future appli-
cations of engineered microvessels for the study of human dis-
ease. The development of engineered microvessels for tissue or
organ regeneration is an exciting related field that is beyond the
scope of this review, and we direct the interested reader to con-
temporary articles on the topic for more information [2—4].

2  Background

2.1 Human Vascular Anatomy. The human circulatory sys-
tem can be divided into the pulmonary and systemic circulation.
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Engineered Microvessels for the
Study of Human Disease

The microvasculature is an extensive, heterogeneous, and complex system that plays a
critical role in human physiology and disease. It nourishes almost all living human cells
and maintains a local microenvironment that is vital for tissue and organ function. Oper-
ating under a state of continuous flow, with an intricate architecture despite its small cal-
iber, and subject to a multitude of biophysical and biochemical stimuli, the
microvasculature can be a complex subject to study in the laboratory setting. Engineered
microvessels provide an ideal platform that recapitulates essential elements of in vivo
physiology and allows study of the microvasculature in a precise and reproducible way.
Here, we review relevant structural and functional vascular biology, discuss different
methods to engineer microvessels, and explore the applications of this exciting tool for
the study of human disease. [DOI: 10.1115/1.4034428]

The systemic circulation carries oxygenated blood from the left
side of the heart to the tissues of the body and, at the most basic
level of function, provides oxygen and other nutrients to all tissues
of the body while removing metabolites. Deoxygenated blood is
then returned to the heart via a series of veins and passes through
the pulmonary circulation where it is oxygenated and returned to
the left heart. The blood vessels within the circulatory system
(Fig. 1(a)) are classified based on their size and function into
arteries (0.1 mm to >1cm in size), arterioles (10—-100 pum), capil-
laries (4—12 um), venules (10-100 um), and veins (0.1 mm to
>1cm). Large arteries and veins function as conducting vessels,
and consistently have three layers within their walls: the funica
intima, tunica media, and tunica adventitia [5]. Microvessels com-
prise capillaries, arterioles, and postcapillary venules, and func-
tion as resistance and transport vessels to regulate hydrodynamics
and the exchange of nutrients and waste products within tissues.
Histologically, arterioles contain only one or two layers of smooth
muscle cells and a thin, poorly defined, funica adventitia. They
control the regional perfusion of capillary beds through contrac-
tion of circumferentially arranged vascular smooth muscle cells
(VSMCs) [5,6]. Capillaries lack either a tunica media or adventi-
tia and are composed of a single layer of endothelial cells with an
underlining basal lamina, surrounded by scattered pericytes which
provide support and help maintain vascular integrity (Fig. 1(a))
[7.8].

2.2 Components of the Microvasculature and Their
Role in Human Disease

2.2.1 The Endothelium. The endothelium is the innermost lin-
ing of the vasculature, consisting of a single layer of elongated
cells oriented in the direction of flow. It has a total surface area
between 350 and 1000 m?, making it one of the largest “organs”
in the body [1,9]. It interacts with blood in the lumen and perivas-
cular cells on the vessel wall, and plays important roles in multi-
ple homeostatic processes including regulation of vascular
permeability, control of vasomotor tone, hemostasis, hormonal
regulation, inflammation, and angiogenesis [10]. In normal physi-
ologic states, the endothelium is quiescent and expresses an anti-
coagulant and anti-inflammatory phenotype. Endothelial cells
contain specialized granules called Weibel-Palade bodies
(WPBs), which are composed of proteins including von Wille-
brand factor (VWF) and P-selectin [11]. When exposed to circu-
lating mediators or local stressors, endothelial cells can release
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Fig. 1 (a) Schematic of the systemic circulation. An artery is shown dividing into smaller arteries, arterioles,
and capillaries. These drain into postcapillary venules, which collect into veins. A capillary is shown in magnifi-
cation, consisting of a single layer of endothelial cells supported by scattered pericytes. (b) Circulating blood,
including red blood cells, platelets, and a neutrophil are shown within a blood vessel bounded by endothelial
cells. Vessels are supported by ECM components within the interstitium. (¢) Leukocyte recruitment in response
to inflammation. Cytokines released in response to inflammatory stimuli, such as infection, injury, allergen, or
tumor, prompt endothelial cells to express leukocyte adhesion molecules including P-selectin and E-selectin.
Initial capture occurs when these molecules bind ligands on circulating leukocytes such as P-selectin glycopro-
tein ligand-1 (PSGL-1) or E-selectin ligand-1 (ESL1). Leukocytes “roll” on these receptors and slow, allowing
time for additional ligands on leukocytes to firmly adhere to the endothelium via receptors such as intercellular
adhesion molecule (ICAM) 1 and 2. Leukocytes then transmigrate through the endothelium and toward inflam-
matory stimuli (chemotaxis). (d) Endothelial interactions and primary hemostasis. Upon vessel injury the endo-
thelium rapidly adopts a procoagulant profile, secreting endothelin (which promotes local vasoconstriction),
and releasing VWF which binds circulating platelets via their GP1B receptors. VWF is also expressed on suben-
dothelial collagen and is exposed by injury. Platelets “carpet” the endothelium and roll forward until they slow
and firmly adhere to exposed collagen. Platelet activation then occurs, which leads platelets to change shape,

degranulate, and aggregate, forming the platelet plug of primary hemostasis.

their granules and rapidly adopt a procoagulant, pro-inflammatory
phenotype, a process termed endothelial activation. The endothe-
lium is remarkably heterogeneous, with morphology, protein
expression, and gene expression varying between large and small
vessels, artery and veins, between organs, and even within tissue
of the same organ [9]. Such endothelial heterogeneity is both
driven by, and contributes to, differences in the biochemical, cel-
lular, and biophysical microenvironment, and results in marked
differences in endothelial cell activation and dysfunction in
response to stimuli [12].

