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for Vascular Mechanobiology
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The vascular system is integral for maintaining organ-specific functions and
homeostasis. Dysregulation in vascular architecture and function can lead to
various chronic or acute disorders. Investigation of the role of the vascular
system in health and disease has been accelerated through the development
of tissue-engineered constructs and microphysiological on-chip platforms.
These in vitro systems permit studies of biochemical regulation of vascular
networks and parenchymal tissue and provide mechanistic insights into the
biophysical and hemodynamic forces acting in organ-specific niches. Detailed
understanding of these forces and the mechanotransductory pathways
involved is necessary to develop preventative and therapeutic strategies
targeting the vascular system. This review describes vascular structure and
function, the role of hemodynamic forces in maintaining vascular homeo-
stasis, and measurement approaches for cell and tissue level mechanical
properties influencing vascular phenomena. State-of-the-art techniques for
fabricating in vitro microvascular systems, with varying degrees of biological
and engineering complexity, are summarized. Finally, the role of vascular
mechanobiology in organ-specific niches and pathophysiological states, and
efforts to recapitulate these events using in vitro microphysiological systems,
are explored. It is hoped that this review will help readers appreciate the

1. Introduction

Among the current health challenges,
cardiovascular diseases, obesity, diabetes,
and associated vascular inflammation and
dysfunction are attaining pandemic status
throughout the world due to changes in
dietary habits, lifestyle choices, and envi-
ronmental exposure, among others.[!Z]
Fundamental research into the biological
changes associated with these diseases
and clinical approaches to prevent, ame-
liorate, and treat these pathologies are
gaining attention.l’! In addition to the bio-
chemical, molecular, and genetic causes
of these diseases, the biophysical forces
and related mechanobiological events
underpinning cardiovascular diseases are
of great interest, but probing these events
using in vivo or simplified in vitro models
is challenging.l Past research has impli-
cated several factors, which regulate vas-
cular structure and function at the cellular

important, but understudied, role of vascular-parenchymal mechanotrans-
duction in health and disease toward developing mechanotherapeutics for lial
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and tissue level, including hemodynamic
variations, traction forces at the endothe-
substratum, extracellular —matrix

(ECM) characteristics, cell-cell, and cell-

matrix interactions, and others.”~!1) Com-

prehensive mechanistic investigation of
these processes is necessary to understand disease progression
and ultimately develop therapeutic strategies to prevent and
mitigate chronic and acute vascular pathologies.

In this regard, recent advances in tissue engineering, bio-
materials, and biofabrication strategies to generate perfused
microphysiological systems have facilitated the development
of various in vitro models that closely recapitulate in vivo and
native physiology.'>~"%] Implementation of macroscale synthetic
tissues has improved our understanding of underlying mecha-
nisms of tissue function and related pathology.'®'”l In line
with these advances, the need to vascularize synthetic tissue
constructs and establish dynamic, fluidic, perfusion cultures
has also arisen, thereby opening new avenues for investigating
microenvironmental changes that occur during cardiovascular
disease.'®21 Several microphysiological systems have been
developed for disease modeling and drug development.['%22-2]
The demand for employing these platforms is primarily driven
by the added benefits of: 1) recapitulation of complex 3D, tissue-
specific microphysiology via use of multicellular co-cultures
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and ECM-mimetic biomaterials, 2) use of microliter- to pico-
liter-scale reagents and media, 3) user-defined, programmable,
and continuous control of 3D vessel structure and flow, 4) spa-
tiotemporal control over the distribution of biochemical gradi-
ents, and 5) the ability to monitor associated cellular and tissue
events with high spatial and temporal resolution over extended
time periods.

Toward this end, integration of vascularized microfluidic
networks within microphysiological systems incorporating
multiple cell types in engineered matrices has received signifi-
cant attention.326-28] Various techniques have been developed
to fabricate these systems, which range from simple, linear
channels to complex, tortuous, and interconnected networks
that mimic the architecture and flow properties of native vas-
culature.?72930 Studies to model and characterize flow, perfu-
sion, and diffusion phenomena have also been conducted with
respect to various organ niches and pathological scenarios.?1-34
Although such studies are becoming increasingly useful for
modeling disease progression, drug transport, tissue oxygena-
tion, angiogenesis, cardiovascular pathology, and cancer; the
influence of physical flow parameters on the underlying cel-
lular and tissue-level mechanobiology remains relatively under-
explored. In the past, 2D substrates and static cultures have
been used; but owing to their simplistic and assumption-heavy
design, static 2D cultures fail to recapitulate the dynamic, ever-
changing properties of microvascular flow phenomena.['>3234
Hence, there is an urgent need to recreate biomimetic, vascular
networks that mimic physiological flow properties and that
support macroscale, synthetic tissues as well as facilitate the
investigation of flow-associated forces and downstream mech-
anotransduction events occurring in vascular—parenchymal
tissue interfaces.!*>3l

In this review, the need for fabrication of engineered vas-
cular constructs (Section 2) is presented. The role of various
structural and functional elements pertaining to vascular
hemodynamics and associated mechanotransduction processes
is described (Section 3). Multiple strategies for measurement
of force and cell and tissue level mechanical properties are dis-
cussed (Section 4). The current state-of-the-art techniques for
fabricating vascularized tissue constructs and in vitro models
are surveyed with emphasis on fabrication efficiency (resolu-
tion vs speed), biocompatibility, scalability, and translatability
(Section 5). The role of biophysical and hemodynamic forces in
the context of pathophysiological processes and organ-specific
niches is described (Section 6). Finally, current limitations and
future opportunities in studying vascular mechanobiology in
engineered systems are discussed (Section 7). This review will
help readers appreciate the important role of hemodynamic
forces at play within vascularized systems, associated cellular
and tissue-level effects in various pathologies, and assist in
designing improved microphysiological systems for disease
modeling and development of vascular mechanotherapeutics.

2. The Need for Microfluidic & Vascular Networks
Embedded In Tissue-Engineered Constructs

Traditionally, the influence of fluid shear stress and associated
traction forces and strains on endothelial cell (EC) physiology
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and function have been studied in reductionist models
(e.g., parallel plate flow chambers, 2D substrates, transwell
inserts).l”#3738  These studies have provided significant
insights into critical aspects of vascular morphogenesis, dif-
ferentiation, barrier function, diffusional transport, and par-
acrine signaling mechanisms. In particular, these models are
excellent for decoupling the roles of several interconnected
flow parameters with complex associations on vascular pro-
cesses. For example, although physiological wall shear stress

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
HEALTHCARE
MATERIALS

www.advancedsciencenews.com

Table 1. Limitations of current reductionist in vitro vascular models.

[15,32,34]
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investigation of vascular mechanobiology
and thereby provide comprehensive views of

Physiological element

Limitations and challenges

associated pathophysiological events, which

Cell types

control to recapitulate local tissue niches and cell—cell interactions

ECM and vascular architecture
vascular architecture

Biomimetic flow
forces at the vascular—parenchymal interface

Macrotissues

Cell-ECM Interactions
transduction processes

Difficulty in incorporating multiple cell types with a high degree of spatial

Lack of dynamic, complex variations in flow characteristics and resulting

Inability to integrate with complex macroscale tissue constructs

Lack of well-controlled cell-ECM interactions and associated mechano-

can be difficult to achieve using in vivo or
simplistic in vitro models.

Failure to incorporate tissue-specific ECM composition and complex

3. Vascular Hemodynamics and
Mechanotransduction

The implementation of in vitro platforms
toward hemodynamic modeling and vascular

(WSS) and circumferential strain (CS) are known to modulate
EC morphology, phenotype, function and gene expression;3*!
studies have reported that the asynchronicity between WSS and
CS results in a complex, time-varying mechanical force pattern
that causes a phenotypic shift in ECs from an atheroprotec-
tive/normopathic to an atherogenic/vasoactive behavior.*6+7]
Although useful, these models suffer from certain limita-
tions, which make them unattractive beyond basic mechanistic
studies (Table 1).

With the advent of new biofabrication strategies for creating
3D, biomimetic vascular networks, more in-depth mechanistic
investigations of hemodynamic forces and vascular mechano-
biology have become possible.*-2 Implementation of hydro-
gels has facilitated the integration of vascular networks with
mesoscale, heterogeneous, tissue-specific constructs with
complex flow patterns.?®*! Hydrogels used for recreating
vascular microenvironments include natural, synthetic, and
hybrid blends, which can be tuned to cover a wide range of
physical (stiffness, porosity, nanotopography, diffusivity) and
biochemical properties (adhesivity, degradability, paracrine
signaling cues) to emulate organ-specific ECM composition
(Table 2). The vast repertoire of hydrogel materials, recent
advances in material design and synthesis, and optimized
selection of Dbiofabrication techniques presents significant
opportunities to create biomimetic vascularized microphysi-
ological systems that are scalable, reproducible with engi-
neered precision, fabricated in a high throughput manner, and
provide a high degree of spatiotemporal and fluidic control.
These engineered systems are expected to facilitate detailed

Table 2. Range of hydrogel materials used for engineered in vitro vas-
cular constructs.

Hydrogel Type References
Collagen Natural [53-60]
Fibrin Natural [61-63]
Hyaluronic acid (HA) Natural [64,65]
Poly (lactic-co-glycolic acid) (PLGA) Synthetic [66-68]
PEG-peptides Synthetic [69-76]
PEG-proteins Hybrid [77,78]
PEG-dextran Hybrid [79]
Gelatin-blends Hybrid [80-84]
Gelatin methacrylate (GelMA) Hybrid [85-87]
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mechanobiology requires a basic under-
standing of vascular structure, physiology,
and the transient forces in the mechanical microenvironment,
which are discussed below.

3.1. Vascular Structure and Physiology

In general, large blood vessels consist of three concentric
layers: 1) tunica intima, 2) tunica media, and 3) tunica adven-
titia (Figure 1).”] The tunica intima is the innermost lining
consisting of an EC monolayer supported on a thin basement
membrane (BM) (primarily composed of type IV collagen and
laminin). Since it is in direct contact with blood flow, the EC
lumen regulates the transport of nutrients and other soluble
factors from the blood to the parenchymal tissue through a
tightly-regulated barrier. EC barrier permeability is controlled
by intercellular junctions and adhesion molecules including
vascular endothelial cadherin (VE-Cadherin, CD144), platelet
EC adhesion molecule (PECAM-1, CD31), and claudin-5 among
others, and varies in an organ-specific manner and along the
hierarchical structure of the vascular tree.

The EC layer is also responsible for: 1) maintaining vascular
tone and blood pressure (via secretion of vasomodulatory factors,
e.g., nitric oxide (NO), prostracyclin, and endothelin (ET)-1), 2)
vascular homeostasis (via secretion of pro- and anticoagulants,
e.g. von Willebrand Factor (vWF), tissue factor and thrombo-
modulin), 3) angiogenesis (via secretion of growth factors, e.g.
VEGF, PDGF, and surface receptor expression, e.g., Ang-1, -2),
and 4) inflammation (via induced expression of E-selectin, inter-
cellular adhesion molecule (ICAM)-1, or vascular cell adhesion
molecule (VCAM)-1 in response to inflammatory molecules,
(interleukin (IL)-1B, tumor necrosis factor (INF)-o, interferon
(IFN)-y, or reactive oxygen species (ROS)).”8l

The tunica media surrounding the intimal layer is composed
of mural cells (pericytes in microvasculature and vascular
smooth muscle cells (VSMCs) in larger vessels) embedded
within an elastin- and collagen-rich matrix.®® The medial layer
is responsible for dilation and constriction of large vessels in
response to endothelial-produced nitric oxide (NO) and main-
tenance of vascular quiescence for vessel stability. The elastic
properties of elastin and the tensile properties of collagen act in
a coordinated and balanced manner to ensure tightly regulated
vasomodulation. The phenotypic and functional plasticity of
mural cells depends on both the metabolic and nutrient trans-
port demands of organ niches and their position along the vas-
cular tree.[8%90)

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
HEALTHCARE
MATERIALS

www.advancedsciencenews.com

o RS SRS
-
- w - I
|
|
! Diffuse Intimal
: Thickening
Intima 1 Internal
. ! elastic lamina
Media |
Adventitia | Medial Smooth
I Muscle Cells
1
|
External _
| . H
| elastic lamina
I Adventitial _,
| Fibroblasts
|
~ |
-~
~ |
-~
~

Circumferential

SPA (stress phase angle)

Wall Shear Stress
(wss)

Endothelium
Basement Membrane —

PSR s i i o s £ P ), £

Hemodynamic Forces

www.advhealthmat.de

Vascular Structure

Primary Matrix

Collagen IV/ Laminin

Fibrillar Collagens
Elastin, Proteoglycans

Elastin

Elastin, Collagen |
Collagen IV/Laminin

Elastin

Fibrillar Collagen

N - e - o o e —

Atheroprotective Atheroprone
Waveform Waveform
60
o 50 o S0
'
8 40 5 40
230 2 30
g 20 g 20
@ 10 » 10
.g 0 g 0 \/M
@ .10 % .0
20 0.1 02 03 04 05 06 0.7 08 20 0.1 02 03 04 05 06 07 08

Time (s) Time (s)

Static Atheroprotective Atheroprone

Figure 1. Vascular structure and hemodynamic variables in vascular flow. A) Schematic of the three concentric layers: tunica intima, tunica media and
tunica adventitia and associated matrix proteins that constitute a large blood vessel. Adapted with permission./l Copyright 2018, American Chemical
Society. B) Schematic of the forces acting on blood vessels and the phase lag between wall shear stress (WSS) and circumferential strain (CS) char-
acterized by the stress phase angle (SPA). Adapted with permission.[*’l Copyright 2015, PLOS One. Computer-simulated waveforms and cultured EC
morphologies under static, atheroprotective and atheroprone conditions (green: F-actin, red: nuclei). Adapted with permission.®l Copyright 2004,

National Academy of the Sciences.

The outermost layer, tunica adventitia, is composed of a
fibroelastic connective matrix (made of elastin and type I and
III collagen) and hosts a complex milieu of resident cells,
including fibroblasts, myofibroblasts, macrophages, T cells, B
cells, dendritic cells, mesenchymal, hematopoietic and endothe-
lial progenitors, neural cells, and adipocytes among others.!
The adventitial layer provides structural support to large vessels,
participates in vasomodulation and primary immune responses
to inflammation, injury, and repair. Adventitial fibroblasts act
as cellular sensors of hemodynamic perturbations and can
undergo phenotypic activation toward myofibroblasts, leading
to matrix remodeling, altered deposition of matrix proteins, and
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changes in vascular tone. Since the medial and adventitial layers
act as intermediaries between the inner vessel lumen and the
surrounding parenchymal tissue, the mechanical properties of
these layers (influenced by protein composition, conformation,
alignment, degradation) are critical to a wide range of mecha-
notransduction processes that ultimately dictate organ-specific
function and pathological characteristics.*>%%

The endothelial glycocalyx, a brush-like, nm-thick layer com-
posed of proteoglycans, glycoproteins, and glycosaminoglycans
(GAGsS), is present on the luminal EC surface and acts a mecha-
nosensory intermediate between blood flow and the plasma
membrane.#* The EC luminal surface also hosts reversibly

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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gated ion channels (pores formed by transmembrane proteins),
which permit coordinated exchange of Na*, Ca?*, K, and CI-
ions in response to hemodynamic variations and stretch- and
strain-induced perturbations. Mechanical sensing of hemody-
namic perturbations is also mediated by the EC plasma mem-
brane via conformational changes in transmembrane proteins
and the lipid bilayer, variations in local membrane fluidity and
stiffness, engagement of lipid rafts and caveoli, and stimulation
of G-protein-coupled receptors (GPCRs).l"#]

The basal EC surface is mechanically coupled to the under-
lying BM via integrin-mediated adhesions. Adhesion ligands
present in the constitutive proteins of the BM selectively engage
specific integrins and regulate integrin clustering and adhe-
sion site assembly and disassembly, intracellular and intranu-
clear mechanotransductory signaling processes, and ultimately
influence EC morphology and behavior including spreading,
alignment, migration, and assembly and function.3343%3 The
sensory elements of the EC monolayer help transmit mechan-
ical signals from the luminal flow to the intranuclear space
via actomyosin contractile machinery mediated by RhoA-Rho
kinase (ROCK) signaling and other GTPases.[®3893.94]

The cytoskeletal forces transduced to the EC nuclei influ-
ence mechanosensitive gene regulation, epigenetic changes
(including DNA methylation), and translocation of nuclear and
cytoskeletal proteins, resulting in nuclear deformation, stift-
ening, and alignment.” One prominent example of an EC
mechanotransducer is Yes-associated protein (YAP) and the
transcriptional coactivator (PDZ)-binding motif (TAZ). Changes
in blood flow patterns (from laminar to oscillatory regimes)
cause activation and cytoskeletal-nuclear translocation of YAP/
TAZ, EC proliferation, and a proinflammatory response leading
to an atherosclerotic phenotype. Flow-mediated and substrate
elasticity-mediated YAP/TAZ translocation is also responsible
for vessel maintenance, stability and barrier formation, and
inversely, for vascular remodeling and angiogenic sprouting, in
a context-dependent manner.2¢-%]

The complex vascular microenvironment consisting of mul-
tiple cell types, matrix proteins, regulatory biochemical and
mechanical cues, and their coordinated, niche-specific presen-
tation and interactions, tightly regulate vascular function and
responses to changes in hemodynamics. Alterations in normal
structural assembly of cellular and tissue components or
expression of signaling molecules can result in various vascular
anomalies, which could eventually amplify toward complex
pathological conditions.

