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Abstract

Blood vessel chips are bioengineered microdevices, consisting of biomaterials, human cells,

and microstructures, which recapitulate essential vascular structure and physiology and allow

a well-controlled microenvironment and spatial-temporal readouts. Blood vessel chips afford
promising opportunities to understand molecular and cellular mechanisms underlying a range of
vascular diseases. The physiological relevance is key to these blood vessel chips that rely on
bioinspired strategies and bioengineering approaches to translate vascular physiology into artificial
units. Here, we discuss several critical aspects of vascular physiology, including morphology,
material composition, mechanical properties, flow dynamics, and mass transport, which provide
essential guidelines and a valuable source of bioinspiration for the rational design of blood

vessel chips. We also review state-of-art blood vessel chips that exhibit important physiological
features of the vessel and reveal crucial insights into the biological processes and disease
pathogenesis, including rare diseases, with notable implications for drug screening and clinical
trials. We envision that the advances in biomaterials, biofabrication, and stem cells improve the
physiological relevance of blood vessel chips, which, along with the close collaborations between
clinicians and bioengineers, enable their widespread utility.

Graphical Abstract

Blood vessel chips harness advanced bioengineering approaches, patients’ cells, and biomaterials
to recapitulate essential features of vascular systems, including mechanical designs and stimuli,
cellular compositions and interactions, and other microenvironmental cues. The physiological
relevance is key to the capability of blood vessel chips, which requires an in-depth understanding
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of vascular physiology, continuous exploitation of biomaterials and microfabrication methods, and

collaboration between clinicians and scientists.
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Introduction

Tissue chips, or microphysiological systems (MPS),[1-3] are bioengineered microdevices
that consist of microstructures, biomaterials (e.g., extracellular matrix (ECM) and other
structural proteins, such as silk fibroin),[4~"1 and often human cells.[8-10] Dye to the
bioengineering nature, tissue chips allow the manipulation of cellular composition [*1] and
a range of biophysical and biochemical environmental cues, including but not limited to
cell-ECM interactions, dynamic flows, chemical species gradients, substrate stiffness,[12]
and active mechanical stimuli.[13. 141 In particular, the on-chip adoption of patients’ cells,
either primary or induced human pluripotent stem cells (hiPSC), makes a bespoke and
patient-specific tissue model in line with the goal of precision medicine.l!3] In contrast,
small animal-based models exhibit notable genetic and cellular differences from human
physiology, which may lead to biased results regarding disease pathogenesis and therapeutic
effects.[16. 17]
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Furthermore, tissue chips can precisely control and decouple multiple experimental factors,
beneficial for exploiting the inherently complex human physiology, in contrast to other

in vitro models, such as Petri dish-based ones, which are focused on maintaining cell
proliferation in vitro. Thus, tissue chips, as a viable alternative to other tissue/disease-
modeling approaches, are promising for in vitro recapitulation of the sophisticated human
physiology and pathology at the tissue and organ level and are expected to transform the
landscapes of fundamental biological research,[18-20] drug screening and toxicology,[21-24]
and possibly, clinical trials.[25: 26]

Tissue chips can construct a broad range of tissue- and organ-analogs in vitro, including

the vessel and vascular networks,[27-291 muscles,[39-331 |jver, [34-36] Jung,[37-391 prain,[40. 41]
kidney,[42-46]1 gut,[47. 48] bone marrow,[49] corneal,[30: 511 tumor, [52-561 as well as the
integrated multiple tissues/organs,[37-591 such as liver-kidney,[6%-62] neuromuscular junction,
[63] and a recirculating system with up to 13 organs.[%4] Of note, these tissue chips may rely
on the same set of technical approaches yet recapitulate the specific tissue (patho)physiology
by considering tissue-specific cellular and matrix composition.

Among all tissues/organs modeled in the chips, the blood vessel is of particular interest,
largely for the following reasons (Figure 1).[65. 661 j) The blood vessel exists in all tissues/
organs throughout the body up to the epithelial layer covering surfaces. Thus, the on-chip
reconstruction of the vessel or its analog is often a prerequisite for constructing a tissue
analog. ii) The blood vessel is both the structural basis of circulating blood flow throughout
the body and responsible for many physiological functions. The circulating blood flow
enables the conventional and diffusive transport of nutrients, oxygen, metabolic wastes,
and cells, which is important to maintain cells alive and immune responses.[67: 681 Also,

the blood vessel is essential to gas-exchange, urine-enrichment, and digestion in the lung,
kidney, and intestine, respectively. iii) The abnormal conditions of the blood vessel, such as
intraluminal narrowing, obstruction, constriction, and stiffening, change the pulsatile blood
flow patterns that both further change the vessel and contribute to the manifestations of
severe disabilities and diseases, including heart attack and stroke (Figures 1 and 2). For
example, one disease in the blood vessels, atherosclerosis, is the leading cause of mortality
and morbidity in the U.S. and globally.[5%] Thus, blood vessel chips that can construct in
vitro physiologically relevant blood vessel analogs and provide tissue-level investigation
would broadly benefit biomedicine.

The most important feature of blood vessel chips is most likely the in vitro recapitulation

of essential vascular (patho)physiology, as the physiological relevance of in vitro models
underlies the accuracy of the outcome. The in vitro recapitulation is largely achieved by
exploiting a variety of bioengineering approaches, including microfluidicst”: 66. 70-72] gnd,
more recently, 3D printing and bioprinting.[”3-7%] These bioengineering approaches play

a key role in organizing cells and biomaterials into physiology-relevant structures. For
example, microfluidics is based on soft lithography/micromolding and has been widely used
to construct vessel analogs, i.e., perfusable microchannels, on a 2D plane [36. 801 and 3D
interconnected vasculature analogs.[81] In addition, 3D (bio)printing benefits from digital
manufacturing and provides improved manufacturing flexibility.[78- 82-85] |n particular,
several strategies have been exploited to print ECM- and other structural protein-based inks,
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[86-89] a5 these protein materials are often not compatible with conventional thermal process-
based 3D printing.[9% In addition, co-axial spinning or (bio)printing has proven useful

for constructing vascular structures with unique manufacturing advantages, [91. 921[7. 93, 94]
including diverse biomimetic sizes, layers, and shapes such as necklaces and knots[®>1[%6]
and meters-long hydrogel conduits with concave and convex topographies[®7].

This review aims to elaborate on essential vascular physiology and to introduce state-of-art
developments of blood vessel chips for biomedical research, with an emphasis on the
correlation between native (patho)physiological features and the bioengineered ones. The
vascular physiology, reviewed here, includes tissue morphology, mechanical properties and
stimuli, flow dynamics, mass transport, and material composition, providing insight into

the designing principles of blood vessel chips (Figure 1). We then review recent advances

in blood vessel chips related to tissue-level function (i.e., intervascular mass transport),

rare diseases, and atherosclerosis, corroborating the biomedical significance of blood vessel
chips. In the end, we suggest future directions of blood vessel chips for better recapitulating
vascular physiology, which is promising yet requires substantial effort and perhaps technical

breakthroughs. This review article is expected to supplement other excellent ones in the
field.[65. 66, 98-102]

2. Vascular physiology and on-chip recapitulation

Blood vessels, in a total length of over 60, 000 miles, constitute a continuous and
hierarchical transport system for blood circulation, which primarily includes arteries, veins,
and capillaries with distinct diameters, compositions, and mechanical properties (Figure 2
and Table 1). For example, the arteries are usually more elastic and stronger than others,
which help sustain the surge of blood pressure and prevent wall-rupturing. According

to size, the artery can be divided into conducting arteries (up to 12.5 mm) such as the

aorta, distributing/media arteries (approximately 2 mm), and resistance arteries, such as
arterioles (approximately 15 pm). Similarly, veins can be divided into several segments
with different diameters, including the largest conducting veins (larger than 10 mm) such
as vena cava, moderate veins (1-10 mm), and the smallest postcapillary veins (10-20 um).
Avrteries and veins are interconnected at the tips via capillary beds that are small vessels
(approximately 3 pm) organized into a web-like network (Figure 2a). At each level the
blood vessels differ in the pulsatile waveform and pressure of blood flow. The pulsatile
blood flow pattern also differs according to which tissue is being supplied. Blood vessels
and endothelial cells can adopt tissue-specific morphology and composition to enable and
maintain tissue-specific functions.[103] The in-depth understanding of the general and tissue-
specific vascular physiology and the advances of blood vessel chips would mutually benefit
each other.[104]

This section will elaborate on five fundamental aspects of blood vessels, including
hierarchical branching morphology, vascular wall morphology, mechanical design,
permeability and mass transport, and mechanical forces on vessels. State-of-art blood vessel
chips for recapitulating these essential vascular features are also discussed.
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Hierarchical branching

The vascular system resembles a tree-like network, which starts from the largest conduits
(Aorta and Vena cava) and continuously branches into smaller ones (capillaries) (Figure 2
and Table 1). The hierarchical branching structures of blood vessels play a critical role in
maintaining optimal vascular functions and are precisely regulated by multiple biological
and biophysical mechanisms. A large portion of the branched vascular network, as seen in
the kidney, lung, mammary gland, as well as plants,[105] can be mathematically described
by Murray’s law (Figure 3c),[106. 1071 griginated from the cardiovascular network, as shown
below:

n

ag=af+a';+---+a':=Zag3 1)
1

, where gy is the radius of the parent vessel, and &, &, ..., &, indicate the radii of child
vessels with nthe hierarchical number. According to Murray’s law, the cube of the diameter
of the parent vessel equals the sum of the cubes of the child vessels. Murray’s law indicates
an optimal designing principle for branched transport systems that maximize hydraulic
conductance with minimized material and energy costs. The mathematic relationship is
useful for designing a hierarchically branched vascular network on chips.

Microfluidics is one of the widely-used approaches to constructing filamentary, hierarchical,
branching networks resembling native vasculature.[2%8] However, microfluidic channels are
often large in size and exhibit rectangular or trapezoidal cross-sections, in contrast to

the small and circular cross-section of blood vessels. The geometry difference may lead

to a biased flow profile and cellular behaviors. Yet it is possible to design non-circular
microfluidic channels to follow Murray’s law by considering shear stress distribution.

