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Abstract

The human circulatory system is a marvelous fluidic system, which is very sensitive to biophysical and biochemical cues. The
current animal and cell culture models do not recapitulate the functional properties of the human circulatory system, limiting our
ability to fully understand the complex biological processes underlying the dysfunction of this multifaceted system. In this
review, we discuss the unique ability of microfluidic systems to recapitulate the biophysical, biochemical, and functional
properties of the human circulatory system. We also describe the remarkable capacity of microfluidic technologies for exploring
the complex mechanobiology of the cardiovascular system, mechanistic studying of cardiovascular diseases, and screening
cardiovascular drugs with the additional benefit of reducing the need for animal models. We also discuss opportunities for

further advancement in this exciting field.
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Introduction

The human circulatory system is a complex, multi-component
organ system, composed of the heart at its center and a fasci-
nating network of large to small vessels spanning throughout
the body (Fig. 1a). It is dynamic and highly responsive to
biophysical and biochemical cues (Gimbrone et al. 2000).
Changes in the geometry, composition, and stiffness of the
vessels and heart valves due to chronic deposition of fat, cho-
lesterol, calcium, aging or genetic disorders can change the
physiological flow patterns and lead to a cascade of molecular
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and cellular events that disrupt their function (Paneni et al.
2017; Wootton and Ku 1999).

Animal models are widely used for studying cardiovascular
diseases, and have been instrumental in advancing our under-
standing of the human circulatory system (Zaragoza et al.
2011) (Fig. 1b). Large animals (e.g., pigs and sheep) closely
mirror the human circulatory system, as they exhibit size,
anatomy, physiology, and hemodynamics comparable to
humans (Tsang et al. 2016). However, large animal models
are costly, require substantial housing and caring resources,
and are subject to ethical considerations (Tsang et al. 2016). In
comparison, small animals (e.g., mice and rats) are relatively
cost-effective, easy to maintain, and readily available; can be
tested in large numbers; and importantly, can be genetically
modified to represent cardiovascular disorders seen in patients
(Camacho et al. 2016). Despite these advantages, small-
animal models are inherently limited due to significant differ-
ences in size, cardiovascular anatomy, physiology, pathology,
and heart function (e.g., the heart rate of mice is 400-600
bpm) (Santos et al. 2015) compared to humans. These param-
eters have imposed challenges and resulted in the failure of
many clinical drug trials despite successfully conducted prior
animal studies (Editorial 2013; Hay et al. 2014).

In comparison, cell-based assays enable understanding the
fundamental biology of the human circulatory system in a
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Fig. 1 a Schematic of the human
circulatory system, consisting of a
the heart at the center and a
complex network of vessels
which interact with other organs.
b Animal models are extensively
used for studying the human
circulatory system. ¢ The
complexity, cost, and inherent
differences between the human
and animal models have led to the
evolution of cell models, ranging
from simple 2D models (Petri
dish, flasks) to more complex 3D
models (hydrogel, spheroids,
organoids) and more
physiologically relevant
microfluidic models
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simple, fully controllable, time- and cost-effective manner
(Fig. 1c). Traditional 2D cell culture models facilitate growing
cells in a Petri dish or flask chambers to analyze cellular re-
sponse to drugs or pathogens. More advanced 3D cell models,
based on hydrogel scaffolds, spheroids, and organoids, facil-
itate growing cells in a more physiological environment,
which better mimic the structural and functional properties
of the native organ, and thus promote cell-cell and cell-
extracellular matrix (ECM) interactions (Duval et al. 2017,
Grebenyuk and Ranga 2019; Jensen and Teng 2020; Salehi
et al. 2020). Alternative cell-based models that can better

@ Springer

CO._ Head and arms O2

Mouse Pig

Stenosis

Carotid/subclavian

Exchange

Heart muscle

Angiogenesis

(\ l(

Mesenteric
arteries

Trunk and legs

Size

3D cell culture Organ-on-a-chip

Organoid

"~ Biological relevance

mimic the physiology and pathology of the human circulatory
system are pivotal to better understand the fundamental bio-
logical processes underlying this complex system.

Recent advances in microfabrication technologies have fa-
cilitated the evolution of various microfluidic models
(Convery and Gadegaard 2019) (Fig. 1c). These models can
mimic the biophysical and biochemical properties of the hu-
man circulatory system under customized, fully controllable
physiological and pathological conditions. This has enabled
mechanistic studies of complex, multi-step biological process-
es, which can be employed for the modeling of diseases and
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the development of new drugs and treatment strategies
(Bersini et al. 2016; Regnault et al. 2018). The adoption of
microfluidic models can substantially reduce the time and
costs associated with evaluating the efficacy of new drugs
and facilitates the development of personalized, patient-
specific therapeutics (Tay et al. 2016).

Here, we review the recent microfluidic technologies
engineered for studying the human cardiovascular system.
We present the evolution of complex, multilayered, deform-
able vessel structures, which closely mimic the biophysical
and biochemical properties of human vessels. We highlight
the unique ability for establishing deformable microfluidic
elements to recapitulate the rhythmic contraction of cardiac
muscles and valve leaflets. We describe the suitability of
microfluidic systems for exploring the complex
mechanobiology of the cardiovascular system and modeling
various stages of cardiovascular diseases under a highly con-
trolled microenvironment, which can be employed for discov-
ering novel therapeutic targets and screening cardiovascular
drugs. We also present multi-layered, multi-component
microfluidic platforms to enable studying the exchange of
various biomolecules, ions, and gasses between the vessel
walls and surrounding body organs/tissues. Finally, we pro-
vide suggestions to further advance this rapidly growing field.

An overview of microfluidic models
of the human cardiovascular system

A variety of microfluidic models have been developed for
recapitulating the human cardiovascular system. To provide
an overview of these advancements, in this section, we discuss
(1) microfluidic vessel models with an emphasis on the geom-
etry, anatomy, materials, and fabrication techniques; (ii)
stretchable and deformable elements to recapitulate soft ves-
sels, contracting cardiac muscles, and valve leaflets; (iii)
microfluidic systems for modeling various cardiovascular dis-
eases or pathological conditions; and (iv) multi-layered
microfluidic systems suitable for studying the exchange of
various molecules, ions, and materials between the vessel
walls and surrounding body organs/tissues, as presented
below.