Given that the endothelium forms a critical interface between
blood and tissue, it is not surprising that endothelial activation and
dysfunction is implicated in a diverse spectrum of human disease.
For example, endothelial dysfunction occurs in processes such as
hypertension, hypercholesterolemia, and atherosclerosis, which
result in human pathology including coronary artery disease,
stroke, and peripheral vascular disease [13—15]. Endothelial cell
functions are also dysregulated in pulmonary hypertension, with
the major available treatments for this disease focused on endo-
thelial nitric oxide, endothelin, and prostacyclin signaling [16,17].
Endothelial activation is associated with many human vascular
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disorders, from inborn errors in coagulation to acquired disorders
such as deep venous thrombosis, microangiopathic hemolytic dis-
orders, and the vasoplegia and inflammation seen in sepsis
[1,10,12,18-20]. Disruption of endothelial barrier function and
enhanced leukocyte adhesion and transmigration across the endo-
thelium can contribute to many diseases including sepsis [12],
acute respiratory distress syndrome [21], and tumor progression
[22].

Endothelial cells are joined by tight junctions and gap junc-
tions, and are surrounded by a basement membrane. Whereas
small lipid-soluble molecules can pass through endothelial cells
via simple diffusion, other molecules are transported either para-
cellularly between endothelial cells, or transcellularly via either
invagination of pinocytotic vesicles or via receptor-mediated
endocytosis [5]. The structure of the endothelium varies by loca-
tion to provide selective vascular permeability in different ana-
tomic regions. Continuous endothelium is found in organs with
desired low permeability, such as the central nervous system
(CNS). Fenestrated endothelium allows easier diffusion of small
hydrophilic molecules and water, and is found in organs such as
the gastrointestinal tract and kidney glomeruli which are involved
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in secretion/filtration/absorption. Discontinuous endothelium
allows solutes and macromolecules to diffuse and is found in the
liver, bone marrow, and spleen, to allow for trafficking of proteins
and cells [23]. In addition to morphologic differences, regional
variation in permeability is manifested through varying levels of
pinocytosis (infolding and budding-off of the cell membrane to
encapsulate and transport materials) and differential expression of
tight-junction proteins such as the claudins, junctional adhesion
molecule (JAM-1), and occludin. The blood-brain barrier, for
example, is formed from endothelium with extensive tight junc-
tion formation, and also exhibits low levels of pinocytosis [9].

Far from an inert conduit for blood, the endothelium has
become recognized as a heterogeneous and dynamic system that
plays a vital role in human physiology and disease [10,24]. Our
understanding of the endothelium’s role in these and other dis-
eases has increased markedly over the several decades following
the development of endothelial cell culture techniques in the
1970s [25]. The advent of engineered microvessels, which model
the heterogeneous microvasculature seen in vivo, promises to fur-
ther enhance our understanding of endothelial biology and its role
in human disease.

2.2.2  Pericytes. Pericytes are perivascular cells which are
intimately associated with the endothelium of the microvascula-
ture. Once believed to play mainly a structural role in their associ-
ations with native vasculature, pericytes have recently drawn
intense research interest, as understanding of their integral role in
vascular biology has grown. Larger vessels are generally charac-
terized by the presence of VSMCs, but may have pericytelike cells
within their subendothelium [26]. Pericytes are fibroblastlike in
appearance, with a large nucleus and cytoplasmic projections
which travel longitudinally over the surface of capillaries
[8,27,28]. These cells share a basement membrane with endothe-
lial cells and can communicate both mechanically and chemically
with them. They are able to contact multiple endothelial cells,
even across different capillaries [29]. Pericytes can regulate capil-
lary diameter via contraction or dilation in response to circulating
vasoactive mediators [8]. They can also support endothelial integ-
rity, and higher pericyte density around capillaries is associated
with lower vascular permeability. For example, the ratio of peri-
cytes to endothelial cells is estimated to vary from 1:1 in the
brain/retina to 1:10 in skin and lungs, and 1:100 in smooth
muscles [30]. Pericytes are multipotent cells and have been shown
to have myogenic, adipogenic, osteogenic, and chondrogenic
potential [31]. The differentiation of these cells has been impli-
cated in human disease processes including diabetic retinopathy,
tumor angiogenesis, and fibrotic disease in the lung and kidney
[27,32,33].

2.2.3 Vascular Smooth Muscle Cells. VSMCs are present in
arteries, arterioles, certain larger venules (“muscular venules”),
veins, and lymphatic vessels. They control perfusion by contract-
ing or dilating to change vessel diameter [5]. VSMCs are hetero-
geneous due to their various developmental origins and are
involved in a variety of physiologic functions [34]. These cells are
responsible for depositing extracellular matrix (ECM). They can
be contractile, or synthetic with increased proliferative and migra-
tory tendencies [35]. In response to tissue injury, VSMCs tend to
switch to a synthetic phenotype to promote wound healing, ECM
maintenance, and vessel repair. The modulation of VSMC pheno-
types is correlated with a number of human disease states.
For example, VSMC proliferation is one hallmark for diseases
such as pulmonary hypertension, systemic hypertension, and
atherosclerosis [6,16].