[209]1 Other methods have been developed to fabricate hierarchical branching microfluidic
networks with largely circular cross-sections and proportionally correlated local height
with local width in one step, such as backside lithography[1%] and leaf scaffolds.[111. 112]
Leaf venation shows an overall structural resemblance to mammalian vasculature, including
hierarchical branching, small diameters (<50 um), and an almost circular cross-section. The
leaf venation-based tissue chips have been used for studying biological transport [113] and
organ-specific metastasis.[114]

Morphology of vascular walls

Vascular walls are the interfaces between the blood and interstitial/functional tissues, which
is composed of cells and ECMs in distinct concentric layers (Figure 2a).[115] The material
and cellular composition and interactions between cells, either within the same or in
different layers, are associated with vascular hemostasis and pathogenesis.[116: 1171 Common
clinical manifestations of abnormal vascular walls include atherosclerosis (narrowed vessels)
and arterial aneurysms (dilated vessels) (Figure 2b).

2.2.1 Physiological Morphology—The walls of the arteries and veins usually exhibit
a three-layer structure, including the tunica intima, tunica media, and tunica adventitia, from
the inside out (Figure 2a). The tunica intima is the inner-most layer of the vessel wall, which
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contains a monolayer of endothelial cells (ECs) on the top of a basement membrane. The
tunica intima directly contacts with blood and can play a critical barrier role, related to
the transport of cells and soluble substances as well as platelet adhesion. The manipulation

of the barrier function of the tunica intima is thus of intense interest for blood vessel chips.
[118, 119]

The tunica media is in the middle of blood vessel walls and is the primary contributor to
the overall mechanical strength and elasticity of vessels (Figure 2a). Notable features of
the tunica media include the presence of smooth muscle cells (SMCs) and elastin/collagen-
constituted elasticity. If there is a loss of SMCs and ECM in the tunica media, it thins

the blood vessel wall softens which is often a sign of either aging or pathogenesis.[120]
SMCs are oriented in a circumferential manner, thus allowing a vascular contraction in

the circumferential direction. For example, arterial smooth muscle can constrict to decrease
the vessel diameter by 20% to 50%.[121] The thickness and stiffness of the tunica media
differ by blood vessel type; moreover, dilation or constriction of the blood vessel occurs

in response to both specific tissue needs and to neuroendocrine mediators, some being
produced locally by the vessel itself.[122-124] For example, the vena cava exhibits a thinner
tunica media, a less amount of SMCs, and thus a weaker mechanical performance than

the aorta. In addition to the intima and media, the third and outmost layer of vessels is

the tunica adventitia that primarily comprises collagen-based connective tissues, nerves, and
fibroblasts.

Unlike the three-layered arteries and veins, the capillary has one layer of the tunica intima
(Figure 2). The single-layer configuration allows the capillary to interact to a larger extent
with epithelial cells and other cells for mass exchange in tissues, such as in the nephrons
and the pulmonary alveoli. Capillaries can be categorized into three subgroups: continuous,
fenestrated, and sinusoids. Continuous capillaries have intercellular clefts, usually 4-nm-
wide, allowing small molecules to pass through.[125] However, continuous capillaries in the
blood-brain barrier lack clefts, exhibit tight cellular junctions, and are tightly wrapped by
another cell type, the pericytes. Fenestrated capillaries have fenestrations or filtration pores
ranging from 20 nm to 100 nm in diameter, allowing the transmission of small proteins.
Sinusoids are discontinuous and exhibit the highest permeability among all capillaries,
which allows the exchange of large proteins and cells.[125]

Of note, the interactions between ECs and pericytes play critical roles in the angiogenesis
and the homogenesis of microvasculature,[126] which should be important technical
considerations in modeling the vasculature, especially in the context of disease pathogenesis.
The EC-pericyte interactions were studied in a microfluidic chip by characterizing the
morphology and cellular composition of a self-assembled hollow vascular network.[127]
Without transforming growth factor beta (TGF-p)-inhibition, ECs formed a long, tubular
structure that followed the branched contours of a Y-shape microchannel. The ECs

also exhibited tight junctions of platelet-endothelial cell adhesion marker-1 (PECAM-1);
pericytes were located around the EC monolayer. In contrast, TGF-B-inhibition resulted in
disorganized, tortuous vascular morphology. This result was attributed to the role of TGF-$
in recruiting and differentiating pericytes.[128. 1291 Another microfluidic channel filled with
3D fibrin gel was used to characterize different mural cells on vascular formation.[2301 All
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three mural cells, including human induced pluripotent stem cells-derived vascular smooth
muscle cells (hiPSC-VSMCs), human brain vascular smooth muscle cells (HBVSMCs), and
primary human brain vascular pericytes (HBVPs), gave rise to a similar vascular diameter
of approximately 75 um. This result indicated that stem cell-differentiated cells might be

an alternative to primary cells, thus enabling the investigation of genetic vascular diseases.
Tissue-specific pericytes have been found to exhibit tissue-specific functions to maintain
vascular morphology and vessel constriction.[13]

2.2.2 On-chip recapitulation—There are largely two approaches for on-chip
recapitulation of vascular walls, which can be roughly categorized as “2D” and “3D” ones
according to the format of the involved biomaterials. In general, the 3D approach uses bulk
hydrogels, such as fibrin and collagen,[232. 1331 to construct perfusable vessel-like conduits,
while the 2D approach employs a porous membrane to recapitulate the tissue interface of a
vascular wall (Figures 3a, 3b).

The 3D approach enables either the encapsulation of ECs in the 3D bulk hydrogel for
self-assembly into capillary networks, the lining of ECs on the inner wall of hydrogel
microchannels, or both (Figure 3a).[100. 134, 135] For example, a perfusable, interconnected
and branching capillary-like network has been formed in bovine fibrin gels filled in a
microfluidic chamber.[136] A supraphysiological flow velocity (approximately 0.5 mm/min)
across the microfluidic chamber, as compared to lower ones, promoted the anastomosis of
the capillary-like network and two adjacent microfluidic channels. Also, the pressure was
applied to each side of the microfluidic chamber alternatively, leading to the alternating
direction of interstitial flow, which might be beneficial to the anastomosis, but requires more
investigations.

The 3D approach also enables the encapsulation and recruitment of auxiliary and functional
cells in the 3D bulk hydrogels, analogous to the native tissues (Figure 3a).[X33] Various
auxiliary cells can be used to explore tissue-specific functions, such as renal reabsorption,
[137] blood-brain barrier,[138: 1391 and placenta.[140] In particular, one vessel chip constructed
a cylindrical lumen of a brain capillary vessel with the co-culture of human brain

ECs and pericytes.[138] The pericytes improved the barrier function of ECs and led to

an immune response that is physiologically relevant. Besides, the 3D approach allows
studying assembly-involved angiogenesis,[133. 141-145] yiesse]-matrix interactions in terms
of matrix stiffness [146] and niche effects, [147] anti-angiogenetic therapeutic drugs,[148]

morphogenesis,[149] cellular interactions,[15°] mass transport,[25] and tissue regeneration.
[152]

Capillary vessels are small in diameter yet make up the major volume of the circulation
system and play central roles in mass transport and cell infiltration. It is important yet
usually challenging to engineer capillary and its analogs in the diameter of 7-15 um. One
approach to fabricating capillary vessels is the self-assembly of ECs in a 3D matrix.[153]
The co-culture of supporting cells and ECs may help the maintenance and generation

of capillaries. For example, the tri-culture of iPSC-ECs, pericytes, and astrocytes led to
a diameter of approximately 45 pum for the vessels, which is much smaller than the

ones formed with iPSC-ECs alone, at 105 um.[154] The spatial patterns of the cells have
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also been suggested to influence the capillary diameter. The mixed and non-patterned
cellular composition led to the formation of capillaries with a diameter smaller than 20

pum. 11551 Another approach combined soft lithography-based microfabrication and the self-
assembly of ECs in a pro-vascular poly(ethylene glycol) (PEG) hydrogel, which gave rise

to microvascular networks in diameters ranging from 15 to 50 pm.[X56] Furthermore, the
combination of engineered macrovessels and self-assembled capillaries was proven useful in
promoting the vascular integration of a 3D implant.[*57] Finally, 3D printing has been widely
used to fabricate blood vessels but it is usually challenging to fabricate microchannels with

a similar diameter to capillaries.[158 1591 One exception is multi-photon-based 3D printing
that could exhibit a circular microchannel with a diameter of 18 pm and a wall thickness of
3 um.[160] Additional newer demonstrations such as post-printing shrinkage was shown to be
able to produce 10-um-sized capillary networks.[161]

Besides the 3D approach, a segmental cross-section of vascular walls can be recapitulated
by seeding ECs and other cells, such as epithelial cells, at the opposite sides of a porous
membrane, i.e., the 2D approach (Figure 3b). The porous membrane is pivotal to the 2D
approach, which allows the transport of soluble substances and cells, underlying various
cellular interactions and tissue functions. It also enables mechanical support and stimuli,
e.g., cyclic stretching, to vascular cells. Compared with the 3D approach, the membrane-
based 2D approach is advantageous to the construction and real-time observation of the
endothelium-epithelium interface, which is central to the primary physiological functions in,
for example, the lung,[371 gut,[162] and kidney.[163]

One eminent example of the 2D approach is the construction of the kidney glomerular
capillary on chips, characterized by the use of hiPSC-induced podocytes (Figures 3d, e).
[163] The podocyte is one of the main cellular components in the glomerular capillary

for selective filtration, whose malfunctions are associated with Kidney diseases and
degeneration.[164] Tissue-specific ECM (laminin-511 E8 fragment) and a rationally designed
set of soluble factors, including vascular endothelial growth factor (VEGF), retinoic acid
(RA), CHIR99021, bone morphogenetic protein-7 (BMP-7), and activin A, are used to
induce the hiPSC line (PGP1) to produce highly functional and differentiated human
podocytes with high efficiency (over 90%).[163] The hiPSC-induced podocytes exhibit
similar molecular and morphological features of mature human podocytes, including narrow
membrane protrusions and the expressions of nephrin, Wilms’ tumor 1 (WT1), and podocin,
and thus surpass the podocyte cell line. The on-chip co-culture of hiPSC-induced podocytes
and glomerular capillary ECs recapitulated important cellular interactions and investigated
glomerular filtration (Figure 3e). For example, physiologically relevant mechanical stimuli,
such as flow stress (0.0007 dyn/cm? for podocytes and 0.017 dyn/cm? for ECs) and 10%
cyclic strain, promoted on-chip albumin retention and inulin clearance. This vessel chip also
recapitulated the characteristics of proteinuria, which was related to the loss of filtering
functions due to the toxicity of a cancer drug, Adriamycin.[163]