Microfluidic vessel structures

The human circulatory system consists of a network of arter-
ies, arterioles, capillaries, venules, and veins to facilitate the
recirculation of blood throughout the body (Walter Boron
2016). A variety of microfluidic systems have been developed
for mimicking the human circulatory system. The geometry of
the vessels varies from simple, straight configurations (Mandy
et al. 2011; Nguyen et al. 2018; Polacheck et al. 2019; Wang
and Shuler 2018) to more complex configurations, involving

curved, bifurcated, or branched architectures (Bertassoni et al.
2014; Fenech et al. 2019; Tsvirkun et al. 2017). Microfluidic
vessel models provide unique tools for studying the funda-
mental aspects of vascular endothelial cell biology under cus-
tomized physiological and pathological shear stress levels
(Baratchi et al. 2017; Hahn and Schwartz 2009; Lai et al.
2021; Thurgood et al. 2019) as well as tailored flow dynamics
driven by static, oscillatory, or pulsatile flows (Mohammed
et al. 2019a, 2019b; Shao et al. 2009). When fabricating a
microfluidic vessel, two major parameters need to be consid-
ered. This includes the cross-sectional profile of the
microfluidic vessel and the arrangement of biological layers
across the vessel wall, which are briefly discussed in the fol-
lowing sections.

Cross-sectional profile of microfluidic vessels

Microfluidic vessel models are provided in rectangular, semi-
circular, and circular cross sections (Fig. 2). The choice of the
cross section is generally determined by the technique used for
fabricating the microfluidic vessel, as outlined in Table 1, and
described in this section.

Lithography Vessel structures with a rectangular cross sec-
tion can be readily fabricated using conventional lithogra-
phy techniques (Fig. 2a) (Baratchi et al. 2014; Tsvirkun
et al. 2017). The height of these channels is generally in
the order of 100 um while the width of the channels can
reach hundreds of microns. The flat surface of the channel
facilitates the high-resolution microscopy of endothelial
cells cultured onto the channel. Lithographically made
structures (known as master) are generally templated in
biocompatible elastomers such as polydimethylsiloxane
(PDMS) (Baratchi et al. 2014; Tsvirkun et al. 2017).
Alternatively, master structures can be templated in more
biologically relevant, permeable, and softer materials such
as hydrogels that are commonly used in tissue engineering
(Akbari et al. 2018; Brown et al. 2014; Cheng et al. 2007,
Gutierrez et al. 2008; Ling et al. 2007; Menon et al. 2017,
Shin et al. 2019), to better resemble the mechanical prop-
erties of extracellular matrix (ECM), as comprehensively
reviewed elsewhere (Muchleder et al. 2014).

3D printing More physiologic vessel structures, involving
semi-circular or circular cross sections, can be fabricated using
3D printing technologies (Fig. 2b) (Costa et al. 2017;
Hernandez Vera et al. 2019). The application of washable
(fugitive) inks enables the vessel structures to be fully embed-
ded in PDMS or hydrogel. Remarkably, this approach facili-
tates the fabrication of patient-specific vessel models based on
computed tomography angiography imaging data (Costa et al.
2017).
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Fig. 2 Methods for fabricating
microfluidic vessel structures: a

a |[Cross-sections| b

Fabrication methods

Microfluidic vessel structures
with rectangular, semi-circular, :
and circular cross sections which | .
can be fabricated using, b U
lithography, 3D printing, and
bioprinting techniques

Bioprinting An alternative strategy for the fabrication of
vessel-like structures is based on direct printing of fugitive
inks in hydrogels (Fig. 2b). This has been proven to be a
versatile method for making multilayered vascularized tissues
(Kolesky et al. 2016; Kolesky et al. 2014). An elegant exam-
ple is the fabrication of vessel-like architectures by printing of
agarose fibers in gelatin methacryloyl (GelMA) hydrogels
(Bertassoni et al. 2014). This method enables the fabrication
of complex, interconnected structures, including bifurcating
networks. Fluorescent microscopy confirmed the formation
of a confluent monolayer of endothelial cells with developed
intercellular junctions along the inner surface of the channels.
This method was also shown to be effective in improving the
diffusion, viability, and differentiation of osteogenic cells em-
bedded in cell-laden GeIMA hydrogels.

Other techniques Methods such as laser cutting (Wang and
Shuler 2018), micromilling (Li et al. 2012; van Dijk et al.
2020), and injection molding (Mohammed, et al., 2019; Zhu
et al. 2019) have also been used for the fabrication of
microfluidic vessel structures. Among these methods, laser
cutting and micromilling enable the direct engraving of chan-
nels in plastic or acrylic materials. Such methods facilitate the
rapid prototyping of microfluidic structures in the absence of
lithography and 3D printing facilities. In comparison, injec-
tion molding is suitable for the mass production of commer-
cially available thermoplastic microfluidic devices
(Mohammed, et al., 2019; Zhu et al. 2019).
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Unconventional Several innovative methods have also been
proposed for the rapid prototyping of vessel-like structures with
semi-circular or circular cross sections without having access to
conventional fabrication facilities, as discussed above. One ex-
ample includes the pasta templating method, which involves the
deposition of pasta structures on a temperature-sensitive colloid
such as petroleum jelly that undergoes a liquid-to-gel phase tran-
sition (Nguyen et al. 2018). This approach enabled the fabrica-
tion of semi-circular structures, in which the circularity and
height of the channel can be readily modulated during the depo-
sition of pasta structures. Circular vessel structures have also
been made by templating optical fibers (Mannino et al. 2015),
steel needles (Polacheck et al. 2019), reeling of core-shell
microfibers (Sun et al. 2020), and liquid metal alloys (Nguyen
et al. 2019; Parekh et al. 2016; Yan et al. 2018).

