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Abstract: The vascular smooth muscle is vital for regulating blood pressure and maintaining cardio-
vascular health, and the resident smooth muscle cells (SMCs) in blood vessel walls rely on specific
mechanical and biochemical signals to carry out these functions. Any slight change in their sur-
rounding environment causes swift changes in their phenotype and secretory profile, leading to
changes in the structure and functionality of vessel walls that cause pathological conditions. To
adequately treat vascular diseases, it is essential to understand how SMCs crosstalk with their sur-
rounding extracellular matrix (ECM). Here, we summarize in vivo and traditional in vitro studies of
pathological vessel wall remodeling due to the SMC phenotype and, conversely, the SMC behavior
in response to key ECM properties. We then analyze how three-dimensional tissue engineering
approaches provide opportunities to model SMCs’ response to specific stimuli in the human body.
Additionally, we review how applying biomechanical forces and biochemical stimulation, such as
pulsatile fluid flow and secreted factors from other cell types, allows us to study disease mechanisms.

check for Overall, we propose that in vitro tissue engineering of human vascular smooth muscle can facilitate a

updates better understanding of relevant cardiovascular diseases using high throughput experiments, thus
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1. Introduction

Cardiovascular disease (CVD) is the leading cause of death worldwide and involves
a myriad of conditions evolved from different disease states affecting the behavior of the
major cell types in the vascular system [1]. Vascular smooth muscle cells (SMCs) play an

integral role in vasoconstriction and blood pressure regulation, and the pathological dys-
regulation of these vascular properties due to SMC dysfunction can lead to life-threatening
conditions. Along with fibroblasts, SMCs secrete and degrade the vessel wall’s extracel-
lular matrix (ECM). The components, structure, and mechanical properties of the ECM
dictate SMC phenotype via biomechanical and biochemical signals, and the SMCs, in turn,
remodel the ECM via secretory factors and direct interaction via the focal adhesions [2].
These interactions are essential to understand how the ECM’s crosstalk with the vasculature
contributes to life-threatening disease states, many of which are brought on by stiffening
arterial walls.

Animal models help us to understand these disease states on a systemic level [3].
The genome of rodents can be altered so that a specific phenotype corresponding to a
disease state of interest can be studied. However, there are reported differences in the
physiology and overall functionality of human vasculature compared to animal models [4],
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severe cardiovascular events [5]. Nonetheless, extensive animal studies are expensive and
not amenable to high throughput experimentation.

Tissue engineering with human cells offers a unique opportunity and ability to model
biological cues accurately in vitro [6]. Thus, engineered tissues can better recapitulate
how cells are likely to behave in the human body and enable a better understanding of
diseases and the underlying mechanisms governing them. In this review, we discuss recent
studies using traditional in vitro culture systems and animal models that have improved
our understanding of how specific properties of the ECM in the vasculature modulate the
SMC phenotype, and how the SMCs, in turn, alter the makeup of that ECM. We also discuss
how other external cues, such as flow, mechanical strain, and biochemical signals, are used
to create three-dimensional (3D) tissue engineered in vitro models of vasculature. These
models can help further elucidate the SMC behavior and contribute to a more profound
knowledge of cardiovascular diseases resulting from smooth muscle tissue dysfunction.

2. ECM Properties Affecting SMC Phenotype

Because SMCs are so vital to healthy vascular function, there is an extensive base of
knowledge around the various CVD phenotypes related to SMC behavior. Many of these
disease phenotypes result from SMCs exhibiting phenotypic plasticity, meaning they can
shift between a more mature or immature phenotype, depending on signals from the ECM.
When SMCs are in a more immature state seen during development and vascular disease
or injury, known as the synthetic phenotype, they proliferate quickly and secrete more
significant amounts of ECM proteins. On the other hand, when the vessels are healthy,
SMCs are typically in a more mature state, known as the contractile phenotype [7]. In vivo
studies, particularly in rodent models, have pinpointed the specific ECM molecules’ role in
SMC phenotypic shifting and the overall vascular function resulting from this behavior. The
ability to genetically modify these organisms has given investigators insight into how the
entire system is affected by the increased expression of a signaling molecule or the absence
of a certain protein. The isolation and in vitro culture of SMCs from these in vivo models
or human tissues has additionally prompted further insight into some of the mechanisms
behind these changes.

When SMCs are cultured on 2D substrates, detailed phenotypic characteristics can be
evaluated through a variety of methods. Contractile marker expression can be quantified
as protein or RNA transcript [8,9]. The degree of functional contractility can be determined
via planar cell surface area (PCSA) measurement before and after the treatment of cells
with vasodilating or vasoconstricting agents [10-12]. The calcium and potassium ion chan-
nel activity, which directly induces the SMC contractile function, can be evaluated via
electrical current measurement across the cell membrane using patch clamp electrophys-
iology [13-15]. Recent studies using methods such as these and the major findings are
discussed below and summarized in Figure 1 and Table 1.

Table 1. Summary of recent studies covering ECM factors involved in SMC behavior regulation.

Extracellular Matrix (ECM) Property Factor or Pathway of Interest Experimental Model Findings
Lysyl oxidase-like 2 (LOXL2) Human smooth muscle cells (SMCs) . LOXL2 promotes vascular
in 2D culture; LOXL2 knockout mice stiffening by increasing overall

Stiffness

cell and matrix stiffness and
SMC contractility [16]

Mineralocorticoid receptor (MR) MR deleted male mice . Progression of cardiac fibrosis is
mitigated by MR deletion
. Therapeutic antagonism of MR

produced antifibrotic
biomarkers [17]

Circulating molecules Parabiosis with young and old mice . In young mice, introduction of
blood from old mice
upregulated genes related to
pathologic wall remodeling [18]
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Table 1. Cont.

Extracellular Matrix (ECM) Property

Factor or Pathway of Interest

Experimental Model

Findings

Focal adhesion kinases (FAKSs) and
N-cadherin

FAK knockout mice

Inhibition of FAK activity
blocks SMC proliferation and
neointimal hyperplasia after
injury [9]

FAK and N-cadherin knockout mice

N-cadherin, in response to FAK
activation, mediates cell—cell
adhesion and SMC proliferation
rate [19]

Transforming factor beta (TGF-3)
signaling pathway

Human SMCs on collagen I
(COL1)-coated polyacrylamide (PA)
gels

SMC contractile phenotype is
induced as substrate stiffness
increased; Inhibition of
TGF-beta receptor reversed the
stiffness effects [8]

Human SMCs on polymethylsiloxane
(PDMS)

SMCs expressed highest levels
of osteogenic markers on
intermediate stiffness gels (0.9
MPa) as opposed to high or low
stiffness [20]

Human SMCs on silk fibroin gels

Softer gels induced maturation
of mesenchymal stem cells into
SMCs [21]

DNA methyltransferase I (DNMT1)

Human SMCs on fibronectin
(EN)-coated PA gels; acute aortic
injury and chronic kidney failure
mouse models

Substrate stiffening induced
synthetic phenotype in SMCs
DNMT1 is repressed in
stiffening arteries of both mouse
models

DNMT1 inhibition facilitates
increased arterial stiffening in
mice, and cellular stiffening and
calcification in vitro [22]

Ascending thoracic aortic aneurysm

Healthy and aneurysmal human
SMCs on compliant hydrogels

Cytoskeletal stiffness was
increased as substrate stiffness
increased; aneurysmal cells
exhibited increased traction
forces compared to healthy
cells [23]

Fibrillar
Protein
Composition

Fibronectin

Porcine SMCs suspended in COL1-FN
gels

Fibronectin promoted elastin
deposition and expression of
assembly proteins; gel
contraction and elastic modulus
were increased in
fibronectin-laden gels [24]

Elastin

Human smooth muscle cells on
porous collagen-elastin scaffold sheets

Elastin promoted mechanical
and viscoelastic properties
similar to native vessels, and
contractile SMC phenotype [25]

Collagen 1 and fibronectin

Human smooth muscle cells on
ECM-coated polyacrylamide gels

SMCs on COL1-coated gels
showed decreased migration
and increased stress fiber
orientation, and more organized
cytoskeleton on stiffer gels,

while the reverse was true for
FN-coated gels [26]

Non-fibrillar Protein Abundance and
Structure

Advanced Glycation End products
(AGEs)

Mice models

AGE:s increase vascular stiffness
by prompting collagen
crosslinking and inflammatory
activation [27]

Hyaluronic acid (HA)

Human SMCs cultured on
micropatterned and HA /ECM-coated
titanium

HA /ECM surface inhibits
excessive SMC proliferation [28]

Rho-related BTB domain—containing
protein 1 (RhoBTB1)

Angiotensin-II treated (hypertensive)
mice

RhoBTBI alleviates arterial
stiffness via actin
depolymerization, but does not
reverse hypertension [29]

Elastin assembly proteins

Knockout mice models

Genetic deletions of specific
elastin polymerization proteins,
such as fibulin-4, fibrillin-1,
lysyl oxidase, etc. degrade the
integrity of elastin-contractile
units, resulting in a range of
disease phenotypes [30]
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Table 1. Cont.