Most blood vessel chips recapitulated just one or two layers of the vessel, which doesn’t
match the three-layer configuration of the aorta, arteries, veins and vena cava. One 3D vessel
chip recapitulated the whole three-layer arrangement of vessels (Figure 3f).[165] The tunica
media and adventitia were constructed in gelatin methacryloyl (GelMA) hydrogel layers
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containing SMCs and fibroblasts, respectively. The two hydrogel layers were molded by two
concentric and removable needles in different diameters. A layer of human umbilical vein
ECs (HUVECS), lining the lumen of GelMA hydrogel microchannels, was analogous to the
tunica intima and exhibited the barrier function for 10-kDa dextran labeled with Alex Fluor
488. The confluence of HUVECSs was associated with GelMA concentration. For example,
less than 12 wt% GelMA led to sparsely distributed HUVECs without confluence.[165]
Another vessel chip exploited the three-layer configuration of vascular walls for studying
the metabolic rate and glucose consumption of the cocultured ECs and SMCs.[166] Of note,
the recapitulation of three-layered vessels is often challenging due to the complex and
multiple-layer morphology and distinct mechanical strength and composition in each layer.
However, the three-layer configuration is essential for the homeostasis and regeneration

of vessels,[167] thus representing a rewarding direction for developing physiology-relevant
blood vessel chips.

Mechanical design of vascular walls

The mechanical design and properties of the blood vessels underlie their physiological
functions, such as supplying blood and modulating blood pressure. Arteries are largely
distensible elastic conduits and exhibit non-linear elasticity as J-shaped stress-strain curves
(Figure 4a).[168] The non-linear mechanical behavior refers to the elastic stiffness or
modulus increasing with increased strain, due to the composite nature of blood vessel
walls (Figure 4a).[168] The blood vessel wall consists of mechanically distinct proteins,
which include rubbery elastin and stiff collagen. The modulus of elastin is often lower
than collagen by more than two orders of magnitude. For example, the elastin and

collagen moduli of the porcine abdominal aorta are approximately 2.66 MPa and 682 MPa,
respectively (Table 2).[121] At low strains, elastin bears more force than collagen. At high
strains, collagen fibers begin to sustain forces, thus leading to increased stiffness/modulus.
In other words, soft elastin and stiff collagen contribute to the two segments of the J-shaped
stress-strain curve at low and high strains, respectively (Figure 4a and Table 2).

The J-shaped stress-strain curve of the vessels is of physiological significance. Vascular
dilation at the low strains smooths the pulsation of blood flow, and stiffness at the

high strains helps maintain the integrity of blood vessels and prevents rupture. Of note,

the mechanical behavior varies in transverse/radial and longitudinal directions and in the
distinct regions of vessels, such as the aorta and vena cava, according to local mechanical
requirements (Table 2). In particular, the transverse failure strain is approximately 0.6 for
the vena cava and 0.9 for the aorta.[121] This mechanical difference is most likely due to the
difference in wall morphology and material and cellular composition.

The abnormal mechanical performance of blood vessels is a primary clinical manifestation
of aging and vascular pathogenesis. For example, one impaired mechanical performance
of vessels is the increased stiffness, possibly due to the breakdown of elastin fibers,
accumulation of lipids, and formation of plaques (i.e., atherosclerosis) (Figure 2b).[169]

In particular, the loss of elastin led to increased deposition of collagen fibers, thus

leading to decreased vascular compliance and increased stiffness. Another mechanically
abnormal vessel is characterized by mechanical weakening and geometric thinning due to
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the ECM degradation in the adventitia and the SMC loss in the media (Figure 2b).[170] The
compromised mechanical strength led to the dilatation of a part of the circumference of the
vessel, i.e., saccular aneurysms, or, more commonly, the whole circumference, i.e., fusiform
aneurysms (Figure 2b). Both atherosclerosis and aneurysms may result in vessel rupture and
hemorrhage (Figure 2b).

The stiffening of vascular walls is also associated with endothelial dysfunctions, for
example, the abnormal cytoskeleton and morphology of ECs,[271] loose cell-cell junctions,
and a leaky endothelium.[172] The molecular mechanism is the activation of Yes-associated
protein (YAP)/transcriptional coactivator with PDZ-binding motif (TAZ) pathway that
causes dysregulated vascular metabolism, such as glutaminolysis and anaplerosis.[173] At
the tissue level, vascular stiffening affects pulse wave velocity and increases the afterload
seen by the left ventricle and decreases coronary perfusion, contributing to hypertension,
angina, and other cardiovascular diseases.[174. 175]

Mechanical behavior is an important consideration in the design and development of
vascular grafts [176-178] and blood vessel chips.[14¢] Several tissue chips have recapitulated
the physiological mechanical properties of blood vessels. One vessel chip employed

the agarose-gelatin interpenetrating polymer network (IPN) to provide a physiological
substrate stiffness, ranging from 1 kPa to 35 kPa, which helps achieve month-long vascular
barrier functions (Figures 4b—f).[146] outside the physiological range. The stiffness of the
IPN hydrogel, containing 1% agarose and 1% gelatin, was around 20 kPa, within the
physiological range, in contrast to other widely used materials, such as polydimethylsiloxane
(PDMS) and polystyrene, ranging from 50 kPa to several MPa (Figure 4b). The IPN
hydrogel vessels exhibited approximately a permeability of 4 x 10~ cm s™1 (Figure

4c), similar to mammalian venules (1.5 x 1077 cm s™1) in vivol[®1] and lower than

most previously reported results of in vitro models.[133. 1791 Other stiffness, higher or
lower than the physiological ones, may lead to increased permeability and compromised
vascular barrier functions. For example, the IPN hydrogel with approximately 50 kPa
stiffness resulted in a two-fold increase in permeability; the 5-kPa IPN hydrogel could

not even support the formation of EC monolayers, resulting in minimal barrier function.
Furthermore, substrate stiffness affects the deposition of the basement membrane. In 20-kPa
IPN hydrogels, the on-chip cultured ECs deposited a continuous sheet of both collagen 1V
and laminin (Figure 4d), as well as enzymes to remodel the basement membrane, including
matrix metalloproteinase-2 (MMP-2). In contrast, the continuous deposition of collagen

IV and laminin was not seen for ECs cultured on PDMS substrates, probably due to the
excessively high stiffness.[146]

Furthermore, the vessel chip implied that the physiologically relevant microenvironment,
including substrate stiffness and flow conditions, helps elongate the physiology-relevant
permeability of vessel chips, for example, over 4 weeks (Figure 4e).[146] This long-term
maintenance of the vascular barrier function is rarely seen in previous results. It enables
well-controlled spatial-temporal imaging and investigation of the chronic pathological
processes of vessel-related diseases. For example, the vessel chip found the spatial
correlation between the occlusion of sickle red blood cells (RBCs) and the increased
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permeability, offering insights into disease-pathogenesis and treatment-development (Figure
4f).

Another vessel chip exploited the impact of matrix stiffness, along with shear stress, on YAP
mechanotransduction.[180] The percentage ratio of the PDMS crosslinkers to monomers was
used to tune the substrate stiffness of the tissue chip. In particular, 5% and 10% crosslinker
led to stiffnesses representing normal muscular coronary arteries and atherosclerotic vessels,
respectively. The high stiffness increased the nuclear partitioning of YAP, compromising the
protection of ECs from high shear stress. These results provided valuable insights into the
correlation between mechanotransduction and vascular diseases, highlighting the benefits

of incorporating multiple physiological conditions to exploit complicated atherosclerosis
mechanisms.

Blood vessel chips also found that the ECM coating (collagen and fibronectin), as
biochemical cues, interferes with the impact of substrate stiffness on vascular permeability
(Figure 4g, 4h).[181] The stiffness of polyacrylamide (PA) hydrogels is controlled by the
ratio between the monomer (acrylamide) and the crosslinker (bis-acrylamide). Three levels
of PA hydrogel stiffness, including 2.4 kPa, 19.2 kPa, and 153.6 kPa, were examined

in blood vessel chips; the first two are within the physiological range, while the latter

is pathological. For collagen-coated PA gels, permeability is largely unvaried with the
change of stiffness. In contrast, fibronectin coating resulted in a proportional relationship
between permeability and stiffness (Figure 4i). The relative permeability was obtained by
measuring the fluorescent intensity in the PA gel after incubating ECs with fluorescein
isothiocyanate (FITC)-dextran for 10 min. These results may imply that the regulation of
vascular permeability is subject to the combination of multiple factors, including chemical
and mechanical cues.

2.4. Permeability

Permeability is an important measure of the barrier functions of blood vessels. As discussed
in the previous sections, permeability is widely measured for on-chip vessels, quantifying
the cellular responses to various stimuli and revealing insights into tissue regulation.

[146, 182-185] Enqothelial junctions are the primary mechanism for regulating vessel
permeability and mass transport across vascular walls (Figure 5a). Vascular permeability
can be regulated by a range of cytokines, including VEGF, tumor necrosis factor-a. (TNF-
a), interleukin-1p (IL-1p), histamine, and serotonin,[186] and is associated with chronic
inflammation and pathological conditions such as carcinogenesis, wounds, and rheumatoid
arthritis. In particular, VEGF is widely used to alter vascular permeability; it decouples
endothelial cell-cell junctions and induces the formation of fenestrations (small pores)

and caveolae (small plasmalemmal invaginations), thus increasing permeability.[1871 Also,
hyperpermeability is often seen in tumor vasculature that exhibits defective endothelium and
reduced basal lamina.[188] This section focuses on the on-chip measurements of permeability
and permeability-related mass transport.