3.2. Hemodynamic and Mechanical Variables in Vascular Flow

Blood is a dynamic, shear-thinning fluid composed of mecha-
nosensitive cells (red blood cells, white blood cells, platelets)
suspended within plasma (proteins, small molecules, and dis-
solved gases).’l The collective synergism of complex blood
flow combined with blood vessel characteristics helps maintain
mechanical homeostasis in the vascular niche using negative
feedback mechanisms. The dynamic mechanical elements
associated with blood flow can be grouped into hemodynamic
forces (e.g., shear stress, cyclic stretch, and circumferential
pressure), vessel wall forces (e.g., BM elasticity and topography)
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and intravascular forces (e.g., blood viscoelasticity, RBC defor-
mation, margination) (see Figure 1 in Polacheck et al.'%l and
Figure 3 in James and Allenl’)). Their regulatory role in vascular
homeostasis and function is described below.

3.2.1. Fluid Flow and Shear Stress

Blood flow through vessels is characterized by varying degrees
of pulsatility, directionality, and laminarity, depending on the
vessel diameter, vessel wall thickness, geometry, and location
with respect to the heart and cardiac cycle among other fac-
tors.l”] Straight vessels usually encounter unidirectional, lam-
inar flow with higher wall shear stresses (WSS) (1.2-1.5 Pa),
while branching or bifurcating vessels can experience transient
flow reversals, flow disturbance and turbulence, and lower fluc-
tuating WSS (can drop to 0 Pa). Owing to these complex flow
patterns, the magnitude of WSS is described by either the max-
imum value or the time-averaged value (TAWSS) over the time
period of interest. The directionality of flow is described using
an oscillatory shear index (OSI) (0 for perfectly unidirectional
and 1 for complete reversal) and transverse wall shear stress
(transWSS) (extent to which WSS acts perpendicular to uniaxial
flow direction).”!

EC responses to shear stress have been studied and reviewed
extensively.”#393101102] Tn general, physiological shear stress
(=0.448 Pa in the aorta to =3.2 Pa in small arteries) associ-
ated with sustained unidirectional laminar flow induces direc-
tional alignment and elongation of ECs, with reduced turnover
(higher quiescence), strengthened cell—cell junctions and cell-
matrix adhesions, and lower permeability. Additionally, this
flow regime also causes directional remodeling of focal adhe-
sions and actin stress fibers, higher production of NO and
expression of endothelial nitric oxide synthase (eNOS), and
anti-inflammatory gene expression profiles characteristic of
the atheroprotective phenotype.l'®l In contrast, supra- or sub-
physiological WSS associated with disturbed, bidirectional, or
transverse flow is associated with EC rounding, actin stress
fiber disassembly or disorganization, weaker cell-cell junctions
and cell-matrix adhesions, lower permeability, oxidative stress,
EC proliferation, and a proinflammatory expression profile
characteristic of the atherogenic phenotype./”341-% Differential
WSS magnitudes and directionality also affects vasomodulatory
regulation of ECs via alterations in angiogenic, chemokine, and
inflammatory secretome and activation of VSMCs.®8 Hence,
shear stress plays a key role in maintaining EC monolayer
structure and function and overall vascular homeostasis.

3.2.2. Circumferential Strain and Cyclic Stretch

In addition to fluid flow, the pulsatile nature of the cardiac
cycle and biophysical properties of the blood cause mechanical
distention of vessel walls in a complex, transient, and location-
dependent manner. Blood pressure exerted on the vessel walls
is a combination of four pressure components: 1) ambient
pressure (usually considered 0 Pa), 2) hydrostatic pressure
(considered 0 Pa at the reference position of the tricuspid valve
and varies in proportion to the vertical displacement from this
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position), 3) dynamic pressure (purely drives blood flow and
does not affect vessel wall dynamics), and 4) potential energy
pressure (the major influencer of vessel wall expansion and
contraction caused by cardiac pulsation and dependent on
an individual's activity level, state of health, age, and vascular
tone).”] The dynamic nature of blood flow lends a transient
quality to lateral blood pressure which varies from 1.3-16 kPa
depending on the location.”l Although most studies have
focused on the effects of pulsatile pressure, hydrostatic pres-
sure also influences EC orientation, cytoskeletal reorganization,
proliferation, EC-specific protein expression, and altered vaso-
modulatory behavior.[93:104105]

The pulsatile nature of blood pressure results in cyclic stretch
(or CS) of the vessel wall, which can be uni- or multiaxial,
depending on the blood vessel location and geometry. Uniaxial
CS induces EC elongation and alignment perpendicular to the
stretch direction, proportionate to the magnitude of applied
strain magnitude (up to 10%) and frequency (up to 1.5 Hz),
with corresponding changes in actin stress fiber reorganization
and focal adhesions.!'%l Rotational changes in stretch direction
can induce reorientation of ECs to new axes, actin cytoskeletal
reorganization, and changes in morphology.'"”1%l Similar to
shear stress, physiological CS (5-10%) helps maintain fun-
damental processes including angiogenic sprouting, matrix
remodeling via MMP secretion, growth factor and vasomodu-
latory secretion, and protection from apoptosis via stretch-
activated ion channel stimulation, integrin engagement, and
downstream mechanotransductive signaling.[*219%11% However,
pathological CS (>20%), caused by hypertension, can result
in enhanced ROS and TNF-a production, increased apop-
tosis, and imbalanced MMP secretion, ultimately affecting EC
patency and permeability.l'11-114]

Due to the viscoelastic nature of the vessel wall, there is a
lag between the applied blood pressure, CS, and WSS during
each cardiac cycle.l*6*”] The temporal difference between WSS
and CS is termed the stress phase angle (SPA), which is an
indicator of flow synchronicity in blood vessels (Figure 1).
Synchronous flow (SPA = 0°) with steady physiological shear
stress helps maintain an atheroprotective EC phenotype, while
higher degrees of asynchronicity (maximum SPA = —180°)
with fluctuating shear stress, usually observed in vessel
branch points and during hypertension, is associated with an
increased risk of atherosclerotic plaques.l*®*’! Cyclic stretching
of blood vessel walls due to lateral pressure also affects the
magnitude of local WSS experienced by ECs, thereby dem-
onstrating the intimate coupling of these factors in hemody-
namics.[%74] Hence, tight regulation of CS and blood pressure
in coordination with WSS is critical in maintaining healthy
vascular tone and function, which is disrupted under patho-
logical conditions.

3.2.3. Basement Membrane Elasticity and Topography

The biophysical features of vessel walls, including BM elasticity,
topography, fiber orientation and anisotropy, play a significant
role in regulating mechanotransduction processes. The ECM
composition of the BM and physical assembly of constitutive
proteins (collagen, elastin, laminin, fibronectin, and others)
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(Figure 1) dictates the viscoelastic and strain-stiffening behavior
of the intimal layer, which affects EC monolayer integrity and
function.

The influence of matrix elasticity on EC behavior has
been investigated using various substrates and elasticity
regimes.’”5] In general, higher BM elasticity leads to
increased EC spreading, focal adhesion formation, traction
force generation, higher EC contractility, and disruption of
cell—cell junctions.['®l Stiffness-mediated YAP/TAZ transloca-
tion to EC nuclei also occurs concurrently with changes in EC
phenotype, actin cytoskeletal reorganization, and Rho-GTPase
activation.[®! Stiffness-dependent sensitivity of ECs to growth
factors, inflammatory molecules, and other small molecules
also affects platelet adhesion, endothelial-mesenchymal tran-
sition (Endo-MT), and migration.®38117.118] These changes
influence matrix deposition and remodeling of the BM,
affecting ligand density and distribution, all of which act as
a positive feedback loop driving higher vascular permeability
and lower patency.'">1" Changes in ECM composition are
associated with age and hypertension where gradual degrada-
tion of constitutive elastin and replacement with fibrous col-
lagen leads to stiffer vessels.l”8l Of particular interest is the
BM topography, which consists of a range of spatial mechan-
ical cues including fiber alignment, pore characteristics, and
anisotropy. Investigations on well-defined engineered sub-
strates patterned with grooves, microchannels, or haptotactic
gradients demonstrate the role of BM topography on EC align-
ment, proliferation, migration, and sensitivity to biochemical
stimulation.[115:120.121]

Stiffness and topography associated responses of ECs are
also coupled to those resulting from shear stress and cyclic
stretch.”#1221 Application of strain induces alignment and den-
sification of collagen fibers while variations in EC-generated
traction forces due to shear stress and cyclic strain cause plastic
deformation of collagen networks. Collagen orientation and
anisotropy also have synergistic or antagonistic effects on EC
behavior based on flow-induced forces. The magnitude of shear
stress needed for EC alignment and spreading is inversely cor-
related to BM stiffness.l”®! Lifetime accumulation of pulsatile
stretch is also correlated with intimal stiffening and stiffness
heterogeneity leading to reduced dampening of pulsatile wave-
forms in the distal microcirculation.'?3! Compounded with
increasing stiffness of the parenchymal tissue, the unmitigated
transmission of pulsatile pressure to organ-specific niches can
eventually promote chronic, age-related disorders including
kidney failure and some forms of dementia.?#12] The hemo-
dynamic effects of stiffness-sensing in ECs influence vascular
assembly and function in a complex, transient, and highly regu-
lated manner.

3.2.4. Intravascular Mechanics

Although flow-related and vessel-related properties influ-
ence vascular physiology, the mechanical properties of blood,
including properties of individual cells and the cell collective,
also affect vascular processes.P! In particular, variations in
cytoskeletal architecture and the presence/absence of nuclei
result in mechanical stiffness differences among RBCs, WBCs,
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and platelets, which dictate elasticity and deformability of
individual cell types.'?1?7] Intercellular collisions occurring
in bloodflow cause margination of stiffer WBCs and platelets
toward the vessel wall while the softer RBCs flow in the cen-
tral space. As a result, the EC monolayer frequently encounters
adhesive forces (from platelets) and rolling/shearing forces
(from leukocytes and neutrophils).12%12] Blood viscosity plays
a central role in the shear stress exerted on ECs, viscosity
being dually coupled to shear rate and hematocrit. Biophysical
regulation of blood flow and blood components, including
platelet and blood clots, has been investigated and reviewed
previously.>130.131]

Hemodynamic forces occurring in the multifaceted vascular
microenvironment, coupled with the structural assemblage
of blood and blood vessel components, significantly influence
cellular and tissue function. In-depth investigation of the indi-
vidual and collective role of these perturbations and decoupling
their complex associations is necessary toward mechanistic
understanding of various states of health and disease. Engi-
neered models of microvascular networks aim to accelerate
these studies and show significant promise in unraveling these
independent influences of vascular function.

4. Measuring Cell and Tissue Mechanical
Properties for Mechanotransduction Studies

Measurement of hemodynamic forces acting within engi-
neered vascular microenvironments is preceded by the need
to quantify mechanical properties of the constituent cells and
materials at different length and time scales.l'*?-134] Developing
methods to probe mechanical forces and material properties
within vascularized networks poses some unique challenges.
Traditionally, mechanical characterization of natural and syn-
thetic cell-laden matrices has been conducted using tensile
and compressive testing, where mechanical moduli can be
calculated from stress—strain curves gathered from tissue-
scale samples. In addition, more descriptive and complex
moduli describing viscoelastic properties of these materials
can be obtained from dynamic tests using similar equipment,
as well as from rheological studies.'134] Together, these tools
have been critical in describing changes occurring in tissues
in response to aging and in various pathological conditions
(Figure 2).[135,136]

Unfortunately, while many of these existing techniques are
suitable for macroscale measurements, they are ill-equipped
to characterize nano- to microscale changes in the mechanical
environment experienced by cells, rendering them unfavorable
for applications in hydrogels containing embedded microflu-
idic and/or vascular networks. At this scale, mechanical prop-
erties, such as tissue stiffness, can vary widely depending on
multiple factors including local cellular tension, ECM com-
position, and flow conditions, leading to inaccuracies in the
description of the mechanical environment.['13>137.138] The
challenges in implementing existing measurement techniques
to characterize engineered, vascularized microstissues have
hindered the mechanistic understanding of vascular develop-
ment and vascular disease progression in complex 3D environ-
ments. However, novel approaches to measure cell-generated
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forces and material properties have emerged that can begin to
fill this gap.13213-142]

Measurements of mechanical properties in engineered
microenvironments can be grouped into two general categories:
1) mechanical properties of the substrate /matrix constituting
the ECM, and 2) forces acting on, generated in, or propagating
through these microenvironments.

4.1. Measuring ECM Mechanical Properties

As a general rule, methods characterizing the ECM employ
some means to apply a known force coupled with a method
to measure the resulting strain to approximate the modulus
or other descriptors of material mechanics. These methods
include nano/micro-indentation and optical manipulation
approaches.

Indentation methods (e.g., atomic force microscope (AFM),
nano- and microindenters) use calibrated probes (i.e., with
known geometry and elasticity) to indent a surface with
unknown mechanical properties.'*11#4145] Depending on the
type of indenter, either axial displacement or orthogonal deflec-
tion of the indenter is measured as a function of indentation
depth. From these data, the stiffness of the material at the
surface can be approximated. These approximations require
a theoretical model based on the tip geometry (e.g., spherical,
pyramidal, etc.) to calculate the force imparted on the sample
by the indenter. Additionally, because of the low magnitude
moduli often associated with tissue, a thorough characteriza-
tion of adhesion forces between the sample and the indenter
is required. Several models have been developed to incorporate
the effects of these adhesion forces.'*¢*] A major benefit of
indentation systems is the ability to tailor probes specifically
to a sample of interest, making them suitable for a wide range
of biomaterials and for engineered tissues that model healthy
and diseased states.8150 Cantilever stiffness as well as the
size and shape of the probe tip (affecting the contact area) can
be adjusted to measure forces as low as several piconewtons
and has been used to approximate the elastic properties of
individual protein molecules and polymer chains.'3%12 Since
indentation methods often allow only for the surface of a mate-
rial to be indented, this approach is often not suitable for in situ
measurements. However, for samples where the materials of
interest lie near the surface, highly resolved maps of material
stiffness can be generated Dy iteratively indenting the sample
throughout an area of interest.

Optical manipulation approaches (e.g., optical tweezers—
single-beam gradient force traps) employ focused lasers to
impart force on particles near or within the beam path. Moni-
toring the effect of this force on the motion of a target particle
provides information about the surrounding matrix, which can
be used to approximate material properties.!'3214%141] Several
factors influence the magnitude of force generated on a given
particle, including the size and refractive index of the particle,
the strength of the electric field created by the beam, and the
electric dipole moment of the particle. For use in characterizing
biological systems, the combination of laser parameters and
particle probes must be calibrated a priori. There are several
calibration methods available with differing advantages based
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Figure 2. Measurement of endothelial cell forces in the vascular microenvironment. A) Schematic of microenvironmental forces experienced by ECs
in blood vessels and generation of traction forces by ECs in response to these cues. Adapted with permission.['*}l Copyright 2016, John Wiley & Sons
Ltd. B) DIC images and 3D traction stress (Pa) maps of confluent EC monolayers exposed to constant laminar flow with a shear of 12 dynes cm2
and oscillatory laminar flow with a shear of 0.5 + 4 dynes cm™2 at different time points reveal a differential EC response (SB = 10 um). Adapted with
permission.? Copyright 2012, National Academy of the Sciences. C) Considerations for approximating cellular contractility in vascularized con-
structs. ECs in a vascularized channel are contractile and the magnitude of contraction (red arrows) varies based on hydrogel modulus and static
pressure in the channel. Depending on the means of generating flow in prefabricated channels, inducing flow in a channel may change static pressure
(small black arrows) in the system. To measure material stresses in vascularized networks caused by cells under active flow conditions, a constant
pressure head (e.g., a syringe pump) can be used to drive flow so that static pressure can be assumed constant, and changes in material strain can
be directly attributed to cell-generated forces.

on the intended system to probe. Some commercially available  4.2. Measuring Cell-Generated Forces

systems feature built-in calibration systems to stream-line these

measures, allowing for rapid characterization of soft materials ~ Cell-generated forces play critical roles in the development and
with high resolution.['>3154 function of microvascular networks. In many cases, these forces
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are used by cells to sense the physical nature of the surround-
ings to initiate signaling cascades influencing cell behavior and
phenotype (Figure 2). Methods to measure these forces include
ECM strain tracking and Forster resonance energy transfer
(FRET).[140.155]

ECM strain tracking measures the forces generated by indi-
vidual cells or cell clusters on their surroundings and typi-
cally rely on tracking strain within the substrate and using
resulting strain maps to predict the cell-generated forces that
induced them. While converting the material strain into stress
is straightforward, converting the material stress into cell
generated tractions is an ill-posed problem (i.e., with infinite
solutions). As a result, force approximations can vary widely
depending on the methodology used. Regardless, these method-
ologies, broadly referred to as traction force microscopy (TFM),
continue to yield insightful biological trends linking cell-gener-
ated forces to biological phenomena (Figure 2).[141:156-158]

Resolving forces at the scale of individual cells or focal
adhesions requires dense measures of material strain to pro-
duce accurate strain maps. The most common means to
record these strain maps is to use an elastomeric substrate
decorated with densely packed nano- to micron-scale fluores-
cent beads.['*313%-161 Displacement of the fluorescent beads is
calculated by collecting an image of the beads under cellular
tension and comparing that image to an image where the cells
have been completely relaxed or physically removed. Meas-
ured displacements are converted to strain fields, which can be
used to approximate cellular tractions. Another common TFM
approach employs an array of small elastomeric cylindrical pil-
lars.[139143.161] The flat upper surface of these pillars is treated
with an adhesive protein to promote cell adhesion. Once bound,
contracting cells cause the pillars to deflect, and the deflection
is used to approximate the cell-generated forces.