Extracellular Matrix (ECM) Property

Factor or Pathway of Interest

Experimental Model

Findings

Small leucine-rich repeat
proteoglycans

Human coronary artery bypass
patients

High pulse wave velocity was
associated with significant
downregulation of these
proteoglycans, implicating
involvement of collagen
fibrillogenesis [31]

Lysyl hydroxylase I (PLOD1), lysyl
oxidase (LOX)

Human and mouse SMCs cultured in
osteogenic medium

LOX overexpressing mouse
SMCs exhibited increased
calcification and increased
collagen crosslinking [32]

Post-translationally modified
(glycosylated) fibronectin (gFN)

Rat SMCs on fibronectin

SMC adhesion to glycosylated

fibronectin (gFN) was increased
compared to native fibronectin,
and was integrin independent;
RAGE inhibition blocked
adhesion to gFN [33]

Protein and lipid phosphatase (PTEN) Mice with SMC-specific-PTEN
knockout; Isolated human

atherosclerotic arteries

. PTEN expressed in the SMC
nuclei regulates the Serum
Response Factor, maintaining
the contractile phenotype; and
PTEN expression is decreased
in human atherosclerotic lesions

[34]
Matrix metalloproteinase-12 (MMP12) MMP12 knockout mice . Deletion of MMP12 abrogates
arterial stiffening by reducing
elastin degradation [35]
Matrixmetalloproteinase-9 (MMP9) Macrophage depleted mice . Resident macrophages regulate

collagen production in SMCs by
MMP9 production, mediated by
interaction of macrophages
with hyaluronan [36]

High fibronectin and elastin content
Decreased stiffness on fibronectin

Increased stiffness on collagen Immature
: h Progenitor Cells
Elastin assembly proteins P
TGF beta signaling /
Differentiation =~
in vitro
Disease
Mature SMCs
Healthy
vasculature ~ Pathology
- in vivo

Increased age

MMP dysregulation

Collagen crosslinker upregulation

Matricellular protein dysregulation

Focal Adhesion Kinase overactivation

Post translational modifying enzyme downregulation

Figure 1. Schematic illustration of factors that prompt SMC maturation in culture systems (top) or
disease progression in animal models (bottom). Created with BioRender.com.
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2.1. Stiffness

Stiffness is an important mechanical property of the ECM in vessel walls and tightly
regulates the ability of SMCs to control blood pressure. In turn, increased ECM stiffness,
associated with many prominent CVDs, can be exacerbated from changes in the expression
of specific genes and secreted factors by the cells. Genetically modified mice have been
used extensively to identify the mediators of vascular ECM stiffness in SMCs. In a study
of age-related vascular stiffening, the depletion of lysyl oxidase-like 2 (LOXL2) results in
increased stiffening with age in mice [16], and mineralocorticoid receptor depletion in aged
mice and pharmacological inhibition in elderly humans successfully mitigates vascular
fibrosis [17]. In addition, young mice introduced to blood flow from old mice via parabiosis
show an upregulation of the genes related to the pathologic vascular wall remodeling [18].
Focal adhesion kinases (FAK) and related focal adhesion proteins have also been an area of
interest in studying ECM stiffness effects, as SMC focal adhesions are highly dependent on
the stiffness of their matrix and regulate the contractile capability of the cells [37]. Transgenic
mouse models have revealed that the aberrant activation of FAKs (chemically induced)
contributes to increased neointimal hyperplasia via cyclin D1 signaling [9]. Additionally,
SMC proliferation and neointima formation were reduced in response to injury when FAK
and/or N-cadherin genes are knocked out. Complementary 2D in vitro studies indicated
that N-cadherin mediates stronger cell-cell adhesions and increased the proliferation rate
in response to increased ECM stiffness and FAK activation [19].

For many in vitro studies, the cells are cultured in two-dimensional (2D) Petri dishes
or gels engineered to have tunable chemistry and tightly controlled stiffness properties.
This allows for a detailed evaluation of how single variable changes in substrate stiffness
or other matrix mechanical properties affect cells. SMCs cultured on collagen I-coated
polyacrylamide (PA) gels (stiffness ranging from 1 to 100 kPa) exhibit increased expression
of contractile markers on stiffer substrates, mediated through transforming growth factor
beta (TGFf) signaling [8], while SMCs on fibronectin-coated PA gels shifted to a synthetic
phenotype through the downregulation of DNA methyltransferase 1 as substrate stiffness
increased [22]. The SMCs deposit high levels of calcium and undergo osteogenesis on
poly(dimethylsiloxane) (PDMS) substrates of intermediate stiffness (0.91 MPa) when com-
pared to substrates of extreme high (2.33 MPa) or low (0.36 MPa) stiffness [20]. Meanwhile,
the actual stiffness of the cytoskeleton in the SMCs can be affected by the properties of the
surrounding matrix. Cytoskeletal stiffness can be analyzed using atomic force microscopy
(AFM), and this method has been used to show that increased substrate stiffness results in
significantly larger traction forces applied by aortic SMCs [23]. Alternatively, an increase in
cytoskeletal stiffness brought on by genetic mutation, such as a gain-of function mutation
in the hypoxia-inducible factor 2« gene, can lead to a positive feedback loop and signaling
cascade, ultimately leading to pathological vessel wall stiffening and hypertension [38].

2.2. Fibrillar Protein Composition

The composition of the ECM surrounding the SMCs in the vessel walls is tightly
regulated throughout the development and maturation of the vasculature. The most
abundant components in the ECM (most notably collagen, elastin, fibronectin, and laminin)
make up the fibrillar network and work together to provide support and flexibility to blood
vessels that need to expand and contract steadily throughout the human lifespan. When the
vasculature is diseased, the ratio of these vital components shifts due to changes in ECM
protein secretion and expression of ECM modifiers (crosslinkers and proteases) [39]. In a
diseased state, SMCs in their synthetic phenotype exhibit increased collagen expression,
decreased expression of mature contractile markers, and increased cell migration and
proliferation. On the other hand, healthy SMCs in their mature contractile phenotype
produce higher levels of elastin, and express robust contractile markers, such as smooth
muscle myosin heavy chain (SM-MHC) [7,40].

To understand their relationship with the ECM, these components are used in vitro to
promote either contractile or synthetic phenotype in SMCs. For example, the addition of
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soluble fibronectin in SMC-laden collagen I gel leads to faster gel contraction, enhanced
mechanical tension and compression properties, and upregulation of elastin assembly
proteins [24]. Additionally, by incorporating increased proportions of insoluble elastin into
fibrillar collagen in SMC-laden gels, the contractile marker expression increases [25].

The synergistic effects of mechanical and biochemical cues of ECM components are also
considered. For example, in SMCs cultured on stiffness-tunable gels with ECM coatings,
collagen I promotes a less proliferative and more migratory phenotype with increased
stiffness, while gels coated in fibronectin induce the opposite effects [26]. Meanwhile, the
myogenic differentiation of mesenchymal stem cells cultured on silk fibroin hydrogels with
TGEF-f31 supplementation is significantly increased on soft gels (6 kPa) compared with stiff
(33 kPa) gels [21].

2.3. Non-Fibrillar Proteins and Matrix Modifiers

The importance of matricellular proteins has become increasingly apparent in recent
studies as the degree of crosslinking, presence of precursor and chaperone molecules,
and the post-translational modifications play a vital yet complex role in determining
ECM structural properties [2,41]. Numerous matricellular proteins regulate SMC behavior
and overall vascular dysfunction, and studies using isolated human cells or genetically
modified rodents have helped to pinpoint many of these proteins. Advanced Glycation
End products (AGEs) increase vascular stiffness via the crosslinking of collagen and gene
expression modulation via inflammatory cascade [27]. Matrix metalloproteinase (MMP)
-12 production is induced in SMCs after vascular injury in mice and is accompanied by
increased vascular stiffness, while deletion of MMP-12 in mice abrogates arterial stiffening
via a reduction in elastin degradation [35]. The resident macrophages in mouse and
human aortic tissue interact with the hyaluronic acid ECM produced by SMCs and can
modulate SMC collagen expression via MMP-9 production, ultimately preventing arterial
stiffness [36]. The Serum Response Factor (SRF) regulates the SMC phenotype through
the expression of a protein phosphatase, PTEN: with decreased PTEN expression in SMCs
isolated from human atherosclerotic lesions [34]. RhoBTB1 attenuates vascular stiffness via
actin depolymerization in mice with angiotensin-Il-induced hypertension, though it does
not reverse the hypertension [29]. Meanwhile, disruptions in the polymerization of elastin
due to various genetic mutations in mice degrade the integrity of elastin-contractile units
with SMCs, which lethally affect the material properties of the arterial wall [30].

Again, in vitro studies are used to elucidate certain effects of non-fibrillar proteins that
may be difficult to decipher using mice. Tunable gels have been used to show that increased
collagen crosslinking induces ECM calcification and osteogenic trans-differentiation in
SMCs [32]. Additionally, a hyaluronic-acid micropatterned surface used for culturing vas-
cular cells promotes a contractile phenotype and decreased proliferation rate in SMCs [28].
In an example of the effects of post-translational modifications, SMC adhesion to glycosy-
lated fibronectin is significantly increased when compared to adhesion affinity with native
fibronectin [33].

In the interest of clinical applications for these findings, non-invasive methods for
studying human vessels, such as pulse wave velocity (PWV) measurements, have been
combined with proteome analysis of patient samples. In one study using this method, the
matricellular proteins involved in collagen fibril assembly and turnover were significantly
downregulated in samples from the patients with high PWYV, implicating their role in
arterial stiffness and SMC dysfunction [31].