2.4.1. Image-based measurements—The permeability of on-chip vessels is widely
measured by fluorescence intensity,[18%] which is often assumed to be linear to the
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concentration and barely influenced by the photo-bleaching effect. For example, the increase
of fluorescence in the perivascular region over a certain amount of time was used to
calculate the permeability of 3D microvessels (Figure 5b).[29] For vessels constructed in 3D

hydrogels (Figure 3a), the permeability (P) can be determined using the following equation:
[53, 146]

1 Al
P—ZXEX 2

ENTEY

, where £ is the initial intensity, A/is the change of intensity during a period of time A¢,

and ais the width/diameter of the channel. The intensity is measured from the fluorescence

image covering the microchannel. A typical imaging field is 120-pm-wide and 160-pm-long
for a microchannel of 20-pum-wide.[246] Alternatively, 7 for a 3D capillary can be calculated
by either fitting the diffusion profile into a dynamic mass conservation equation[191-193] or

another equation requiring 3D confocal images.[18°]

For membrane-based 2D vascular walls (Figure 3b), the P of bioengineered vessels can be
measured by analyzing centration in the two subchannels, analogous to vessels and epithelial
tubes, respectively, using the following equation:[182, 194-197]

1 _AC,_V,

PZEX At XI 3)

, where Csis the initial concentration of the source channel, AC,is the concentration
change of the drain channel during a certain time of A, Vis the volume of the drain
channel, and A is the area of the permeable membrane that separates the two channels.
Concentration can be derived from fluorescence images and other measurable signals. P
results from the combination of the EC monolayers (~,) and the acellular structure (#p),
including the membrane and, if any, the coated hydrogel. 2, can be calculated using the
following equation:[182. 198]

1_1_1 4
P.-P P, )

One vessel chip used fluorescence measurements and equations (3) and (4) to investigate
snake venom-induced hemorrhage, i.e., increased permeability and reduced barrier function
(Figure 5¢).[182] The blood vessel chip could evaluate hemorrhagic damage within 30
minutes,[182] promising to evaluate anti-venom and anti-hemorrhagic drugs efficiently, in
contrast to conventional examination that takes 24 hours.[199]

Blood vessel chips enable high-throughput screening of vascular permeability, for example,
via multiple parallel on-chip structures.[198: 2001 For example, an array of 96-blood vessels
was constructed in one tissue chip that is in the format of a standard 384-well plate,
compatible with the standard robotic liquid operation.[298] The chip with 96 vessels

enabled the screening of multiple compounds with a range of concentrations, such as

IL-8, interferon-y (INF-y), RA, TNF-a, VEGF, and IL-1p. Among these compounds, both
TNF-a and IL-1p resulted in significantly increased permeability, which agrees well with in
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vitro [201] and in vivo results.[202] One interesting result was the biphasic response to VEGF.
[198] \VEGF at low (10 ng/mL) and high (100 ng/mL) concentrations decreased and increased
permeability, respectively. The result at the low VEGF concentration was attributed to the
generation of cyclic adenosine monophosphate (CAMP) that protects the barrier function of
vessels.[203]

2.4.2. Electrical and electrochemical measurements—Besides fluorescence,
electrical and electrochemical signals can be used to measure the permeability of on-

chip vessels through transendothelial electrical resistance (TEER) measurement,[204-206]
planar electrode measurement,[194. 1951 and scanning electrochemical microscopy (SECM).
[196] Electrodes are often easily incorporated into microfluidic chips and small enough
compared with the dimension of microchannels, thus promising for real-time, long-term, and
spatial-resolved detection. Planar electrodes can be fabricated using similar techniques for
microfluidic chips. Unlike TEER, electrochemical detection relies on electroactive tracers,
analogous to fluorescence tracers, including methylene blue, ruthenium chloride (RuHex),
[194] and potassium ferricyanide.[1%6] Among these electroactive tracers, RuHex is reportedly
well-qualified for measuring vascular permeability because of efficient electron transfer,

electrochemical response over a wide concentration range, and cytocompatibility for ECs.
[194]

One blood vessel chip with integrated planar electrodes investigated the impact of

shear stress on vascular permeability (Figure 5d).[1%4] This blood vessel chip employed
ethylene glycol-bis(B-aminoethyl)-N, N, N°, N’-tetraacetic acid (EGTA) and square wave
voltammetry (SWV); SWV is advantageous in detection speed and sensitivity.[207] The on-
chip electrochemical results showed that aortic flow with a high shear stress at 10 dyn/cm?
led to higher permeability 5.60 % 0.55 x 107> cm/s, in comparison to a lower shear flow 0.01
dyn/cm? led to lower permeability 2.80 + 0.15 x 107> cm/s. This result is consistent with the
fluorescence staining of VE-cadherin.

SECM is another useful tool to assess permeability in blood vessel chips. The probe of

the SECM is small (tens of micron in diameter) and can be inserted into the microfluidic
channel through a hole (Figure 5€).[19] The in situ probe eliminates the difficulty of
imaging tissue chips which usually contain multiple layers and perhaps requiring an
objective lens with a long working distance. Also, the inserted probe is promising to provide
in situ and spatially resolved information of chemical flux and, thus, permeability at the
length scale of single cells. A blood vessel chip equipped with the SECM was shown to be
suitable for investigating vascular permeability of a mimicked intestinal vasculature by co-
culturing intestinal epithelial cells, Caco-2, and ECs.[19] Such a co-culture of endothelium
and epithelium underlies the recapitulation of complex vascular physiology, for example,
tissue regeneration and inflammatory responses.[10. 208]

2.4.3. Mass transport—Mass transport is the primary physiological role of blood
vessels, enabling the efficient transfer of oxygen and nutrients and the removal of wastes
to meet the metabolic needs of every cell in the body, as well as the needs of other
essential tissue-specific functions. The mass transport via the vascular network is mainly
achieved by combining two distinct physical processes: convectional pulsatile flow and
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permeability-related diffusion (Figure 5a).[2011 Convectional flow is driven by hydraulic
pressure generated by the heart beating, dominating long-distance transport. Convective
transport can be described by the Hagen-Poiseuille equation, as shown below:

0="F% ®)

, where @is volumetric flow rate, Ap is the pressure difference, and R is the hydraulic
resistance.

Diffusive transport is a spontaneous thermodynamic process, driven by the concentration
gradient, and is effective over a short distance. Diffusive transport is described by Fick’s first
law, as shown below:

J=-D)Vec (6)

, where Jis the flux of transported species, D, is the effective diffusion coefficient, and V¢
is the spatial gradients of concentration. D, is associated with the size of solutes and the
permeability of the endothelium.

Convective and diffusive transport occur simultaneously within and outside the vascular
network. Given that Cis a typical concentration, a typical diffusive flux can be described
by DeCIL, and a typical convective flux is UC. Péclet number (Pe) is the ratio between
convective and diffusive fluxes, allowing quantitative measurement of the competence
between conductive and diffusive fluxes, as described below:

Pe = UL _ Convection
¢=™D, ~ Diffusion

O]
, where L is the typical length scale, and Uis the flow velocity. A large Pe (>1) indicates

the dominance of convective transport; a small Pe (<1) indicates the dominance of diffusive
transport (Figure 5a). Normally, diffusion-based mass transfer is dominated in capillaries,
compared with convection-dominated transport in large vessels (arteries, arterioles, veins,
venules). Also, as indicated by Pe number, the flow velocity may be manipulated in the
tissue chips to adjust mass transport.

Mechanical forces

Blood vessels, due to the pulsatile blood flow, consistently bear cyclic mechanical forces,
including shear forces on the endothelium and normal and circumferential forces on the
entire vessel wall (Figure 6a). These mechanical forces, just like soluble biochemical
cues, play regulatory roles in vascular morphogenesis, remodeling, and pathogenesis, thus
necessary to be considered in devising blood vessel chips.[209: 2101 Thjs section elaborates
on the biomechanical roles of the shear and circumferential forces on vessels and the
incorporation of these mechanical forces in blood vessel chips.

2.5.1. Shear stress—Intravascular wall shear stress (z,) originates from the viscous
drag force of the blood flow per unit area, and is associated with the development,

Adv Mater Technol. Author manuscript; available in PMC 2024 April 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Mu et al.

Page 15

regeneration, and morphology of ECs, and vascular homeostasis and functions.[211-213],
ECs sense shear stress via a complex biophysical mechanism that involves glycocalyx, a
thin layer of proteoglycans, glycoproteins, and glycosaminoglycans at the apical surface

of cells.[214 215] The glycocalyx transduces the external shear stress to the endothelial
cytoskeleton.[214] The physiological range of z, is roughly from 0.1 to 7 Pa, while the

7, in a stenotic vessel can be as high as 150 Pa (Table 1).[218] Within the physiological
range of shear stress, the high end is beneficial to preventing atherosclerosis, while the low
end, especially with the disturbed flow, promotes atherogenesis.[?17] The pathological shear
stress, above or below the physiological range, can lead to vascular dysfunction, including
thrombus formation via platelet aggregation [218] and atherosclerosis.[211]

In a straight cylindrical vessel under laminar flow, gz, can be defined as below:

_ 32u0
7rd3

w ®)
, where g is the viscosity of the blood, Qs the blood flow rate, and d'is the diameter of

the blood vessel. Also, for bioengineered vessels with a rectangular cross-section, <, can be
calculated using the following equation;

_Su0

wh? (©)]

, where wand /A are the width and height of the microchannel, respectively. According to
equations (8) and (9), =, is proportional to flow rate and inversely proportional to the vessel
diameter/size. Thus, the magnitude of 7, can be tuned by manipulating the geometry of
microchannels and the flow rate.

Of note, equations (8) and (9) for calculating z,, are based on several assumptions of vessels
and blood flow, such as the straight geometry and the laminar flow condition. However,
vessels may have complex shapes, such as bifurcation and stenosis; at these locations, blood
may exhibit turbulence and vortices (Figure 6b), leading to challenges in estimating shear
stress by equations (8) and (9). The spatial distribution and magnitude of the shear stress

in blood vessels with complex shapes have been estimated by finite element analysis-based
simulation.[219-221]

Blood vessel chips have been employed to investigating the impact of =, on vascular
morphology and functions.[222] Compared with conventional approaches, including cone
and plate systems[223] and parallel flow chamber,[224] blood vessel chips are advantageous
in incorporating an array of biomimetic microenvironments, 222l including complex and
tissue-specific flow profiles,[225: 2261 3D culturing matrices,[198. 2271 and structured scaffold
materials,[228] which support long-term cell culture and are associated with cellular response
to the shear stress.