A more recent alternative to TFM involves exploiting FRET
phenomena to track strain in modified load-bearing proteins or
substrates.[1#0141161] Thege sensors allow the user to track the
separation of chromophores embedded in the tertiary structure
of a modified protein, or on separate strands within duplexed
DNA. The efficiency of this energy transfer is directly related
to the distance between chromophores and can be measured
using microscopy techniques capable of resolving the relative
fluorescence of donor and accepter chromophores (i.e., the
FRET index). A major benefit of using FRET-based sensors is
the ability to directly measure strain within a target molecule.
Coupled with elasticity data from AFM tests on these probes,
strain can be converted into the total force required to sepa-
rate the chromophores by a known distance. In this way, force
applied to modified proteins can be directly measured in real
time. Although challenging, a variety of FRET-based sensors
have been developed for several load-bearing proteins found
within cell-cell adhesions, cell-matrix adhesions, and other
load-bearing cellular structures.[140:141.161]

4.3. Translating Current Techniques to Vascularized Constructs
Several challenges exist with respect to measuring cell gen-

erated forces in fluidized vascular networks. One of them is
the adaptation of 2D traction calculation workflows toward
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3D environments. Many studies of traction force approxima-
tions rely heavily on the assumption that cellular substrates
are planar, which simplifies approximations of in-plane and
out-of-plane components of traction forces. 3D environments
invalidate this assumption and therefore require thorough
characterization of the interface between the cell surface and
the underlying substrate (i.e., approximations of surface nor-
mals). While this approach has been accomplished for isolated
cells embedded in hydrogels or on nonplanar surfaces,[>%162 it
needs to be adapted to incorporate the additional complexity of
vascularized networks (Figure 2).

In the meantime, foregoing the conversion to traction forces
and instead using strain mapping or material stress distribu-
tions to describe the mechanical behavior of cells in vascular
networks enables studying the relationship between cell-
induced material stress/strain and phenomena such as cellular
migration and extravasation.'93-16] In this regard, collagen-
based hydrogels have been employed to eliminate the need
for exogenous fiducial markers, as strains can be measured
directly from collagen fibril organization monitored via second-
harmonic generation (SHG) microscopy or confocal reflectance
(CR) microscopy.[1°!

Another major challenge in this regard is consideration of
flow-associated forces. Approaches to characterize cell-generated
forces relies on highly precise localization of fiducial markers
to track material strain, > which can be disrupted by the
application of fluid shear stress in fluidized networks (Figure 2).
As a result, measuring traction forces in flow-based systems
requires capturing a pre-stressed state of the hydrogel under
stable flow conditions, so that additional changes in strain fields
can be directly attributed to cellular activity. Studies on planar
substrates within fluidized chambers have demonstrated the
feasibility of measuring traction forces under flow.3%43167-169
ECs cultured under flow undergo changes in cell—cell junction
organization and forces, migration and alignment, and traction
force magnitudes. Extending these flow-based studies to 3D vas-
cularized networks will likely require highly reproducible net-
works with well-characterized flow-profiles to achieve a known
prestressed state for strain field measures. The magnitude of
the impact of flow depends heavily on the elastic properties of
the hydrogel being used. Characterizing the elastic properties of
the hydrogels under flow will require high precision tools, such
as optical or magnetic tweezers, to characterize local changes in
material properties due to flow.'% In addition, 3D microenvi-
ronments require considerations of strain propagation between
endothelial branches in complex networks, as contracting vessels
could potentially change the effective stiffness of the surrounding
hydrogel.'7%-172 Separating relative contributions of vessel con-
tractility and fluid pressure will be key to accurately measuring
cell-generated forces in vascularized tissue constructs.

Where applicable, FRET-based sensors could be invalu-
able for circumventing several challenges associated with
strain tracking in vascularized constructs.'*%173] The ability to
directly measure force generation in mechanosensitive pro-
teins removes the need to physically characterize the substrate,
greatly simplifying the overall process. 2D studies have demon-
strated the feasibility of using FRET-based sensor in active flow
conditions, and it is likely that this approach could be directly
translated into 3D networks.
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Relatively few tools are well adapted to study mechanics
of 3D vascular networks. Applying existing tools will require
significant adaptations of existing workflows to deal with con-
founding factors such as flow conditions and cell-induced
strain propagation, but can potentially yield important new
insights into the mechanobiology of vascular networks.

5. Fabrication Strategies to Generate Microfluidic
and Vascular Networks in Hydrogels

Over the past few decades, a multitude of strategies have been
developed for fabrication of 3D in vitro microfluidic and vas-
cular networks. 2451174l The major considerations with regard
to these techniques are scalability, user-programmability with a
high degree of control, reproducibility, throughput, resolution,
cost, architectural complexity and intricacy, spatial positioning
of multiple cell types, cytotoxicity, material handling and pro-
cessability, and control over local physical and biochemical cues
for rapid vascular morphogenesis and functional integration
(see Figure 1 in Bogorad et al.?’l).

Meso- and macroscale constructs can be achieved in a high-
throughput, reproducible fashion using 3D bioprinting and
stereolithography, but these techniques also involve higher rela-
tive costs and may incur toxicity issues. Additionally, resolution
and architectural complexity is often limited with increase in
scale and the choice of printable and cytocompatible materials
can limit the applicability of these approaches. Micromolding
methods are relatively cheap, facile, and easily reproducible
but scalability and low complexity limit their implementation
to simple, often planar vessel architectures.P!] Laser-based
fabrication approaches can achieve high resolution, reproduc-
ibility, spatiotemporal control and complexity, although poor
scalability and low throughput are major hindrances.l'’?! Self-
assembly provides a high degree of architectural complexity
and vasculomimetic organization, albeit with a high degree of
stochasticity and poor reproducibility in terms of producing the
exact same architecture each time.3%:35176.177]

An important operational metric, spatial resolution/time to
manufacture (RTM) ratio, was previously defined to provide
a comparative analysis of various biofabrication strategies. A
higher RTM value indicates a more efficient process (faster
production speed with finer spatial details).*”! For most tech-
nologies, the RTM ratio remains bound between 0.01 and 1.00,
indicating that high-throughput processes are limited in reso-
lution and generating intricate features is time-consuming. In
recent advances, combinatorial fabrication strategies employing
soft lithography, bioprinting, micromolding, or laser-based
degradation integrated with on-chip systems have helped over-
come many of these limitations while retaining the inherent
advantages offered by individual approaches alone.[!31428178-181]
Major features of these techniques and their applicability
toward investigation of vascular mechanobiology are discussed.

5.1. Self-Assembly of Microvascular Networks

The most prominent and facile approach for fabrication of
3D vascular networks is self-assembly, which relies on the
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ability of ECs encapsulated in hydrogels to organize into neo-
vascular assemblies (via vasculogenesis and lumenogenesis)
and gradually undergo vascular morphogenesis (via tubulo-
genesis) into stable capillary-like microvessels (Figure 3).[182183]
ECs co-encapsulated with mural cell types including fibro-
blasts, pericytes, mesenchymal stem/stromal cells (MSCs),
adipose-derived stem/stromal cells (ASCs) and others within
hydrogels have been used for formation of self-assembled
networks.[183186] Although human umbilical vein endothelial
cells (HUVECs) are most prominently used for self-assembly,
other EC lines include human induced pluripotent stem cell-
derived ECs (iPSC-ECs), human endothelial colony forming
cells (ECFCs), endothelial progenitor cells (EPCs), and human
microvascular endothelial cells (MVECs).[057885187] Mural cells
not only engage in paracrine signaling with adjoining ECs,
but also assist in remodeling the ECM through matrix protein
deposition, proteolytic degradation, and matrix deformation via
cell-generated tension.*%182186.188] The formation and organiza-
tion of vascular lumens and branch points with high vessel den-
sity, lacunarity, and network connectivity is closely reminiscent
of the “tree-like” capillary beds in organs with high blood vessel
density.*] These networks, during the process of assembly, can
be connected to fluid reservoirs and microfluidic systems for
cyclic or continuous controlled perfusion, simulative of intersti-
tial flow, which provides additional guidance toward structural
and functional maturation. 2829

Recognizing the poor user-control over cellular organization,
various strategies have been developed to enhance vasculogen-
esis by exploiting mechanotransduction processes during EC
tubule formation, deposition of basement membrane proteins,
integrin engagement, and interstitial flow to form stable, patent
and perfusable networks that closely recapitulate native micro-
vascular architecture and hemodynamic properties.[2829.189.190]
These strategies can be broadly grouped into: 1) biophysical,
2) biochemical, and 3) mesoscale structural hydrogel modifi-
cations that influence nano- to macroscale self-assembly pro-
cesses (Figure 3).

Biophysical modification strategies include modulation of
hydrogel microarchitecture to obtain defined fibrillar proper-
ties, crosslink density, bulk and microscale matrix stiffness/vis-
coelasticity, and permeability, among others.>#! For example,
properties of collagen have been tuned via: 1) cold-casting with
Matrigel to enhance fibrillar assembly, 2) freeze drying to create
anisotropic or aligned pores, 3) crosslinking at varying pH,
temperature, concentration, and cell densities to tune stiffness,
fiber thickness, length, and density, all of which influence self-
assembly of microvasculature.’38! Similarly, fibrin gels (which
have shorter, thinner, densely meshed fibrils compared to
collagen) with modifications to matrix density and induction of
uniaxial cyclic pre-stress have been used in sprouting angiogen-
esis assays.[61:62190.191]

Natural matrices, although useful, make it challenging to
decouple the influence of multiple interdependent matrix
properties on vascular network assembly. Hence, synthetic
matrices (or hybrid blends) with independently tunable prop-
erties are an attractive option.[769707783 Collagen covalently
coupled and photocrosslinked with PEGDA yields an amor-
phous microstructure (as opposed to the fibrillar structure of
unmodified collagen), while still preserving the triple-helical
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Figure 3. Self-assembly techniques. A) Schematic of the fabrication of strain-aligned collagen hydrogels, confocal reflectance micrographs of hydro-
gels with encapsulated hCMECs (SB =100 um) with confocal micrographs of cells as a function of applied prestrain (SB = 50 um), and 3D recon-
struction of z-stacks demonstrate enhanced vascularization with collagen alignment (SB = 100 um). Adapted with permission.3 Copyright 2018,
American Chemical Society. B) Schematic of proteolytically degradable and cell-responsive PEG hydrogels and the dynamics of self-assembly of
encapsulated HUVECs (green) and 10T1/2 cells (red) demonstrate the stabilizing role of fibroblasts on EC assembly. Adapted with permission.l’!l
Copyright 2010, Elsevier. C) 3D reconstruction of confocal z-stacks of modularly assembled hydrogel microspheres (red) to form microporous
scaffolds that enable enhanced EC infiltration compared to nanoporous scaffolds (red) and confocal micrographs of infiltrated ECs (green) within
a combination of soft (purple) and stiff (red) hydrogel microspheres (SB = 200 um). Adapted with permission.l’¢l Copyright 2019, Wiley-VCH.
Abbreviations— hCMECs, human cerebral microvascular endothelial cells, HUVECs, human umbilical vein endothelial cells, VEGF, vascular
endothelial growth factor.
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nature and native binding sites for integrins, growth factors
and cellular proteases.’”” PEGDA can be added to hydrogel
precursors to induce secondary crosslinks, and higher matrix
stiffness, thereby leading to mature, stable capillary forma-
tion.””! Secondary crosslinking of chemically-modified gelatin-
dextran hydrogels using transglutaminase and gelatin-phenolic
hydroxyl hydrogels via peroxidase-catalysis has been shown to
promote vascular morphogenesis.[882:192]

In addition to elasticity, porosity and pore architecture of
engineered matrices can also be tuned via phase separation,
sacrificial templating, solvent casting/particle leaching, and
gas foaming to enable enhanced vascular infiltration.[>>60.68193]
A major challenge in regulating biophysical matrix proper-
ties is to attain a fine balance between the migratory (vascular
sprouting, contiguous network coverage) and morphogenic
behavior (time-dependent formation of vacuoles, coalescence
into lumens, maturation of tubules and anastomosis) of
ECs.['82 These behaviors also overlap with differential matrix
remodelability of EC lines (via deposition of type IV collagen
and laminin, and secretion of MMP-1), source of ECs (blood
vs lymph or organ specific), and generation of basal or strain-
induced traction forces which are dynamically altered over the
course of the culture period.[*!!

Vasculogenesis in EC-laden hydrogels can be further
enhanced via addition of soluble factors in the culture media.
In one study, decellularized human lung fibroblast-derived
matrix coupled with collagen and supplemented with growth
factors was used for in vitro vascularization and in vivo wound
healing applications.'* However, due to the short halflife
of these proteins and limited, uncontrolled diffusivity within
large matrices, biochemical modification strategies have been
developed for precise, user-controlled presentation of these bio-
molecules to encapsulated ECs. Nanoparticle-clustering or cova-
lent coupling and immobilization of specific factors including
vascular endothelial growth factor (VEGF), fibroblast growth
factor-2 (FGF-2), and others within engineered matrices, either
independently or in a combinatorial fashion, has been used
to enhance vascularization both in vitro and in vivo.’1727419]
Synthetic variants of natural proteins, including VEGF-mimetic
and collagen-mimetic peptide sequences, can also be consid-
ered as alternate choices for conjugation.[09196.197]

Spatial control of: 1) matrix adhesivity via incorporation
of cell-adhesive peptides or selective engagement of o3/asf;
integrins over o4f3; integrins, 2) degradability via incorpora-
tion of proteolytic sequences of differential MM P-sensitivities,
3) stiffness via hindered crosslinking to obtain softer matrices,
and 4) oxygen tension via induction of hypoxia and activation
of MMP secretion, have been used to induce formation of
robust vascular networks.[0370.73.75808184] Another alternative to
the presentation of these bioactive factors is co-encapsulation
of ECs with supporting fibroblasts, which provide: 1) distrib-
uted pro-angiogenic signaling, proteolytic activity, and matrix
remodeling in a dynamic fashion, 2) vessel stabilization and
maturation via differentiation into pericyte-like and smooth
muscle-like cells (SMCs), and 3) generation of contractile, trac-
tion forces that accelerate EC network formation.”"7275] How-
ever, the optimal ratiometric densities of multiple cell types in
the hydrogel matrix must be carefully considered as too high
EC/SMC ratio can lead to clustering instead of microvessel
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formation while too low EC/SMC ratio can lead to poor net-
work assembly.[182]

As an alternate to biophysical and biochemical modifica-
tions, supramolecular and mesoscale structuring of hydrogels
has been employed for enhanced vascularization, re-epitheliali-
zation and wound healing. ECs co-encapsulated with fibroblasts
within modular microtissues (100-200 um diameter, composed
on fibrin, collagen, or agarose-hydroxyapatite-fibrinogen) and
further encapsulated in larger matrices have been used for
studies of vascular sprouting and vessel connectivity.!'%-200
Differential density interfaces (denser collagen microspheres
embedded in a softer collagen bulk matrix) can be created to
facilitate robust EC invasion and assembly.””) However, these
approaches yield nanoporous matrices, which can make it chal-
lenging and slow for encapsulated ECs to tunnel through and
form mature cell-cell junctions. This problem can be overcome
by employing granular hydrogels composed of microporous
annealed hydrogel particles (MAPs) or sub-millimeter modu-
larly assembled hydrogel rods covered with ECs. By changing
the size, shape, packing density, void fraction, adhesivity, and
local stiffness of these micron-sized hydrogel building blocks,
local shear rates and traction forces of ECs can be controlled to
facilitate interstitial perfusion through the bulk hydrogel and a
high mass transfer coefficient of oxygen and nutrients, leading
to quiescent, confluent, and non-thrombogenic EC networks
with improved infiltration and coverage.[®%201-203] Multiple fab-
rication strategies for uniform, high-throughput generation of
these modular hydrogel constructs (microspheres, particles,
microfibers and others) via microfluidic technologies have also
been developed.[*876:204

Overall, these matrix modifications strategies have sig-
nificantly helped improve hydrogel vascularization processes
and have been successfully implemented in both mechanistic
studies of vascular morphogenesis and applications in inject-
able local cell delivery for tissue regeneration.3>176:20%]

5.2. Bioprinting

Bioprinting has emerged as one of the most popular choices
in additive manufacturing owing to the availability of a wide
variety of cell compatible hydrogel precursors (bioinks),
improvements in material handling and dispensing control,
and rapid prototyping abilities.l*>>1178181] Bioprinting can be
categorized into two major classes: direct and indirect. Direct
printing involves controlled deposition of cell-laden material
onto a surface, while indirect printing comprises guided pat-
terning of sacrificial materials, embedding patterns in larger
cell-laden matrices and subsequent removal of patterned
material yielding constructs with 3D space-filling hollow
channels and networks.?%! Direct printing can be further
classified into: 1) ink-jet/drop-based printing (high speed dis-
pensing of femto- to nanoliter drops of cell-laden bioinks),
2) valve-jet printing (non-contact, droplet-based deposition
of cells with or without hydrogel carriers using pneumatic
pressure and mechanical pulse generators), and 3) extrusion
printing/bioplotting (relatively slower dispensing of con-
tinuous filaments of cell-laden bioinks via thermal or piezo-
electric actuators).
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Figure 4. Bioprinting techniques. A) Schematic of three different crosslinking strategies during extrusion bioprinting and representative images of noz-
zles with extruded material (methacrylated hyaluronic acid) and printed lattice structure (SB: left =5 mm, right = 500 um). Complex printed filaments
(core—shell, heterogeneous, hollow) with in situ crosslinking approach using one or more fluorescent inks with fibroblasts (SB = 500 um). Adapted
with permission.[2'l Copyright 2017, Wiley-VCH. B) Schematic of 3D printing of complex patterns within granular support gel medium (Carbopol, left
and gelatin, right). Hierarchically branched tubular networks and hollow vessels with features spanning several orders of magnitude (insets: confocal
cross sections). Adapted with permission.[2'7] Copyright 2015, American Association for the Advancement of Science (AAAS). Representative alginate
filament (green) embedded within gelatin slurry support bath (red) (SB =1 mm). Adapted with permission.?'®l Copyright 2015, AAAS.