3. Engineering Complex In Vitro Models of Smooth Muscle

Traditional cell culture methods and animal models have yielded a vast improvement
in the knowledge of how specific aspects of the SMC phenotype are affected by individual
changes in the properties and composition of the surrounding matrix. However, it is still a
challenge to prompt SMCs to behave in culture as they behave in the body [40], so there
is a gap in our understanding of how exactly a specific pathology seen in vivo may be
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triggered on a cellular and molecular level [42,43]. This gap can be filled by using more
complex culture systems incorporating more of the biological cues that SMCs experience in
the body. These systems can range from simple mechanical stimulation to co-culture with
other cell types and organ-on-a-chip devices to complex tissue engineered vascular grafts,
as illustrated in Figure 2.

SMCs -
engineeredor | / ‘t'(;\-:‘ A \
harvested 4/?'&”_‘ y
matrix =

ECs
pulsatile
flow / I, q\

Tissue Engineered
Vascular Grafts

\

SMCs
radial compression - . N \ \! \/ other cell
‘i - type(s)
| = 4 [ e
planar cyclic stretch '*. oo
Mechanical Vessel-on-a-chip
Stimulation and Multicellular

Figure 2. Schematic illustration of smooth muscle tissue engineering approaches. (top) Tissue
Engineered Vascular Grafts, (left) Mechanical Stimulation Systems, and (right) Vessel-on-a-chip and
multicellular culture systems. Created with BioRender.com.

3.1. Mechanical Stimulation in Culture Systems

Because SMCs are sensitive mechotransducers, many in vitro models attempted to
mimic physiological mechanical forces through various methods, such as axial stretch,
vacuum-driven strain, radial compression, or interstitial flow, as illustrated in Figure 2.
Using these models, investigators have observed that SMCs behave differently under
mechanical strain than in traditional static culture. This indicates that adding mechanical
cues to culture systems may better encompass the conditions needed to correlate in vitro
results with SMC behavior in vivo [43].

Cyclic strain is a standard method of mechanical stimulation applied to cell culture
constructs to induce the desired SMC behavior [44—46]. In one study, incrementally in-
creasing the frequency of cyclic stretch resulted in a higher degree of SMC alignment
and denser collagen structure but decreased the expression of many ECM proteins and
proteases compared to unstretched controls [47]. The impact of cyclic strain is also directly
compared between 2D and 3D SMC cultures. In one example of this, SMCs in 3D constructs
align parallel to the direction of strain and shift to a more contractile phenotype, while
the cells in 2D align perpendicularly to the direction of strain and showed no changes in
contractility [48]. Shear effects have also been compared between 2D and 3D—an increased
contractile phenotype was induced in SMCs cultured with interstitial flow in 3D gels com-
pared to SMCs cultured under laminar flow in 2D [49]. Alternatively to cyclic stretch, the
centrifugal compression of SMC-laden collagen gels has been used to simulate wall radial
strain, and compressed cells exhibited an increased expression of alpha-smooth muscle
actin (xXSMA) and a decreased expression of MMPs and their inhibitors controls [50].
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3.2. Organ-on-a-Chip and Multicellular Systems

While mechanical stimulation does provide the strain that SMCs would experience
natively, the cells may still not respond as they would physiologically if they are not cultured
with other tissue cell types that communicate with SMCs and affect their interactions with
the surrounding matrix [42]. Thus, more complex models utilizing the 3D environment in
combination with co-culture techniques have been used to prompt SMC maturation and
more in vivo-like characteristics.

One promising direction for the in vitro modeling of SMC behavior in 3D matrices is
organ-on-a-chip technology [51]. Cellular crosstalk was successfully demonstrated between
ECs and SMCs when both of the cell types were cultured in a fibrin gel in a microfluidic
device modeling vasculogenesis [52]. A versatile device containing four microfluidic paral-
lel channels was used to co-culture SMCs and ECs in an anatomically accurate geometry
with tunable channel structures for different flow conditions [53]. Meanwhile, a microflu-
idic platform was fabricated for the culture and detailed assessment of explanted small
arteries [54].

Apart from microfluidics and organ-on-a-chip, other co-culture and 3D studies have
shown significant changes in cell behavior due to signaling between SMCs and other cell
types. The SMCs cultured with ECs in electrospun fibrin microfibers yielded a robust
microvascular structure with significant deposition of collagen I and elastin by SMCs [55].
When culturing monocytes with SMCs at different ratios, a 2:1 and 4:1 ratio resulted in bal-
anced protease activity and ECM deposition rate by SMCs, representing healthy tissue [56].
The SMCs cultured on fibrin discs or strands were treated with adipose stromal cell-secreted
factors—this induced increased expression of tropoelastin and elastin assembly proteins
and increased high stretch modulus, indicating the deposition of mature collagen [57]. The
maturation of mesenchymal cells into SMC-like cells has been achieved through co-culture
with fibroblasts in decellularized ECM; this maturation was confirmed using the PCSA
analysis [11]. Alternatively, endothelial cell adhesion properties were altered when the cells
were exposed to media from SMCs exposed to cyclic stretch, indicating the importance of
cell signaling from SMCs to other vascular cells as well [58].

3.3. Tissue Engineered Vascular Grafts and Pulsatile flow

As the most complex type of in vitro model, tissue engineered vascular grafts provide
the opportunity to recapitulate physiological geometry, biomechanical, and biochemical.
However, when constructing these systems, little focus is given to the accuracy of the ECM
components, structure, and bioactive nature. Instead, investigators prioritize the matrix
mechanical properties of strength and elasticity, with the clinical application of these grafts
typically an ultimate goal [6,59].

The common materials used for vascular grafts include synthetic polymer materials
such as poly(glycolic acid) (PGA), polycaprolactone (PCL), and polytetrafluoroethylene
(PTFE) [60-63]. These polymeric materials are specifically chosen for their proven strength,
biocompatibility, and elastic properties, as well as a well-characterized slow rate of degra-
dation in the body [64]. These properties have made them an attractive option for clinical
applications in recent years. For example, when PGA scaffolds were seeded with human-
induced pluripotent stem cell (iPSC)-derived SMCs and subjected to a radial strain of 1%
via pulsatile flow for 7 weeks, SMCs produced robust ECM and acquired a contractile
phenotype. These matured tissue constructs remained patent for 30 days after implanta-
tion into nude rats [60]. Poly(ethylene glycol)l dimethacrylate/poly(L-lactide) scaffolds
were seeded with iPSC-derived SMCs and subjected to pulsatile flow through the scaffold
lumen for 6 days, and the cells exhibited increased contractility, increased mature elastin
production, and better mechanical properties than the static controls [12].

It is evident through the evaluation of some of these models that the bioactivity of
the scaffold material, not just the material properties, significantly affects SMC behavior.
The phenotype of SMCs seeded on purely synthetic matrices differs from that on a syn-
thetic/natural mixture or just natural ECM components, and the benefits are generally seen
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with the addition of natural matrices. For example, TGF(2-eluting scaffolds composed of
PCL and gelatin significantly altered SMC numbers and cell areas on seeded scaffolds by
changing the ratio of PCL to gelatin in combination with TGFf2 dose [65]. Meanwhile,
vascular grafts, fabricated via co-electrospinning collagen and hyaluronic acid and im-
planted in rats, enhanced the host SMC regeneration and proliferation into the graft [66].
In another study, a PCL/collagen I scaffold seeded with endothelial progenitor cells (EPCs)
and SMCs, and implanted in sheep, exhibited extensive engraftment to the host vasculature
and produced vast amounts of collagen, elastin, and GAGs in a structure resembling native
ECM [67].

The most common natural ECM component to use as a scaffold for tissue-engineered
small diameter vascular grafts is collagen, but fibrin, elastin, chitosan, and silk are also
commonly used, in addition to decellularized blood vessels from animals [61]. In the
collagen scaffolds, the fibrillar collagen density has been shown to significantly modulate
the secretory factors and cytokines released by iPSC-derived SMCs, with higher densities
resulting in the creation of a hypoxic pro-angiogenic and anti-inflammatory microenviron-
ment [68]. In tubular nanofiber collagen scaffolds laden with iPSC-derived ECs internally
and iPSC-derived SMCs externally, the collagen fiber alignment prompted cell alignment
and consequently reduced the inflammatory response [69]. Meanwhile, in tubular collagen
gels with SMCs only, the addition of cyclic strain induced an increased contractile marker
expression and mechanical strength [70].

To better facilitate cell incorporation and growth in scaffolds, bioprinting has also
been used as an in vitro blood vessel fabrication method, utilizing various combinations
of natural and synthetic components and chemical modifications of these components.
This has resulted in successful long-term cell viability (120 days) [71], mature cellular
behavior [72], and recapitulation of some of the material properties (such as the storage
modulus) similar to that of in vivo measurements [73]. In one example, tubular coaxial
printing of patient-derived ECM encapsulating ECs or SMCs induced the successful and
extensive endogenous deposition of collagen I and some deposition of elastin after 2-week
culture with pulsatile flow through the lumen [74]. Separate from bioprinting but in another
whole-cloth construction methodology, tissue-engineered rings of iPSC-derived SMCs have
also been formed directly from a single cell suspension using clever ring-shaped culture
dishes [75], and Raman spectroscopic analysis enabled highly specific characterization of
iPSC-derived SMC phenotypic shift in response to growth media formulation [76].