One vessel chip incorporated electrospun fibrous scaffolds that enhanced the flow-induced
alignment of ECs.[228] Three strategies were employed in the vessel chip to change the flow
rate from static conditions to artery flow-related ones, including gradual, immediate, and
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intermittent schemes. The gradual increase in flow rate was better than the other two for
reducing the shedding of ECs. This result agrees with the previous understanding that the
changing pattern of stress, in addition to the absolute magnitude, is associated with vascular
homeostasis and remodeling.[217] This strategy of the gradually increased flow rate can be
useful for screening culture parameters and investigating vascular biology.[228]

Another vessel chip allows the well-controlled manipulation of a disturbed, oscillatory flow
profile for studying YAP mechanobiology.[189] YAP is sensitive to both matrix stiffness229]
and shear stress,[239] and has important implications for atherosclerotic progression.[231. 232]
In particular, an oscillatory flow (10 uL/min, 0.3 Hz, 11.2 dyn/cm?2) was applied to HUVEC
cultured in the blood vessel chip, leading to significantly improved YAP nuclear partition
(the ratio of nuclear YAP to total YAP) and cell circularity, compared with the unidirectional
flow at the same flow rate (Figure 6¢).[189] The activation of YAP was also confirmed by the
upregulation of two downstream targets of YAP, including connective tissue growth factor
(CTGF) and ankyrin repeat domain 1 (ANKRD1). Furthermore, the YAP activation led to
the elevation of two atherosclerosis markers, vascular cell adhesion molecule 1 (VCAM-1),
and von Willebrand factor (VWWF), suggesting a pathological role of the disturbed, oscillatory
flow via the activation of YAP (Figure 6d, e).[233. 234]

On-chip shear stress magnitudes and pulsatile frequencies can be manipulated using
pneumatically actuated micropumps and size-controlled microvalves (Figure 6f).[235] Three
different flow profiles, including perfusion (0.47 dyn/cm?), static (8.9 dyn/cm?), and aortic
inflow (5.9 dyn/cm?, 1.2 Hz), were applied to valvular ECs, which exhibit influence on
cellular alignment, elongation, and a-smooth muscle actin (a-SMA) expression (Figure
6).1236] In particular, the aortic inflow increased the expression of a-SMA by 1.9 and 1.5
times compared with the perfusion and static flow profiles, respectively, implying the need
for positive feedback to enhance cellular contraction.[23%]

Platelet adhesion and thrombus formation are associated with life-threatening cardiovascular
diseases [237. 2381 and are regulated by complex biochemical and mechanical cues,[239. 2401
which are usually challenging to recapitulate in vitro by conventional approaches. A blood
vessel chip allows the manipulation of channel width, thus constructing a stenotic vessel
analog to investigate the biochemical factor of platelet aggregation (Figure 6g).[2411 The
stenosis diameter and geometry of the microchannel can be tuned to generate a series of
shear stress gradients, benefiting the quantitative, in vitro investigation of shear-dependent
thrombus formation. vVWF expression increases at the post-stenosis site, probably due to
increased share stress, and is spatially correlated with the platelet-aggregation, suggesting
the role of VWF in the stenosis-dependent platelet aggregation. Furthermore, another
blood vessel chip containing a network of stenosed arterial vessels was developed for real-
time, quantitative evaluation of blood clotting, featuring a small sample volume, real-time
observation, and parallel measurements.[242]

Platelet adhesion can be monitored in blood vessel chips using DNA-based integrin tension
sensors (Figure 6h).[243] The integrin tension sensor is fluorescence-labeled double-strand
DNA, coated on the bottom surface of microchannels, which translates the detachment of
platelets into fluorescent signals, allowing in situ and real-time imaging. This blood vessel
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chip investigated the effect of a Rho-associated kinase (ROCK) inhibitor, Y-27632,[244] and
shear stress on platelet adhesion. Notably, the vessel chip employed a classic Christmas tree-
like microchannel network to generate a series of Y-27632 concentrations, thus facilitating
high throughput screening.

2.5.2. Circumferential force—The entire vascular wall experiences circumferential
forces and, thus, various strains, resulting from pulsatile blood flow and mechanical motions
of tissues, such as breathing (Figure 6a). In a physiological circulation between systolic and
diastolic pressures, the circumferential strain of the vascular wall could vary between 5%

to 10% at the heat rate (around 1 Hz).[245] The strain of 16%-20% and above has been
suggested to be pathological and associated with hypertension.[245. 246]

The circumferential force has profound implications for the physiology and pathology

of vascular cells.[247. 248] For example, the physiological circumferential strain (6% at

1 Hz) was found to prevent the apoptosis of ECs, probably through the activation

of heme oxygenase-1 (HO-1), an inhibitor for the apoptosis of ECs.[249] Also, the
physiological circumferential force regulates proliferation, migration, focal adhesions, and
matrix remodeling of vascular cells,[250. 2511 and promotes secretion of pro-angiogenetic
cytokines,[248. 252] including VEGF, platelet-derived growth factor-Bf (PDGF-B), and
angiopoietin 2 (Ang-2).

Compared with conventional methods of mechanical stimuli, such as FlexCell,[253] blood
vessel chips are advantageous in parallel operations, high-throughput, and a small volume
of culture media.[210. 254-256] A vessel chip allowed semi-cylindrical circumferential strain
in an array of microfluidic channels spanning from 20 to 500 pm in diameter, analogous to
vascular capillaries and small arteries (Figure 7a).[254] The circumferential strain, ranging
from 0% to 8%, was controlled by the hydrostatic pressure under the elastic membrane. The
vessel chip investigated several signaling proteins of mesenchymal stem cells (MSCs) under
the circumferential strain, including Smad family proteins, B-catenin, and glycogen synthase
kinase (GSK)-3p. For instance, the nuclear accumulation of B-catenin under 8.0% strain was
significantly higher than in 0 and 1.1 % strains (Figure 7b). p-catenin is key to the Wnt
signaling pathway that involves the proliferation and differentiation of MSCs.

Another vessel chip applied the circumferential strain to 3D perfusable vessels (Figure
7¢).1257] The 3D vessel is made by seeding ECs in a needle-molded channel (200 ym

in diameter) within a layer of fibrin hydrogel (500-pm-thick). The gel was supported by
PDMS microchannels for medium perfusion and was under three circumferential strains,
including zero strain (CS?8™), low strain (CS'°%) of 8-12% and high strain (CS"i9") of
17-22%. The increased circumferential strain increases cell surface area, length, alignment,
permeability, and the expression of adhesion molecules, such as PECAM-1 (Figure 7¢).[257]
Also, the circumferential strain can help stabilize the 3D vessels, suppress sprouting, and
decrease permeability, thus seeming to counteract VEGF. These particular roles of high
circumferential strain in the 3D vascular model might be different from some 2D results that
the mechanical strains may disrupt endothelial barriers, thus implying the importance of a
3D vessel model and requiring further investigation.[257]
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Blood vessel chips co-culture vascular cells, thus offering insights into the role of cell-

cell interactions in sensing mechanical forces and vascular pathogenesis.[258. 2591 For
example, the cellular interactions between ECs and SMCs play an important role in sensing
hemodynamic shear and circumferential forces for vascular homeostasis and pathogenesis,
including atherosclerosis and hypertension.[117: 2601 |n one vessel chip, ECs and vascular
SMCs were co-cultured on the two sides of a porous PDMS membrane, allowing cell-cell
contacts through pores (10 pm in diameter) (Figure 7d).[258] The two cells were exposed to
physiological mechanical stimuli, including both shear stress (1-1.5 Pa) and circumferential
strain (5-8%). The mechanical stimuli didn’t align ECs but made SMCs more elongated
and aligned (Figures 7e, f).[258] Of note, the alignment of SMC was parallel to the flow
direction but perpendicular to the strain direction, which is not similar to the native SMCs
in the tunica media. This result indicates the complex regulation of cellular alignment that
may involve environmental cues other than mere mechanical stain and shear stress.[258]
Furthermore, the on-chip EC-SMC interactions allowed further understanding of the Notch
signaling pathway, which is crucial for vascular development, maturation, and homeostasis.
[261] In particular, when cultured on a porous membrane and interacted with ECs, SMCs
exhibited an increased expression of a component of the Notch pathway, #EY1, compared
to ones cultured on non-porous membranes and without cellular interactions.[258]

Blood vessel chips can incorporate on-chip sensors for in situ, real-time monitoring of
cellular responses to mechanical stimuli.[3: 262, 263] One vessel chip integrated a stretchable
film electrode of poly(3, 4-ethylenedioxythiophene)-coated single-walled carbon nanotubes
(SWNTs@ PEDOT) beneath cells, which detected mechanical stimuli-related cellular
signals, including reactive oxygen species (ROS) and nitric oxide (NO) (Figure 7g).[262]
The detection limits for ROS and NO were found at 1.6 x 107® M and 1 x 1076 M,
respectively. Of note, the NO signal was proportional to the strain magnitude and increased
upon the addition of a precursor for the synthesis of NO, I-arginine (L-Arg) (Figure 7h).