In ink-jet and valve-jet printing, owing to the high speed
of droplet ejection and nozzle/printhead movement in the
xy-plane, bioinks need to undergo rapid gelation (to prevent
material dispersion postprinting) and have low viscosity (to
allow smooth flow through the print nozzle).?7-2%% Fibrin-
ogen physically crosslinked with thrombin (yielding fibrin)
and sodium alginate—collagen composites ionically crosslinked
with calcium chloride (CaCl,) have been used to print ECs in
multiple configurations to yield vascularized constructs.?%7-2%]
However, rapid dispensing comes at the cost of potential cell
damage during ejection, nozzle clogging, and formation of
cavitation bubbles within the printhead assembly. Some of
these limitations are overcome in extrusion-based printing,
where lower dispensing fluxes permit the use of a wide variety

Adv. Healthcare Mater. 2020, 1901255

1901255 (13 of 45)

of printable and biocompatible materials, including hydrogels,
elastomers, and nonviscous inks (Figure 4).1210-212]

Recent material advances have enabled the use of hydrogels
(with dual crosslinking, shear-thinning, and rapid self-healing
properties formed via reversible guest-host (GH) bonds) in
extrusion bioinks.?13214 Methacrylated hyaluronic acid (MeHA)
coupled with adamantane (guest) and f-cyclodextrin (host) can
be extruded in a layer-by-layer format; the shear-dependent
GH bonds and UV-mediated curing forming dual-crosslinked
stable filaments to yield freestanding, hierarchical struc-
tures.21321 The printing process can be executed within the
volume of a support gel either as linear, branched or spiral fila-
ments to create integrated microstructures and the viscosity of
the hydrogel bioink can be tuned via in situ photocrosslinking
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immediately prior to extrusion, thereby yielding stable, self-
supporting assemblies (Figure 4).21°-218] The pattern fidelity
of the extrusion-printed structures can be maintained by
choosing support gels of optimum supramolecular properties:
self-healing hydrogels (MeHA with GH bonds) or granular
gels (gelatin microspheres or Carbopol) that locally deform at
the focal point of extrusion but rapidly heal around the printed
material upon removal of the nozzle, thereby yielding millim-
eter-scale, complex, biomimetic, embedded objects.[?1>-217]

One variation of extrusion-based printing, coaxial printing,
is particularly useful for fabrication of vascular tube-like
structures.?1°2221 Coaxial printing is based on the simulta-
neous extrusion of two or more bioinks using core and shell
assemblies, the core material being dissolved to result in
hollow filaments and perfusable, freestanding and functional
microvessels.*20221l Owing to the need for rapid crosslinking of
the extruded shell material that forms the filament walls, CaCl,-
induced crosslinking of sodium alginate remains the most pop-
ular choice, although MeHA, GelMA, and PEG-based bioinks
have also been employed.?22223] The relative flowrates of the
core and shell material and nozzle diameters can be adjusted
to obtain hollow filaments with user-controlled filament and
lumen diameters and filament wall thickness.[?21:222224 Modi-
fications in extrusion approaches have also resulted in simul-
taneous, sequential, or combinatorial multimaterial printing,
which facilitates co-printing of multiple cell types in local
niches and heterogeneous hierarchical architectures.[?223]

As an alternate to direct printing methods, indirect printing
techniques have also been developed for fabrication of
hydrogel-embedded vascular networks. Sacrificial materials
used for templating channels and networks in 3D volumes
include reversibly crosslinked gelatin, carbohydrate glass,
agarose, Pluronic, shear-thinning MeHA hydrogels with GH
bonds, freestanding PVA scaffolds, self-healing glucose, and
PEGDA hydrogels.21422-2311  Carbohydrate glass (glucose,
sucrose, and dextran blend) fibers demonstrate excellent ver-
satility with a range of natural and synthetic materials and can
be drawn into programmable space-filling lattices or aligned
channels with high pattern fidelity post washing.[?>232 Fab-
ricated scaffolds can be connected to microfluidic perfusion
systems that allow introduction of ECs into hollow channels
and subsequent lumenization. This approach allows vascu-
larization, oxygenation, and angiogenic sprouting of millim-
eter-scale hydrogel constructs in vitro and engraftment and
functional integration of synthetic tissues with host vascula-
ture in vivo.l23%

Although linear channels can be easily fabricated with
sacrificial and fugitive inks, recent improvements in mate-
rial and printing strategies have enabled creation of
more complex geometries including constricted channels (for
modeling stenosis and thrombosis), spiral channels (for mod-
eling intertwined blood and lymphatic vessels) and perfusable
lattice networks (for vascularization of large-volume constr
ucts).[214228.230.231.233] Similar to direct printing in granular or
self-healing materials, indirect printing of fugitive inks (Plu-
ronic F-127 and its derivatives) can be implemented in photo-
crosslinkable MeHA, GelMA, and Pluronic-diacrylate bulk gels
(termed omnidirectional printing), resulting in user-defined,
heterogeneous, multi-cellular vascular channels.!?3
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With the burgeoning development in bioprinting techniques,
it is expected that current limitations of spatial resolution,
throughput, printability and biocompatibility will be dimin-
ished. Novel bioprinting approaches including scaffold-free
printing (direct 3D deposition and assembly of cells and cell
spheroids into guided tissue architectures),*>?*?! nanoscale
matrix fabrication (electrospun fibers in bulk gels for guided
EC assembly),?37-2#21 4D printing (stimulus-responsive mate-
rials that undergo programmed 3D conformational change over
time postprinting)?*3?*4 and acoustophoretic printing (user-
controlled surface acoustic wave forms to pattern cell-laden
hydrogels in 3D space)l?*>?%] can also provide potential oppor-
tunities for fabrication of complex vascular networks. Further
integration of bioprinted constructs with microfluidic platforms
will facilitate the interrogation of vascular mechanobiology in
organ-mimetic microenvironments.[178:18%

5.3. Micromolding and Soft Lithography

Techniques to form physically molded and templated micro-
structures via manipulation of solid, liquid, and viscoelastic
materials have been developed for construction of vascular
assemblies (Figure 5).120247:248] Patterned PDMS molds cre-
ated from crosslinked SU-8 masters generated via photolithog-
raphy have been employed for micropatterning, microcontact
printing (stamping), and hot embossing of 2D surfaces for EC
alignment to create dynamic perfusable microfluidic systems
to investigate vascular hemodynamics.[?*8-2>3 These techniques
have also enabled micromolding of aligned tubular EC cords
for in vivo implantation and integration with host vasculature
and tissue regeneration.*>!]

One facile technique for molding solid geometries involves
casting bulk hydrogels (collagen, fibrin, HA) around rigid nee-
dles, or flexible wires, filaments, and elastomeric rods, with
subsequent removal of these elements to generate templated
hollow channels in the matrix.?>*2°¢l Rigid needles of dif
ferent diameters yield linear cylindrical channels while flexible
PDMS rods permit fabrication of branched channels that can
be endothelialized, lumenized, and perfused.”>”] The removal
of rigid needles and flexible rods can result in micron-scale
defects at the interface, requiring additional care and preci-
sion during removal. This limitation can be mitigated by
using PDMS rods capped with iron particles that are magneti-
cally removed (Figure 5)12%7%8] or using gold micrometric rods
adsorbed with oligopeptide self-assembled monolayers (SAM)
that directly transfer ECs from the coated rods to the channel
walls on the application of an electric potential.>>! Spatial posi-
tioning of vascular and mural cells and bioactive ligands within
hollow lumens can also be accomplished via serial injection
and crosslinking using bioorthogonal reactions.[?%%

Although these techniques yield simple, planar structures,
other novel approaches have led to fabrication of complex
branching patterns that more closely resemble native vascula-
ture. These techniques include kidney-mimetic vascular cor-
rosion casts formed using sacrificial PCL2® and plant leaf
venation-mimetic templates.?62-264 Ice-lithography has also
been used to generate simple linear 2D patterns on collagen
and large-diameter geometrically complex vascular grafts made
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Figure 5. Micromolding and soft lithography techniques. A) Schematic of fabrication of flexible PDMS rods and device assembly to create hollow lumens
and magnetic extraction of iron capped-PDMS rods; 3D confocal reconstruction of linear and branched EC-lined lumens (red: F-actin) (SB =1 mm).
Adapted with permission.?>7l Copyright 2016, Wiley-VCH. B) Molding of microfluidic channels via viscous finger patterning with blue food dye traveling
through collagen solution in a 500 um wide channel, 2D and 3D reconstruction of two-photon SHG images of patterned channel and collagen scaffold
(SB =200 pm, collagen fibers =50 m); 3D culture of hiPSC-ECs (mCherry) for 48 h in static conditions within fabricated collagen channels and confocal
views of uniform coverage and lumen structure (blue: F-actin, red: CD31, orange: SOX7, green: VE-cadherin) (SB: top =1 mm, middle and bottom =
200 pm). Adapted with permission.?*”l Copyright 2019, AIP. Abbreviations—hiPSC-EC, human induced pluripotent stem cell derived endothelial cells.

of silk, tropoelastin, PCL, and PDMS.[26>26¢] In addition to
solids, liquid sacrificial bioinks (gelatin, alginate, salt buffer,
and others) have been templated with hydrodynamic shaping
via microfluidic assembly, coaxial extrusion, and viscous finger
patterning to produce flexible and nonlinear, free-standing
blood vessel-like channels embedded within larger matrices

(Figure 5) . [247,267-269]

5.4. Photolithography-Based Approaches

Although self-assembly techniques yield constructs that closely
match native microvascular architecture, the cellular organiza-
tion process is stochastic and sensitive to hydrogel properties,
EC line characteristics and variations in fabrication conditions,
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which can create hindrances in consistency, reproducibility, and
engineered precision for in vitro studies. To overcome some
of these challenges, photolithography-based fabrication tech-
niques have been developed that allow precise, spatiotemporal,
nano- to microscale tuning of local hydrogel properties that lead
to directed cellular organization and user-controlled geometric
vascular assembly.P%1:20% These approaches also facilitate
the immobilization of controlled concentrations of bioactive
molecules to mimic native architectures for investigation of
sprouting, EC migration, and vessel formation.”’>-?’2l These
techniques can be broadly categorized into: 1) mask-based
photolithography, 2) stereolithography, and 3) laser-based
lithography.

The most facile photolithography technique incorporates
the use of photomasks which selectively control where light
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is exposed to 2D light-sensitive substrates or 3D cell-laden
hydrogel precursors, thereby transferring defined geometric
features onto or into the material.>!) Mask-based photolithog-
raphy provides precise spatial control of encapsulated cells
with high resolution and can be used to guide patterned ECs
toward highly aligned vascular assemblies and tubule forma-
tion through photocoupling of adhesive moieties or photoin-
duced changes in matrix elasticity.?”>?’4 Additional patterning
steps can be used to incorporate multiple cell types with ECs in
different hydrogel formulations of varying composition, ligand
density, and stiffness.?”! A limitation of traditional mask-based
photolithography is the creation of patterns with rectangular
cross-sections of user-defined width but fixed height, which
often does not match that of native vasculature.?’®l To overcome
this challenge, a novel technique, backside photolithography,
has been developed, which uses an optical diffuser placed in
the light path that facilitates feature height gradation as a func-
tion of width, thereby yielding features with user-controlled
circular cross-sections.”’?! This capability is particularly useful
when fabricating tortuous, tree-like vascular geometries with
bifurcations, loops, and branches to study hemodynamics and
deformation of red blood cells (RBCs).[126:127]

Despite facile fabrication and ready availability of photo-
masks, repeatedly handling and aligning physical masks during
fabrication with a high degree of reproducibility and precision
can be cumbersome, and the difficulty in controlling the 3D
shape of the photopolymerized species has led to the develop-
ment of maskless photolithography or stereolithography (SL)
(Figure 6).12% The SI working principle is primarily composed
of: 1) developing a 3D model of the desired structure using
computer-aided design (CAD) software, and for more intricate
designs, magnetic resonance imaging (MRI), or computed
tomography angiography (CTA); 2) software segmentation of
the design into micron-thick layers; 3) image flow of individual
layers to the SL apparatus (SLA); 4) light-induced crosslinking
of a photosensitive hydrogel one layer at a time; and 5) vertical
shifting of the SLA stage to sequentially crosslink the subse-
quent layers until the entire design is complete.’! This work-
flow can be combined with the use of digital light projection
(DLP) involving a commercially available digital mirror device
(DMD) system, an array of reflective mirrors, that allows pixel-
based image projection over large-area polymer vats thereby
yielding complex micron- to millimeter-sized microstructures
with precise, user-defined geometries.”’7?’8] Compared to
conventional maskless photolithography, projection-based
stereolithography (PSL) offers the advantages of increased
throughput and complexity, and precise control over scaf-
fold thickness and feature resolution.”’*?%% As proof-of-
concept, hydrogel-encapsulated ECs were spatially positioned
in single or multiple layers within defined geometries which
resulted in correlated vascular geometries with a mature
phenotype and cord-like structures.?#! Cell-laden hydrogels
surrounded by multiple perfusable lumenized vascular chan-
nels have also been fabricated using this technique.l8?

The operational bounds of PSL are dictated by the choice
of crosslinkable polymers (or curable resins), photoinitiators,
photosensitizers, and light exposure conditions. Traditional
SL resins suffer from poor biocompatibility and transparency;
however, recent improvements in using low-molecular-weight
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PEGDA and UV-crosslinkable poly(dimethylsiloxane) (PDMS)
coupled with high-efficiency photoinitiators and high-absorb-
ance photosensitizers have been reported.?83?%4 Since the
xy-resolution is determined by the optical setup and z-resolution
by the light attenuating ability of the photoabsorber, creating
high fidelity patterns in large hydrogel constructs is challenging
with PSL. In a landmark technological advancement, food dye
additives (including tartrazine, curcumin, or anthocyanin) or
gold nanoparticles (50 nm) were employed as biocompatible
potent photoabsorbers for the creation of complex, efficient
intravascular microstructures, topologies and networks within
large-volume PEGDA hydrogels.”®! This strategy was used
to create 3D microfluidic static mixers with integrated fins of
alternating chirality, a functional 3D bicuspid valve operating
under anterograde and retrograde flows, and entangled fluidic
networks designed using mathematical space-filling algorithms.
These networks were used to demonstrate the oxygenation of
RBCs in a lung-mimetic alveolar model topology, bidirectional
blood flow and mixing during air sac ventilation, and functional
vascularized implantable hepatic hydrogel carriers.[?®]

As an alternate to PSL, the light path used in photolithog-
raphy can also be directed via laser-writing and multiphoton-
based laser scanning systems. Direct laser-writing (DLW)
involves selectively crosslinking in user-defined geometries
within bulk 3D polymer precursors, thereby creating patterns
with nano- to microscale resolution.?8-28] Linear patterns
stacked in multiple layers can be printed to create aligned EC
tubule-like structures with co-encapsulated mural cells.!?%8]
Integration of DLW with microfluidic systems allows sequential
printing and washing of polymer precursors, thereby yielding
multimaterial printing of geometrically complex structures
with high spatial control at nanoscale resolution (registration
accuracies of 100-200 nm).1?80l DLW techniques have also been
adapted for controlled deposition of EC patterns using laser-
induced forward transfer (LIFT), where the guided laser beam
evaporates a gold layer attached to a donor glass slide and the
gas pressure generated transfers the underlying EC containing
material onto a collector slide.[?#2%0 The LIFT technique facili-
tates sequential co-patterning of multiple cell types within
microscale niches, thereby creating complex microenviron-
ments that can be implemented for both in vitro studies and
in vivo regenerative applications.[?8%2% A variation of the LIFT
technique, biological laser printing (BioLP), has been used to
create guided EC patterns on stackable PLGA biopaper, which
was used to form thick 3D vascularized constructs.??'2%2] The
resolution and optical energy density deposited at the focal
point during the writing process can be controlled with the use
of femtosecond pulsed lasers, which was demonstrated for in
matrix “densification” or laser-guided crosslinking of GelMA
hydrogels resulting in EC alignment.[*%’]

Technological advances in femtosecond pulsed lasers and
multiphoton systems have enabled implementation of laser-
scanning lithography (LSL), where pre-registered images are
used to guide the laser position and focal intensity, thereby
creating 2D and 3D multifaceted biochemical and mechan-
ical patterns with high fidelity, resolution, and spatial gradi-
ents (Figure 6).127127229429] [ S1. permits guided engagement
of EC adhesion, migration, alignment, and organization
within bulk hydrogels via nanoscale control of adhesive
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Figure 6. Photolithography-based techniques. A) Stereolithographic projection of channel features to create cell-encapsulated GelMA micropatterns,
fluorescent images of heterogeneous tissue constructs with HUVECs (red) and HepG2 cells (SB = 250 um), confocal slice of network formation after
1-week of coculture of HUVECs (green, CD31) and 10T1/2 (purple, a-SMA) and 3D confocal reconstruction (red: ECs, green: CD31) (SB =100 um).
Adapted with permission.[?’8l Copyright 2017, Elsevier. B) Schematic workflow and resulting images from laser scanning lithography of 3D biomimetic
vascular patterns within tunable bioactive PEG hydrogels (SB = 100 um); a degradable PEG-based hydrogel with fluorescent PEG-RGDS pattern
(magenta) mimicking the cerebral cortex vasculature and encapsulated HUVECs (green) and 10T1/2 fibroblasts (red) aligned with the RGDS pat-
tern after 24 h (SB =50 um). Adapted with permission.?’2l Copyright 2012, Wiley-VCH. Abbreviations—GelMA, gelatin methacrylate; HUVECs, human

umbilical vein endothelial cells; PEG, poly(ethylene glycol).

ligands and biochemical cues, and integrin and focal adhe-
sion kinase (FAK) activation, ultimately leading to faithful
recapitulation of organ-mimetic vascular networks in engi-
neered microenvironments.[?’2296.2%7] Bioactive ligands used
in LSL can either be introduced in the bulk hydrogel prior to
scanning or incorporated biochemically using a photosensi-
tive moiety that is cleaved upon excitation, thereby allowing
the ligand to interact with encapsulated cells.[?’%272] The con-
cept of photocleavable presentation of cell-adhesive RGDS
ligands has been demonstrated for in vivo vascularization
and in vitro studies of light-guided angiogenesis and cell
migration.[2702%]

In general, guided projection and positioning of light and
the optical properties during photopolymerization can be used
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to incorporate local biochemical and biophysical cues that can
direct scale-spanning cellular and vascular assembly.?71272]
With recent advances in material design and mechanical and
optical control, systems including live-cell lithography (laser
tweezer-based optical trapping and guided positioning of vas-
cular cells),??3% it is expected that photolithographic tech-
niques will generate precisely tailored vascular scaffolds that
can be applied for in-depth mechanistic studies.