4. Engineering of Smooth Muscle to Elucidate Mechanisms of Vascular Disease

Various tissue engineered constructs with human cells have already been applied
to model certain vascular diseases to understand the underlying mechanisms of disease
progression better. These models can also be used to identify therapeutic targets and to test
potential mitigation or treatment strategies in the human mimicry models, thus potentially
increasing successful clinical translation.

4.1. Hypertension, Pulmonary Arterial Hypertension, and Atherosclerosis

Tissue-engineered models have led to a better understanding of some of the mecha-
nisms involved in vessel wall remodeling, and they have been used to model hypertension
and pulmonary arterial hypertension (PAH). Both of these life-threatening pathologies are
generally defined by characteristic vessel-wall stiffening and medial thickening in arterial
vasculature induced by dysfunctional SMCs and fibroblasts [77,78]. While hypertension
is a very common systemic condition usually resulting from external factors or aging
and has a myriad of treatment options, PAH is an often incurable chronic condition in
which the lung vasculature becomes mechanically obstructed, and the specific cause or
disease mechanism is unknown for many patients [79]. Thus, it is important to be able to
model both of these conditions in different ways in vitro. In one model of hypertension,
explanted rabbit aortas were cultured under perfusion and showed activation of ERK 1/2
signaling cascade via FAK activation under high intraluminal steady stretch, while pulsatile
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stretch initiated the ERK1/2 signaling without FAK activation [80]. Meanwhile, PAH has
been modeled in an artery-on-a-chip device using patient-derived cells. The characteristic
PAH phenotype, including intimal thickening and arterial remodeling seen in vivo, was
successfully demonstrated in the in vitro model [81].

Atherosclerosis, another common life-threatening cardiovascular condition, is usually
brought on by external factors and aging, similarly to hypertension. Yet, the pathology
is defined by the formation of intimal plaques that obstruct blood flow. These form
due to inflammatory activation of ECs and lipid and immune cell accumulation, and
dysfunctional SMCs contribute to plaque formation and progression in several ways [82].
The mechanisms of SMC involvement in atherosclerosis have been elucidated using 3D
tissue-engineered models. In one example, a tissue-engineered “flap” laden with SMCs was
subjected to complex pulsatile flow to model pathological ECM production as seen in the
atherosclerotic plaques, and investigators found that doxycycline treatment abrogated the
effects of the complex flow [83]. In another study, the atherosclerotic plaques were modeled
with SMCs cultured in collagen gels in calcifying media, revealing that the extracellular
vesicles secreted by SMCs in these conditions were calcified, thus further contributing to
the plaque formation [84].

4.2. Insult and Acute Injury

Invasive procedures, such as plaque removal or vascular graft implantation, can
induce acute vascular injury. To model this type of injury and work toward mitigating
potential outcomes of restenosis or neointimal hyperplasia in patients, a bioreactor system
was developed to culture ex vivo rat and human vessels and subjected them to a controlled
injury that vigorously removed the luminal ECs from the vessels. The researchers found
that SMC proliferation and neointima formation was reduced by seeding the injured vessels
with human umbilical vein ECs prior to subjecting the vessels to simulated arterial flow in a
bioreactor. Importantly, this result correlates with the clinical outcomes after vascular graft
implantation in animals and humans [85]. Other insults investigated using tissue engineer-
ing techniques include radiation and oxidative stress. In one study, reactive oxygen species
production induced by the treatment of isolated arterioles with lysophosphatidic acid
resulted in significant changes in SMC contractile behavior in response to intraluminal flow
when the arterioles were cultured in a bioreactor system [86]. In addition to these examples,
a variety of acute insults including specific environmental factors and pharmaceuticals
could be readily modeled with similar tissue engineered systems.

4.3. Genetic Mutations

Genetic mutations can seriously inhibit the ability of SMCs to secrete ECM and main-
tain their contractile function properly, which can result in lethal cardiovascular dysfunction
in patients [87]. Tissue engineered models can provide deeper insight into the mechanisms
through which these genetic mutations manifest vascular dysfunction.

For example, human SMCs from either healthy patients or those affected by genetic
mutations resulting in abdominal aortic aneurysms (AAA) were isolated and cultured on
poly-lactide-co-glycolide scaffolds for up to 5 weeks, and the differences in cytoskeletal
alignment and ECM production were elucidated [88]. Progeria syndrome, a lethal vas-
cular disease resulting from a mutation in the Lamin A gene, was modeled using iPSCs
reprogrammed from a patient with progeria. The iPSC-SMCs were then seeded in tubular
collagen scaffolds and cultured with ECs under peristaltic flow. The constructs exhibited
increased medial thickness, calcification, apoptosis, and diminished vaso-activity, recapitu-
lating the progeria pathology [89]. Another genetic disease associated with SMCs and ECM
dysregulation, Marfan syndrome, was modeled using SMCs derived from iPSCs from a
Marfan patient. These SMCs were subjected to cyclic stretch and exhibited decreased con-
tractility, upregulated TGFf( signaling, and increased ECM accumulation: all characteristics
of the syndrome [90].
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5. Conclusions and Future Directions

Tissue engineering approaches have shown that SMCs respond differently to various
stressors when in a 3D multicellular environment with mechanical stimulation, rather
than the traditional 2D static culture systems. Additionally, further mechanistic insight
into specific disease phenotypes has been achieved with human cells in tissue engineered
in vitro models. A downfall of many of the successful tissue engineered models is that they
utilize primary, explanted patient blood vessels or cells, which can inhibit the ability to
achieve high throughput and clinically relevant experiments. A promising solution to this
is to combine the wide variety of 3D designs and mechanical /chemical stimulation with
the use of iPSC-derived SMCs from patients to minimize sample variability and provide
a readily available cell source [6,51,75,89-91]. One aspect that could be explored more
with these 3D models, particularly in the case of small diameter vascular grafts, is the
use of natural matrix materials that better encompass the composition and structure of
native ECM. The utilization of these materials has already been shown to induce more
native-like behavior in cultured SMCs, as described previously. Further exploration of
these materials in vascular grafts could facilitate more clinically relevant models and more
insight into CVD mechanisms than is currently possible [11,72]. In addition, computational
modeling before designing 3D vascular systems allows researchers to implement better
design principles and forego much of the costly empirical experimentation usually needed
to optimize these vascular systems [92-94]. Ultimately, combining all of these techniques
can move the field forward in analyzing cardiovascular disease mechanisms in more depth
and further testing potential future therapeutics or mitigation strategies that could help
patients. is a review article

Funding: Danielle Yarbrough is a 2022 recipient of the NSF Graduate Research Fellowship Pro-
gram. Studies of smooth muscle engineering in our lab are partially funded by RAD0102 from the
Translational Research Institute through NASA Cooperative Agreement NNX16AO69A.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Andersson, C.; Vasan, R.S. Epidemiology of cardiovascular disease in young individuals. Nat. Rev. Cardiol. 2017, 15, 230-240.
[CrossRef]

2. Ma, Z;Mao, C;Jia, Y,; Fu, Y;; Kong, W. Extracellular matrix dynamics in vascular remodeling. Cell Physiol. 2020, 319, C481-C499.
[CrossRef]

3.  Savoji, H.; Mohammadi, M.H.; Rafatian, N.; Toroghi, M.K.; Wang, E.Y.; Zhao, Y.; Korolj, A.; Ahadian, S.; Radisic, M. Cardiovascular
disease models: A game changing paradigm in drug discovery and screening. Biomaterials 2020, 198, 3-26. [CrossRef] [PubMed]

4. Milani-Nejad, N.; Janssen, PM.L. Small and large animal models in cardiac contraction research: Advantages and disadvantages.
Pharmacol. Ther. 2014, 141, 235-249. [CrossRef]

5. Tsang, H.G.; Rashdan, N.A.; Whitelaw, C.B.A.; Corcoran, B.M.; Summers, K.M.; MacRae, V.E. Large animal models of cardiovas-
cular disease. Cell Biochem. Funct. 2016, 34, 113-132. [CrossRef] [PubMed]

6. Song, H-H.G.,; Rumma, R.T.; Ozaki, C.K.; Edelman, E.R.; Chen, C.S. Vascular Tissue Engineering: Progress, Challenges, and
Clinical Promise. Cell Stem Cell 2018, 22, 340-354. [CrossRef] [PubMed]

7. Owens, G.K.; Kumar, M.S.; Wamhoff, B.R. Molecular Regulation of Vascular Smooth Muscle Cell Differentiation in Development
and Disease. Physiol. Rev. 2004, 84, 767-801. [CrossRef] [PubMed]

8.  Tian, B,; Ding, X,; Song, Y.; Chen, W.; Liang, J.; Yang, L.; Fan, Y; Li, S.; Zhou, Y. Matrix stiffness regulates SMC functions via
TGEF-p signaling pathway. Biomaterials 2019, 221, 119407. [CrossRef]

9. Jeong, K.; Kim, J.H.; Murphy, ].M.; Park, H.; Kim, S.J.; Rodriguez, Y.A.; Kong, H.; Choi, C.; Guan, J.-L.; Taylor, ].M.; et al.
Nuclear Focal Adhesion Kinase Controls Vascular Smooth Muscle Cell Proliferation and Neointimal Hyperplasia Through
GATA4-Mediated Cyclin D1 Transcription. Circ. Res. 2019, 125, 152-168. [CrossRef] [PubMed]

10. Ding, Y,; Johnson, R.; Sharma, S.; Ding, X.; Bryant, S.J.; Tan, W. Tethering transforming growth factor 31 to soft hydrogels guides
vascular smooth muscle commitment from human mesenchymal stem cells. Acta Biomater. 2020, 105, 68-77. [CrossRef] [PubMed]