2.24 The Extracellular Matrix. The native vasculature con-
sists of varied ECM components depending on vessel size and
function. Large vessels contain considerable amounts of elastin
and collagen to support high pressure, flow, and pulsation. Micro-
vessels and capillaries have less structural proteins, but rather a
specialized basement membrane between the endothelium and
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pericytes rich in proteins such as collagen IV, laminin, fibronectin,
and proteoglycans. Proper ECM structure and function is impor-
tant to support vascular integrity and facilitate signaling between
the intracellular and extracellular environments [36,37]. A change
in ECM structure is often correlated with the progression of many
physiologic and pathophysiologic processes, including tumor
angiogenesis, wound healing, inflammation, and aging [38]. New
blood vessel formation requires degradation of the basement
membrane by matrix metalloproteinases—an important event for
angiogenesis [39]. Advances in the understanding of ECM biol-
ogy continue to further our ability to replicate this environment in
the laboratory setting. For example, the use of materials that can
be remodeled by cultured cells, and coculturing endothelial cells
with surrounding fibroblasts, are two techniques used to create a
microenvironment that mimics the in vivo ECM [2].

2.3 Formation of Blood Vessels In Vivo. Blood vessels are
formed in vivo via two main processes: vasculogenesis and angio-
genesis. Vasculogenesis involves the de novo formation of new
vessels, as observed during embryogenesis, when angioblasts
migrate to sites of future vascular growth and form “blood
islands,” eventually giving rise to a new vascular network. Many
factors, including vascular endothelial growth factor (VEGF),
angiopoietin-1, and integrins, all play important roles in this pro-
cess [40]. Angiogenesis is the formation of new blood vessels via
the growth and expansion of existent vascular networks. Angiogene-
sis is a critical component of embryogenesis and organogenesis, and
is also responsible for the majority of new blood vessel growth in
the adult organism. This reflects an adaptive response following
events such as tissue injury or ischemia, but can be maladaptive in
diseases like cancer, pulmonary hypertension, or diabetic retinopa-
thy. Angiogenesis begins when, in response to stimuli such as
inflammation, hypoxia, or malignancy, mediators such as VEGF,
angiopoietin-2, and fibroblast growth factor are released. These mol-
ecules promote pericyte detachment, degradation of the basement
membrane by matrix metalloproteinases increased endothelial per-
meability, and ultimately lead to protein extravasation, endothelial
cell migration, and formation of new vessels [37].

2.4 Techniques for Engineering Synthetic Microvessels.
Early in vitro studies of the human microvasculature were per-
formed in two-dimensional flow chambers constructed with rigid
materials such as plastic or glass. This allowed study of the endo-
thelium under flow, but did not accurately replicate native ECM,
vessel structure, or hemodynamics [19]. Advances in biomaterials
and microfabrication techniques led to development of three-
dimensional microfluidic chambers and tubular, branching syn-
thetic vessels with complex geometries, perfused with media
under continuous flow. Strategies for microvessel formation vary,
though many have in common that a patterned chip is formed via
microfabrication techniques, such as soft lithography, with vessels
formed within a hydrogel matrix on this platform. Ideally, sub-
strates used for creating the platform are clear, inert, nontoxic,
implantable, and allow micropatterning with good fidelity at the
submicrometer level. Poly(dimethylsiloxane) (PDMS) is one of
the most commonly used materials for this purpose [41]. Biomate-
rials such as alginates [42], agarose [43], collagen and fibrin [44],
poly (ethylene glycol) dimethacrylate (PEGDMA) [45], and meth-
acrylated gelatin (GelMA) [46] have been used to form the hydro-
gel component of such systems, with high biocompatibility but
varying transport properties and ability for cellular remodeling.
The techniques available for microvessel formation can be divided
into microvessel patterning and vasculogenesis/angiogenesis-
based techniques (Fig. 2), similar to classification found elsewhere
[2,47].

24.1 Microvessel Patterning Techniques. Microvessel pat-
terning techniques involve the initial formation of empty cylinders
which are then seeded with cells. Early such techniques were
developed by the Tien Laboratory [48,52]. They utilized
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Fig. 2 Methods for formation of engineered microvessels. (a) Needle-removal technique. A needle is embedded in collagen gel
and removed to form a channel. This is then seeded with endothelial cells and perfused, as shown. An endothelialized micro-
vessel is shown under magnification on the right side of the figure (scale bar is 100 um). (Reproduced with permission from Lee
et al. [47]. Copyright 2014 by Materials Research Society, based on original figure found in Ref. [48].) (b) Dissolvable matrix tech-
nique. A gelatin mesh is formed on a PDMS stamp and then embedded within ECM materials (here, Matrigel). Heating leads to
dissolution of the gelatin, leaving behind channels which can be seeded with endothelial cells as shown in the rightward portion
of the figure. (Reprinted with permission from Golden and Tien [49]. Copyright 2007 by The Royal Society of Chemistry.) (¢)
Layering method. A collagen slab is formed on top of a patterned PDMS (i). A separate top collagen is similarly formed (ii). The
two collagen slabs are joined, and channels within the collagen are seeded with endothelial cells (iiij). The microvascular net-
work is then cultured under flow conditions (iv). At the far right, a fluorescent micrograph shows cultured/stained endothelial
cells within engineered microvessels (scale bar 100 um). Adapted from Ref. [50]. (d) Angiogenesis/vasculogenesis-based tech-
nique. HUVECs were placed at either end of a PDMS construct, next to a fibrin-filled channel, and cocultured with fibroblast
cells. Over time, perfusable capillaries formed via angiogenesis, spanning this fibrin channel. (Reprinted with permission from
Yeon et al. [51]. Copyright 2012 by The Royal Society of Chemistry.)

lithographic techniques to mold a silicone stamp with 1 mm deep
indentations, within which a 120 um diameter stainless steel nee-
dle was embedded in collagen and later removed. Endothelial
cells were then introduced and formed a confluent layer with good
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barrier function (Fig. 2(a)) [48]. Following that, the Khademhos-
seini Laboratory utilized the needle-removal technique to study
the effects of fibroblast encapsulation within a hydrogel matrix
[46]. Similarly, Yoshida et al. embedded silica tubes within a
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poly-y-glutamic acid matrix, removing them to form synthetic
microvessels which they lined with a bilayer of VSMCs and
human umbilical vein endothelial cells (HUVECs) for assays of
vascular permeability [53].