5.5. Laser-Induced Hydrogel Degradation
Although photolithography-based approaches employ user-

directed light paths for additive fabrication of vascular
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Figure 7. Laser-based degradation techniques. A) Schematic of laser-induced degradation of PEG hydrogel via photocavitation and physical degrada-
tion, 3D confocal views of mouse brain ECs forming lumenized channels in laser-degraded channels functionalized with RGDS (green: ZO-1, blue:
nuclei) (SB =50 um) and fabrication of 3D biomimetic dense, tortuous brain microvasculature. Adapted with permission.3%l Copyright 2016, Wiley-
VCH. B) Schematic of laser-induced scission of photodegradable bioactive PEG hydrogel and seeding of ECs to form perfusable vasculature and
confocal views of 3D endothelialized channels of different shape features generated within photodegradable florescent gels (green) (red: F-actin, blue:
nuclei). Adapted with permission.2%l Copyright 2017, Wiley-VCH. Abbreviations—PEG, poly(ethylene glycol); ECs, endothelial cells.

constructs, other subtractive approaches including laser-
induced degradation and ablation have also been developed to
create user-defined, programmable, highly precise geometries
within bulk hydrogel matrices. Nanosecond or femtosecond
laser pulses with tuned peak intensities and scan rates can be
used to ablate 2D or 3D micron-sized to submicron sized chan-
nels with high resolution, millimeter-scale z-depth, and high
repeatability for directed cell migration and cell alignment.[3%!]
Depending upon the choice of hydrogel material, laser-
induced degradation can be executed via: 1) optical heat-
assisted evaporation of water trapped within polymer networks
leading to bubble formation, expansion, and cavitation; 2) direct
plasma ionization and physical degradation of polymer chains
constituting the hydrogel matrix and; 3) wavelength-dependent
photochemical scission of light-sensitive polymer chains of
the hydrogel matrix (Figure 7).l Degradation of physically
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crosslinked collagen gels can also accomplished by photo-
thermal heating of gel-encapsulated gold nanorods.*¥ These
degradation mechanisms dictate the scan speed, laser power,
laser source, wavelength, pulse duration, and pulse frequency
necessary to achieve the desired features.[17’]

Integration of laser-induced degradation with image-guided
laser positioning assists in fabrication of planar or more com-
plex 3D features including organ-mimetic, hierarchical micro-
fluidic networks, intertwined channels mimicking vascular
and lymphatic vessels, endothelialized lumens (with mural
cells), and in situ, evolvable features permitting dynamic
changes in flow paths and biochemical gradients within the 3D
hydrogel volume.l?3-3%] Since the fabricated networks closely
mimic the scale-encompassing architecture of the native vas-
cular tree with high fidelity and spatial resolution, this tech-
nique, if integrated with microfluidic platforms, has the
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potential to accurately recapitulate native or abnormal hemo-
dynamics, shear rates, velocities, pressures, and associated
mechanical perturbations on the vascular parenchyma.l305-308]
Despite the ability to create programmable, precise, biomi-
metic features and versatility with a wide range of materials,
laser-induced degradation is scale-limited, time-consuming,
involves multiphoton systems, and can cause laser-induced cell
damage in some cases.

Overall, a wide range of techniques have been developed that
enable the fabrication of functional vascularized microtissue
niches for in vitro mechanistic interrogations. In addition to
techniques discussed above, other novel approaches include
cell sheet engineering, 240399310 magnetic assembly and pat-
terning.B11-3181 Implementation of innovative material design
(assembled polyelectrolyte hydrogel fibers,?'”] thermore-
sponsive materials, and others) and integration with micro-
physiological platforms and sensing technologies can
potentially overcome the current limitations of speed, scal-
ability, precision, physiological complexity, and reproducibility
and lead to improved platforms for investigation of vascular
mechanobiology.

6. Modeling Vascular Mechanopathology in
Vascularized Microphysiological Systems

The implementation of various organ-on-a-chip, human-
on-a-chip, and disease-on-a-chip platforms to create
microphysiological systems have revolutionized the mim-
icry of human pathophysiology in miniaturized in vitro
devices.[122224179] Microphysiological systems have enabled
mechanistic investigations of multiple biological variables on
vascular-parenchymal microenvironments as well as testing
efficacies and toxicity profiles of therapeutic agents and poten-
tial drug candidates. The ability to integrate these systems
with other techniques (self-assembly, bioprinting, photoli-
thography, laser-based techniques), compatibility with a wide
range of biomaterials, parallelization of fluidic operations
in multiplexed culture systems, and high-content imaging
have accelerated the commercial translation of these systems
for drug discovery applications.l?>1781801 Historical perspec-
tives of microfluidic device development, applicability toward
organ/organoid/tissue/disease modeling and drug delivery,
prominent industrial players and their established on-chip
platforms, and key challenges in the landscape of licensing
and commercial translation have been extensively reviewed
previously.[13-15.22.25.3234,318-320]

Compartmentalization of specific tissue niches coupled with
dynamic fluid perfusion facilitates investigation of multiple
physiological microenvironments including: 1) vascular units
(microvascular networks and arteries);?!l 2) organ-specific
epithelial barriers (lung, small airway, intestinal gut, placenta,
retinal barrier, blood-brain barrier, renal proximal unit, and glo-
merulus);®'¥ and 3) parenchymal tissue (cardiac myocardium,
skeletal muscle, liver, tumors and others).?22 Changes in hemo-
dynamics, associated biophysical and mechanical perturba-
tions, and cellular and tissue responses in vascular parenchyma
can be replicated in on-chip platforms, providing new insights
into vascular mechanobiology and accelerating the discovery of
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new targets and drugs. Assessing drug permeability through
tissue interface barriers, sequential and interdependent multi-
organ metabolism, and stimulatory responses of parenchymal
tissue in these devices help improve the predictive power of in
vitro models in preclinical studies.

In addition, organ-specific ECM modeled through the use
of tissue-mimetic hydrogels enables evaluation of the role of
matrix permissivity toward biomolecules, soluble drugs, and
nanotherapeutic delivery vehicles.3332] Cells and cellular
metabolites can also be collected from these devices for pro-
cessing and analysis, revealing important aspects of metabo-
lism, functional activity, and gene expression influenced by
altered hemodynamics. Spatiotemporal variations in biochem-
ical cues (soluble and cell-derived) and induction of gradients
with variable flow profiles facilitate dynamic observation and
quantification of key cellular processes during multicellular
interactions.326-32°]

Although majority of investigations on vascular mechanobi-
ology have been conducted in simple and reductionist models,
recent advances in fabrication technologies to generate engi-
neered tissue constructs with vascular networks have aided
the close recapitulation of native tissue and organ niches.[**-1l
Particular examples of these niches and the underlying role of
vascular mechanobiology driving these processes are discussed
below.

6.1. Cardiovascular Diseases

With the progression of age, dysregulation of physiological
functions, and accumulation of chronic stress, multiple vas-
cular abnormalities gradually arise, mainly arteriosclerosis,
atherosclerosis, thrombosis, and fibrosis.[?297:330 Arterioscle-
rosis refers to the stiffening of vessel walls due to reduced
production of elastin and substitution with type I collagen
in the intimal layer, primarily by VSMCs. Multiple causes
including changes in shear stress, cyclic stretch, and pro-
longed hypertension have been implicated in the phenotypic
switching of VSMCs, which also leads to dysregulation of
vascular tone.3188 Although VSMC plasticity is reversible
during short-term injuries and can regenerate back to its
physiological phenotype, the chronic accumulation of other
vascular insults decelerates this recovery process and drives
it toward a pathological state.?112%] Extracellular lipid pools in
the intima consisting of free cholesterol and low-density lipo-
protein (LDL) are absorbed and oxidized by VSMCs thereby
generating foam cells. Subsequently, chemokine-mediated
recruitment of monocytes and differentiation to macrophages
leads to the formation of a fibrous cap with a necrotic core
and calcification into an atherosclerotic plaque.®331 Further
remodeling of the plaque due to MMP-mediated degradation
can lead to plaque rupture, activation of ECs and platelets, and
ultimately clot formation (thrombosis).8! Migration of fibro-
blasts, differentiation into myofibroblasts, and deposition of
collagen I over time promote fibrosis and scar tissue forma-
tion (Figure 8).332

Plaque formation in the intima leads to stenosis (narrowing
of the vascular lumen), which significantly alters the flow
velocity and shear stress profile in poststenotic sites, further
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Figure 8. Modeling cardiovascular pathological events in vitro. A) Schematic of the mechanism of thrombus formation and development, including
adherence, activation and aggregation of platelets to the damaged endothelium, thrombin-induced coagulation to form a thrombus, tPA induced
thrombinolysis, and formation of fibrotic thrombus mediated by fibroblasts. Adapted with permission.B33l Copyright 2016, The Royal Society of Chem-
istry. B) Schematic of a stenotic geometry that exacerbates thrombus formation through endothelial vWF accumulation, autocrine platelet stimulation,
and shear deceleration. Adapted with permission.?3 Copyright 2013, National Academy of the Sciences. Finite element analysis of wall shear rate

(WSR) and flow velocity in healthy and stenotic vessels of 67% occlusion, simulated for microfluidic model with input flow of 0.29 mL min~

T and vessel

diameter of 400 um (SB =200 um) and platelet aggregation (green: DiOCg) and thrombosis observed in stenotic geometry after 1 and 2.5 min of blood
perfusion, but no aggregation in healthy geometry after 15 min of perfusion (SB = 200 um). Adapted with permission.B3% Copyright 2017, The Royal
Society of Chemistry. Abbreviations—tPA, tissue plasminogen activator, vWF, von Willebrand factor.

increasing the risk of thrombosis.?3*3%% Several microfluidic
systems have been developed to model stenosis-induced throm-
bosis and thrombolysis and have shed light on underlying
hemodynamic forces and signaling mechanisms driving these
events (Figure 8).333335337338] For example, a sudden increase
in sheer magnitude at a stenotic site activates platelets in
response to endothelial vVWF secretion and integrin-mediated
adhesion and aggregation along the decreasing shear gradient
via restructuring of filamentous platelet tethers.?3*33¢l This
principle can also be applied in designing microfluidic devices
with stenosed flow geometries that can be used for real-time
evaluation of clotting function with small blood volumes. These
thrombosis- and thrombolysis-on-a-chip models could be used
to develop antithrombotic agents and hemostasis monitoring in
the clinic.1337:339,340]

In addition to thrombosis, fibrosis has also been modeled
in vitro through the application of cyclic mechanical stretching
to cell-laden hydrogels, resulting in fibroblast differentiation,
matrix protein deposition, ECM stiffening, and remodeling of
scar tissue.}32341342] These in vitro mechanistic studies which
can elucidate the role of biophysical forces in driving aberrant
cardiovascular pathologies have significant potential for the
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development of life-saving interventions and clinical translation
from bench to bedside.}*343 However, further mechanistic
insight into the developmental stages of cardiac disorders
needs to be obtained via the use of cardiac-specific ECs or
hiPSC-derived ECs differentiated toward cardiac-specific phe-
notype and their functional incorporation in microphysiological
systems.

6.2. Obesity and Diabetes

An imbalance of energy intake and expenditure through life-
style choices coupled with biological, societal, and environ-
mental factors have prompted obesogenic progression in
individuals.l'l Obesity has been associated with several patho-
logical conditions including insulin resistance, type II dia-
betes, hypertension, vascular dysfunction, and several forms of
cancer.23#3%] Mechanistically, obesity and adiposity are inti-
mately coupled with systemic vasculature via mechanical and
biochemical regulation.

Obesity-associated hypertension and insulin resistance
causes increases in arterial and capillary stiffness, thickening
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of the basement membrane, an increase in vessel diameter,
and dysregulated vasomodulation.['!®3* Vasomodulation is
adversely affected by impaired vasodilation (reduced secretion
of and hyposensitivity to vasodilators) or impaired vasoconstric-
tion (elevated secretion of and hypersensitivity to vasoconstric-
tors), leading to reduced blood flow and reduced functional
hyperemia in response to exercise, food intake, or increase in
local metabolism.?*3461 This chain of events also correlates
with microvascular rarefaction (reduction of blood vessel den-
sity), reduced perfusion to peripheral limbs and tissues, and
hypoxia, and eventually leads to local ischemia and peripheral
vascular disease.?1:344:346]

Obesity is also associated with cholesterol deposition in
the vascular intima, which coupled with reduced bloodflow,
increases the probability of venous, pulmonary, and cerebral
thromboembolism. On a cellular level, obesity leads to altered
secretion of pro- and anti-inflammatory cytokines (TNF-c,
IL-18, -6, -8) and adipokines (adiponectin, leptin) which act
synergistically to induce increased vascular permeability,
endothelial dysfunction, impaired capillary recruitment,
stromal and vascular remodeling, and reduced sensitivity to
insulin.?473481 Mechanical loading on the perivascular adi-
pose tissue resulting from bloodflow also influences its adi-
posity and downstream regulation of vascular tone.3*l Cyclic
uniaxial or biaxial stretch on adipocytes leads to inhibition of
adipogenesis while reduced magnitude or frequency of flow or
complete static conditions result in enhancement of adipogen-
esis.?* Thus, this vicious cycle of adipose regulation of blood-
flow and flow-regulated adipogenicity continues in synergism
and eventually leads to a host of pathologies in other organs
including diabetic vasculopathies, nonalcoholic fatty liver dis-
ease (NAFLD), hyperglycemia, and hyperlipidemia, among
others. [344346,350]

Adipogenic dysregulation has been modeled in several
in vitro models through the culture and differentiation of adi-
pocytes (with or without endothelial cells), primarily to inves-
tigate the secretory profile, immune modulation, and obesity-
induced insulin resistance (Figure 9).1322351352 Although most
studies have focused on biochemical regulation of obesity-
associated pathologies, the roles of biophysical forces including
shear stress and pressure on adipogenic regulation have been
relatively underexplored. However, with increasing appreciation
of the role of obesity in driving a wide range of pathologies,
it is anticipated that future in vitro and on-chip platforms will
incorporate the ability to study the role of mechanical forces in
driving these pathologies. These efforts will eventually accel-
erate development and improvement of the efficacy of antidia-
betics, nutraceuticals, and other pharmacogenic agents toward
mitigation of obesity and diabetes.