Biomimetic The replication of a microvascular network is
rather challenging using conventional fabrication tech-
niques due to the geometrical diversity and complexity
of the vessels (Fenech et al. 2019). This has inspired the
researchers to harness the biochemical and biomechanical
principles used in our body to facilitate the formation of
new vessels (vasculogenesis) or growing vessels from
existing vessels (angiogenesis) (Chen and Kaji 2017,
Laschke and Menger 2016; Semenza 2007). Angiogenic
sprouting has also been recapitulated by patterning two
parallel microfluidic channels in a collagen matrix
(Nguyen et al. 2013). One of the channels was seeded
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Table 1  Common techniques for the fabrication of microfluidic vessel structures
Techniques Features References
Lithography * Well established (Akbari et al. 2018; Alsmadi et al. 2017; Brown et al. 2014; Fenech et al. 2019; Ha and
* Requires microfabrication facilities Lee 2013; Hansen et al. 2013; Herbig and Diamond 2017; Jain et al. 2016; Kwon et al.
* Suitable for planar structures (channels 2020; Mandy et al. 2011; Mathur et al. 2019; Menon et al. 2017; Muthard and
with rectangular cross sections) Diamond 2013; Seo et al. 2017; Thomas et al. 2016; Tovar-Lopez et al. 2019;
« Suitable for serial fabrication Tovar-Lopez et al. 2013; Tovar-Lopez et al. 2010; Tsvirkun et al. 2017; Westein et al.
2013; Zheng et al. 2015)
3D printing * Suitable for 3D complex structures (Costa et al. 2017; Hernandez Vera et al. 2019)
* Rapid prototyping
* Rapidly evolving
* Ability to print multiple materials
* Limited resolution
Bioprinting * Suitable for 3D complex vascularized (Abudupataer et al. 2019; Bertassoni et al. 2014; Kolesky et al. 2016; Kolesky et al.

structures
* Multilayer tissues and organs can be
printed
* Rapid prototyping
* Low cost
» Suitable for fabrication of thermoplastic
devices
* Limited resolution
* Rough surfaces
* Rapid prototyping
» Low cost
* Suitable for high-aspect-ratio structures
* Suitable for fabrication of thermoplastic
devices
* Limited resolution
* Rough surfaces
* Suitable for mass production
» Suitable for fabrication of thermoplastic
devices
Unconventional < Rapid prototyping
* Enables 3D complex structures
* Does not rely on microfabrication
facilities or equipment
* Does not require knowledge and
expertise in microfabrication

Laser cutting

Micromilling

Injection
molding

Biomimetic
network
* Suitable for studying vasculogenesis and
angiogenesis processes

2014; Shimizu et al. 2020; Zhang et al. 2013)

(Wang and Shuler 2018)

(Li et al. 2012; van Dijk et al. 2020)

(Mohammed et al. 2019a, 2019b; Zhu et al. 2019)
(Chiu et al. 2003; Mannino et al. 2015; Nguyen et al. 2018; Parekh et al. 2016; Polacheck

etal. 2019)

* Suitable for replication of microvascular (Kim et al. 2015; Kim et al. 2016a, 2016b; Kim et al. 2013; Li et al. 2019; Michelle et al.
2017; Nguyen et al. 2013; Oh et al. 2017; Ryu et al. 2015; Sobrino et al. 2016)

with endothelial cells while the other channel was per-
fused with angiogenic factors. This established a gradient
across the collagen matrix, causing the endothelial cells to
migrate into the matrix, thus facilitating the development
of filopodial protrusions toward the angiogenic channel.
The release of angiogenic factors can also be achieved by
seeding human lung fibroblasts seeded onto the
microfluidic channel (Kim et al. 2013). This method has
been shown effective for the creation of a large microvas-
cular network across a microfluidic channel filled with
collagen matrix within 5 days. Immunofluorescent imag-
ing confirmed the structural integrity of the engineered
microvascular network, characterized by the formation
of complex interconnected, bifurcated vessels and robust

cell-cell junctions. A similar strategy has been adopted to
recapitulate the formation of new lymphatic vessels (Kim,
et al., 2016).

Arrangement of biological layers across the vessel wall

Vessels are multilayered and composed of endothelial cells
and smooth muscle cells separated by an extracellular matrix
(also known as subendothelial layer) containing collagen and
elastane (Charalambos Vlachopoulos and Nichols 2011).
Therefore, to ensure microfluidic vessels recapitulate the bio-
physical properties of human vessels, they should ideally con-
tain the above three layers (Fig. 3). Endothelialization of glass
slides, involving the direct seeding of vascular endothelial

@ Springer



flow, whereas the cyclic stretch mainly affects the smooth
muscle cells (Qiu et al. 2014). Microfabricated cell stretching
devices have enabled studying the mechano-transduction of
vascular endothelial cells (Shao et al. 2014; Sinha et al. 2016),
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Fig.3 Methods for coating the surface of microfluidic vessel structures: a
single layer involving vascular endothelial cells directly coated onto the
surface, b double layer involving collagen coated onto the surface to serve
as an extracellular matrix for vascular endothelial cells, and ¢ triple layer
involving smooth muscle cells, collagen, and endothelial cells coated
onto the surface

cells onto glass or polymer substrates, is very common for
understanding the mechanobiology of endothelial cells under
various shear stress levels (Baratchi et al. 2014; Mandy et al.
2011; Mohammed et al. 2019a, 2019b). The glass slides can
also be coated with collagen or other hydrogels to better mim-
ic the biomechanical properties of the ECM (Shin et al. 2019).
Alternatively, the glass slides can be coated with cell adhesion
molecules (P-selectin, E-selectin, or ICAM-1) to promote the
adhesion of leukocytes to the endothelial cells, mimicking the
inflamed endothelium (Kwon et al. 2020). Multilayer
microfluidic vessels coated with three layers, including endo-
thelial cells, smooth muscle cells, and fibroblasts, have also
been reported for studying the transmigration and accumula-
tion of monocytes in the early stages of atherosclerosis (Zhang
et al. 2020).

Stretchable and deformable vessel and cardiac
models

The pulsation of cardiac muscles leads to the periodic opening
and closing of heart valves and the consequent recirculation of
blood through the vessels. Blood flow exerts both tangential
(shear stress) and normal (pressure) loads on the vessel walls
(Hahn and Schwartz 2009). Given the soft nature of the ves-
sels, the pulsatile pressure leads to cyclic stretch of the vessels,
which plays important roles in their physiology, development,
and remodeling (Hahn and Schwartz 2009). Microfluidic

@ Springer

smooth muscle cells (Mann et al. 2012), and fibroblasts
(Kamble et al. 2017; Sniadecki et al. 2007) under cyclic
stretch. These devices take advantage of the flexibility of
PDMS membranes or pillar arrays to stretch cells in a static
(flow-free) condition.