The above approaches are limited in the pattern and complexity
of vessels that can be formed. To create a network of vessels with
more complicated geometry, Zheng et al. used a patterned PDMS
stamp to imprint channels onto a collagen hydrogel which was
then bonded to a second flat collagen hydrogel layer (Fig. 2(c)).
This created a small network of vessels in which detailed studies
of angiogenesis and vessel-blood interactions could be performed
[50]. Bischel et al. created branching synthetic vessels by forming
a PDMS construct with hollow lumens, filling it with a liquid
hydrogel polymer, and using flowing media to wash the center
away. The remaining hollow lumens were then seeded with endo-
thelial cells and used to study angiogenesis [54]. Other labs have
had success in creating complex vessels using sacrificial molding
techniques whereby a negative mold is created out of dissolvable
materials, embedded within a hydrogel structure, and then dissolved
to leave behind hollow microvessels. The Tien Laboratory pio-
neered this technique by embedding a gelatin mesh within a colla-
gen/fibrin matrix, with the mesh then dissolved via temperature
change (Fig. 2(b)) [49]. The Miller Laboratory utilized bioprinting
to create a sacrificial carbohydrate lattice which was embedded in
cell-laden hydrogel, and then dissolved by a flowing buffer [55].

Microvessel patterning techniques offer advantages in that they
allow precise patterning of vessels which can immediately be per-
fused with media. Given the controlled geometry of resultant
microvessels, the hemodynamic forces within these devices can
be accurately predefined for the study of their effect on the cul-
tured cells. Drawbacks include that creating endothelialized
microvessel diameters <50 um using these methods alone is diffi-
cult, due to problems with achieving confluence of cultured endo-
thelial cells in smaller vessels [56]. Future protocols are likely to
produce increasingly complex microvascular networks and con-
tinue to incorporate emerging technology such as bioprinting.

24.2 Angiogenesis/Vasculogenesis-Based Techniques. A dif-
ferent approach to microvessel formation involves attempting to
recapitulate the natural processes of angiogenesis and/or vasculo-
genesis within a laboratory setting to drive synthetic microvessel
formation. Vascular cells within the body respond to a variety of
physical inputs and biochemical signals to guide their migration
and development into organized vascular structures. In the
absence of such factors, endothelial cells cultured in isolation will
grow into disorganized networks of cells. By incorporating physi-
cal cues and cellular signaling, angiogenesis/vasculogenesis-based
techniques for microvessel formation seek to coax cultured vascu-
lar cells to form organized microvascular structures [2,57].

Raghavan et al. demonstrated the use of physical cues to guide
vasculogenesis. They formed PDMS channels filled with endothe-
lial cells within a collagen matrix and stimulated vasculogenesis
via addition of growth factors. They found that vessels would
grow in organized fashion along provided conduits. Altering chan-
nel geometry or collagen concentration had effects on vessel
growth pattern [58]. Similarly, by combining HUVECs with a
GelMA prepolymer, Nikkhah et al. used photolithography to cre-
ate linear constructs which were able to promote endothelial cells
to form primitive vascular structures. They found that varying the
height of these constructs affected the endothelial cell morphogen-
esis [59]. Providing interstitial flow via creation of pressure
gradients is another physical cue that has been used to guide self-
organization of vessels [60]. On a nanometer level, patterning of
ECM components themselves has been shown to promote cellular
differentiation, migration, and morphogenesis, and offers potential
for future vasculogenesis-based models [57]. Recent exciting
work by Kusuma et al. showed that human pluripotent stem cells
could be induced to form microvascular networks consisting of
both pericytes and endothelial cells within a hyaluronic acid
matrix [61].
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Angiogenesis-based approaches use coculture with other cell
lines or the strategic addition of growth factors to drive the sprout-
ing of new vessels from prevascularized larger vessels. One com-
monly used technique is to encourage the angiogenic formation of
a capillary network between two larger endothelialized vessels,
first created by microfabrication techniques. Yeon et al. used this
strategy to successfully promote the angiogenic formation of per-
fusable synthetic capillaries between two prevascularized micro-
vessels, utilizing coculture of HUVECs with fibroblast cells
(Fig. 2(d)) [51]. Kim et al. developed a model to study both angio-
genesis and vasculogenesis using fibroblast cell coculture within a
prevascularized construct [62]. They prepared a PDMS microflui-
dic device with five distinct channels and filled the center channel
with a collagen and fibrin matrix. By seeding the middle channel
with HUVECS and the outermost channels with lung fibroblasts,
they were able to observe spontaneous vasculogenesis which led
to functional, perfusable, vessels that spanned the center channel.
By placing HUVECs on only one side of the center channel and
fibroblasts only in the outermost channel on the opposite side,
they were able to observe angiogenesis take place, with sprouting
vessels crossing the center channel. Rather than using cellular
coculture, many investigators have employed growth factors such
as VEGF, fibroblast growth factors, or platelet-derived growth
factors to promote angiogenesis. The combination of growth fac-
tors, such as fibroblast growth factor with VEGF, promotes
increased angiogenesis compared with the use of a single growth
factor [63]. The addition of growth factor gradients also enhances
angiogenesis [64]. Nguyen et al. used six growth factors and
described varied effects on angiogenesis and anti-angiogenesis
with different combinations of these growth factors [65].

Compared to microvessel patterning techniques, angiogenesis/
vasculogenesis-based techniques allow for formation of smaller
and more complex vascular patterns, branching down to the few
micrometer level. This would be useful for tissue engineering
applications [47]. These techniques cannot yet form larger vessels,
however, and do not offer precise control of geometry as yielded
by direct fabrication and patterning. Additionally, it can take
many days to weeks for perfusable vessels to form using
angiogenesis/vasculogenesis techniques [56]. Ultimately, the opti-
mal method for synthetic microvessel formation depends on the
intended use of the vessel and may involve combining different
techniques.