11. Li, N,; Sanyour, H.; Remund, T; Kelly, P; Hong, Z. Vascular extracellular matrix and fibroblasts-coculture directed differentiation
of human mesenchymal stem cells toward smooth muscle-like cells for vascular tissue engineering. Mater. Sci. Eng. C 2018,
93, 61-69. [CrossRef]

12.  Eoh, ].H.; Shen, N.; Burke, ].A.; Hinderer, S.; Xia, Z.; Schenke-Layland, K.; Gerecht, S. Enhanced elastin synthesis and maturation

in human vascular smooth muscle tissue derived from induced-pluripotent stem cells. Acta Biomater. 2017, 52, 49-59. [CrossRef]


http://doi.org/10.1038/nrcardio.2017.154
http://doi.org/10.1152/ajpcell.00147.2020
http://doi.org/10.1016/j.biomaterials.2018.09.036
http://www.ncbi.nlm.nih.gov/pubmed/30343824
http://doi.org/10.1016/j.pharmthera.2013.10.007
http://doi.org/10.1002/cbf.3173
http://www.ncbi.nlm.nih.gov/pubmed/26914991
http://doi.org/10.1016/j.stem.2018.02.009
http://www.ncbi.nlm.nih.gov/pubmed/29499152
http://doi.org/10.1152/physrev.00041.2003
http://www.ncbi.nlm.nih.gov/pubmed/15269336
http://doi.org/10.1016/j.biomaterials.2019.119407
http://doi.org/10.1161/CIRCRESAHA.118.314344
http://www.ncbi.nlm.nih.gov/pubmed/31096851
http://doi.org/10.1016/j.actbio.2020.01.034
http://www.ncbi.nlm.nih.gov/pubmed/31982589
http://doi.org/10.1016/j.msec.2018.07.061
http://doi.org/10.1016/j.actbio.2017.01.083

Bioengineering 2022, 9, 449 12 of 15

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Daley, M.C.; Bonzanni, M.; MacKenzie, A.M.; Kaplan, D.L.; Black, L.D., III. The effects of membrane potential and extracellular
matrix composition on vascular differentiation of cardiac progenitor cells. Biochem. Biophys. Res. Commun. 2020, 530, 240-245.
[CrossRef]

Hamill, O.P; Marty, A.; Neher, E.; Sakmann, B.; Sigworth, F.J. Improved Patch-Clamp Techniques for High-Resolution Current
Recording from Cells and Cell-Free Membrane Patches. Pflug. Arch. 1981, 391, 85-100. [CrossRef] [PubMed]

Bobi, J.; Garabito, M.; Solanes, N.; Cidad, P.; Ramos-Pérez, V.; Ponce, A.; Rigol, M.; Freixa, X.; Pérez-Martinez, C.; de Prado, A.P;
et al. Kv1.3 blockade inhibits proliferation of vascular smooth muscle cells in vitro and intimal hyperplasia in vivo. Transl. Res.
2020, 224, 40-54. [CrossRef] [PubMed]

Steppan, J.; Wang, H.; Bergman, Y.; Rauer, M.J.; Tan, S.; Jandu, S.; Nandakumar, K.; Barreto-Ortiz, S.; Cole, R.N.; Boronina, T.N;
et al. Lysyl oxidase-like 2 depletion is protective in age-associated vascular stiffening. Am. J. Physiol. Heart Circ. Physiol. 2019,
317, H49-H59. [CrossRef]

Kim, S.K.; McCurley, A.T.; DuPont, ].J.; Aronovitz, M.; Moss, M.E,; Stillman, I.E.; Karumanchi, S.A.; Christou, D.D.; Jaffe, 1.Z.
Smooth Muscle Cell-Mineralocorticoid Receptor as a Mediator of Cardiovascular Stiffness With Aging. Hypertension 2018,
71, 609-621. [CrossRef] [PubMed]

Kiss, T.; Nyul-Téth, A Gulej, R.; Tarantini, S.; Csipo, T.; Mukli, P; Ungvari, A.; Balasubramanian, P.; Yabluchanskiy, A.;
Benyo, Z.; et al. Old blood from heterochronic parabionts accelerates vascular aging in young mice: Transcriptomic signature of
pathologic smooth muscle remodeling. GeroScience 2022, 44, 953-981. [CrossRef]

Mui, K.L.; Bae, YH.; Gao, L; Liu, S.-L.; Xu, T.; Radice, G.L.; Chen, C.S.; Assoian, R.K. N-Cadherin Induction by ECM Stiffness
and FAK Overrides the Spreading Requirement for Proliferation of Vascular Smooth Muscle Cells. Cell Rep. 2015, 10, 1477-1486.
[CrossRef]

Chen, J.-Y;; Wang, Y.-X; Ren, K.-E; Wang, Y.-B.; Fu, G.-S; Jia, J. The influence of substrate stiffness on osteogenesis of vascular
smooth muscle cells. Colloids Surf. B Biointerfaces 2021, 197, 111388. [CrossRef]

Floren, M.; Bonani, W.; Dharmarajan, A.; Mott, A.; Migliaresi, C.; Tan, W. Human mesenchymal stem cells cultured on silk
hydrogels with variable stiffness and growth factor differentiate into mature smooth muscle cell phenotype. Acta Biomater. 2016,
31, 156-166. [CrossRef]

Xie, S.-A.; Zhang, T.; Wang, ].; Zhao, F.; Zhang, Y.-P.; Yao, W.-].; Hur, S.S.; Yeh, Y.-T.; Pang, W.; Zheng, L.-S.; et al. Matrix stiffness
determines the phenotype of vascular smooth muscle cell in vitro and in vivo: Role of DNA methyltransferase 1. Biomaterials
2018, 155, 203-216. [CrossRef]

Petit, C.; Yousefi, A.-A.K.; Moussa, O.B.; Michel, ].-B.; Guignandon, A.; Avril, S. Regulation of SMC traction forces in human
aortic thoracic aneurysms. Biomech. Modeling Mechanobiol. 2021, 20, 717-731. [CrossRef]

Pezzoli, D.; Paolo, ].D.; Kumra, H.; Fois, G.; Candiani, G.; Reinhardt, D.P.; Mantovani, D. Fibronectin promotes elastin deposition,
elasticity and mechanical strength in cellularised collagen-based scaffolds. Biomaterials 2018, 180, 130-142. [CrossRef]

Ryan, A.J.; O'Brien, F]J. Insoluble elastin reduces collagen scaffold stiffness, improves viscoelastic properties, and induces a
contractile phenotype in smooth muscle cells. Biomaterials 2015, 73, 296-307. [CrossRef]

Rickel, A.P; Sanyour, H.J.; Leyda, N.A.; Hong, Z. Extracellular Matrix Proteins and Substrate Stiffness Synergistically Regulate
Vascular Smooth Muscle Cell Migration and Cortical Cytoskeleton Organization. ACS Appl. Biomater. 2020, 3, 2360-2369.
[CrossRef] [PubMed]

Senatus, L.M.; Schmidt, A.M. The AGE-RAGE Axis: Implications for Age-Associated Arterial Diseases. Front. Genet. 2017, 8, 187.
[CrossRef]

Li, J.; Zhang, K;; Wu, J.; Zhang, L.; Yang, P,; Tu, Q.; Huang, N. Tailoring of the titanium surface by preparing cardiovascular
endothelial extracellular matrix layer on the hyaluronic acid micro-pattern for improving biocompatibility. Colloids Surf. B
Biointerfaces 2015, 128, 201-210. [CrossRef] [PubMed]

Fang, S.; Wu, J.; Reho, J.J.; Lu, K.-T.; Brozoski, D.T.; Kumar, G.; Werthman, A.M.; Sebastiao Donato Silva, J.; Veitia, PC.M,;
Wackman, K.K.; et al. RhoBTB1 reverses established arterial stiffness in angiotensin II-induced hypertension by promoting actin
depolymerization. JCI Insight 2022, 7, €158043. [CrossRef]

Yanagisawa, H.; Wagenseil, J. Elastic fibers and biomechanics of the aorta: Insights from mouse studies. Matrix Biol. 2020,
85-86,160-172. [CrossRef] [PubMed]

Hansen, M.L.; Beck, H.C.; Irmukhamedov, A.; Jensen, P.S.; Olsen, M.H.; Rasmussen, L.M. Proteome Analysis of Human Arterial
Tissue Discloses Associations Between the Vascular Content of Small Leucine-Rich Repeat Proteoglycans and Pulse Wave Velocity.
Arterioscler. Thromb. Vasc. Biol. 2015, 35, 1896-1903. [CrossRef] [PubMed]

Jover, E.; Silvente, A.; Marin, F.; Martinez-Gonzalez, ].; Orriols, M.; Martinez, C.M.; Puche, C.M.; Valdés, M.; Rodriguez, C.;
Hernandez-Romero, D. Inhibition of enzymes involved in collagen cross-linking reduces vascular smooth muscle cell calcification.
FASEB ]. 2018, 32, 4459-4469. [CrossRef]

Dhar, S.; Sun, Z.; Meininger, G.A.; Hill, M.A. Nonenzymatic glycation interferes with fibronectin-integrin interactions in vascular
smooth muscle cells. Microcirculation 2017, 24, €12347. [CrossRef] [PubMed]