The incorporation of advanced techniques such as atomic
force microscopy (Krieg et al. 2019), magnetic tweezers
(Aermes et al. 2020), optical tweezers (Arbore et al. 2019),
Forster resonance energy transfer (FRET) sensors (Liu, et al.,
2020), and scanning ion conductance microscopy
(Swiatlowska et al. 2020) has enabled the high-resolution
measurement of cell biomechanical properties in response to
physical stimuli, as comprehensively reviewed by others
(Bajpai et al. 2021; Iskratsch et al. 2014; Liu, et al., 2020;
Mohammed, et al., 2019).

Stretchable vessels

Multilayered microfluidic systems, pioneered for developing
lung-on-chip devices (Huh et al. 2010), provide unique oppor-
tunities for studying the mechanobiology of vascular endothe-
lial and smooth muscle cells under the combined effect of
shear stress and cyclic stretch (Sato et al. 2019; van
Engeland et al. 2018; Zheng et al. 2012; Zhou and Niklason
2012), and therefore can better mimic the complex biome-
chanics of vessels. An elegant example is a microfluidic sys-
tem devised to study the effect of cyclic stretch on vascular
aging (Ribas et al. 2017) (Fig. 4a). The system consists of two
parallel microchannels separated by a PDMS membrane. The
top fluidic channel was seeded with primary smooth muscle
cells (SMCs) derived from healthy and Hutchinson-Gilford
progeria syndrome (HGPS) donors experiencing accelerated
aging. The bottom channel was connected to a vacuum line.
The membrane stretch was proportional to the vacuum pres-
sure, enabling the system to stimulate the cells under both
physiological (9% strain) and pathological (16% strain) con-
ditions. Physiological strain led to the cytoskeletal reorienta-
tion of both healthy and HGPS cells. However, the
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Table 2  Deformable microfluidic models for recapitulating mechanical stress/strain in the human cardiovascular system

Configuration References

Stretchable flow-free de-
vices

Stretchable flow-through
vessels

Cardiac muscle tissues

(Kamble et al. 2017; Mann et al. 2012; Shao et al. 2014; Sinha et al. 2016; Sniadecki et al. 2007)

(Estrada et al. 2011; Jin et al. 2020; Michielin et al. 2015; Moraes et al. 2013; Ribas et al. 2017; Sato et al. 2019; Shimizu
et al. 2020; Tan et al. 2008; Zheng et al. 2012; Zhou and Niklason 2012)

(Agarwal et al. 2013; Aung et al. 2016; Feinberg et al. 2007; Grosberg et al. 2011; Liu et al. 2020a, 2020b; Marsano et al.

2016; Mathur et al. 2015; McAleer et al. 2019; Ong et al. 2015; Zhang et al. 2016)

Cardiac valves
Lee et al. 2019)

(Baratchi et al. 2020; Duan et al. 2014; Flanagan et al. 2007; Grigoryan et al. 2019; Hockaday et al. 2012; Hu et al. 2020;

pathological strain triggered inflammatory and vascular injury
responses in HGPS cells, as evidenced by an exacerbated
increase in the expression of inflammatory and injury genes.
Multilayer microfluidic systems also provide unique plat-
forms for direct measurement of endothelial barrier function
through assessing the electrical resistance (van der Helm et al.
2016) or electrochemical permeability (Wong and Simmons
2019) across the endothelial monolayer cultured on the mem-
brane. The incorporation of electrochemical sensors in the
PDMS membrane has also been demonstrated for real-time
monitoring of transient electrochemical signals generated by
endothelial cells during the cyclic stretch (Jin et al. 2020).

The heart

The heart is a muscular pump that continuously recirculates
blood through the circulatory system. The rhythmic
contracting and relaxing of the heart are facilitated by cardiac
muscle tissue, also known as the myocardium, which is
surrounded by thin layers of epicardium and endocardium
(Walter Boron 2016). Microfluidic technologies facilitate the

Fig. 4 Microfluidic structures a

development of unique in vitro models for studying the bio-
mechanics, pathology, and drug sensitivity of cardiac muscle
tissues. Stem cells are increasingly used for engineering
microfluidic-based cardiac muscle tissues (Jastrzebska et al.
2016; Mathur et al. 2015). Multilayered microfluidic systems,
incorporating stretchable membranes, can recapitulate the bio-
mechanics of cardiac cells during the systolic and diastolic
cycles (Marsano et al. 2016). Experiments revealed that the
cyclic stretch of rat and human induced pluripotent stem cells
(iPSC) improves the proliferation and expression of cell-cell
junctions in the engineered cardiac tissue.

Bioinspired platforms utilizing thin PDMS cantilevers
coated with cardiac myocytes have been also developed to
mimic the cyclic contraction of the cardiac muscle (Agarwal
et al. 2013) (Fig. 4b). These cantilevers can be harmonically
deflected upon electrical field stimulation, and thus serve as
programmable live robotic actuators (Feinberg et al. 2007).
Fluorescent microscopy confirmed the formation of a conflu-
ent monolayer of cardiac cells on the cantilevers. The contrac-
tile stress exerted on the cells was calculated based on the
change of curvature in contracting cantilevers, which could
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be monitored in real time. This feature was used to evaluate
the effect of isoproterenol on electrically stimulated
cardiomyocytes covering the cantilevers. Microfluidic sys-
tems capable of real-time monitoring of contractile stresses
and electrophysiological activities of cardiac cells under phys-
iological and pathological conditions have been also reported
(Aung et al. 2016; Liu, et al., 2020).