In contrast, the absence of cells in the chip led to no NO signal under the same conditions
of applied strain and added L-Arg. Also, a NO-inhibitor, NG-nitro-I-arginine methyl ester
hydrochloride (I-NAME) eliminated the NO signal, verifying the utility of the vessel chip for
measuring the NO signal.[262]

3. Biomedical applications

As discussed in the above sections, blood vessel chips have recapitulated several essential
aspects of vascular physiology and established useful in vitro models, which are promising
for gaining insights into a range of vessel-related pathological conditions,[264] such as
physical injury,[265] malaria infection,[146: 2661 cancer metastasis, (2672691 aneurysm,[270. 271]
thrombosis,[272: 273] and atherosclerosis.[181: 204, 241, 274, 275] | particular, blood vessel
chips feature relatively short turnaround times compared with animal models, thus enabling
early and rapid investigations of emerging diseases, such as the outbreak of the coronavirus
disease 2019 (COVID-19).[39. 276, 277]

This section reviews the utility of blood vessel chips with more details for more focused
aspects of the promising biomedical application, including intravascular mass transport, rare
diseases, and atherosclerosis.
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Intravascular mass transport

Intravascular mass transport, or controlled barrier function, is the mass transport between
blood vessels and other tubular structures, and is instrumental to a broad range of tissue-
level physiological functions, such as nutrient-absorption in the intestine, gas-exchange

in the lung, and reabsorption in the kidney (Figures 8a—c). In particular, intensive mass
transport occurs in the kidney, which processes blood up to 180 L daily.[278] The mass
transport in the kidney is via passive diffusion and active reabsorption, leading to a
concentration of drugs different from that in the blood and, thus, unexpected renal toxicity.
Kidney toxicity is one major hurdle in drug development and often remains undetectable

until phase 3 of the clinical trials,[279: 280] thus demanding improved in vitro testing models.
[119]

Blood vessel chips with either 2D or 3D approaches have been exploited for intravascular
mass transport (Figure 3a, 3b).[53. 281-284] Compared to the 2D approach, the 3D approach
may be more flexible in constructing multiple distinct vessels/tubules, recruiting tissue-
specific auxiliary cells, and mimicking the 3D water-containing, cell-remodelable ECM.
[42, 285, 286] \\fe briefly review several 3D hydrogel-enabled blood vessel chips for
recapitulating the functional tubule unit and the solute transport in the kidney.

One monolithic hydrogel tissue chip has two microchannels, which are lined by epithelial
cells and ECs to recapitulate renal tubules and vessels, respectively(Figures 8c, d).[42] The
mass transport between the hydrogel channels, as exemplified by using small molecule
dyes, is able to mimick the passive diffusion in the nephron (Figure 8d).[42] Passive
diffusion, driven by the concentration gradient, is the main mechanism in the kidney

for transporting soluble organic molecules, such as anti-gout probenecid analogs[?87] and
antioxidant coenzyme Q10.[288]

The unique fabrication method of the hydrogel tissue chip is key to the recapitulation of
renal mass transport and is based on the synergy of collagen fibrillogenesis and a technique
termed “liquid molding”. Collagen fibrillogenesis refers to the formation and extension of
water-insoluble collagen nanofibrils and has been used to bond bulk hydrogels together

for counteracting cell-induced hydrogel contraction.[28%] As a primary component of ECM,
collagen also promotes cytocompatibility and cellular attachment. “Liquid molding” refers
to adopting a liquid or saline solution as a mold for casting shapes and structures in a
sol-gel transition.[2%0] The liquid mold protects the space of microchannels from hydrogel
precursor solution. After gelation, the liquid can be easily removed, leaving perfusable
microchannels in the hydrogels. The synergy of collagen fibrillogenesis and “liquid
molding” for constructing hydrogel channels offers high cytocompatibility, manufacturing
flexibility, and simplicity.[42] In contrast, other methods often involve cell-harmful materials
and conditions, such as chaotropic agents, ultraviolet (UV) light, organic solvents, and high
temperatures.[7. 291, 292]

Another blood vessel chip is made entirely of collagen hydrogels for constructing human
renal vascular-tubular units (hRVTU) (Figures 8e, 8f).[293] Two collagen channels and

a collagen membrane were assembled and supported by external acrylic scaffolds. The
thickness of the collagen membrane decreased from 31.7 um to around 3.1 um after
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14 days of culture, suggesting collagen remodeled by cells, a notable difference from

the synthetic polymer-made membranes.[293] Human renal epithelial cells and ECs were
seeded in the top (parallel lines) and bottom (grids) channels, respectively, exhibiting
tight connections (Figure 8e). Human fetal kidney pericytes were also incorporated in the
bulk collagen hydrogel to grow along the endothelial and epithelial channels, potentially
regulating barrier functions. The on-chip mass transport was examined by the reabsorption
of three representatives, including albumin, inulin, and glucose (Figure 8f). The cellularized
channels exhibited approximately 11.1% albumin-reabsorption, compared to nearly 0% of
decellularized ones, implying the active role of cells (Figure 8f). This tissue chip also
demonstrated that the albumin in the effluent from the vascular channel was not increased,
which is suggested to be consistent with in vivo albumin-reabsorption that is via receptor-
mediated endocytosis and may not elevate albumin concentration in the blood.[294]

3D printing with fugitive inks is suitable for fabricating 3D serpentine, perfusable hydrogel
channels that allow mass transport (Figures 8g, 8h).[295. 2961 The fugitive ink consists of
Pluronic F-127 that could be liquefied and removed upon cooling. The hydrogel channels
were made in Gelbrin, a mixture of gelatin and fibrin.[2%7] Proximal tubule ECs (PTECs)
and glomerular microvascular ECs (GMECs) formed confluent monolayers within the

two hydrogel channels, mimicking the enal tubule and blood vessel, respectively. Glucose-
reabsorption in the 3D hydrogel channels was significantly higher than in two Transwell-
based 2D models by 5-fold and 10-fold, respectively (Figure 8h). This result was attributed
to perfusion-induced shear stress and improved cellular morphology (cell height and brush
density and length) in 3D culture.[295. 296]

3.2 Rare diseases

Rare diseases are caused by single gene mutations and are characterized by a limited number
of patients, fewer than 2,000 (defined by Europe) or 1,250 (by the USA).[298] However, rare
diseases include a large number of genetic disorders with severe consequences on lifespan
and physical and mental abilities. Rare diseases have been increasingly recognized as
important opportunities to understand fundamental physiological and pathological processes
and as a testbed for developing therapeutic strategies for other diseases.[2%] Due to the
scarcity of patients, rare diseases are often challenging to obtain sufficient clinical samples
for statistically significant clinical trials.[300]

Tissue chips, along with other in vitro models,[391-303] are particularly compelling for
investigating rare diseases [394-307] and replacing traditional clinical trials.[398] It is
primarily because the tissue chip can work with a small number of human cells, including
hiPSC and primary cells from limited patients,[309] as well as can exhibit tissue-level
physiology related to clinical manifestations. Several rare diseases related to vessels,
including Marfan’s syndrome and Hutchinson-Gilford progeria syndrome (HGPS), are and
have been investigated using tissue chips,[32: 127, 246, 310, 311] a5 symmarized in Table 3.

HGPS is caused by mutations and abnormal splicing of a gene, LMNA, that encodes an
inner nuclear membrane protein, lamin A/C (Figure 9a).[299. 312, 313] The mutated lamin
AJC, permanently farnesylated and uncleaved, is called progerin, which accumulates in the
inner nuclear envelope,[29) leading to multiple nuclear defects and affecting downstream
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cellular pathways and organismic behaviors, especially related to vthe ascular system
(Figure 9a).[314] Thus, HGPS patients exhibit premature aging and the corresponding
vascular diseases, including progressive cardiovascular atherosclerosis, calcific aortic
stenosis, and strokes.[314]

Early and pervasive stiffness of vascular walls is one important clinical manifestation

of HGPS patients. The stiffened blood vessels of HGPS patients have been linked to
abnormally dense, fibrotic, and thickened vascular adventitia, the depletion of SMCs from
the tunica media, and the over-deposition of replacement proteoglycans and collagen fibers.
[315] pylse wave velocity is a standard clinical measure for vessel stiffness.[316-320] The
carotid-femoral pulse wave velocity of HGPS patients with a mean age of 7.4+3.4 years is
around 13 m/s,[124] similar to normal adults over age 60.[321] Furthermore, the vascular wall
density can be measured by the pixel intensity of ultrasonography.[322] The pixel intensity
of the intima-media and adventitia of HGPS patients is significantly higher than the control
group.[124] These clinical results and approaches would be useful in designing blood vessel
chips to investigate HGPS and aging-associated vascular diseases.

One vessel chip investigated the inflammatory response of HGPS hiPSC-SMCs under
mechanical strains (Figure 9b).[246] hiPSC-SMCs from healthy and HGPS donors were
cultured on an elastic PDMS membrane inside a microchannel, representing the media

layer (Figure 9b). Two strains, 9 and 16%, were used to mimic physiological and
pathological conditions, respectively. The in vivo strain level of HGPS patients’ blood
vessels remains unknown,[246] yet some studies have shown the mechanical sensitivity of
progeria fibroblasts.[323] The pathological 16% stain alignment of both healthy and HGPS
iPSC-SMCs, perpendicular to the strain direction (Figure 9c).[248] For HGPS hiPSC -SMCs,
the pathological 16% strain also worsened DNA damage and increased cellular senescence,
which are characterized by H2A.X staining and B-galactosidase (p-gal) activity, respectively
(Figure 9d). Both DNA damage and senescence are markers of aging.[3241 Furthermore,

the 16% strain elevated mRNA expressions of HGPS hiPS-SMCs, including several pro-
inflammatory factors, such as Caveolin 1 (CAV1), IL-6, Jun, and IL-1pB, implying the role of
inflammation in HGPS pathogenesis. The pro-inflammation response of HGPS hiPS-SMCs
could be reversed by two pharmaceutical compounds, lovastatin and lonafarnib, suggesting
potential therapeutic strategies.[246] Another work employed HGPS hiPSC-ECs to construct
tissue-engineered blood vessels,[310] which exhibited many cellular differences from healthy
ECs, including reduced vasoactivity, increased medial thickness, augmented calcification,
and elevated apoptosis rate. These in vitro cellular behaviors help understand the cellular
pathogenesis of HGPS and may be incorporated in blood vessel chips.

3.3 Atherosclerosis

Atherosclerosis refers to the buildup of plaques in vascular walls and the narrowing of
vessels (Figures 2b, 6b), which leads to a broad range of cardiovascular diseases, including
stroke and myocardial infarction. The pathology of atherosclerosis is associated with
aberrant mechanical and solvent environments, including chronic inflammation, [325. 326]
disturbed flow,[327] increased substrate stiffness, increased permeability,[327] and imbalanced
lipid metabolism.[328. 3291 Blood vessel chips, as an emerging alternative to mouse and

Adv Mater Technol. Author manuscript; available in PMC 2024 April 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Mu et al.

Page 22

other animal-based models,[33% have shed light on the pathogenesis of atherosclerosis,
which is achieved largely by precisely controlling the atherosclerosis-related cellular
microenvironment, including mechanical properties, soluble cues, and cell-cell interactions.