3 Engineered Microvessels for the Study of Human
Disease

One of the most promising applications of engineered micro-
vessels is to study human diseases in vitro. Compared to current
animal models, the engineered microvessels offer several advan-
tages including the ability to work with human cells and samples,
higher throughput, good reproducibility, small volume require-
ments for reagents, and lack of ethical concerns. They also allow
the study of interactions of individual vascular and blood compo-
nents in a stepwise fashion. Additionally, the transparency of
most vascular constructs allows for real-time monitoring of
ongoing biologic processes. Engineered microvessels have prom-
ise for the study of many areas of human vascular pathophysiol-
ogy including studies of endothelial-blood interactions,
endothelial-perivascular interactions, and the related phenomena
of angiogenesis and tumor biology. One extension of this micro-
vascular research is creating models to mimic organ-specific
structure and functions.

3.1 Endothelial-Blood Interactions. The primary function
of blood vessels is to carry blood and provide a surface that pre-
vents improper blood clotting or cellular activation. Circulating
blood cells do not adhere to the vessel wall under normal condi-
tions (Fig. 1(b)), but can interact actively with the vessel wall at
sites of vascular injury, or following endothelial activation. Under
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these conditions, the activated endothelial cells release their gran-
ules and express adhesion molecules that initiate the binding and
activation of platelets and leukocytes (Figs. 1(c) and 1(d)). Engi-
neered microvessels have been successfully applied to explore
these fundamental processes, particularly on the role of hemody-
namic factors and biochemical factors during inflammation and
initiation of thrombosis.

3.1.1 Microvascular Hemodynamics. The hemodynamics of
the human microcirculation are complicated and traditionally dif-
ficult to study in vitro due to factors including the lack of accessi-
bility and visibility of small vessels, complex blood protein and
cellular components, nonlinear blood rheology, and complex
blood-vessel interactions. Advances in biomaterials and tissue engi-
neering now provide the ability to form microfluidic structures out
of pliant materials with good fidelity down to the scale of the
human microvasculature [66]. Engineered microvessels allow study
of how factors such as shear stress, vessel geometry, and flow rates
modulate endothelial function and human disease states [67—69].
Synthetic microvessels have also been used to emulate the shear
stress imposed on blood components by mechanical circulatory
devices and explore related pathologic effects [70].

3.1.2 Vascular Permeability. Disruption of microvessel per-
meability is seen in acute inflammation and has been associated
with diseases including sepsis and malaria. Therefore, being able
to assess changes in vessel wall permeability is very important for
the study of many human diseases. Culture under flow has been
shown to enhance endothelial cell barrier function, compared to
culture under static conditions, making engineered microvessels
an attractive platform for permeability studies [71]. In one study,
two adjacent microchannels with intervening ECM hydrogel were
created to study endothelial permeability and its modulation by
surrounding tumor cells [72]. They monitored changes in the
intensity of fluorescently labeled dextran in the hydrogel over
time and found that vessel permeability increased in response to
the presence of macrophages and increased exposure to the
inflammatory cytokine tumor necrosis factor-o (TNF-o). Emulat-
ing interorgan differences in permeability is a related area of
research and is an important component of developing different
organ-on-a-chip systems. As one example, microfluidic devices
have been developed which emulate the low permeability of the
blood brain barrier [73]. These models may prove useful to exam-
ine disease states in which CNS permeability is disrupted, or eval-
uate the CNS penetration of pharmaceutical candidates [74].

3.1.3  Inflammation. The endothelium is an important media-
tor of local and systemic inflammatory processes. In its resting
state, the endothelium expresses few adhesion molecules for
circulating blood cells. When activated by circulating pro-
inflammatory cytokines, local damage, or changes in biomechani-
cal forces, the endothelium rapidly changes to a pattern of expres-
sion that favors leukocyte adhesion and transmigration. WPBs
merge with the surface of the endothelium to release their con-
tents, and P-selectin is transferred to the surface of the endothelial
cell [25]. This can occur as soon as 15min after activation, and
other adhesion molecules begin to be expressed over the ensuing
hours [12]. These adhesion molecules interact with ligands on the
surface of lymphocytes and lead to leukocyte rolling (slowing of
leukocytes with recurrent attachment to the endothelium and
release), initiating inflammation. If inflammation progresses, roll-
ing leukocytes become activated, recruit additional leukocytes,
firmly adhere, and transmigrate through endothelial tissue in a
complex and coordinated fashion (Fig. 1(c)) [25,75].

Microfluidic devices are an attractive platform for the study of
endothelium-mediated inflammatory processes. Leukocyte che-
motaxis, rolling, adhesion, extravasation, and interstitial migration
have all been demonstrated within microfluidic devices [76-78].
One representative study made use of TNF-o to induce endothelial
expression of leukocyte adhesion molecules within engineered
vessels and prompt neutrophil rolling and adherence to the
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activated endothelium. Exposure to a cytokine gradient external to
the synthetic microvessel encouraged diapedesis and chemotaxis
[77]. Microfluidic models have also led to increased understand-
ing of specific patterns of T-cell and neutrophil chemotaxis at the
level of single cells [79,80]. These models have been applied to
patient samples in specific disease states such as the acute respira-
tory distress syndrome [81] and trauma/burns [82].