Cardiac valves

Microfluidic platforms, incorporating leaflet-like barriers, fa-
cilitate the study of the mechanobiology of aortic endothelial
cells under tailored flow conditions (Baratchi et al. 2020).
Dynamic venous valve models, incorporating a pair of flexible
valve leaflets along a microfluidic channel, have been recently
reported (Hu et al. 2020) (Fig. 4c). The leaflets were fabricated
by polymerizing a UV curable polymer solution with the elas-
tic modulus of the leaflets being set to 100 kPa. The
contraction-relaxation of the heart muscle was mimicked by
utilizing a motor-controlled clamp between the two valves.
The clamp facilitated the deformation of the PDMS channel
and the anchored valves, causing one valve to open while the
other valve to close. The periodic opening and closing of the
valves altered the flow profile within the microfluidic channel.
The opening of the downstream valve formed a high-velocity
jet flow between the two valve leaflets while a low-velocity
vortical flow between the leaflets and the channel (also known
as valve pocket). This produced a backward flow in the up-
stream valve, which was close. Fluorescent microscopy re-
vealed the formation of fibrin networks at the valve pocket
induced by low shear vortical flows. The periodic backward
flow enabled the removal of the fibrin networks from the valve
pocket, thus inhibiting the growth of thrombus. Disrupting the
regular backward flow led to the formation of dense fibrin
networks.

Modeling cardiovascular diseases and pathological
conditions

Microfluidic platforms provide unique models for modeling
various cardiovascular diseases. This can be achieved by vary-
ing the physical properties (size, contraction, or materials) or
operating conditions (flow rate or flow dynamics) of the arti-
ficial vessels to trigger target pathologies within the cultured
cells. Compared to animal models, which need to undergo
surgical procedures or genetic modifications to create various
cardiovascular pathologies (Tsang et al. 2016; Zaragoza et al.
2011), this process is easier, faster, and more controllable
using microfluidic models. This strategy has been used for
modeling a variety of cardiovascular pathologies. This in-
cludes chronic diseases such as atherosclerosis, vessel and
aortic valve stenosis, acute cases caused by vessel injury as
well as general diseases such as cancer, in which the tumors
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take advantage of blood vessels to invade the neighboring
organs, as outlined in Table 3, and briefly discussed in this
section.

Atherosclerosis

Endothelial dysfunction in response to low shear stress levels
has been investigated in several works (Seo et al. 2017;
Thomas et al. 2016; Zheng et al. 2012). Particularly,
microfluidic systems have been utilized for recapitulating var-
ious stages of atherosclerosis (Shelton and Kamm 2020). This
includes the early stages of atherosclerosis, characterized by
an increased endothelial permeability and disruption of endo-
thelial cell junctions (Shin et al. 2019) to the later stages of
atherosclerosis, associated with leukocyte-endothelial adhe-
sion (Menon et al. 2018), trans-endothelial migration of leu-
kocytes (Chen et al. 2018; Salminen et al. 2019), and foam cell
formation (Zhang et al. 2020).

An elegant example is the arteriole-scale vessel model de-
veloped to mimic various stages of atherosclerosis (Zhang
et al. 2020) (Fig. 5a). The vessel is composed of three layers,
endothelial cells, smooth muscle cells, and fibroblasts.
Atherosclerosis was induced by applying enzyme-modified
low-density lipoprotein (eLDL) with/without tumor necrosis
factor o (TNF) to the engineered vessel. The perfusion of
eLDL and TNF o was shown to reduce the vasoactivity of the
vessel (the ability of the vessel to change its diameter in re-
sponse to vasoactive agents), while increasing the production
of nitride oxide, and the expression of pro-inflammatory sig-
nals (VCAM-1, ICAM-1, E-selectin, and TNF ) by the endo-
thelial layer. This increased monocyte-endothelial adhesion
and facilitated the trans-endothelial migration of monocytes.
Histological staining of the vessels confirmed the formation of
foam cells and uptake of eLDL within the fibroblast layer.
Experiments also indicated the ability to partially recover the
vessel by eliminating eLDL from the perfusion medium or
injecting lovastatin co-enzyme or P2Y11 receptor inhibitor
to the vessel. This further highlights the potential of
microfluidic models to serve as drug discovery platforms to
evaluate the efficacy of various anti-atherosclerosis treatments
(Kim et al. 2014; Zheng et al. 2016) at a reduced time and cost
compared to animal models.

Vessel stenosis (narrowing)

The chronic deposition of cholesterol and other lipids, cellular
debris, calcium, and fibrin along the vessel walls leads to the
development of atherosclerotic plaques, causing the gradual
narrowing of the vessels (Gimbrone et al. 2000; Wootton and
Ku 1999). The wall shear rate in a cylindrical tube is inversely
proportional to the cube of its diameter (7'o<D_3 )
(Charalambos Vlachopoulos and Nichols 2011). This
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Table 3 Microfluidic systems for studying various cardiovascular diseases

Pathological condition/ References

disease

(Akbari et al. 2018; Mathur et al. 2019; Seo et al. 2017; Shin et al. 2019; Thomas et al. 2016; van Dijk et al. 2020; Zheng
etal. 2012)

(Chen et al. 2018; Kim et al. 2014; Menon et al. 2018; Menon et al. 2017; Park et al. 2019; Salminen et al. 2019; Shin et al.
2019; Zhang et al. 2020; Zheng et al. 2016)

Vessel stenosis (high shear (Alsmadi et al. 2017; De Lizarrondo et al. 2017; Ha and Lee 2013; Hansen et al. 2013; Jain et al. 2016; Jung and Yeom
stress) 2017; Liet al. 2012; Mannino et al. 2015; Menon et al. 2018; Menon et al. 2017; Szydzik et al. 2018; Tovar-Lopez et al.
2013; Tovar-Lopez et al. 2010; Westein et al. 2013; Xu et al. 2020; Yazdani and Karniadakis 2016)

(Osnabrugge et al. 2013)
(Balaguru et al. 2016; Chiu et al. 2003; Sei et al. 2017; Tovar-Lopez et al. 2019; Zarins et al. 1983)

Endothelial dysfunction

Atherosclerosis

Valve leaflet stenosis

Reversed flow (low shear
stress)
Vessel injury (Brown et al. 2014; de Witt et al. 2014; Gutierrez et al. 2008; Hansen et al. 2013; Herbig and Diamond 2017; Jain et al.

2016; Muthard and Diamond 2013)

(Cross et al. 2010; Kim et al. 2015; Lee et al. 2014; Michelle et al. 2017; Oh et al. 2017; Sobrino et al. 2016; Zervantonakis
etal. 2012)

Tumor growth

suggests the induction of high shear rates in narrowed vessels,
which mediates biomechanical platelet aggregation (Rana
et al. 2019) and determines cellular and particle margination
(Ta et al. 2018).