One 3D blood vessel chip has helped discover a non-canonical Notch mechanism for
regulating vascular permeability and endothelial junctions (Figure 10a—b).[1%3] In particular,
the blood vessel chip took the advantage of convenient permeability measurement and the
precise control of flow, which are largely inaccessible to animal models. In particular,

the blood vessel chip revealed that an inhibitor of Notch transcription signaling, N-[N-(3,5-
Difluorophenacetyl)-L-alanyl]-S-phenylglycine t-butyl ester (DAPT), significantly increased
the vascular permeability within 15-50 minutes.[193] This result was too rapid for a
transcription-dependent regulation, the canonical Notch signaling pathway.[331] Then, the
transmembrane domain (TMD) of NOTCHL1, after cleavage of the intracellular domain,

was found to form a complex with multiple signaling molecules, including vascular
endothelial cadherin, the transmembrane protein tyrosine phosphatase, leukocyte common
antigen-related protein (LAR), and triple functional domain protein (TRIO) (Figure 10b).
The TMD-NOTCH1 complex activates Rac Family Small GTPase 1 (RACL1) to drive the
assembly of adherent junctions for rescuing barrier functions (Figure 10b). This non-conical
Notch mechanism is largely consistent with a complex-mediated mechanism for diverse
biological events.[332]

Atherosclerosis is associated with disturbed flow profiles that can be recapitulated by tissue
chips. In one blood vessel chip, the oscillatory and low shear flow (<4 dyn/cm?) would

lead to several alternations of ECs, including reduced junctional proteins, such as p-catenin,
compromised barrier function, and increased inflammation.[333. 3341 Another blood vessel
chip found that disturbed flow could substantially change gene expressions characterized

by single-cell RNA-seq.[335] In particular, disturbed flow resulted in the upregulation of
2,002 genes and the downregulation of 1,486 genes, the changes of which are associated
with pro-inflammatory endothelial-to-mesenchymal transition (EndMT). Also, disturbed
flow altered the protein expression of ECs, including reduced differentiation 31 (CD31)

and increased a-SMA and vimentin (Figure 10c). Furthermore, this blood vessel chip
demonstrated that the co-culture of ECs and SMCs promoted the atherogenic activity of
SMCs, including proliferation and excessive deposition of ECM, most likely viaa RANTES
mediated paracrine mechanism (Figure 10d).[33%] The vessel chip used an anti-inflammatory
approach of IL-37 to mitigate the flow-induced vascular pathobiology, showing the potential
for screening drug candidates.

Atherosclerosis is also associated with soluble environmental cues, such as inflammation,
hyperglycemia, and hyperlipidemia.[274 3361 Atherosclerosis has also been reconstituted

on chips. One blood vessel chip established early-stage atherosclerosis and found that the
addition of glucose and cholesterol increased ROS, a proinflammatory factor related to
atherosclerosis. However, the cholesterol-induced ROS was not found in Petri dish-based
models, suggesting the improved and desired physiological relevance of blood vessel chips.
Another 3D vessel chip with co-cultured ECs and SMCs examined the critical role of
inflammatory cytokines and oxidized low-density lipoprotein (oxLDL) in promoting early
inflammation-related atherogenic events, such as elevated intercellular adhesion molecule-1
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(ICAM-1), increased SMCs migration, and increased monocyte-EC-adhesion (Figures 10e,
10f).[1338] In particular, the treatment of IL-18 and TNF-a led to a 3.6-fold increase in

SMC migration from 8.75 + 2.36 to 31.5 £ 2.65 (Figure 10f). The vessel chip also tested
two drugs, vitamin D and metformin, for mitigating the cytokine-induced inflammation
responses of ECs. In addition, the vessel chip was characterized by using the capillary burst
valve (CBV) effect and varying channel heights to construct pillar-free, full-contact, well-
confined, and independent channels for accommodating ECMs, ECs, and SMCs (Figure
10e).

4. Conclusion and perspectives

This review article attempted to provide a glimpse of state-of-art blood vessel chips that
exhibit huge promise for a broad range of vascular biomedical research. The crux of blood
vessel chips is the ex vivo recapitulation of vascular physiology, including morphological,
structural, compositional, mechanical, and cellular features of vessels, through exploiting the
synergy of bioengineering approaches, human cells, and biomaterials. It is believed that the
physiological relevance of in vitro models allows improved accuracy and increased value
of outcomes. Blood vessel chips have demonstrated almost unprecedented physiological
relevance compared with previous in vitro models by incorporating important and delicate
physiological features, such as cellular interactions and mechanical and biochemical

cues. Furthermore, blood vessel chips enable well-controlled experimental conditions and
decouple multiple factors, facilitating the exploitation of sophisticated human physiology.
Due to the conceptual and technical merits, blood vessel chips represent an emerging
alternative to conventional in vitro models for identifying key elements of disease
pathogenesis at cellular and tissue levels and for the personalized screening and efficacy
verification of drug candidates.

Vascular physiology, especially structural features and material composition, provides a
general guideline and valuable inspiration for devising blood vessel chips. In particular,

the recapitulation of the basement membrane is a promising research theme. The

basement membrane is a primarily proteinaceous structural unit separating endothelium

and epithelium (or other layers of vascular walls), which is thin (<1 um), proteinaceous
(collagen and proteoglycan), and nanofibrous.[337: 3381 These structural and compositional
features enable cellular remodeling and intravascular mass transport. In contrast, these
features of the basement membrane are largely inaccessible to the widely used PDMS
membranes in the blood vessel chips. The PDMS membrane is not compatible with cell
remodeling, is much thicker (>10 um), and it can be haunted by bulk absorption issues.

[339, 340] To construct more physiologically relevant basement membranes in blood vessel
chips, a range of new materials and fabrication methods are emerging,[341-343] sych as the
poly(lactic-co-glycolic acid) (PLGA) electrospinning nanofiber membranel344] and the gold
mesh-supported composite membrane (collagen and elastin).[345] Notably, the improvement
of physiological relevance requires a continuous and substantial input of efforts through
collaboration between multiple disciplines.

Besides, human iPSC-derived vascular cells, including ECs [346. 3471 and SMCs [348, 349]
have been increasingly used in blood vessel chips. The iPSCs are an almost unlimited source
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of cells, but also characterized by human-specific features. Notably, several approaches have
emerged to eliminate the heterogeneity of differentiated functional cells [350] and finetune
the tissue specificity.[351] These advances in hiPSC thus help blood vessel chips recapitulate
a particular segment of the vascular system and tissue-specific vessels.

Finally, we would like to join many other colleagues to emphasize the importance of

the multidisciplinary collaboration between clinicians and bioengineers, [352-354] which is
particularly important for advancing blood vessel chips. Clinical findings inspire and guide
the design of blood vessel chips, while the insights and results from blood vessel chips
would beneficially promote clinical treatment.
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Figure 1.
Overview of blood vessel chips recapitulating sophisticated vascular (patho)physiology,

including morphology, mechanical properties and stimuli, mass transport, and compositions,
laying a foundation for various biomedical research.
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a) Schematic anatomy of blood vessels at hierarchical length scales. The vascular walls of
the aorta and vena cava comprise three concentric layers termed the intima, media, and
adventitia, respectively. The capillary wall usually contains a single layer of the intima.

In some tissues, such as the lung alveoli and renal nephron, blood capillary is often
accompanied by the epithelium. b) Schematic longitudinal cross-sections of healthy and
pathological vascular walls, such as aneurysms (saccular and fusiform), atherosclerosis, and

hemorrhage.
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a) Schematic of 3D blood vessel chips. Microchannels are constructed within a 3D matrix.
ECs and other cell types, e.g., fibroblasts, are seeded into the microchannel or the hydrogel
matrix. b) Schematic of 2D blood vessel chips. Microchannels are separated by a porous
membrane. ECs and other types of cells, often epithelial ones, are seeded onto the two
sides of the membrane, respectively. ¢) Schematic of a bifurcated, hierarchical vascular
network, where n7is the hierarchical number. Reproduced with permission.[19%] Copyright
2006, Royal Society of Chemistry. d) Schematic of glomerular cross-section reconstructed

cell
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in tissue chips. EC-lined capillary is separated from the epithelial cell (podocyte)-lined
urinary space by a glomerular basement membrane (GBM). Large molecules such as
albumin are retained in capillaries, while small molecules like inulin are filtered into the
urine. In the tissue chip, ECs and hiPSC-induced podocytes are cultured on the two sides
of a porous elastic PDMS membrane, which mimic the urinary and capillary compartments
and the GBM, respectively. The cells can be stretched by manipulating vacuum inside
channels. €) 3D reconstruction of the on-chip interface between podocytes (green) and

ECs (magenta). 10% cyclic strain enhanced the extension of podocytes through the porous
membrane and insertion into the biomimicked glomerular endothelium. Scale bar, 100 um. d
and e) Reproduced with permission.[163] Copyright 2017, Springer Nature. f) Multi-layered
vessel-like structure. (i) Top view, brightfield. (ii) Top view, fluorescence. Red and blue
fluorescence indicate two layers of the vessel, respectively. Green fluorescence indicates
flowing beads in the lumen. (iii) Cross-sectional view, fluorescence. Scale bars, 200 pm.
Reproduced with permission.[165] Copyright 2015, Springer Nature.
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Figure 4.
a) Composite components of elastin and collagen contribute to the J-like tension-length

(stress-strain) behavior of human iliac arteries. Reproduced with permission.[*68] Copyright
1999, Journal of Experimental Biology. b) Stiffness of IPN hydrogel covers a range between
common soft hydrogels and stiff polymeric materials, agreeing well with physiological
tissues surrounding vessels. c) ECs cultured in a branched IPH hydrogel channel form a
tight monolayer and are impermeable to red-fluorescent Alexa Fluor 549-labeled bovine
serum albumin after 15-min perfusion, compared to an acellular hydrogel channel with
notable diffusion. White dash line indicates the boundary of microchannels. d) Schematic
of the deposition of basement membrane components, such as laminin and collagen V.