6.3. Pulmonary Niche

The lung and its constitutive small airway and alveolar struc-
tures are vital for maintaining gas exchange through the blood-
air barrier (BAB). The pulmonary epithelium and the capillary
endothelium lining this barrier undergo significant mechanical
perturbations due to continuous cyclic distensions and con-
tractions during breathing.3>¥ Anatomically, the BAB consists

Adv. Healthcare Mater. 2020, 1901255

1901255 (21 of 45)

www.advhealthmat.de

of the alveolar epithelium (with type I and II epithelial cells),
adjoining a thin basement membrane with pericytes, fibro-
blasts, pulmonary smooth muscle cells, and the pulmonary
epithelium. Type I epithelial cells make up 95% of the epithe-
lium and are responsible for diffusive transport of oxygen (O,)
and carbon dioxide (CO,), while type II epithelial cells secrete
a lipoprotein that acts as surfactant and modulates alveolar
surface tension during cyclic stretching.’> Bloodflow through
the capillaries is primarily driven by differences in pulmo-
nary arteriolar, venous, and alveolar pressure, while concomi-
tant gas exchange is driven by the partial O, and CO, tension
across the alveolar interface. These multiple dynamic events
are influenced by a host of mechanical forces and their effects
on differentiation, cellular proliferation, respiratory func-
tion, and disease states of the lung have been investigated in
detail [31,356,357)

In general, physiological mechanical strain on the BAB is
necessary for alveologenesis and epithelial and endothelial
morphogenesis during lung development.>>*l Activation of per-
icytes in response to cyclic stretch promotes angiocrine sign-
aling and YAP/TAZ-mediated cellular proliferation.[8%357-35
However, accumulation of stretch forces over time can cause
transdifferentiation of pericytes and fibroblasts toward a myofi-
broblast lineage, higher ECM production, basement membrane
stiffening, and increased airway resistance, ultimately resulting
in pulmonary fibrosis (or chronic lung disease).[8%37:38] Simi-
larly, during ventilator-induced lung injury supraphysiolog-
ical stretching causes stress failure of the plasma membrane
of cells, breakdown of the BAB, release of proinflammatory
mediators, and IL-8 mediated neutrophil and leukocyte
accumulation.[36%

Several in vitro and on-chip platforms have been devel-
oped to recapitulate the dynamics and mechanical deforma-
tions occurring at the BAB with particular focus on modeling
pulmonary edema, chronic obstructive pulmonary disease
(COPD), asthma, lung inflammation, and pulmonary toxicity
(Figure 10).°>361-365] These on-chip platforms (often made
of elastomeric PDMS) usually contain a confluent pulmonary
epithelium and endothelium separated by a porous support
membrane that allows free exchange across the air-liquid inter-
face. Application of vacuum-assisted negative pressure enables
stretching of the flexible interface and permits investigation of
static versus cyclic stretch conditions on BAB permeability and
resistance.[3>5:363-365]

Intelligent design of platforms can be used to modify the
directionality (unidirectional or bidirectional) and axis (uni-
axial, biaxial, or triaxial) of the stretch forces to modulate the
linear and surface area strain on the cultured cells to decouple
the relative contribution of these parameters in maintaining
BAB integrity and function.}%®3%] In addition, developing
complex pulmonary vascular networks around model alveolar
assemblies can help identify subtle events including bidi-
rectional flows and RBC mixing and clearance due to cyclic
alveolar distension and contraction that is difficult to recapit-
ulate in simplistic models.[?®! These platforms have enabled
the investigation of the roles that mechanical forces play in
gas exchange and pulmonary circulation within the normal
and diseased lung; the knowledge of which could be used to
develop pulmonary-specific therapeutic interventions.
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Figure 9. On-chip obesity models. A) Schematic of fabrication of a vascularized human adipose tissue on-chip platform by co-culturing hASCs and
hAMECs. hAMECs organize into a 3D vascular network over 2 weeks (green: CD31) and hASCs differentiate into adipocytes bearing intracellular lipid
droplets visible in phase contrast and fluorescent micrographs on day 40 (red: perilipin-1) with increase in size and number of droplets (SB =100 um).
Adapted with permission.322 Copyright 2019, American Chemical Society. B) Schematic of the setup for studying adipocyte-immune cell interactions
during type Il diabetes in a microfluidic device with individual compartments for adipocytes and PBMCs, bright-field images and magnified view of lipid
droplet accumulation in control and LPA treated adipocyte from adipocyte-PBMC cocultures (SB = 50 um). Adapted with permission.B333 Copyright
2019, Springer Nature. Abbreviations— hASCs, human adipose-derived stem cells; hAMECs, primary human adipose microvascular endothelial cells;
PBMCs, peripheral blood mononuclear cells; LPA, Lipid A from E. coli serotype R515.

6.4. Hepatic Niche

The liver, owing to its vital role in nutrient metabolism and
toxic clearance, experiences distinct mechanotransductory
processes arising out of hemodynamic forces essential to
maintaining its function and regeneration potential. The hepa-
tovascular niche (hepatic sinusoids) consists of fenestrated
endothelium made of liver sinusoid endothelial cells (LSECs),
Kupfter cells (KCs, liver-resident macrophages), hepatic stellate
cells (HSCs) in the adjoining Space of Disse, and hepatocytes
and cholangiocytes arranged around the bile duct.?1:893% Flow
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from the hepatic artery and portal vein exerts shear stress and
pressure on LSECs, which drives transcellular transport across
the fenestrae.’°6367] The LSEC fenestrae is unique in that it
lacks a basement membrane, is highly permeable to macromo-
lecular transport, and has a high endocytotic capacity (neces-
sary for scavenging cellular waste from blood). In addition to
common EC mechanosensors, Kriippel-like factor-2 (KLF-2),
a shear-sensitive transcription factor present in LSECs and
KCs, is responsible for maintaining a flowrate-dependent anti-
inflammatory, antioxidant, antithrombotic, and vasoprotective
phenotype.[31:366.367)
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Figure 10. Modeling pulmonary mechanopathology in on-chip models. A) Schematic of the human small airway-on-a-chip model to mimic asthma and
lung inflammation with 3D confocal reconstruction of the fully differentiated, pseudostratified airway epithelium formed by hAECs (green: F-actin) with
hPMECs (red: F-actin) on either side of the membrane (blue: nuclei) (SB =30 um). Demonstration of tight junction formation (red: ZO-1) in hAECs,
continuous adherens junctions (green: PECAM-1) in hPMECs, and high numbers of ciliated cells (green: B-tubulin 1V) and goblet cells (magenta:
MUCS5AC) (SB =20 um) (top) and confocal micrographs of differentiated airway epithelium cultured on-chip for 4-6 weeks at the air-liquid interface
under control or IL-13 treatment (green: MUC5AC, goblet cells, blue: nuclei) (SB = 50 um) (bottom). Adapted with permission.3 Copyright 2016,
Springer Nature. B) Schematic of the microfluidic device to model the alveolar-capillary barrier with vacuum-assisted mechanical stretching mimicking
alveolar distension. Schematic and confocal micrographs of epithelium stimulated with TNF-c upregulating ICAM-1 expression (red) under 10% strain
at 0.2 Hz and adhering of human neutrophils to TNF-o activated endothelium (SB = 50 um). Schematic and fluorescence time-lapse of phagocytosis
of two E. coli cells (green) on the epithelial surface by a neutrophil (red) that transmigrated from the vascular microchannel to the alveolar compart-
ment (SB = 20 um). Adapted with permission.?®¥ Copyright 2010, AAAS. Abbreviations—hAECs, human airway epithelial cells; hPMECs, human
pulmonary microvascular endothelial cells; ZO-1, zona occludens-1; PECAM-1, platelet endothelial cell adhesion molecule; MUC5AC, mucin-5; I1L-13,
interleukin-13; ICAM-1, intercellular adhesion molecule-1, TNF-o, tumor necrosis factor-c.

HSCs play a key role in maintaining flow-mediated sinu-
soidal tone and stiffness by activation of the RhoA-ROCK
pathway, MLC phosphorylation, and stress fiber con-
traction.®9-3663681 Vagcular dysfunction arising out of portal
hypertension, inflammation or alcoholic damage causes defen-
estration (or capillarization) of LSECs, deposition of laminin
and fibronectin, activation of HSCs toward a proliferative,
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procontractile phenotype, reduced NO production, increased
ROS generation, and abnormal sensitivity to vasomodulation,
thereby hindering oxygenation of hepatocytes.300:367:36 This
eventually leads to necroptosis of hepatocytes and chronic liver
disease (cirrhosis).l3¢3¢7 Abnormal flow patterns are also asso-
ciated with platelet recruitment and aggregation, imbalance in
pro- and anti-coagulant factors, coagulation and clot formation,
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Figure 11. Modeling hepatic microenvironments in in vitro models. A) Schematic of the NAFLD-on-a-chip device design with hepatic cells (m.t.c.:
mass transport channel, c.c.m.: cell culture microchamber). Phase contrast micrographs of HepG2 cells inside the microfluidic sinusoid over 0, 1, 3, 5,
and 7 d in culture (SB =100 um) and fluorescence micrograph of cells on day 8 (green: live, red: dead) (SB = 50 um). Adapted with permission.’4
Copyright 2016, PLOS One. B) Schematic of liver circulation and metabolic zonation. Design of the microfluidic gradient generator to mimic hepatic
zonal gradients, and gradient of food dyes. Zonation of primary human hepatocytes in carbohydrate metabolism (purple: PAS stain) and nitrogen
metabolism (green: CPS1 stain) with gradients of glucagon and insulin (SB = 400 um). Zonation of primary human hepatocytes in drug-induced liver
toxicity via exposure to 3-MC and APAP over 4 h (red: tetramethyl rhodamine methyl ester) and drug metabolism (green: CYP1A2 stain) over 24 h
(SB =400 um). Adapted with permission.” Copyright 2018, Springer Nature. Abbreviations—NAFLD, nonalcoholic fatty liver disease; CPS1, carba-
moyl phosphate synthase-1; 3-MC, 3-methylcholanthrene, APAP, acetaminophen.

and recruitment and adhesion of leukocytes, thereby leading
to vessel occlusion and an increase in intrahepatic vas-
cular resistance and pressure.3%03%8 Interestingly, recovery
from acute liver injury or hepatectomy is also dependent on
increases in shear stress and flow, which induces release of
NO from LSECs and HSCs and sensitizes hepatocytes to
hepatocyte growth factor (HGF) necessary for proliferation and
regeneration.[368:370]

Investigation of flow-associated liver function and clear-
ance has been conducted in vitro in several on-chip platforms
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(Figure 11).1362371374 In particular, comparative studies of
hepatocyte culture in static versus perfused conditions reveal
the important role of flow in albumin and urea secretion,
cytochrome P450 metabolism, toxicity modulation of drug com-
pounds, liver zonation, and overall long-term maintenance of
hepatocyte viability.?®>375-377] One study uncovered the role of
vessel perfusion in stretching of LSECs, activating integrin f3;
and vascular endothelial growth factor receptor 3 (VEGFR3),
upregulating HGF secretion, and resulting in increased
hepatocyte proliferation and survival.?”8! In vitro platforms

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
HEALTHCARE
MATERIALS

www.advancedsciencenews.com

A

paracellular:

www.advhealthmat.de

Neurovascular niche

transcellular pathways

pathway : passive lioniwater; carrier i receptor ; adsorption
astrocyte Clfitsion 5"3"SP°"§ transport | transport | transport
end-feet BMEC in W R a4 o2 i
ol % i i &k .. blood
~ 1 | — - = Ko
& efux s
A pumps
eg. P-gp!
pericyte
neuron "
. . junction W Lo
microglia N\ | (R (0 - ey
f i e * brain
water ! small leg. Na', ! e.g. glucose,! e.g.insulin,! e.g. histone,
parenchymal BM  soluble ! lipophilic iK', CI ' iaminoacids | transferrin, | albumin
vascular BM species : molecules H : leptin '
eg.0, CO,
2H501'|
B Blood-Brain-Barrier omin

Astrocyte

(i) C

Xy plane

Xz plane

Figure 12. Modeling neurovascular niche in on-chip models. A) Schematic of the structure of the neurovascular unit (NVU) in the blood-brain-
barrier (BBB) and molecular transport pathways across the BBB. Adapted with permission.®2 Copyright 2017, Springer Nature. B) Schematic of

the BBB-on-a-chip and confocal image of self-assembled iPSC-ECs (green:
(SB=100 pum). Confocal image and projection of stable hollow lumens form

CD31), pericytes (red: F-actin), astrocytes (magenta: GFAP) (blue: nuclei)
ed by pericytes enveloping iPSC-EC-derived microvasculature (SB =20 pum),

(iv) Maximum intensity projections of 40 kDa FITC-dextran at times 0 and 15 min postperfusion. Adapted with permission.?83 Copyright 2018, Elsevier.
Abbreviations—BMEC, brain microvascular endothelial cells, BM, basement matrix.

recapitulating the complex hepatic niche offer a roadmap
toward testing first-pass metabolism and toxicity of candidate
drugs, and mechanistic insights into liver regeneration.?623711
However, decoupling the individual roles of shear stress, cyclic
stretch and pressure on different cell types in the liver sinu-
soid within complex hepatic microenvironments is necessary
to develop liver-specific mechanotherapeutics and warrants
further investigation. In addition, the role of the lymphatic vas-
culature in the hepatic niche is also understudied and could
potentially be recapitulated in microphysiological systems.

6.5. Neurovascular Niche

The cerebrovascular system is responsible for providing oxygen
and nutrients to the energy-intensive neural tissue in the
brain, while maintaining ionic and fluidic homeostasis ena-
bling physiological brain function.*’>3%] These functions are
accomplished by the neurovascular unit (NVU) consisting of
the cerebral capillaries, wrapped with pericytes, and adjoining
astrocytes, glial cells, and neurons in the neural parenchyma

Adv. Healthcare Mater. 2020, 1901255 1901255

(Figure 12).18Y Brain microvascular ECs (BMECs) constituting

cerebral microvasculature form a tightly regulated blood-brain
barrier (BBB) that controls paracellular and transcellular trans-
port of ions, nutrients, metabolites, and biomolecules.[*7%380]
While paracellular transport is mediated by tight junctions
(claudins, occludins) and adherens junctions (VE Cadherin)
between BMECs, transcellular transport is mediated by BMEC-
specific ion pumps, surface receptors, and protein trans-
porters.372380 The synergistic regulation of BBB integrity and
permeability by BMECs, pericytes and astrocytes in the pres-
ence of hemodynamic variations and continuous neuronal
signaling is critical toward maintaining normal blood perfu-
sion, preventing neuroinflammation and immune responses,
and inhibition of xenobiotic and pathogenic infiltration, thereby
maintaining neuronal health.31:379-381]

The BMECs constituting the cerebral microvasculature
exhibit high specificity toward BBB functional integrity and
phenotypic differences from ECs in other organs. Under the
effect of shear stress, BMECs do not undergo cytoskeletal
remodeling, elongation or alignment, and maintain a cobble-
stone morphology, which is necessary to maintain junctional
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homeostasis.?3#38%] However, shear stress is necessary to upreg-
ulate BMEC junctional protein expression, maintain BMEC
metabolism, quiescence and low turnover, and physiological
levels of hydraulic conductivity, permeability and transen-
dothelial electrical resistance (TEER).3%0381 This intricately
balanced BBB integrity is sensitive to a wide range of hemo-
dynamic perturbations, resulting from age-related deterioration
and dietary habits.’80387:388] High arteriolar perfusion pressure,
due to hypertension and age-related changes in matrix stiffness
and elasticity, can result in reduced dampening of the pulsatile
cardiac waveform in the cerebral capillaries, leading to chronic
accumulation of neuronal shock.[12>389]

These events also affect adjoining pericytes and astrocytes;
pericytes gradually dropout, weaken capillary integrity and
reduce blood flow while astrocytes withdraw their end feet,
causing neurovascular decoupling, imbalanced vasomodula-
tion, microglial activation, and neuronal and synaptic dysfunc-
tion.[123793%0] Age.related dysregulation in cerebral blood flow
and vascular damage is also associated with accumulation of
toxic moieties, neuroinflammation, amyloid- angiopathy, tau
pathology, amyotrophic lateral sclerosis (ALS), dementia, cogni-
tive impairment and Alzheimer’s disease (AD).[']

Under acute circumstances, occlusion or hemorrhage of
cerebral capillaries can lead to ischemic stroke due to hypoxia
with a surrounding transient penumbral layer of injured neu-
ronal tissue.%1392] This condition is exacerbated by reperfusion
injury caused by normalization of bloodflow, which results in
sudden generation of ROS downstream of the ischemic site
and subsequent neuronal death.l**? Blunt head trauma can also
cause a sudden reduction in bloodflow, cellular compression,
neurite and axonal swelling, immune infiltration and inflam-
matory response leading to increased cranial pressure and
cerebral edema.['%®]

A majority of on-chip studies modeling the NVU have
focused on establishing tight BBB integrity by co-culture of ECs,
pericytes and astrocytes (or their hIPSC-derived counterparts)
within compartmentalized microniches (Figure 12).1383393-3%]
Validation of barrier function is demonstrated by evaluation of
the TEER value achieved and molecular permeability, expres-
sion of junctional proteins and response to neuroinflamma-
tory agents.3%3%] Development of new platforms or extension
of existing ones is expected to provide insights into molecular
mechanisms underlying pathogenesis of neurodegenerative dis-
eases and facilitate drug delivery through the BBB.[15>395,400-402]
However, mechanisms of structural and functional degeneration
of the NVU and BBB due to fluctuations in shear stress, cyclic
stretch, or pressure and associated changes in strain induced in
the vascular wall and adjacent tissue warrant further investiga-
tion within these microengineered systems, owing to their impor-
tant role preceding multiple neural pathologies. In addition, the
potential role of the gut microbiota in driving neuronal disorders
through changes in vascular permeability and systemic inflam-
mation could also be recapitulated in microphysiological systems.