Several microfluidic systems have been developed to reca-
pitulate the biomechanical and biochemical

microenvironment in narrowed vessels (Fig. 5b). This in-
cludes a straight channel containing a plague-like, semi-
cylindrical barrier to mimic a stenosed vessel (Westein et al.
2013). Implementing an 80% stenosis model induced shear
rates of > 8000 s ', leading to a significant platelet aggregation
at the post-stenosis region. The results indicated the vital role

Fig. 5 Microfluidic vessel a Atherosclerosis d Reversed flow
structures allowing for modeling

various cardiovascular diseases or

pathological flows: a ° © 5 0 o O 0o O o

atherosclerosis (Zhang et al.
2020), b vessel stenosis (Westein
et al. 2013), ¢ valve leaflet steno-
sis (Baratchi et al. 2020), d re-
versed flow (Tovar-Lopez et al.
2019), e vessel injury (Muthard
and Diamond 2013), and f tumor
angiogenesis (Sobrino et al. 2016)

0 € 0 £

f  Tumor cell extravasation

Endothelial cells
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of von Willebrand factor (vWF) proteins in shear-induced
platelet aggregation. Experiments also revealed the increased
secretion of vVWF by the endothelial cells located at the post-
stenosis region, which further contributed to exacerbated
platelet aggregation. Other stenotic geometries incorporating
triangular (Tovar-Lopez et al. 2010), square (Tovar-Lopez
et al. 2010), or trapezoid (Ha and Lee 2013; Jung and Yeom
2017) barriers have also been demonstrated. A recent study
has incorporated a soft semi-cylindrical barrier to mimic the
lipid core of an atherosclerotic plaque (Park et al. 2019). More
complex stenosis structures involving multiple stenosed re-
gions along one (Jung and Yeom 2017; Menon et al. 2017)
or both sidewalls (Alsmadi et al. 2017; Ha and Lee 2013;
Yazdani and Karniadakis 2016) have also been developed.

The low throughput of microfluidic channel experiments
can limit their utility for clinical diagnostics and drug screen-
ing. To address this limitation, researchers have developed a
microfluidic system, incorporating 12 long stenosed channels
to run parallel experiments (Jain et al. 2016). Stenosed chan-
nels were made by reducing the width of the channels to 55%
of their original size to induce shear rates of up to 2500 s to
emulate the conditions observed in patients with arterioscle-
rosis. Perfusion of blood through the channel led to the for-
mation of fibrin networks and platelet aggregates at the post-
stenosis region. Ex vivo experiments with a porcine model
demonstrated the utility of the device for real-time monitoring
of hemostasis and coagulopathy. Functionalization of the
microfluidic channels with collagen (a well-known platelet
agonist) reduced the clotting time from ~ 30 to ~ 10 min,
and in turn reduced the blood volume required to be driven
through the system. A similar strategy has been implemented
for studying shear-induced platelet activation by integrating
an array of micropatterned collagen spots into a multi-shear
microfluidic device (Hansen et al. 2013).

Other innovative strategies have been implemented for mim-
icking the activation and adhesion of platelets in narrowed ves-
sels. This includes a microfluidic system incorporating a magnet-
ic stirrer to induce customized shear rate levels by simply
adjusting the rotational speed of the stirrer (Xu et al. 2020).
This enabled generating high, pathological shear levels suitable
to activate platelets. The system utilized collagen-coated
microbeads to facilitate the adhesion of activated platelets.

Microfluidics has also become a valuable tool to investi-
gate the effects of new compounds on platelets and the coag-
ulation system. This is of particular relevance, as there is a
major medical need for new anti-platelet compounds that are
not associated with bleeding complications (McFadyen et al.
2018).

Valve leaflet stenosis

Aortic valve stenosis due to the thickening and movement-
restricting degeneration of the valve leaflets in aging adults

@ Springer

imposes pathologically high shear stress levels on circulating
blood cells (leukocytes and platelets) at the valve orifice
(Osnabrugge et al. 2013). Circulating cells pass through the
orifice ~ 1500 times each day and therefore are vulnerable to
shear stress changes. Remarkably, monocytes are highly sen-
sitive to shear gradients due to their large size (diameter > 25
pum) and their tendency to move close to the vessel walls and
aortic valves. Recent research has shown increased activation
of monocytes, characterized by elevated expression of proin-
flammatory markers and adhesion molecules, following the
recirculation through microfluidic models of stenosed aortic
valves (Baratchi et al. 2020) (Fig. 5c). The role of mechanical
forces in regulating the adhesion, migration, and activation of
immune cells has been comprehensively discussed in other
reviews (Huse 2017; Vesperini et al. 2021).

Reversed flows

Sudden changes in the geometry of the vessels (occurring at
the bifurcations, sharp curvatures, or localized expansions)
disrupt the laminar, unidirectional flow pattern of blood and
may lead to the generation of reversed flow patterns (also
known as disturbed flows or vortices) within the vessel
(Baratchi et al. 2017; Hahn and Schwartz 2009). Reversed
flows are associated with flow separation and low
(pathological) shear stress levels, which may activate the ex-
pression of pro-inflammatory markers and destabilize the en-
dothelial barrier function, making it prone to atherosclerosis
(Gimbrone et al. 2000).

Reversed flows have been studied using a glass model of
carotid bifurcation (Zarins et al. 1983). This pioneering model
was reconstructed based on measurements obtained from 57
patients with symptomatic atherosclerosis. Flow visualization
along with detailed analysis of velocity profiles using laser-
Doppler anemometry showed the formation of recirculating
flows within the sinus at Reynolds numbers of more than 400.
Similar effects have been observed using early versions of
microfluidic flow chambers made of gasket rubbers utilizing
vertical steps to generate recirculating flow regions (Chiu et al.
2003). More recently, researchers have investigated the endo-
thelial dysfunction in response to oscillatory shear stress at the
carotid arteries (Sei et al. 2017).