3.14 Thrombosis. Under normal physiologic conditions, the
endothelium provides a nonthrombogenic surface but, when acti-
vated, can switch to a procoagulant state [12,83]. As in inflamma-
tion, release of the contents of WPBs occurs rapidly as an early
response to endothelial disruption. P-selectin and VWF then bind
circulating platelets, and in small venules, the platelets can roll
along the endothelium, similar to leukocyte adhesion and rolling
during inflammation. If there is no further signaling, the platelets
will leave the vessel wall [25]. In the presence of endothelial dam-
age with exposed subendothelial collagen, however, platelets can
adhere firmly and become activated, leading to primary hemosta-
sis (Fig. 1(d)). Similarly, in inflamed but intact endothelium, pla-
telets can adhere firmly to the endothelium, become activated,
bind circulating leukocytes, and propagate the inflammatory pro-
cess [1,84]. Such interrelationship of the inflammatory and coagu-
lation pathways reaches its apotheosis in cases of overwhelming
inflammation, such as severe sepsis or massive trauma, where
widespread microvascular thrombi can result from dysregulation
of inflammatory cascades [85].

The adhesion and aggregation of platelets, and initiation of
thrombosis, largely depend on blood flow and shear stress at local
sites [86]. Microfluidic devices offer an improvement over tradi-
tional planar culture to study the role of flow and three-
dimensional vessel geometries on thrombotic progression [66].
Typical vessel wall shear stress is 500-1600s~" in arterioles and
the microvascular bed. At wall shear stress greater than 500s~",
the initial adhesion of platelets to the vessel wall is primarily
mediated by the interaction of the platelet glycoprotein(GP)Ib-IX-
V receptor complex to the VWF secreted from WPBs in the endo-
thelial cells [86]. Increased shear stress (e.g., beyond 5000 sh
can result in additional endothelial cell release of VWF and
increased platelet adhesion. This was demonstrated by Westein
et al. who developed a microfluidic device with stenotic areas
built into flow channels and showed that platelets interacted with
VWEF to aggregate in poststenotic areas [68]. Zheng et al. engi-
neered three-dimensional microvessels to study the initial events
of thrombosis and highlighted the important roles of endothelial
activation state and vessel geometry in blood-vessel interactions
(Fig. 3(a)). They showed that activated, but not resting, endothe-
lium displayed VWEF fibers on their surface which bound platelets,
with 3D networks of VWF fibers forming near vessel bifurcations
and junctions [50]. These findings were refined in their subsequent
study that showed the effects of vessel diameter, 3D vessel archi-
tecture, fluid shear stress, and flow acceleration on the 3D assem-
bly of the shear-sensitive protein VWF [69]. VWF assembly was
then observed to lead to complex interactions with blood cells,
including platelets, leukocytes, and red blood cells [69].

Other groups have used engineered microvessels to study spe-
cific hematologic disorders by creating microfluidic models of
sickle cell disease and other disorders of microvascular occlusion.
Sickle cell disease is characterized by production of an abnormal
hemoglobin (hemoglobin S) which polymerizes under conditions
of low oxygen tension, leading to loss of red blood cell deform-
ability and episodes of small vessel occlusion. Higgens et al. cre-
ated a multilayered PDMS construct consisting of a 12 um
diameter microvascular network separated by a thin, gas-
permeable membrane from a larger chamber with circulating gas.
By perfusing the vascular construct with blood from patients with
sickle cell disease and varying the oxygen content of the adjacent
gas mixture, they were able to recreate vascular occlusion events
and study the hemodynamic factors involved [87]. A later study in
an endothelialized microvessel model used patient samples to
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Fig. 3 (a) Engineered microvessels for the study of thrombosis and microhemodynamics. Engineered microvessels were
seeded with HUVEC cells and exposed to phorbol-12-myristate-13-acetate (PMA) to stimulate VWF secretion (left image). Plate-
let aggregation in these stimulated vessels was compared with control vessels which did not have PMA exposure. In the upper
right image, VWF can be seen oriented along stimulated vessels in the direction of flow. VWF aggregates in narrow vessels with
high shear stress, strong flow acceleration, or sharp turns, as demonstrated in the lower right image. Figure adapted from Refs.
[50] and [69]. (b) Engineered microvessels for the modeling of human thrombotic disease. A branching microfluidic network
was created using soft lithography, consisting of a gas channel network separated from a vascular network by a PDMS mem-
brane. Perfusing the vascular network with blood from patients with sickle cell disease and varying the oxygen content of the
gas channel network, the authors were able to provoke vascular occlusion events (detailed on the right side of the figure).
(Reprinted with permission from Higgins et al. [87]. Copyright 2007 by The National Academy of Sciences of the U.S.A.) A similar
construct was endothelialized in later work, for further examination of microangiopathic diseases (see Ref. [88]). (¢) Engineered
microvessels for the study of tumor metastasis. A microvessel model was created with microfluidic channels flanking either
side of a larger chamber filled with fibrin gel matrix. A tricellular culture was created within the center chamber, with HUVECs,
human bone human bone marrow-derived mesenchymal stem cells (MSCs), and bone marrow-derived mesenchymal stem cells
with partial differentiation toward bone (OB). Growth factors were added and capillary formation occurred over 4 days, spanning
the two center chamber and connecting the two flanking chambers. Breast cells were then introduced into these microvessels,
and extravasation observed (middle image). The rate of extravasation in this “bone microenvironment” was compared with
extravasation in a muscle environment (using myoblast cell line C2C12), or a control of acellular matrix material, and found to
be highest in the bone microenvironment (see figure on the right). This is consistent with the clinical tendency of breast cancer
to metastasize to bone tissue. (Reprinted with permission from Jeon et al. [89]. Copyright 2015 by The National Academy of Sci-
ences of the U.S.A.)

examine sickle cell disease and the microangiopathic disorder of

hemolytic uremic syndrome (Fig. 3(b)). They were able to show
the beneficial effects of hydroxyurea in treating sickle cell disease
in vitro in this model [88]. Engineered microvessels may be applied
in the future to laboratory medicine coagulation assays and the
design of antiplatelet or anticoagulant pharmaceuticals [90].