6.6. Renal Niche

The kidneys are involved in flow-activated filtration and active
reabsorption of water, ions and other biomolecules, thereby
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maintaining blood pressure, osmolality, and pH homeostasis of
the blood. The functional unit of the kidney, the nephron, has a
complex architecture, involving multiple renal cell types, organ-
ized in a 3D network surrounded by niche-specific ECM and
complex vasculature.*%3] Two particular interfaces present in
the nephron, the glomerular unit and the renal-vascular tubule
unit, are of particular interest with regard to exchange of fluids
and ions in the presence of hemodynamic forces.0’]

Hydrostatic pressure in the tortuous convoluted structure
of the glomerulus drives filtration of fluids and solutes to the
adjoining Bowman's capsule. Podocytes present in the glomer-
ulus experience flow-induced shear stress and tensile stretch
due to glomerular ultrafiltrate flow and glomerular capillary
pressure respectively, which induce extension of podocyte foot
processes at the basolateral surface, coverage over renal capil-
laries, and integrity of the glomerular filtration barrier.[31404403]
Increased renal blood flow or hypertension can cause hyperfil-
tration leading to glomerular hypertrophy and chronic kidney
disease [403406,407)

The renal-vascular tubule unit, responsible for active reab-
sorption, lies downstream of the glomerular unit and is also
influenced by several flow-associated mechanical forces that
affect kidney function.l*®®! Brush border proximal tubule epi-
thelial cells are arranged as microvilli that sense shear stress
through bending and respond via reorganization of cytoskeletal
actin stress fibers, focal adhesions, and tight junctions.[*0%410
Similarly, primary cilia on the cortical collecting ductal cells
and endothelial glycocalyx also respond to shear stress via
opening of stretch-activated ion channels and vasomodulatory
secretion.[*98*10] These collective and coordinated responses
ultimately help maintain optimum glomerulotubular balance,
water, Na*, and HCO;  reabsorption and blood pH and
osmolality.[*1]

This tightly regulated balance is disturbed in pathological
states (due to local inflammation, thickening of basement
membrane, high blood sugar, and others), resulting in renovas-
cular hypertension (secondary regulation of blood pressure due
to renal hormone secretion), diabetic nephropathy (protein loss
in urine and low blood serum albumin), and general glomeru-
lonephritis.1?#407412] In addition, drug-induced nephrotoxicity
is also commonly encountered during pharmacotherapy and
metabolic passage.*12-14]

Several studies have been conducted to model key renal
processes including macromolecular diffusion and perme-
ability, drug-induced nephrotoxicity, inflammatory cytokine
secretion, and the role of strain in podocyte-endothelial cross-
talk, among others (Figure 13).[12-18] In particular, application
of fluid flow (or flow coupled with 10% cyclic strain) induced
differentiation of hiPSCs into mature and functional podo-
cytes, ensured better luminal coverage, extension of podocyte
feet processes to the underlying glomerular endothelium, cell
type-specific deposition of collagen IV basement membrane
protein, ultimately resulting in improved and in vivo-matched
urinary clearance.[*'l The role of biophysical forces in regu-
lating renal transport processes and barrier function needs to
be investigated in detail, which can be achieved by implemen-
tation of microfluidic on-chip platforms that permit dynamic
biomimetic flow and mechanical perturbations matching path-
ological renal states.
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Figure 13. Modeling renal vascular interfaces in on-chip models. A) Schematic of the glomerular capillary wall with hiPSC-derived podocytes and
human glomerular ECs separated by the glomerular basement membrane (GBM), photograph and schematic of a microfluidic glomerulus-on-a-chip
with vacuum-assisted cyclic stretching of the flexible membrane. Confocal 3D reconstruction of the interface between hiPSC-podocytes (green) and
glomerular ECs (magenta) demonstrating enhanced extension of podocyte cell processes through the pores of the flexible membrane and insertion into
abluminal surface of the underlying glomerular endothelium with application of 10% strain (SB =100 tm). Adapted with permission.[*1®l Copyright 2017,
Springer Nature. B) Schematic of the assembly of the human renal vascular-tubular unit (hRVTU) with parallel-channel geometry for the bottom layer
and either parallel-channel or grid geometry for the top layer visualized with perfused fluorescent beads (SB: top =1 mm, bottom =150 um). Confocal
3D projection of channels seeded with HUVECs (magenta: VE-Cadherin) and human renal cortical epithelial cells (green: E-Cadherin) after 14 d of

culture demonstrate close proximity of cellularized channels (SB =100 um). Adapted with permission.l“'®l Copyright 2018, Wiley-VCH.

6.7. Intestinal Niche

The small intestine is primarily responsible for absorption of
nutrients from the digestion products in the intestinal lumen
and its transport through the intestinal lymphatic to the hepatic
portal vein. In addition, commensal microbiota residing in a sym-
biotic relationship with the intestinal epithelia are also involved
in immune surveillance, food antigen tolerance, and infection
control (Figure 14).12% The gut epithelium consists of specialized
cells (goblet cells, enterocytes, and others) arranged in the form
of villi and crypts, which together with the basement membrane
and interstitial matrix form the functional gut barrier.*?" This
barrier experiences a wide range of forces including pressure
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and shear from the endoluminal chyme, peristaltic muscular
contraction and relaxation, and cyclic strain induced by rhythmic
villous motility, among others.[*?1422] These mechanical forces
influence epithelial stretching, proliferation, and migration, in
a similar manner as the wound healing response cascade.*?!l
The influence of these forces also propagates to the underlying
lacteal lymphatic ECs, collecting lymph vessels, and mesenteric
capillaries.*21422l However, the relative extent to which these
endoluminal biophysical forces influence vascular and lymphatic
function compared to existing hemodynamic forces arising out
of cardiac pulsation is yet to be elucidated.

The normal gut barrier function is often subject to external
perturbations arising from inflammatory responses, obesity,
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Figure 14. Modeling intestinal/gut vascular microenvironment in on-chip models. A) Schematic of the human intestinal epithelium overlaid with
mucus layer and complex gut microbiota and the underlying vascular endothelium. Confocal cross-sectional view of the intestinal epithelium—micro-
biome interface with co-culture of epithelial cells and B. fragilis (cyan: villin, yellow: B. fragilis, magenta: ZO-1) (SB = 50um). Scanning electron micro-
graphs of the apical surface of the Caco2 epithelium on day4 of culture before mucus layer accumulation and after day 12 of culture after mucus
layer formation and B. fragilis addition (SB: = 2um). Adapted with permission.*?3] Copyright 2019, Springer Nature. B) Schematic of the gut-on-a-chip
device with vacuum-assisted mechanical stretching of the flexible membrane with photograph of the device with perfused dyes. Micrographs of cells
under application of cyclic mechanical strain (10%, 0.15 Hz) and flow for 3 d. Phase contrast image of epithelial cells and fluorescence images of ECs
(occludin) demonstrate tight junction formation. Confocal cross-section of the interface (green: F-actin, blue: nuclei) (SB =20 um) and cross-section
view of undulating epithelium at 170 h confirming the presence of villi lined by consistently polarized columnar epithelial cells separated by a crypt

(green: F-actin, magenta: mucin, blue: nuclei) (SB =20 pum). Adapted with permission.[*24l Copyright 2012, The Royal Society of Chemistry.

and colonic malignancies.*”®) Imbalance in the basement

matrix composition and stiffness, coupled with abnormal pres-
sure and strain amplitudes exerted on the intestinal epithelia
can cause unwarranted proliferation, migration, dysbiosis of
the gut microbiota, ROS generation, inflammation, and disrup-
tion of the gut barrier, ultimately propagating to mesenteric
and hepatic organ niches.[#2242>-427]

To that end, there has been increasing interest in modeling
this complex milieu within microfluidic on-chip platforms,
which can recapitulate the mechanical and biochemical
responses of flow and paracrine signaling via coculture of intes-
tinal epithelium, underlying vasculature and commensal bacte-
rial strains (Figure 14).[423424428-831] Although such studies are
limited, they provide valuable insight into the roles of shear
stress, strain, hypoxia (aerobic vs anaerobic microenviron-
ments), inflammatory cytokines, and others in regulating the
gut barrier function.*?34264321 Ultimately, these engineered
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models are expected to improve strategies for oral drug delivery,
metabolic processing of molecules and pharmaceutics, and
development of microbiome-related therapeutics and probiotics.

6.8. Ocular Niche

The human eye consists of two prominent vascular interfaces:
1) the blood-aqueous-barrier (tight junction complex of the
ciliary epithelium supported by ECs of the iris vasculature and
the Schlemm's canal) and 2) the blood-retinal-barrier (BRB)
(located between the retinal tissue and the ocular vascular bed).
The BRB is further composed of an outer barrier (0BRB, regu-
lated by the choroidal endothelium and tightly junction bound
retinal pigment epithelium) (Figure 15) and an inner barrier
(iBRB, composed of tightly bound retinal endothelium coupled
with pericytes, astrocytes and Miiller cells).[*3343]
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Figure 15. Modeling ocular microenvironment in in vitro models. A) Schematic of the outer blood-retinal barrier (BRB) and design of the 3D retinal
pigment epithelium (RPE)-choroid structure on a microfluidic eye-on-a-chip model. ARPE-19 cells were attached to a mlcropatterned 3D fibrin ECM,
with ECs and supporting fibroblasts forming a perfusable vessel network mimicking choroidal vessels. Gap channels of various widths tested to opti-
mize the device design with 400 um wide channels demonstrating angiogenic sprouts from the unstabilized vessel (green: F-actin, white: CD31, blue:
nuclei) (SB =200 um). Arrowheads indicate unstable RPE migration without the gap channel. Adapted with permission.**¢l Copyright 2018, Wiley-VCH.
B) Schematic of corneal neovascularization via patterned seeding of HUVECs and fibroblasts within zonal regions. Confocal micrograph of overall
architecture of angiogenic sprouting on day 4 (SB = 500 um) and characteristic markers demonstrating microvascular assembly (red: ZO-1, green:
VE-Cadherin, CD31, red: laminin, collagen IV, blue: nuclei) (SB = 50 um). Adapted with permission.l*4’l Copyright 2019, Wiley-VCH.

The blood-aqueous-barrier regulates the flow of ions and
solutes from the stromal circulation, aided by ion transporters
through the gap junctions, to maintain osmolality of the aqueous
humor. Aqueous humor outflow is regulated via the trabec-
ular meshwork (TM) and Schlemm’s canal (SC) endothelium,
resulting in well-controlled intraocular pressure (IOP).[#33:436437]
The blood-aqueous-barrier also serves as an immunoregulatory
gateway, regulating infiltration of leukocytes, T lymphocytes,
and natural killer (NK) cells into the aqueous humor, and pre-
venting destructive inflammation.3>438]

The intricate balance between the inflow and outflow of
aqueous humor that maintains the IOP is influenced by a
number of factors including flow-sensing of trabecular ECs,
wall and shear stresses in the vascular endothelium, and base-
ment membrane composition of trabecular lamellae (collagens-
I, 111, and elastin).*3¢*# In combination with IOP, which
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exerts compressive forces on the surrounding structures, these
factors help regulate local homeostasis through a highly com-
plex interactive network in the anterior eye chamber.[*3*43¢]
Imbalance of flow-induced forces, disintegration of the tight
barrier due to inflammation, or age-related deterioration of
mechanosensory elements can lead to elevated IOP, eventually
leading to glaucoma. Hence, maintenance of physiological IOP,
either through surgical or biochemical intervention to reduce
aqueous humor production or increase outflow, is critical in
maintaining ocular homeostasis.*3¢l

The BRB helps maintain homeostasis between the blood
perfusion pressure (PP, induced by retinal arterial blood
supply) and the IOP, while regulating fluidic, ionic, and mole-
cular transport between the choroid plexus and retina.*3¢43%
The junctional and functional integrity of the BRB is sustained
by autonomic regulation of retinal vascular flow resistance,
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which is in turn mediated by several factors including balance
between PP and IOP, vessel tone, blood viscosity and shear
stress, among others.[*3%#% Abnormal regulation of these vari-
ables due to age, diabetes, or inflammation can lead to progres-
sive ocular disorders.*#!l Higher blood viscosity, lower flowrate
and shear stress, and high blood glucose associated with age
and diabetes can cause retinal vein occlusion, basement mem-
brane stiffening, reduced molecular transport, reduced partial
oxygen pressure and local hypoxia in the inner retina.[116:441.442]
Hindered bloodflow is associated with increased risk of
thrombus formation, pericyte dropout, metabolic and vaso-
modulatory imbalance, and enhanced leukocyte adhesion and
infiltration.31 #4345 These effects can also be exacerbated with
elevated PP due to hypertension. Increased hypoxia induces
proangiogenic signaling and switching of retinal vasculature
from a stable, quiescent phenotype to an activated, angio-
genic phenotype leading to neovascular sprouting and BRB
dysfunction, which ultimately lead to diabetic retinopathy
(DR), age-related macular degeneration (AMD) and macular
edema (116434436

Some studies have aimed at modeling the ocular interfaces,
in particular the BRB, using microfluidic culture systems
(Figure 15).1322446448] Recapitulation of choroidal/retinal and
corneal angiogenesis to model AMD and BRB disruption have
been conducted with cocultures of retinal endothelial cells (or
HUVECs as a substitute), retinal pigment epithelial cells, and
intermediately located cells of neuronal origin.[#46:447:449:450]
These platforms can also be used for testing the efficacy of
antiangiogenic agents toward the prevention of diabetes- and
age-related vascular disorders.[*647:449] [n addition to BRB,
the corneal epithelium (cornea-on-a-chip), which experiences
blinking-induced pulsatile forces and cyclic rehydration of
lachrymal fluid in an airliquid interface, has also been used
to investigate the differentiation of corneal epithelial cells, dry
eye disease-induced epithelial stress, and eye drop-assisted
drug permeation, lubrication, and mass transport.*>!] Overall,
the intricate and complex ocular niche presents great potential
for further improvement of these microfluidic platforms which
could eventually assist in high-content screening of drugs for
ocular diseases.

6.9. Lymphatic System

The lymphatic system is responsible for transporting interstitial
fluid (IF) (water, salts, plasma proteins, and WBCs) from the
extracellular space via the lymphatic vessels and lymph nodes
back to the cardiovascular circulation, thereby maintaining
finely balanced tissue fluid homeostasis and molecular traf-
ficking. The transport occurring through the lymphatic vascula-
ture is mediated by various structural and functional elements
including vasomodulation by lymphatic endothelial cells (LECs)
and lymphatic smooth muscle cells (LSMCs), mechanore-
ceptors that sense lymph flow-mediated forces, intrinsic and
extrinsic pumping of lymph, and bicuspid valves that prevent
lymph backflow, among others.[347452]

In addition, LSMC-mediated cyclic pulsatile contractions
ensure unidirectional forward movement of the lymph through
the lymphatic vessel.”*? In addition to lymph transport, the
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lymphatic system is also responsible for reverse cholesterol
transport and immune surveillance.’*’] Hindrances in lymph
flow (due to leakiness in lymph vessels, imbalanced NO sign-
aling, basal membrane stiffening, adipose tissue accumulation,
and obesity-induced inflammation) can lead to elevated IF pres-
sure and lymphedema.[**%

Of particular importance in this regard is the role of
IF-induced pressure and shear stress in lymph vessel develop-
ment and in the tumor microenvironment.*>**’] Lymphangi-
ogenesis is initiated by IF-pressure induced LEC stretching, 51
integrin activation, VEGFR3 phosphorylation, LEC proliferation
and eventually lymphatic sprouting.[*3>%>#° [F flow dynamics
also influence lymph vessel valve formation and mainte-
nance.3%4 In the tumor microenvironment, the increased
intratumoral fluid pressure is associated with cancer-associated
fibroblast (CAF) contraction, ECM alignment and stiffening,
lymphangiogenic factor secretion, lymphatic sprouting, lym-
phatic hyperplasia, and eventually tumor cell dissemination
toward metastatic spreading.**”#8l These forces concurrently
drive macrophage activation, dendritic cell (DC) trafficking, and
T cell regulation along the peritumoral lymphatic vessels and
the sentinel/tumor draining lymph nodes.*74

Lymph vessel structure and dynamics and its role in lym-
phatic pathologies have been modeled in several in vitro and
on-chip platforms (Figure 16).1219254305460-462] Thege include
the role of shear stress on T cell-dendritic cell trafficking,
tumor-dendritic cell communication, diffusional and perfu-
sional transport dynamics between blood and lymphatic vas-
culature through the interstitial matrix, IF-guided tumor cell
migration, lymphatic morphogenesis and immune organoid
development.[219:305460462-464] Thege studies aim to shed light
on the various interstitial forces and associated biochemical
signaling mechanisms that drive various pathologies including
lymphedema, inflammation, and tumor cell dissemination.

However, there still exist inherent challenges in micro-
physiological systems, e.g., incorporating functional immune
systems in in vitro platforms, achieving realistic IF-induced
flowrates and shear, fabricating valvular structures within artifi-
cial lymphatic channels, and incorporating pumping actions to
drive lymphatic flow among others. Current established micro-
physiological systems that lack lymphatic drainage may suffer
from build-up of interstitial pressure and decrease of trans-
mural pressure leading to vascular delamination. Additionally,
hydraulic conductivity of hydrogel matrices used in on-chip
devices needs to be matched to that of parenchymal tissue to
ensure relevant IF flow velocity (=10 um s71).43¢) Overcoming
these challenges will be critical for investigations of lymphatic
disorders and their underlying mechanobiology.