€) Physiology-relevant permeability using HUVECs and other ECs can last up to 30 days

in IPN microchannels. f) 3D confocal images of the endothelialized IPN microchannels
perfused with sickle RBCs and Alexa 488-labeled bovine serum albumin. Sickle RBC
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occlusions, indicated by white arrows, lead to the local increase in permeability. b-f)
Reproduced with permission.[246] Copyright 2018, Springer Nature. g) Schematic of a
vessel mimicking microchannel constituted with PA hydrogels and ECM coatings. h) Phase-
contrast image of an ECs monolayer on fibronectin (FN)-coated PA hydrogels with 19.2-kPa
stiffness after one hour of shear stress. i) ECM coating influences cellular responses to
substrate stiffness. Permeability of FN coating is higher than collagen (CL) coating and
depends on stiffness. g-i) Reproduced with permission.[!81] Copyright 2019, Royal Society
of Chemistry.
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Figure 5. Permeability of vessels and blood vessel chips.
a) Schematic of vascular permeability related to endothelial junctions. Assumed flux and Pe

number are also shown. b) On-chip measurement of vascular permeability by fluorescence
diffusion from microvessel region to perivascular region at 10 and 253 seconds. Yellow
dash line indicates boundaries of vessels. White dash line indicates on-chip microstructures.
Reproduced with permission.[1%9] Copyright 2014, Elsevier. c) On-chip co-culture of

blood vascular ECs (BECs, upper channel) and lymphatic ECs (LECs, lower channel)

for investigating venom-indued hemorrhage and increased permeability. Both cells are
confluent and express tight-junction proteins. Reproduced with permission.[182] Copyright
2015, Creative Commons Attribution License. d) Schematic of on-chip planar electrodes to
detect electroactive tracers passing through an EC monolayer and a membrane. Reproduced
with permission.[194] Copyright 2019, Royal Society of Chemistry. €) Schematic of an
SECM probe for detecting permeability of EC monolayer. Reproduced with permission.[194]
Copyright 2021, John Wiley and Sons.
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Figure 6.
a) Schematic diagram of mechanical forces on vessels, including shear, normal and

circumferential ones. b) Disturbed blood flow and vortices due to bifurcation and
accumulated lipid-rich plaque. Platelets may aggregate at a post-stenosis site. ¢) Simulated
velocity profile of an oscillatory flow at 10 pL/min and 0.3 Hz. d) Fluorescence images

of ECs stained with the nucleus, cluster of differentiation (CD)-144, and VWF under
unidirectional and oscillatory flows. Scale bar, 50 pm. €) Quantitative comparison of vVWF
and VCAM-1 under the two different flow conditions. c-€) Reproduced with permission.[180]
Copyright 2021, Royal Society of Chemistry. f) Schematic of a vessel chip for generating

a range of flow profiles. The frequency and magnitude of shear stress can be manipulated

by on-chip pumping and valve size (P1-4, PV1-4). Primary valvular ECs exhibit different
morphology and alignment under flow conditions. Scale bar, 50 pm. Reproduced with
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permission.[23%] Copyright 2018, Royal Society of Chemistry. g) Platelet aggregation in

a stenotic microfluidic channel lined with ECs. Dash arrow indicates the stenosis. Top,
endothelial monolayer stained with F-actin (green); middle, vWF (yellow) expressed at
post-stenotic sites, indicated by six small arrows; bottom, platelets, stained with DiOCg, are
aggregated at the post-stenotic site after the whole blood perfusion. The platelet density
increases as the color changes from black, purple, red, yellow to white. White arrow
indicates the flow direction. Scale bar, 100 pm. Reproduced with permission.[180 h) Top,
schematic of DNA-based integrin tension sensor. Black hole quencher 2 (BHQ2) quenches
the fluorescence of the adjacent Cy3 probe. Upon removing the tope DNA chain by flow
stress, the fluorescence of Cy3 becomes visible. Bottom, representative optical and force-
mapping images (in green fluorescence) of platelets in the microfluidic channel. Reproduced
with permission.[243] Copyright 2021, Royal Society of Chemistry.
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a) Schematic of microfluidic chips with semi-circumferential deformation. b) quantitative
comparison of the nucleus accumulation of p-catenin under circumferential strains. a-b)
Reproduced with permission.[254] Copyright 2012, Oxford University Press. c) Schematic

and fluorescence images (side view) of the 3D vessels under zero, low, and high

circumferential strains (CS). CS increases cellular alignment and counteracts VEGF to
stabilize vessels. F-actin (red), platelet endothelial cell adhesion molecule-1 (PECAM-1,
green), and DAPI (blue). Reproduced with permission.[257] Copyright 2021, Creative
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Commons Attribution license. d) Schematic of ECs and SMCs cocultured on a porous
PDMS membrane in a vessel chip and exposed to shear stress and circumferential strain. €)
Fluorescence image of ECs and SMCs after 4-day of culturing under mechanical stimuli,
i.e., dynamic culture. Scale bar, 100 um. f) Quantitative analyses of cellular alignment under
static and dynamic culturing conditions. d-f) Reproduced with permission.[258] Copyright
2018, Creative Commons Attribution license. g) Schematic of in situ, real-time monitoring
of mechanical stimuli using a flexible electrochemical sensor. HUVECs (in green) become
blurred when they stretched and were out of focus. H) Right, schematic of cellular
mechanotransduction to release NO. Left, electrochemical curves of cells responding to 0%,
10%, and 18% strains, and L-arginine. G-h) Reproduced with permission.[262] Copyright
2019, John Wiley and Sons.
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Figure 8. Intravascular masstransport and kidney reabsor ption.
A) Schematic of intervascular mass transport in the intestine. b) Schematic of intervascular

mass transport in the lung. C) Schematic of intervascular mass transport in the nephron.
d) A biomimetic nephron constructed in a monolithic hydrogel vessel chip. Two channels,
lined by Madin-Darby canine kidney cells (MDCKSs) and HUVECS, represented the tubule
and vessel, respectively. Two fluorescent dyes, CellTraker red and green, were perfused
into one channel and allowed to diffuse into the other channel. White dash boxes indicate
hydrogel located between two channels. Reproduced with permission.[42] Copyright 2013,
Royal Society of Chemistry. €) Cellularized tubules (in purple) and vessels (in green)
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were constructed in collagen hydrogels, mechanically supported by polymer scaffolds. f)
Albumin-reabsorption in the tubule, compared with inulin and decellularized devices. e-f)
Reproduced with permission. [293] Copyright 2018, John Wiley and Sons. g) PTECs and
glomerular microvascular ECs (GMECs) for confluent monolayers in hydrogel channels to
mimic renal tubules and vessels. Scale bar, 100 um. h) Schematic and quantitative glucose-
reabsorption in the 3D hydrogel channel, compared to two 2D models. G-h) Reproduced
with permission.[137] Copyright 2019, Creative Commons Attribution license.
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to aberrant mMRNA splicing and permanent farnesylation of lamin A, i.e., progerin, that
accumulates at the nuclear periphery. Reproduced with permission.[29] Copyright 2014,
Elsevier. b) Schematic of blood vessel chips to investigate HGPS hiPSC-SMCs under
mechanical stimuli. c) Both healthy and HGPS hiPSC-SMCs exhibit improved alignment
under 16% strain. #, £< 0.0001. Red arrow indicates stretching direction. Scale bar, 50
pum. d) 16% mechanical strain leads to DNA double-strand breaks (H2A.X immunostaining)
and a slight increase of senescence (B-galactosidase-induced fluorescence) of HGPS hiPSC-
SMC. b-d) Reproduced with permission.[246] Copyright 2017, John Wiley and Sons.
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Figure 10.
a) Schematic, fluorescence image and heat map of a vessel chip, consisting of human ECs

(red) and ECM (green). Flow-induced shear stress, around 5 dyn/cm?, led to low vascular
permeability, compared with static conditions. b) Schematic of NOTCH1 mechanosensory
complex, encompassing LAR and TRIO, for stabilizing cellular junctions via the activation
of RAC1. a-b) Reproduced with permission.[193] Copyright 2017, Springer Nature. c)
Fluorescence images and western blots indicating the reduced expression of cluster of
CD31, and the increased level of vimentin and a.-SMA upon exposure to oscillatory flow. d)
Schematic of the underlying mechanism of interactions between ECs and SMCs, involving
paracrine communication and RANTES activation. c-d) Reproduced with permission.[33°]
Copyright 2021, Creative Commons Attribution NonCommercial License. €) Schematic

of constructing intima-media interface using varying channel heights and CBV effect. f)
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Phase-contrast images of migrated SMC into the subendothelial layer in response to the
treatment of inflammatory cytokines, including IL-1p and TNF-a.. e-f) Reproduced with
permission.[33¢] Copyright 2021, Royal Society of Chemistry.
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Table 1.

Morphological features and flow dynamics of human vessels.[115: 355, 356]

Page 54

Vessel Averageradius Vessel number  Area (mm?) Wall thickness Wall shear Blood velocity
(mm) (mm) stress (Pa) (mm/s)

Aorta 12.5 1 450 2 0.6-0.98 1200
Distributing arteries 2 159 2 %103 1 1.1 N/A
Arterioles 1.5% 1072 5.7 x 107 4 x10% 0.2 5.1 15
Capillaries 3x1073 1.6 x 1010 4.5 x 10° 1x1072 4.4 0.4
Venules 1x1072 1.3x10° 4 x10° 2x1072 1.6 5
Media veins 25 200 4 %103 0.5 0.71 N/A
\ena cava 15 1 180 15 0.42 80
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Table 2.

Mechanics and composition of porcine vessels.[121]

Modulus (M Pa)

Wet content (wt%)

Vessel (direction)
Low strain  High strain  Collagen Elastin  Smooth muscle
(long) 0.250 3.16
Aorta 13.7 9.0 11.35
(trans) 0.0567 3.30
(long) 0.0345 0.876
Carotid 12.2 9.3 8.94
(trans) 0.041 2.81
(long) 0.319 2.31
Vena cava 18.3 2.67 8.97
(trans) 0.191 6.00
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Table 3.

Brief summary of blood vessel chips for rare and uncommon diseases.

Disease Mutated gene  Targeted tissues/organs  Tissue-level functions Refs
Barth syndrome (BTHS) TAFAZZIN Heart Contraction stress [32]
Vasoactivity [310]

Hutchinson-Gilford progeria syndrome (HGPS) LMNA Vessel
Inflammation factors [248]
Dilated cardiomyopathy (DCM) TTN Heart Contractile function [311]
Hereditary hemorrhagic telangiectasia (HHT) ENG Vessel Morphology [127]
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