3.2 Endothelial-Perivascular Interactions. Endothelial inter-
action with both pericytes and vascular smooth muscle cells is criti-
cal for the proper function of the microvasculature. Pericytes have
increasingly been cocultured with endothelial cells for the formation
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and study of engineered microvessels [50,91-96]. Several engineer-
ing models have shown that pericytes promote sprouting angiogene-
sis in coculture with endothelial cells within engineered microvessel
models [50,91], and contribute to ECM formation and vessel forma-
tion during vasculogenesis [92,93,95]. Similarly, VSMCs have been
cocultured with endothelial cells for microvessel formation [50,53].
Despite these promising early studies, endothelial/perivascular cell
coculture models remain in their infancy. Future studies on the role
of endothelial-perivascular cell interactions in diseases such as
hypertension, pulmonary hypertension, and atherosclerosis may be of
particular interest.
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3.3 Angiogenesis/Vasculogenesis and Tumor Biology. In
addition to being used for the creation of microvessels, our under-
standing of the processes of angiogenesis and vasculogenesis
themselves has been enhanced through engineered microvessels.
Some of the studies which have explored these processes in
humans are discussed earlier in this paper [50,51,62—-65]. One
area of human disease intimately associated with angiogenesis is
tumor biology. Cancer grows according to a series of complicated
interactions between the tumor cell and various tissue microenvir-
onments [97]. Tumors promote angiogenesis and drive the crea-
tion of tumor vessels. These vessels may be highly abnormal, with
disorganized vasculature networks, dysfunctional or absent peri-
vascular cells and lymphatics, and increased vascular
permeability—all factors which are thought to potentially promote
tumor intravasation and metastasis [97,98]. To metastasize, a
tumor cell must detach from a primary tumor, navigate the ECM
within the tumor environment, deform to enter through endothe-
lial cell—cell junctions, interact with endothelium to slow and
adhere at the site of metastasis, extravasate, and form a secondary
tumor site. These events involve complicated physical interactions
with endothelial cells, stromal cells, growth factor gradients, and
the ECM [99]. Engineered microvessels are well suited to the
study of both tumor angiogenesis and metastasis, and have helped
advance understanding within the field of cancer biology.

Several microvessel models have been engineered for the obser-
vation of tumor angiogenesis and metastasis. In an angiogenesis/
vasculogenesis-based model, Kim et al. found that coculture of
endothelial cells with cancer cells within microvessel models led
to aberrant angiogenesis when compared to coculture with fibro-
blasts [62]. To visualize the initial stages of metastasis, Wong and
Searson utilized a rod to form microchannels within a collagen
matrix that had been seeded with breast cancer cells, and cultured
endothelial cells within these microchannels. Using real-time live-
cell fluorescence microscopy, they observed cancer cell tunneling/
migration with the ECM until a vessel wall was reached, and then
observed cancer cell behavior including instances of cancer dor-
mancy, vessel intravasation, and/or promotion of localized angio-
genic sprouting [100]. Examining the role of endothelial
permeability on intravasation events, Zervantonakis et al. found
that addition of macrophages or TNF-« led to increased endothe-
lial permeability and increased tumor intravasation in a model
consisting of an endothelium-lined microchannel parallel to a
channel filled with tumor cells and separated by a section of ECM
[72]. Similarly, using a needle-based molding technique,
Buchanan et al. showed that coculture with tumor cells increases
vascular permeability. They also found that increasing shear stress
is associated with decreased permeability and downregulation of
tumor angiogenic genes, suggesting that the low-flow state seen in
many tumor vessels may contribute to tumor angiogenesis [101].
Extravasation events were studied and photographed in an angiogen-
esis/vasculogenesis-based model created by Chen et al. [102]. In an
elegant in vitro tumor model, Jeon et al. created a bone-specific
microvessel model to study the well-known fact that specific tumors
preferentially metastasize to specific organ systems, using the model
of breast cancer metastasis to bone [89]. They cocultured HUVECs
in microchannels surrounded by human bone marrow-derived mes-
enchymal stem cells (MSCs), differentiated toward either smooth
muscle or osteoblast phenotypes, within a hydrogel matrix over 4
days. They then introduced the breast cancer cells into the endothe-
lialized microchannels and compared the rates of cancer cell extrava-
sation among a microenvironment mimicking bone, one mimicking
smooth muscle, and an acellular collagen matrix. They found that the
breast cancer cells extravasated at significantly higher rates within
the bone-mimicking microenvironment (Fig. 3(c)).

3.4 Organ-Specific Applications. There has been a recent
tremendous interest in developing in vitro model systems to
mimic the function of entire organs. These “organ-on-a-chip”
models offer significant potential for the modeling of human
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diseases, the development of pharmaceuticals, and the practice of
precision medicine [103]. Since the creation of any functioning
organ tissue is dependent on a blood supply, and because the
endothelium varies greatly between organs in structure and func-
tion, developing organ-specific microvessels is of primary impor-
tance in the formation of organ-on-a-chip systems. Here, we will
discuss recent efforts to incorporate endothelialized microvascula-
ture into these systems.