6.10. Cancer

The role of vascular mechanobiology in tumor progression
has been studied and reviewed extensively in the context
of invasion and migration, epithelial-mesenchymal transi-
tion (EMT), metastatic dissemination, survival of circulating
tumor cells (CTCs) in vasculature, enhanced chemoresist-
ance, and selection of the cancer stem cell (CSC) pheno-
type.#6>-47] Growing tumor masses are characterized by
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Figure 16. Modeling lymphatic processes in vitro. A) Modeling vascular-lymphatic transport via fabrication of 3D intertwining microchannels in
PEGDA hydrogels (channel spacing = 15 um). Computer aided design and confocal time-lapse imaging of perfused bovine serum albumin (BSA)
(red) and 2000 kDa dextran (green) over 90 min demonstrate transport through the hydrogel into the adjacent channel (SB = 20 um). Quantification
of fluorescence intensity of perfused species in both microchannels over time. Adapted with permission.%l Copyright 2016, Wiley-VCH. B) Schematic
of the microfluidic device design with fibrin scaffolds and perfusion and drainage channels micromolded with 120 pim needles. Numerical prediction
of pressure profiles and vascular stability in the presence and absence of drainage microchannels predict improved drainage in the presence of lym-
phatic channels. Corresponding bright-field images of endothelialized channels on day 9 post-seeding (SB = 100 um). Adapted with permission.?>
Copyright 2013, Wiley Periodicals Inc.

an angiogenic hypervascularized network and lymphatic
drainage system, which have distinct phenotypic and geno-
typic differences from their physiological counterparts.[“6®!
The abnormal angiocrine signaling, metabolic demands and
dysregulated flow balance occurring in the tumor mass also
leads to accumulation of intratumoral fluid, which exerts high
interstitial hydrodynamic pressure on the constituent cells
and vessel networks.[*8] Coupled with dynamic stiffening of
the tumor matrix and physical and biochemical remodeling of
the matrix by cancer-associated stromal cells, the mechanical
complexity of this milieu makes it challenging to decouple
the role of individual variables towards tumorigenic and
metastatic progression.[10:468]

Nevertheless, several mechanistic studies using in vitro and
on-chip platforms have been conducted to elucidate the effect
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of shear stress, interstitial flow, intratumoral pressure and
other mechanical perturbations in tumor mechanotransduc-
tion.[163466:469475] n particular, abnormal blood flow through
leaky, tortuous and looping tumor vasculature results in lower
shear stress leading to poor diffusional transport and hypoxia.
This in turn leads to selection of cells with higher invasion
potential and survivability. Additionally, intratumoral fluid pres-
sure induces integrin f;-mediated reorganization of matrix
adhesions, cytoskeletal architecture, paxillin-dependent protru-
sion formation, and rheotaxis.['°>470477] In general, cancer cells
have lower cytoskeletal stiffness and increased cellular and
nuclear deformability, which enables their migration through
size limiting pores of the basement membrane and restricted
capillary channels.#7848% After intravasation in blood vessels,
CTCs experience several different hemodynamic forces and
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interactions with intravascular cells that both limit their sur-
vivability and circulation half-life as well as select for cells with
high metastatic seeding potential in distant secondary organs
(Figure 17).#84811 Considering that different organs have

widely varying local shear stress and intravascular pressure

www.advhealthmat.de

profiles, the preferential ability of CTCs to survive postextrava-
sation and form metastatic seeds in an organ-tropic manner
deserves special attention.14481-483] Interestingly, these CTC
characteristics can be used to investigate cancer biophysics at
single-cell resolutions. 84
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In addition to cancer cells themselves, tumor-associated ECs
(TECs) play a vital role in modulating vascular mechanotrans-
duction in the tumor microenvironment.*$48l In contrast
to normal ECs, TECs exhibit higher baseline activity of Rho-
ROCK signaling, altered cytoskeletal orientation in response
to uniaxial cyclic strain, and altered adhesion and retractability
on ECM substrates.[*¥¢-#88] TEC capillaries are characterized by
large intracellular holes, abnormal sprout formation, higher
permeability and higher basal inflammation driven by tumor-
secreted factors.[*86487489 These structural deformities, coupled
with altered ECM properties, shear stress profiles and mecha-
nochemical signaling from cancer-associated fibroblasts, leads
to endothelial-mesenchymal transition and plasticity, which
subsequently requires vessel normalization strategies to enable
effective penetration and delivery of drugs through the tumor
vasculature.'1749041] Key differences between healthy vascula-
ture (aligned, hierarchical architecture, uniform flow pattern)
versus tumor blood vessels (tortuous, leaky, looped, highly
branched and irregular flow pattern) and resulting influence on
enhanced permeability and retention (EPR) effect can be mod-
eled for passive targeting of drug carriers.324#87492] Investiga-
tion of phenotypic and genotypic differences between healthy
and tumor-associated ECs can also yield insights for targeting

tumor vasculature.[*¥’]
Owing to the significant attention toward modeling
of cancer in Dbiomaterials-based microfluidic platforms,

several mechanistic insights have been elucidated
(Figure 17).[219460493-49] Thig knowledge has in turn enabled
the screening and development of anticancer drugs and ther-
apeutic agents to target tumor cell proliferation, migration,
invasion, and other events occurring during the metastatic cas-
cade. Some important areas in in vitro tumor modeling that
merit future consideration include the role of biophysical and
hemodynamic forces in regulating tumor dormancy, metastatic
recurrence, tumor—immune cell interactions, tumor lymphatic
clearance, CSC-phenotype maintenance, the role of obesity in
tumor progression and gut microbiota-mediated tumor con-
trol among others. In addition to treatment of cancer, the side
effects of various chemotherapeutic agents on the cardiovas-
cular system and associated parenchymal tissue also need to be
investigated to improve the safety of administered drugs.

7. Current Limitations and Future Opportunities

Although vascularized, tissue engineered systems for inves-
tigating vascular mechanobiology have been developed, many
limitations have made it challenging for translation toward
high-throughput, facile, and reliable systems for systematic
investigations; some of which are discussed below.

7.1. Fabrication and Implementation of Vascularized
Microphysiological Systems

While a number of biofabrication strategies have been devel-
oped to generate hydrogel-embedded vascular systems, it
still remains difficult to recreate the highly dense, tortuous,
and complex architecture of microvasculature. Coupling
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microvascular architecture with the branching architecture of
larger vessels is even more challenging. The ability to achieve
this level of complexity will require the development of new
fabrication strategies or the integration of multiple fabrication
strategies, coupled with self-assembly processes, to generate 3D
vascular architectures that mimic the full “tree” of macro- to
microvasculature.*¥l Additionally, incorporating desired paren-
chymal cells along with the vasculature and gentle biofabrica-
tion strategies that limit cell injury need to be utilized.

Media formulations that support optimal function of
multiple cell types need to be further developed. This con-
sideration is particularly necessary for organ-specific micro-
physiological systems and translation toward human-on-a-chip
systems in which the proper “routing” is needed so that cells
in multiple niches can communicate via soluble factors in
the correct sequence and at physiological concentrations.*!
These approaches could be challenging for a single lab, but not
impossible, and the involvement of a consortium to direct such
a concerted effort between multiple labs could greatly facilitate
this process.

With gradual technological advances, microphysiological
systems offer promising routes for yielding high-quality, large
datasets through integration with electrochemical sensors (to
monitor spatiotemporal changes in cellular responses) and
incorporation of patient-derived cells/organoids (toward devel-
opment of personalized medicine).***->%1 Additionally, valida-
tion of on-chip devices with in vivo studies and standardization
of experimental protocols and design via academic-industrial
collaborations may be necessary to improve relevance.!'*31%]

7.1.1. Translation and Commercialization

Despite their advantages, the path of on-chip devices from
academic labs to large-scale industrial manufacturing is beset
with challenges. Current production methods involving soft
lithography are expensive, time-consuming, prone to error,
and involve multiple assembly steps. Advances in 3D printing
of elastomeric materials may facilitate rapid prototyping and
single-step assembly, thereby improving reproducibility and
error tolerance.'® When considering device translation, the
ease-of-manufacture is critical to any product establishing
widespread use within a market. For the purposes of cell cul-
ture, thermoplastic-based products including petri dishes,
well-plates, and transwells manufactured via injection-molding
enabling mass manufacturing, while also being amendable to
a myriad of biological and chemical assays. In contrast, most
microphysiological systems have silicone-based designs specific
to a single or few applications that involve manufacturing via
multiple labor- and time-intensive steps.

Although focused applications and specialized methods
have their distinct, important advantages, ideally they should
not impede the rapid prototyping/manufacturing of on-chip
devices. Toward this goal, a few high-throughput manufac-
turing processes have been implemented including laser-
cutting, %2501 xurography,f* micromilling,*® and the afore-
mentioned injection-moldingl°¢>%"] to produce on-chip devices
but these methods are less common than soft-lithography
and 3D-printing. In the future, researchers designing on-chip
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devices must carefully consider the range of available fabrica-
tion technologies to ensure facile, scalable, and adaptable man-
ufacturing of their devices.

7.1.2. Device Interfacing

Macro-to-microfluidic interfacing is crucial in on-chip devices
for generating rigorous and reproducible results. The predomi-
nant method for interfacing macrofluidics with microfluidics is
inserting connectors (e.g., needles, tubing, or fittings) directly
into the ports of the chips (usually made of PDMS). However,
these connectors and the resulting interfaces are prone to
problems. First, connecting them into the chip ports displaces
substantial fluid within the microchannels and generates high
transient pressure, both of which can damage the hydrogel
matrix and/or the seeded vasculature. Second, these connec-
tions may not be robust; they can be finicky and often leak
under high pressure and long-term perfusion.

The strength of the interface between the hydrogel and the
encompassing microfluidic device remains largely unaddressed
and characterized. It is necessary to demonstrate a strong,
robust polymer—elastomer interface and validate that this inter-
facing does not affect or damage the device and the cultured
cells within. Since the presence of tiny leaks can have signifi-
cant effect on device performance, it is imperative to ensure the
strengths of seals, bonds, and interfaces.%! Even small studies
can require several devices for experimental replicates, hence
every small loss of effort spent troubleshooting sensitive and
unreliable interfacing will compound to lost time and labor,
poor results, and wasted resources.

7.1.3. Experimental Considerations

Maintaining sterile and consistent fluidic conditions in on-chip
devices is crucial to their successful implementation. Small
discrepancies in flow, pressure, and sterility can have major
impacts, which are often hard to measure or observe directly,
on the performance and generated results of on-chip devices.
Although several studies demonstrate fluidic perfusion at given
flowrates and/or pressures, quantitative validation using par-
ticle-image-velocimetry, particle-tracking-velocimetry, or similar
methods is often lacking. Additionally, details regarding aseptic
macro-to-microfluidic interfaces, housings, and handling nec-
essary to perfuse the devices and maintain long-term sterile
conditions is often missing, making it challenging to replicate
or adopt various device designs. Hence, greater focus should
be placed on establishing the experimental rigor necessary for
wide-scale adoption of on-chip devices, similar to that of tradi-
tional platforms.

Generating and maintaining dynamic conditions (e.g., flow,
pressure) within on-chip devices can be implemented via four
broad strategies, each with their respective advantages, disad-
vantages, and challenges listed below (Table 3). The optimum
choice of perfusion method depends on the application. Experi-
ments requiring a confluent endothelium and relatively low
pressure, flow, and shear, are well-suited for rocking, where
throughput, ease-of-use, and simplicity far exceeds all other
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methods. Experiments requiring higher flow and pressure are
better suited for a syringe-pump, peristaltic-pump, or hydraulic
head. Those requiring precise, reliable, and defined control of
dynamic conditions are best suited for pressure-controllers,
albeit at a loss of throughput and overall ease-of-use. When
choosing from these methods, researchers must carefully bal-
ance throughput and ease-of-use with control and physiological
relevance, thereby ensuring maximum parallelization of sample
handling and operations.

7.1.4. Measuring Mechanobiological Events in Complex
Engineered Tissues

Although a number of methods exist to measure the bulk or
local mechanical properties of heterogenous tissues, variations
of these methods or new techniques must be developed to accu-
rately and quickly map the temporal and spatial differences
that occur in complex tissues. Furthermore, deconstruction of
the multiple combined strain fields induced by hemodynamic
properties and cells will need advancements in strain field map-
ping techniques as well as computational, numerical, and finite
element modeling methods to accurately determine the contri-
butions from each mechanical input in complex geometries.
Achieving these goals will require close collaboration between
engineers, materials scientists, physicists, and experts in math-
ematical modeling. Conversion of strain fields to stresses and
forces will be quite a challenge in these complex systems and
relying on strain alone will likely have to suffice in the near
future. Experimental decoupling of the temporal strain fields
induced by hemodynamics and cell generated forces will
require a multitude of intense experimental controls and will
likely be very time consuming and extensive.

7.1.5. Choice of Relevant Endothelial Cells

With regard to designing an in vitro vascularized model, the
choice of appropriate EC types depends upon the intended
application and translatability of the model. HUVECs were the
first human EC type to successfully be isolated and cultured
in vitro and being relatively inexpensive and proliferative, are
a good benchmark useful in early stages of device or model
development.?>1% However, due to inherent differences,
HUVECs may not be applicable for the investigation of organ-
specific vascular mechanobiology.

For example, in a study of diabetic hyperglycemia-induced
endothelial dysfunction, HUVECs and HMVECs showed sig-
nificant differences in gene expression, hydrogen peroxide
production, and mitochondrial membrane polarization, dem-
onstrating that EC choice does have an influence on the results
and interpretation of disease-based EC studies.’!!l Differ-
ences in adhesion molecule and gene expression profiles exist
between macro- and microvascular, arterial and venous, and
organ-specific ECs.'>°13 Organ-specific ECs have also been
shown to vary in their barrier properties in vitro, forming con-
tinuous, fenestrated, or sinusoidal endothelium in vivo.?1>14
EC angiogenic potential, metabolic rate, and susceptibility to
shear stress can also vary from organ to organ.P1%3*l These
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Table 3. Approaches for microfluidic perfusion in on-chip devices.
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Method Advantages

Disadvantages

Limitations

Hydraulic Head

Simple

Expensive

Requires no pumps or control

Consistent and reliable flow/pressure

Syringe Pump Consistent and reliable flow/pressure.

Inexpensive

Scalable with multiple devices

Peristaltic Pump Requires low volumes of media due to

recirculation

Inexpensive

Small footprint

Easy to maintain sterility

Rocking

Requires low volumes of media

Inexpensive

Small footprint

Easy to maintain sterility

High-throughput

Can control transmural pressure independent
of flow

Requires no interfacing with a macrofluidic
system

Pressure-Controller e Precise control of conditions

Can change flow and pressure independently

Requires low volumes of media

Small footprint

Scalable with multiple devices

Conditions vary with time, often by an
order-of-magnitude
Requires frequent media replenishment

Requires high volumes of media due to
absence of recirculation

Cannot change pressure independent
of flow

Flow and pressure pulse/oscillate with
time and require dampening to eliminate
Cannot change pressure independent

of flow

Limits to pressure, flow, and shear

Flow oscillates back-and-forth with time
Requires daily replacing of media due to
evaporating

Expensive

Some systems do not recirculate media
Requires calibrating for each specific
device

Cumbersome to use for long-term
perfusion

Varying conditions are not
physiological

Requires substantial footprint
Imaging can be low-throughput and
cumbersome

Difficult to maintain sterility

Throughput better than syringe-
pumps, but still low overall
Sterility easier to maintain

than syringe-pump and
pressure-controller

Difficult to induce shear higher than

5 dyne cm™2

Low throughput

Limited number of commercial
systems available

Often requires custom program-

ming and calibrating

findings are not surprising when considering the functional
differences between organs and the physiological requirements
of organ-specific endothelium.

A number of immortalized EC lines have been developed,
including Ea.Hy926 and HMEC-1; however, many of these
lines fail to exhibit important endothelial characteristics such
as expression of vWF, CD31, CD34, and various adhesion
molecules including E-selectin, VCAM-1, and ICAM-1. Of the
EC lines developed, HPMEC-ST1.6R shows the most simi-
larity to primary human microvascular ECs in vitro.® Human
induced pluripotent stem cells (hiPSCs) could potentially pro-
vide an option, having been directed toward EC phenotype;
efforts are ongoing, however, to obtain more mature and func-
tional organ-specific behavior and gene expression.”® The use
of patient-derived cells for individualized medicine has also
gained traction as a method to more accurately recapitulate in
vivo conditions of ECs in in vitro devices; a recent study cul-
tured patient-specific renal cell carcinoma tumor-derived and
normal kidney ECs in in vitro vascular models to screen antian-
giogenic therapies on an individualized basis.’!”]

Additionally, different EC types have varying propensity
to form self-assembled networks within hydrogel scaffolds.
Although HUVECs, ECFCs, and EPCs (being of the early pro-
genitor type) are amenable to forming patent microvascular net-
works within collagen, fibrin and other natural hydrogels, other
EC types (particularly mature lines) require more careful con-
sideration and fine tuning of matrix properties to ensure a high
degree of interconnectivity in the network. In this regard, an
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important distinction needs to be made between vasculogenic
potential (ability to self-assemble into networks) and angiogenic
potential (ability to form new sprouts from existing networks)
of EC types. Several microphysiological systems capitalize on
the vasculogenic or angiogenic ability of ECs to investigate
the pathophysiology of interest. However, the relevance of the
in vitro observations to that occurring in native physiology is
often overlooked or understudied. Future studies need to con-
sider the inherent 3D phenotypic behavior of ECs (e.g., apico-
basal polarity, mechanism of EC-EC junction formation, matrix
confinement of EC) as well as vessel architectural features (e.g.,
tortuosity, lacunarity, branching density) in order to validate in
vitro results to that observed in vivo or in native conditions.

Overall, EC phenotypic and genotypic heterogeneity should
be taken into account when designing in vitro vascularized
models and future efforts should focus on using primary adult
organ-specific ECs as they become commercially available to
improve model relevance.

8. Conclusion

The emergence of vascularized, in vitro microphysiological
systems to model various organ and organ-specific patholo-
gies has been a great leap toward translation of mechanistic
data obtained in the lab to implementation in clinical set-
tings. Coupled with the use of intelligently engineered mate-
rials and a host of biofabrication techniques, these systems
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can recapitulate niche-level or microenvironmental physiolo-
gies with a high degree of physiological accuracy. Although not
discussed in this review, investigation of other microvascular
physiological niches including pancreatic islets,?>!18-522] mus-
culoskeletal niche,’?3-2¢ and the placental barrier,’'® among
others, are also gaining prominence. Recent efforts to integrate
individual organ-niches into multiorgan microphysiological
systems have provided insight into metabolic and biochemical
crosstalk between separate compartments, toxicological assess-
ment of candidate drug compounds, and their biodistribution
in preclinical studies.33:34498,527]

In addition to functional organ-specific cells, the role of
ECs in determining organ functions, through both biochem-
ical signaling and biophysical forces via mechanotransductory
pathways, is gaining attention.l”#°10528] The incorporation of
organ-specific or disease-specific ECs (to model the phenotype
and function of native microvasculature) along with niche-spe-
cific functional (or dysfunctional) cells imparts high degree of
physiological context to the generated data.’'>10514 Although
vascular biochemical signaling is well-documented, biophysical
forces arising from hemodynamic perturbations, age-related
phenomena, and immune engagement also play vital role in
health and disease.l”1%

In general, the role of shear stress, cyclic stretch, and pres-
sure exerted on the endothelium and vascular parenchyma has
been studied, 838331 but further implementation of complex
flow patterns and force fields is only possible with recently
developed 3D biomimetic microvascular networks.[?8>3%]
Detailed investigation of endothelial and vascular mechanobi-
ology using these engineered microfluidic systems is therefore
necessary to obtain a comprehensive picture of the mechanical
microenvironment in various niches, which could potentially
be used for developing mechanotherapeutic strategies toward
personalized medicine.l>?’!
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