Despite such advances, the generation of disturbed flows
was limited to the expanded region of the device, which in
turn limited the number of stimulated cells. To overcome this
limitation, researchers have developed a microfluidic system
capable of producing multiple vortices at the predetermined
locations of the device (Tovar-Lopez et al. 2019) (Fig. 5d).
The system utilized an array of rectangular ridges patterned
along the floor of a microfluidic channel. High-speed imaging
along with numerical simulations revealed the formation of a
pair of vortices between the neighboring ridges, the size of
which was governed by the Reynolds number of the flow.
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The system facilitated studying the effect of pathological shear
stress levels on the cytoskeletal orientation as well as nuclear
shape and size of human aortic endothelial cells (HAECs).

Vessel injury

Platelet activation relies on the complex interaction between
platelets and vessel wall, which leads to the adhesion, activa-
tion, and aggregation of platelets (Bye et al. 2016; Chen et al.
2014; Grover et al. 2018). Microfluidic models of the injured
vessel facilitate the systematic study of such complex, multi-
step, and dynamic interactions in a controlled manner, which
cannot be achieved by animal models. An injured blood vessel
has been replicated by interfacing a collagen scaffold with a
microfluidic channel (Muthard and Diamond 2013) (Fig. Se).
The design was composed of a straight channel to serve as the
blood vessel and a triangular scaffold loaded with fibrous
matrix materials such as collagen, located along the sidewalls,
to serve as the injured site. Notably, the system was equipped
with several inlet ports to enable the wall shear stress and the
pressure gradient across the scaffold (mimicking trans-
thrombus permeation) to be modulated independently. The
device allowed studying the dynamic formation of shear-
induced platelet and thrombin along the collagen scaffold un-
der controlled trans-thrombus pressure gradients. A similar
design has been used for studying the thrombus formation
around flow stagnation points (Herbig and Diamond 2017).

Platelet agonists such as thrombin, thromboxane, and aden-
osine diphosphate (ADP) play important roles in the activation
of platelets (Yun et al. 2016). Hence, it is particularly impor-
tant to study the function of platelet agonists in thrombus
formation. The effect of platelet agonists has been studied
by utilizing a multilayer microfluidic device incorporating po-
rous membranes (Neeves and Diamond 2008). The porous
membrane facilitated the release of ADP into the blood flow
at desired rates. Confocal microscopy revealed that the size
and height of the platelet aggregates strongly depend on the
ADP flux. Scanning microscopy revealed the influence of the
ADP flux on the morphology of the platelets. Platelet spread-
ing and formation of filopodia was observed at the highest
ADP flux. In comparison, the platelets did not spread at the
lowest ADP flux and only adhered to the membrane. This
configuration has also been used to study the effect of throm-
bin flux on fibrin deposition (Neeves et al. 2010) and endo-
thelial cell permeability under flow (Kim et al. 2014; Young
et al. 2010).

Tumor cell growth and invasion

Microfluidic angiogenesis models, discussed earlier (Kim
et al. 2013; Nguyen et al. 2013), provide unparalleled oppor-
tunities for recapitulating and studying the vascularization of
tumors (Sobrino et al. 2016) (Fig. 5f). Furthermore, such

models enable the fundamental understanding of the molecu-
lar processes that lead to impairment of endothelial barrier
function which may result in the trans-endothelial migration
of tumor cells to enter the vasculature (intravasation)
(Zervantonakis et al. 2012) or leave the vasculature
(extravasation) (Michelle et al. 2017). Such models also facil-
itate studying the circulation of tumor cells through the vas-
culature (Michelle et al. 2017). This provides unique opportu-
nities to observe the complex dynamics of tumor cells within
the vasculature, which drives the lodgement, dislodgement,
aggregation, and arrest of tumor cells (Soleimani et al.
2018). This fundamental knowledge is essential to develop
therapeutic agents to suppress the growth and invasion of
tumors (Kim et al. 2015).

Exchange of molecules across the vessel walls

Recirculation of blood through the vast network of arteries,
veins, and capillaries facilitates the exchange of nutrition, pro-
teins, hormones, enzymes, ions, waste, and gasses between
the blood flow and the surrounding body organs/tissues
(Stanfield 2016). Examples include the secretion, filtration,
and reabsorption of vital substances via the liver, kidneys,
and small intestine and the delivery of nutrition, water, and
glucose to the brain as well as blood oxygenation via the
lungs, to name a few. Microfluidic technologies provide
unique platforms for studying the exchange of various mole-
cules and materials between the blood vessels and the sur-
rounding organs/tissues, as outlined in Table 4 and briefly
described in this section.

Renal reabsorption in kidneys A vascularized proximal tubule
model has been developed to study renal reabsorption in kid-
neys (Lin et al. 2019) (Fig. 6a). The model was composed of
two parallel serpentine channels patterned ~ 70 pm apart with
one channel coated with proximal tubule epithelial cells and
the other coated with glomerular microvascular endothelial
cells. The channels were embedded in a highly permeable
ECM to facilitate the exchange of solutes across the tubular-
vascular units. The utility of the system was proven by dem-
onstrating the uptake of albumin and inulin by the proximal
tubules and the reabsorption of glucose by the vasculature as a
function of time.

Blood-brain barrier A multilayered microfluidic has been fab-
ricated to investigate the selective permeability of the blood-
brain barrier to various compounds (Booth and Kim 2012)
(Fig. 6b). The device is composed of two perpendicular
microfluidic channels, patterned on top of each other to serve
as the lumenal and ablumenal sides of the neurovascular unit,
which were interfaced via a polycarbonate porous membrane
with a thickness of 10 pum and a pore size of 0.4 um. Mouse
brain endothelial cells and astrocytes were cultured on the
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Table 4 Microfluidic models for

studying the exchange of Organ References
molecules across the vessel walls

Kidney

Liver

Small intestine
Blood-brain
barrier etal. 2016)

Alveoli (lungs)

(Ishahak et al. 2020; Lin et al. 2019; Vedula et al. 2017)

(Deng et al. 2019; Li et al. 2018)

(Jalili-Firoozinezhad et al. 2018; Kim and Kim 2018)

(Achyuta et al. 2013; Bang et al. 2017; Bonakdar et al. 2017; Booth and Kim 2012; Szydzik

(Grigoryan et al. 2019; Ishahak et al. 2020)

lumenal and ablumenal sides of the porous membrane, respec-
tively. The incorporation of embedded electrodes enabled
monitoring of trans-endothelial electrical resistance (TEER)
across the porous membrane. This allowed measuring the
transient changes of barrier permeability in response to
histamine.