Horita, H.; Wysoczynski, C.L.; Walker, L.A.; Moulton, K.S.; Li, M.; Ostriker, A.; Tucker, R.; McKinsey, T.A.; Churchill, M.E.A;
Nemenoff, R.A.; et al. Nuclear PTEN functions as an essential regulator of SRF-dependent transcription to control smooth muscle
differentiation. Nat. Commun. 2016, 7, 10830. [CrossRef]


http://doi.org/10.1016/j.bbrc.2020.06.149
http://doi.org/10.1007/BF00656997
http://www.ncbi.nlm.nih.gov/pubmed/6270629
http://doi.org/10.1016/j.trsl.2020.06.002
http://www.ncbi.nlm.nih.gov/pubmed/32522668
http://doi.org/10.1152/ajpheart.00670.2018
http://doi.org/10.1161/HYPERTENSIONAHA.117.10437
http://www.ncbi.nlm.nih.gov/pubmed/29463624
http://doi.org/10.1007/s11357-022-00519-1
http://doi.org/10.1016/j.celrep.2015.02.023
http://doi.org/10.1016/j.colsurfb.2020.111388
http://doi.org/10.1016/j.actbio.2015.11.051
http://doi.org/10.1016/j.biomaterials.2017.11.033
http://doi.org/10.1007/s10237-020-01412-6
http://doi.org/10.1016/j.biomaterials.2018.07.013
http://doi.org/10.1016/j.biomaterials.2015.09.003
http://doi.org/10.1021/acsabm.0c00100
http://www.ncbi.nlm.nih.gov/pubmed/34327310
http://doi.org/10.3389/fgene.2017.00187
http://doi.org/10.1016/j.colsurfb.2015.01.010
http://www.ncbi.nlm.nih.gov/pubmed/25684737
http://doi.org/10.1172/jci.insight.158043
http://doi.org/10.1016/j.matbio.2019.03.001
http://www.ncbi.nlm.nih.gov/pubmed/30880160
http://doi.org/10.1161/ATVBAHA.114.304706
http://www.ncbi.nlm.nih.gov/pubmed/26069235
http://doi.org/10.1096/fj.201700653R
http://doi.org/10.1111/micc.12347
http://www.ncbi.nlm.nih.gov/pubmed/28005306
http://doi.org/10.1038/ncomms10830

Bioengineering 2022, 9, 449 13 of 15

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Liu, S.-L.; Bae, Y.H.; Yu, C.; Monslow, J.; Hawthorne, E.A.; Castagnino, P.; Branchetti, E.; Ferrari, G.; Damrauer, S.M.; Puré, E.; et al.
Matrix metalloproteinase-12 is an essential mediator of acute and chronic arterial stiffening. Sci. Rep. 2015, 5, 17189. [CrossRef]
Lim, H.Y,; Lim, S.Y.; Tan, C.K,; Thiam, C.H.; Goh, C.C.; Carbajo, D.; Chew, S.H.S.; See, P.; Chakarov, S.; Wang, X.N.; et al.
Hyaluronan Receptor LYVE-1-Expressing Macrophages Maintain Arterial Tone through Hyaluronan-Mediated Regulation of
Smooth Muscle Cell Collagen. Immunity 2018, 49, 326-341. [CrossRef] [PubMed]

Schiller, H.B.; Friedel, C.C.; Boulegue, C.; Féssler, R. Quantitative proteomics of the integrin adhesome show a myosin II-dependent
recruitment of LIM domain proteins. EMBO Rep. 2011, 12, 259-266. [CrossRef] [PubMed]

Chan, X.Y.; Volkova, E.; Eoh, J.; Black, R.; Fang, L.; Gorashi, R.; Song, ].; Wang, J.; Elliott, M.B.; Barreto-Ortiz, S.F,; et al. HIF2A
gain-of-function mutation modulates the stiffness of smooth muscle cells and compromises vascular mechanics. IScience 2021,
24,102246. [CrossRef] [PubMed]

Espinosa, M.G.; Gardner, W.S.; Bennett, L.; Sather, B.A.; Yanagisawa, H.; Wagenseil, ].E. The Effects of Elastic Fiber Protein
Insufficiency and Treatment on the Modulus of Arterial Smooth Muscle Cells. . Biomech. Eng. 2014, 136, 021030. [CrossRef]
Beamish, J.A.; He, P.; Kottke-Marchant, K.; Marchant, R.E. Molecular Regulation of Contractile Smooth Muscle Cell Phenotype:
Implications for Vascular Tissue Engineering. Tissue Eng. Part B Rev. 2010, 16, 467—491. [CrossRef]

Ramaswamy, A K.; Vorp, D.A.; Weinbaum, J.S. Functional Vascular Tissue Engineering Inspired by Matricellular Proteins. Front.
Cardiovasc. Med. 2019, 6, 74. [CrossRef]

Mantella, L.-E.; Quan, A.; Verma, S. Variability in vascular smooth muscle cell stretch-induced responses in 2D culture. Vasc. Cell
2015, 7, 7. [CrossRef]

Jensen, L.F; Bentzon, J.F.; Albarran-Juarez, J. The Phenotypic Responses of Vascular Smooth Muscle Cells Exposed to Mechanical
Cues. Cells 2021, 10, 2209. [CrossRef]

Walters, B.; Turner, P.A.; Rolauffs, B.; Hart, M.L.; Stegemann, J.P. Controlled Growth Factor Delivery and Cyclic Stretch Induces a
Smooth Muscle Cell-like Phenotype in Adipose-Derived Stem Cells. Cells 2021, 10, 3123. [CrossRef]

Sato, K.; Nitta, M.; Ogawa, A. A Microfluidic Cell Stretch Device to Investigate the Effects of Stretching Stress on Artery Smooth
Muscle Cell Proliferation in Pulmonary Arterial Hypertension. Inventions 2019, 4, 1. [CrossRef]

Yamashiro, Y.; Thang, B.Q.; Ramirez, K.; Shin, S.J.; Kohata, T.; Ohata, S.; Nguyen, T.A.V.; Ohtsuki, S.; Nagayama, K.; Yanagisawa,
H. Matrix mechanotransduction mediated by thrombospondin-1/integrin/YAP in the vascular remodeling. Proc. Natl. Acad. Sci.
USA 2020, 117, 9896-9905. [CrossRef]

Lévesque, L.; Loy, C.; Lainé, A.; Drouin, B.; Chevallier, P.; Mantovani, D. Incrementing the Frequency of Dynamic Strain on
SMC-Cellularised Collagen-Based Scaffolds Affects Extracellular Matrix Remodeling and Mechanical Properties. ACS Biomater.
Sci. Eng. 2018, 4, 3759-3767. [CrossRef] [PubMed]

Bono, N.; Pezzoli, D.; Levesque, L.; Loy, C.; Candiani, G.; Fiore, G.B.; Mantovani, D. Unraveling the role of mechanical stimulation
on smooth muscle cells: A comparative study between 2D and 3D models. Biotechnol. Bioeng. 2016, 113, 2254-2263. [CrossRef]
Shi, Z.-D.; Tarbell, ].M. Fluid Flow Mechanotransduction in Vascular Smooth Muscle Cells and Fibroblasts. Ann. Biomed. Eng.
2011, 39, 1608-1619. [CrossRef] [PubMed]

Hiroshima, Y.; Oyama, Y.; Sawasaki, K.; Nakamura, M.; Kimura, N.; Kawahito, K.; Fujie, H.; Sakamoto, N. A Compressed
Collagen Construct for Studying Endothelial-Smooth Muscle Cell Interaction Under High Shear Stress. Ann. Biomed. Eng. 2022,
50, 951-963. [CrossRef] [PubMed]

Cochrane, A.; Albers, H.J.; Passiera, R.; Mummery, C.L.; Berg, A.v.d.; Orlova, V.V.; Meer, A.D.v.d. Advanced in vitro models of
vascular biology: Human induced pluripotent stem cells and organ-on-chip technology. Adv. Drug Deliv. Rev. 2019, 140, 68-77.
[CrossRef]

Cuenca, M.V,; Cochrane, A.; Hil, EE.v.d.; Vries, A.A.F.d.; Oberstein, S.A.J.L.; Mummery, C.L.; Orlova, V.V. Engineered 3D
vessel-on-chip using hiPSC-derived endothelial- and vascular smooth muscle cells. Stem Cell Rep. 2021, 16, 2159-2168. [CrossRef]
Cho, M,; Park, J.-K. Fabrication of a Perfusable 3D In Vitro Artery-Mimicking Multichannel System for Artery Disease Models.
ACS Biomater. Sci. Eng. 2020, 6, 5326-5336. [CrossRef]

Yasotharan, S.; Pinto, S.; Sled, ].G.; Bolzef, S.-S.; Glinther, A. Artery-on-a-chip platform for automated, multimodal assessment of
cerebral blood vessel structure and function. Lab A Chip 2015, 15, 2660-2669. [CrossRef]

Barreto-Ortiz, S.F; Fradkin, J.; Eoh, J.; Trivero, ].; Davenport, M.; Ginn, B.; Mao, H.-Q.; Gerecht, S. Fabrication of 3-dimensional
multicellular microvascular structures. FASEB J. 2015, 29, 3302-3314. [CrossRef]

Zhang, X.; Battiston, K.G.; Labow, R.S.; Simmons, C.A.; Santerre, ].P. Generating favorable growth factor and protease release
profiles to enable extracellular matrix accumulation within an in vitro tissue engineering environment. Acta Biomater. 2017,
54, 81-94. [CrossRef] [PubMed]