In one of the first examples of functional human organ-specific
tissue supported by a microvessel network, Huh et al. created a
“lung-on-a-chip” consisting of a synthetic alveolar capillary inter-
face capable of simulating human breathing [104]. They micro-
fabricated two microchannels separated by a 10 um PDMS
membrane and seeded human alveolar and human pulmonary
microvascular endothelial cells on either side of this membrane,
respectively. Once confluent, air was introduced into the micro-
channel on the alveolar side and hooked up to a vacuum to simu-
late the cyclical alveolar/endothelial stretch seen during human
breathing. They observed surfactant production, good structural
integrity, and normal epithelial barrier function within their
model. They then studied TNF-o administration and were able to
observe intercellular adhesion molecule (ICAM) expression and
neutrophil adherence and diapedesis in response to inflammation,
consistent with in vivo responses to inflammation. Using a more
angiogenesis-based approach, Chiu et al. created a model of vas-
cularized cardiac tissue [105]. They explanted arteries and veins
from a mouse, placing them on either end of a micropatterned
PDMS platform coated with a collagen—chitosan hydrogel with
added Tf4 (a pro-angiogenic peptide). Over 3 weeks of culture, a
vessel bed with capillaries grew across the gel spanning from the
artery and vein. This vascular bed enhanced the function of cardi-
omyocytes that were cultured over it.

One specialized vascular bed is the BBB, which is composed of
endothelial cells with strong expression of tight junctions, lined
by pericytes and astrocytes. The BBB is disrupted in many severe
disease states, and modeling the BBB has important pharmaceuti-
cal applications, such as determining the degree of CNS penetra-
tion of a drug and the potential for neurotoxicity. As such, there
have been numerous attempts to replicate the BBB in vitro.
Microfluidic models are appropriate for the study of the BBB
given that shear stress is important for maturing of tight junctions
as is exposure to cell signaling molecules [103]. Booth et al. cre-
ated a microfluidic chip with two PDMS layers separated by a pol-
ycarbonate membrane, with endothelial cells and astrocytes
seeded on opposite sides of the membrane, respectively. This
model displayed appropriate low vascular permeability [73]. A
more complex model was developed by Brown et al. which con-
tains all three BBB components (pericytes, astrocytes, and endo-
thelial cells), along with neurons [106]. This model made use of
brain and vascular compartments separated by a polycarbonate
membrane, and the inclusion of neurons allows the researcher to
assess neuronal response to permeability changes or CNS penetra-
tion of pharmaceuticals.

Another specialized vasculature is found in the kidney, which
filters blood and contains a specialized, fenestrated endothelium
to aid in this process. The functional unit of the kidney is the
nephron, which can be divided into the glomerulus and the renal
tubule. Both have functionally distinct parenchyma and vascula-
ture. Glomeruli are the major site for filtration, whereas tubules
are critical for reabsorption and secretion and demand a high
amount of energy to support active transport. By isolating and
purifying human kidney peritubular microvascular endothelial
cells (HKMECS), Ligresti et al. [107] were able to create a perfus-
able 3D network of HKMECS using a method of fabrication simi-
lar to that used in Ref. [50]. They demonstrated a unique
fenestrated morphology of HKMECS, which had not been shown
previously. They compared the vascular networks endothelialized
with these cells to the HUVECs and found the decreased angio-
genic tendencies, an increased sensitivity to flow, and dependence
on a high concentration of VEGF. They also showed that
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HKMEC:s differ significantly from HUVECs with respect to their
transcriptional profile. This kidney-specific microvascular model
will be useful for examining renal disease mechanisms and study-
ing the renal toxicity of medications. Perhaps even more impor-
tantly, it serves to highlight the endothelial variation seen among
organs and the importance of using organ-specific endothelial
models for organ-on-a-chip applications.

Future organ-on-a-chip systems are likely to continue incorpo-
rating organ-specific endothelium within a finely tuned microen-
vironment, in hopes of better mimicking the in vivo organ-specific
environment. The use of patient samples and/or cells may lead to
the creation of further disease-specific microvascular models.
Finally, combination of several different organ systems into a sin-
gle “body-on-a-chip” may allow for pharmaceutical screening and
disease modeling [108].

4 Conclusions and Future Directions

Research into engineered microvessels has advanced markedly
in the decade following the development of early prevasculariza-
tion techniques [48]. Newer microvessel platforms have been cre-
ated which incorporate a variety of biomaterials and utilize novel
techniques including sacrificial materials, functionalized biomate-
rials, 3D printing, and stem cells. In addition, new models show
increasing sophistication with regard to local microenvironmental
factors including vessel flow and geometry, endothelial heteroge-
neity, micropatterning, and cellular signaling.

We envision that these above technologic advances will lead to
exciting future applications for engineered microvessels. One
example is their potential use in the field of precision medicine.
Medical science has increasingly recognized that patients suffer-
ing from the same illness may experience markedly varied disease
courses and respond differently to treatment. Creating patient-
specific microvessel models could lead to individualized treatment
plans. In this way, for example, a patient with cancer could have
cells from his tumor grown in a microvessel model and tested
against various chemotherapies. Complex microvascular models
can further be expanded to replicate the large-scale structure and
function of tissues, or even entire organs, in “organs-on-chips.”
These human organs-on-chips can be used for drug screening and
toxicity testing of new medications before they are applied on
patients. Engineered functional tissues and organs could also be
used for the ex vivo replacement of organ function (e.g., tempo-
rary life support during liver or lung failure), and in the future
may be implanted to replace organs in vivo.

In summary, engineered microvessels can be created at a scale
similar to that of the native microvasculature while providing the
ability to work entirely with human cellular constructs and patient
samples and without the ethical concerns of animal research.
These platforms are highly flexible such that biomaterials used,
vessel architecture, flow rate, cell types, luminal flow and pres-
sure, and biochemical factors can all be modified. Future exciting
directions include further elucidation of endothelial- perivascular
interactions, development of disease-specific models, refinement of
organ-on-a-chip technologies, creation of larger vessels (including
resistance vessels), improvements in scalability, development of
high-throughput assays for pharmaceutics, and research into preci-
sion medicine applications.
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