Blood oxygenation in alveoli A vascularized alveolar model
has been fabricated to better mimic the process of gas ex-
change within the lungs (Grigoryan et al. 2019) (Fig. 6c).
This model is composed of 3D polyhedral tessellations (to
mimic air sacks) surrounded by a highly branched vascular
network. The cyclic ventilation of the oxygen expanded the air
sacs bringing them into contact with the adjacent vessels, fa-
cilitating the diffusive exchange of gas between the air sacs
and the vessels. The expansion of air sacs also led to the
compression of the vessels and redirection of flow to adjacent
vessels, which in turn enhanced intravascular mixing and ac-
celerated the uptake of oxygen by red blood cells (RBCs), as
evidenced by the increasing oxygen saturation (SO,) of the
RBCs and the changing of the color of RBCs from dark red
(deoxygenated) to bright red (oxygenated) when passing
through the system. This work offers a huge potential for

Kidney model

Blood-brain barrier model

studying pulmonary heart disease caused by abnormal gas
exchange across the lungs (Han et al. 2007).

Conclusions and future directions

Microfluidic technologies provide unique analytical tools to
explore the complex mechanobiology of the human circulato-
ry system. These technologies aim to recapitulate the structur-
al, biophysical, and biochemical properties of the human heart
and vascular network and have enabled us to better understand
how these organs function, which parameters contribute to the
deterioration of these organs, and whether drugs and chemical
compounds can reverse their deterioration. Owing to these
features, these technologies can bridge between basic science
researchers who use simple, inexpensive yet unrealistic cell
culture models and clinicians who use complex, costly yet
realistic animal models. Several microfluidic devices have
demonstrated the effectiveness of such models in cardiovas-
cular research, as discussed in the previous sections. To fur-
ther advance these technologies, we propose the following
steps to be taken in future research:

Vascularized alveolar model
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Fig.6 Microfluidic vessel structures allowing for studying a renal reabsorption in kidney proximal tubules (Lin et al. 2019), b permeability of the blood-
brain barrier (Booth and Kim 2012), and ¢ oxygenation of blood across the alveoli (Grigoryan et al. 2019)
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Better recapitulation of the biophysical properties of blood
vessels The inability of current methods to recapitulate the
biophysical properties of blood vessels is among the key rea-
sons hindering the widespread application of microfluidic ves-
sel models. To address this limitation, improved strategies are
required to ensure complex vessel structures (curved, bifurcat-
ed, complex networks with varying diameters, circular cross
sections) can be fabricated, the biomechanical properties of
the elastomers and hydrogels used for replicating the vessel
structures closely match the properties of the vessels, relevant
biological layers (endothelial cells, ECM, smooth muscle
cells) can be arranged across the vessel, various flow dynam-
ics (laminar, disturbed, turbulent, constant, pulsatile) can be
generated inside the vessels, and tailored biomechanical loads
(shear stress, pressure, compression, stretch) can be recreated
within the vessel.

Modular, multi-component systems The human circulatory
system is an interconnected system composed of several or-
gans (Fig. 1). While microfluidic models of individual cardio-
vascular organs facilitate a better understanding of the biology
of the organs under highly controlled physiological and path-
ological conditions, the disconnection between various organs
can significantly limit the ability of such models. The versa-
tility and reliability of such microfluidic models can be sub-
stantially increased by designing modular, connectable multi-
organ devices, which can be arranged in customized configu-
rations (Fernandes et al. 2018). Several designs have been
developed to address this requirement. This includes the
reconfigurable microfluidic platforms utilizing self-aligning
magnetic interconnects (Ong et al. 2019), screw interconnects
(Chen et al. 2020), and interlocking Lego-like blocks (Owens
and Hart 2018). Organ-on-chip modules can also be coupled
using a pioneering robotic liquid-handling system (Novak
et al. 2020). The system is equipped with peristaltic pumps
for the continuous perfusion of the organ-on-chip modules
and pipette pumps for linking one module to another along
with a compact microscope for imaging of the modules. The
system offers huge potentials for screening drugs (Herland
et al. 2020).

Easier and more affordable systems The adoption of simple,
inexpensive, self-sufficient, maintenance-free components
can reduce the complexity and cost of experimental setups
and in turn facilitate the widespread application of
microfluidic technologies in mechanobiology/cardiovascular
research (Guck 2019; Mohammed, et al., 2019; Thurgood
et al. 2019; Thurgood et al. 2018; Zhu et al. 2019).

Alternative materials Most microfluidic systems are made of
silicone-based polymers such as PDMS (Westein et al. 2013)
or hydrogels such as collagen (Bertassoni et al. 2014). Such
materials offer ease of fabrication, biocompatibility, elasticity,

and transparency. Furthermore, hydrogels provide a soft
tissue—like structure, which supports the proliferation, matu-
ration, migration, and differentiation of cells and allows trans-
port of nutrients, cellular waste, and tissue factors through
their porous structure (Spicer 2020; Zhu and Marchant
2011). To ensure the microfluidic systems can recapitulate
the human circulatory system, the physical properties (elastic-
ity, porosity, roughness, thermal conductivity) and surface
chemistry of such systems should closely match the biophys-
ical properties of the relevant organs within the human circu-
larity system. This requires the development of a new class of
elastomers and hydrogels, which fulfill this requirement.
These materials should preferably be photo-polymerizable to
accelerate the fabrication process. A close collaboration be-
tween microfluidics, tissue engineering, and materials experts
can facilitate the development of such materials.

New avenues for tracking and understanding of cardiovascu-
lar diseases Wearable sensors (Khoshmanesh et al. 2021) have
enabled the non-invasive and continuous monitoring of heart
rate, heart rhythm, blood pressure, and oxygen saturation
levels as well as various biomarkers corresponding to various
cardiovascular diseases (Nahavandi et al. 2014). The integra-
tion and interpretation of these large data sets using machine
learning algorithms enable better understanding of the hetero-
geneity of complex, multifactorial cardiovascular diseases in
individuals or in a large population of patients (Hedman et al.
2020; Shameer et al. 2018). The adoption of this data to
microfluidic vessel or cardiac models will enable us to design
more realistic, patient-specific microfluidic assays aimed at
detecting, monitoring, or preventing cardiovascular diseases.
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