Ramaswamy, A K.; Sides, R.E.; Cunnane, E.M.; Lorentz, K.L.; Reines, L.M.; Vorp, D.A.; Weinbaum, ]J.S. Adipose-derived stromal
cell secreted factors induce the elastogenesis cascade within 3D aortic smooth muscle cell constructs. Matrix Biol. Plus 2019,
4,100014. [CrossRef] [PubMed]

Liu, P; Shi, Y.; Fan, Z.; Zhou, Y.; Song, Y.; Liu, Y,; Yu, G.; An, Q.; Zhu, W. Inflammatory Smooth Muscle Cells Induce Endothelial
Cell Alterations to Influence Cerebral Aneurysm Progression via Regulation of Integrin and VEGF Expression. Cell Transplant.
2018, 28, 713-722. [CrossRef]

Naegeli, K.M.; Kural, M.H.; Li, Y.; Wang, ].; Hugentobler, E.A.; Niklason, L.E. Bioengineering Human Tissues and the Future of
Vascular Replacement. Circ. Res. 2022, 131, 109-126. [CrossRef]


http://doi.org/10.1038/srep17189
http://doi.org/10.1016/j.immuni.2018.06.008
http://www.ncbi.nlm.nih.gov/pubmed/30054204
http://doi.org/10.1038/embor.2011.5
http://www.ncbi.nlm.nih.gov/pubmed/21311561
http://doi.org/10.1016/j.isci.2021.102246
http://www.ncbi.nlm.nih.gov/pubmed/33796838
http://doi.org/10.1115/1.4026203
http://doi.org/10.1089/ten.teb.2009.0630
http://doi.org/10.3389/fcvm.2019.00074
http://doi.org/10.1186/s13221-015-0032-0
http://doi.org/10.3390/cells10092209
http://doi.org/10.3390/cells10113123
http://doi.org/10.3390/inventions4010001
http://doi.org/10.1073/pnas.1919702117
http://doi.org/10.1021/acsbiomaterials.7b00395
http://www.ncbi.nlm.nih.gov/pubmed/33429603
http://doi.org/10.1002/bit.25979
http://doi.org/10.1007/s10439-011-0309-2
http://www.ncbi.nlm.nih.gov/pubmed/21479754
http://doi.org/10.1007/s10439-022-02972-7
http://www.ncbi.nlm.nih.gov/pubmed/35471673
http://doi.org/10.1016/j.addr.2018.06.007
http://doi.org/10.1016/j.stemcr.2021.08.003
http://doi.org/10.1021/acsbiomaterials.0c00748
http://doi.org/10.1039/C5LC00021A
http://doi.org/10.1096/fj.14-263343
http://doi.org/10.1016/j.actbio.2017.02.041
http://www.ncbi.nlm.nih.gov/pubmed/28242454
http://doi.org/10.1016/j.mbplus.2019.100014
http://www.ncbi.nlm.nih.gov/pubmed/33543011
http://doi.org/10.1177/0963689718815824
http://doi.org/10.1161/CIRCRESAHA.121.319984

Bioengineering 2022, 9, 449 14 of 15

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

Luo, J.; Qin, L.; Zhao, L.; Gui, L.; Ellis, M.; Huang, Y.; Kural, M,; Clark, J.A.; Ono, S.; Wang, J.; et al. Tissue-Engineered Vascular
Grafts with Advanced Mechanical Strength from Human iPSCs. Cell Stem Cell 2020, 26, 251-261. [CrossRef]

Yalcin, I.; Horakova, J.; Mikes, P.; Sadikoglu, T.G.; Domin, R.; Lukas, D. Design of Polycaprolactone Vascular Grafts. J. Ind. Text.
2014, 45, 813-833. [CrossRef]

Leal, B.B.J.; Wakabayashi, N.; Oyama, K.; Kamiya, H.; Braghirolli, D.I.; Pranke, P. Vascular Tissue Engineering: Polymers and
Methodologies for Small Caliber Vascular Grafts. Front. Cardiovasc. Med. 2021, 7, 592361. [CrossRef] [PubMed]

Li, M.-X; Li, L.; Zhou, S.-Y,; Cao, J.-H.; Liang, W.-H.; Tian, Y.; Shi, X.-T.; Yang, X.-B.; Wu, D.-Y. A biomimetic orthogonal-bilayer
tubular scaffold for the co-culture of endothelial cells and smooth muscle cells. RSC Adv. 2021, 11, 31783-31790. [CrossRef]
[PubMed]

Serrano, M.C.; Pagani, R.; Vallet-Regi, M.; Pefia, J.; Ramila, A.; Izquierdo, I.; Portolés, M.T. In vitro biocompatibility assessment of
poly(e-caprolactone) films using L929 mouse fibroblasts. Biomaterials 2004, 25, 5603-5611. [CrossRef] [PubMed]

Ardila, D.C.; Tamimi, E.; Doetschman, T.; Wagner, W.R.; Geest, ].P.V. Modulating smooth muscle cell response by the release of
TGF2 from tubular scaffolds for vascular tissue engineering. J. Control. Release 2019, 299, 44-52. [CrossRef]

Qin, K.; Wang, E; Simpson, RM.L.; Zheng, X.; Wang, H.; Hu, Y.; Gao, Z.; Xu, Q.; Zhao, Q. Hyaluronan promotes the regener-
ation of vascular smooth muscle with potent contractile function in rapidly biodegradable vascular grafts. Biomaterials 2020,
257,120226. [CrossRef] [PubMed]

Ju, YM.; Ahn, H.; Arenas-Herrera, J.; Kim, C.; Abolbashari, M.; Atala, A.; Yoo, J.J.; Lee, S.J. Electrospun vascular scaffold for
cellularized small diameter blood vessels: A preclinical large animal study. Acta Biomater. 2017, 59, 58-67. [CrossRef]

Dash, B.C.; Setia, O.; Gorecka, J.; Peyvandi, H.; Duan, K; Lopes, L.; Nie, J.; Berthiaume, F,; Dardik, A.; Hsia, H.C. A Dense Fibrillar
Collagen Scaffold Differentially Modulates Secretory Function of iPSC-Derived Vascular Smooth Muscle Cells to Promote Wound
Healing. Cells 2020, 9, 966. [CrossRef]

Nakayama, K.H.; Joshi, P.A.; Lai, E.S.; Gujar, P; Joubert, L.-M.; Chen, B.; Huang, N.E. Bilayered vascular graft derived from
human induced pluripotent stem cells with biomimetic structure and function. Future Med. 2015, 10, 745-755. [CrossRef]

Bono, N.; Meghezi, S.; Soncini, M.; Piola, M.; Mantovani, D.; Fiore, G.B. A Dual-Mode Bioreactor System for Tissue Engineered
Vascular Models. Ann. Biomed. Eng. 2017, 45, 1496-1510. [CrossRef]

Chimene, D.; Peak, C.W.; Gentry, ].L.; Carrow, J.K.; Cross, L.M.; Mondragon, E.; Cardoso, G.B.; Kaunas, R.; Gaharwar, A.K.
Nanoengineered Ionic-Covalent Entanglement (NICE) Bioinks for 3D Bioprinting. ACS Appl. Mater. Interfaces 2018, 10, 9957-9968.
[CrossRef] [PubMed]

Schoneberg, J.; De Lorenzi, F.; Theek, B.; Blaeser, A.; Rommel, D.; Kuehne, A J.; Kiefiling, F.; Fischer, H. Engineering biofunctional
in vitro vessel models using a multilayer bioprinting technique. Sci. Rep. 2018, 8, 10430. [CrossRef]

Cao, X.; Maharjan, S.; Ashfaq, R.; Yu, ].S.; Zhang, S. Bioprinting of Small-Diameter Blood Vessels. Engineering 2021, 7, 832-844.
[CrossRef]

Gao, G.; Kim, H.; Kim, B.S.; Kong, ].S,; Lee, ].Y,; Park, BW.; Chae, S.; Kim, J.; Ban, K,; Jang, J.; et al. Tissue-engineering of vascular
grafts containing endothelium and smooth-muscle using triple-coaxial cell printing featured. Appl. Phys. Rev. 2019, 6, 041402.
[CrossRef]

Dash, B.C.; Levi, K.; Schwan, J.; Luo, J.; Bartulos, O.; Wu, H.; Qiu, C.; Yi, T;; Ren, Y.; Campbell, S.; et al. Tissue-Engineered Vascular
Rings from Human iPSC-Derived Smooth Muscle Cells. Stem Cell Rep. 2016, 7, 19-28. [CrossRef]

Marzia, ].; Brauchle, E.M.; Schenke-Layland, K.; Rolle, M.W. Non-invasive functional molecular phenotyping of human smooth
muscle cells utilized in cardiovascular tissue engineering. Acta Biomater. 2019, 89, 193-205. [CrossRef]

Stenmark, K.R.; Frid, M.G.; Graham, B.B.; Tuder, R.M. Dynamic and diverse changes in the functional properties of vascular
smooth muscle cells in pulmonary hypertension. Cardiovasc. Res. 2018, 114, 551-564. [CrossRef]

Harvey, A.; Montezano, A.C.; Lopes, R.A.; Rios, F; Touyz, R M. Vascular Fibrosis in Aging and Hypertension: Molecular
Mechanisms and Clinical Implications. Can. J. Cardiol. 2016, 32, 659-668. [CrossRef] [PubMed]

Guignabert, C.; Tu, L.; Girerd, B.; Ricard, N.; Huertas, A.; Montani, D.; Humbert, M. New Molecular Targets of Pulmonary
Vascular Remodeling in Pulmonary Arterial Hypertension: Importance of Endothelial Communication. Chest 2015, 147, 529-537.
[CrossRef] [PubMed]

Lehoux, S.; Esposito, B.; Merval, R.; Tedgui, A. Differential Regulation of Vascular Focal Adhesion Kinase by Steady Stretch and
Pulsatility. Circulation 2005, 111, 643-649. [CrossRef]

Al-Hilal, T.A.; Keshavarz, A.; Kadry, H.; Lahooti, B.; Al-Obaida, A.; Ding, Z.; Li, W.; Kamm, R.; McMurtry, LE,; Lahm, T.; et al.
Pulmonary-arterial-hypertension (PAH)-on-a-chip: Fabrication, validation and application. Lab A Chip 2020, 20, 3334-3345.
[CrossRef]

Seidman, M.A.; Mitchell, R.N.; Stone, J.R. Pathophysiology of Atherosclerosis. In Cellular and Molecular Pathobiology of Cardio-
vascular Disease; Monte, S., Willis, ]. W.H., Stone, J.R., Eds.; Academic Press: Cambridge, MA, USA; Elsevier: Amsterdam, The
Netherlands, 2014; pp. 221-237. [CrossRef]

Hosseini, V.; Mallone, A.; Mirkhani, N.; Noir, J.; Salek, M.; Pasqualini, ES.; Schuerle, S.; Khademhosseini, A.; Hoerstrup, S.P;
Vogel, V. A Pulsatile Flow System to Engineer Aneurysm and Atherosclerosis Mimetic Extracellular Matrix. Adv. Sci. 2020,
7,2000173. [CrossRef] [PubMed]


http://doi.org/10.1016/j.stem.2019.12.012
http://doi.org/10.1177/1528083714540701
http://doi.org/10.3389/fcvm.2020.592361
http://www.ncbi.nlm.nih.gov/pubmed/33585576
http://doi.org/10.1039/D1RA04472A
http://www.ncbi.nlm.nih.gov/pubmed/35496878
http://doi.org/10.1016/j.biomaterials.2004.01.037
http://www.ncbi.nlm.nih.gov/pubmed/15159076
http://doi.org/10.1016/j.jconrel.2019.02.024
http://doi.org/10.1016/j.biomaterials.2020.120226
http://www.ncbi.nlm.nih.gov/pubmed/32736256
http://doi.org/10.1016/j.actbio.2017.06.027
http://doi.org/10.3390/cells9040966
http://doi.org/10.2217/rme.15.45
http://doi.org/10.1007/s10439-017-1813-9
http://doi.org/10.1021/acsami.7b19808
http://www.ncbi.nlm.nih.gov/pubmed/29461795
http://doi.org/10.1038/s41598-018-28715-0
http://doi.org/10.1016/j.eng.2020.03.019
http://doi.org/10.1063/1.5099306
http://doi.org/10.1016/j.stemcr.2016.05.004
http://doi.org/10.1016/j.actbio.2019.03.026
http://doi.org/10.1093/cvr/cvy004
http://doi.org/10.1016/j.cjca.2016.02.070
http://www.ncbi.nlm.nih.gov/pubmed/27118293
http://doi.org/10.1378/chest.14-0862
http://www.ncbi.nlm.nih.gov/pubmed/25644906
http://doi.org/10.1161/01.CIR.0000154548.16191.2F
http://doi.org/10.1039/D0LC00605J
http://doi.org/10.1016/B978-0-12-405206-2.00012-0
http://doi.org/10.1002/advs.202000173
http://www.ncbi.nlm.nih.gov/pubmed/32596117

Bioengineering 2022, 9, 449 15 of 15

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

Hutcheson, ].D.; Goettsch, C.; Bertazzo, S.; Maldonado, N.; Ruiz, J.L.; Goh, W.; Yabusaki, K.; Faits, T.; Bouten, C.; Franck, G.; et al.
Genesis and growth of extracellular-vesicle-derived microcalcification in atherosclerotic plaques. Nat. Mater. 2016, 15, 335-343.
[CrossRef]

Kural, M.H.; Dai, G.; Niklason, L.E.; Gui, L. An Ex Vivo Vessel Injury Model to Study Remodeling. Cell Transplant. 2018, 27,
1375-1389. [CrossRef] [PubMed]

Staiculescu, M.C.; Ramirez-Perez, FI.; Castorena-Gonzalez, J.A.; Hong, Z.; Sun, Z.; Meininger, G.A.; Martinez-Lemus, L.A.
Lysophosphatidic acid induces integrin activation in vascular smooth muscle and alters arteriolar myogenic vasoconstriction.
Front. Physiol. 2014, 5, 413. [CrossRef]

Lacolley, P.; Regnault, V.; Segers, P.; Laurent, S. Vascular Smooth Muscle Cells and Arterial Stiffening: Relevance in Development,
Aging, and Disease. Physiol. Rev. 2017, 97, 1555-1617. [CrossRef]

Bogunovic, N.; Meekel, J.P.; Majolée, J.; Hekhuis, M.; Pyszkowski, J.; Jockenhével, S.; Kruse, M.; Riesebos, E.; Micha, D.;
Blankensteijn, J.D.; et al. Patient-Specific 3-Dimensional Model of Smooth Muscle Cell and Extracellular Matrix Dysfunction for
the Study of Aortic Aneurysms. J. Endovasc. Ther. 2021, 28, 604—613. [CrossRef] [PubMed]

Atchison, L.; Zhang, H.; Cao, K.; Truskey, G.A. A Tissue Engineered Blood Vessel Model of Hutchinson-Gilford Progeria Syndrome
Using Human iPSC-derived Smooth Muscle Cells. Sci. Rep. 2017, 7, 8168. [CrossRef]

Granata, A.; Serrano, F; Bernard, W.G.; McNamara, M.; Low, L.; Sastry, P; Sinha, S. An iPSC-derived vascular model of Marfan
syndrome identifies key mediators of smooth muscle cell death. Nat. Genet. 2016, 49, 97-109. [CrossRef]

Luo, J.; Qin, L, Park, J.; Kural, M.H.; Huang, Y.; Shi, X.; Riaz, M.; Wang, ].; Ellis, M.W.; Anderson, C.W.,; et al. Readily Available
Tissue-Engineered Vascular Grafts Derived From Human Induced Pluripotent Stem Cells. Circ. Res. 2022, 130, 925-927. [CrossRef]
Lashkarinia, S.S.; Coban, G.; Kose, B.; Salihoglu, E.; Pekkan, K. Computational modeling of vascular growth in patient-specific
pulmonary arterial patch reconstructions. J. Biomech. 2021, 117, 110274. [CrossRef] [PubMed]

Mousavi, S.J.; Jayendiran, R.; Farzaneh, S.; Campisi, S.; Viallon, M.; Croisille, P.; Avril, S. Coupling hemodynamics with
mechanobiology in patient-specific computational models of ascending thoracic aortic aneurysms. Comput. Methods Programs
Biomed. 2021, 205, 106107. [CrossRef] [PubMed]

Blum, K.M.; Zbinden, ].C.; Ramachandra, A.B.; Lindsey, S.E.; Szafron, ].M.; Reinhardt, ].W.; Heitkemper, M.; Best, C.A.; Mirhaidari,
G.J.M,; Chang, Y.-C,; et al. Tissue engineered vascular grafts transform into autologous neovessels capable of native function and
growth. Commun. Med. 2022, 2, 3. [CrossRef] [PubMed]


http://doi.org/10.1038/nmat4519
http://doi.org/10.1177/0963689718792201
http://www.ncbi.nlm.nih.gov/pubmed/30095004
http://doi.org/10.3389/fphys.2014.00413
http://doi.org/10.1152/physrev.00003.2017
http://doi.org/10.1177/15266028211009272
http://www.ncbi.nlm.nih.gov/pubmed/33902345
http://doi.org/10.1038/s41598-017-08632-4
http://doi.org/10.1038/ng.3723
http://doi.org/10.1161/CIRCRESAHA.121.320315
http://doi.org/10.1016/j.jbiomech.2021.110274
http://www.ncbi.nlm.nih.gov/pubmed/33540217
http://doi.org/10.1016/j.cmpb.2021.106107
http://www.ncbi.nlm.nih.gov/pubmed/33933713
http://doi.org/10.1038/s43856-021-00063-7
http://www.ncbi.nlm.nih.gov/pubmed/35603301

	Introduction 
	ECM Properties Affecting SMC Phenotype 
	Stiffness 
	Fibrillar Protein Composition 
	Non-Fibrillar Proteins and Matrix Modifiers 

	Engineering Complex In Vitro Models of Smooth Muscle 
	Mechanical Stimulation in Culture Systems 
	Organ-on-a-Chip and Multicellular Systems 
	Tissue Engineered Vascular Grafts and Pulsatile flow 

	Engineering of Smooth Muscle to Elucidate Mechanisms of Vascular Disease 
	Hypertension, Pulmonary Arterial Hypertension, and Atherosclerosis 
	Insult and Acute Injury 
	Genetic Mutations 

	Conclusions and Future Directions 
	References

