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Abstract

Cardiovascular diseases, primarily driven by thrombosis, remain the leading cause of global mortality. Although
traditional cell culture and animal models have provided foundational insights, they often fail to capture the
complex pathophysiology of thrombosis, which hinders the development of targeted therapies for cardiovascular
diseases. The advent of microfluidics and vascular tissue engineering has propelled the advancement of vessel-on-
a-chip technologies, which enable the simulation of the key aspects of Virchow's Triad: hypercoagulability,
alteration in blood flow, and endothelial wall injury. With the ability to replicate patient-specific vascular
architectures and hemodynamic conditions, vessel-on-a-chip models offer unprecedented insights into the
mechanisms underlying thrombosis formation and progression. This review explores the evolution of microfluidic
technologies in thrombosis research, highlighting breakthroughs in endothelialized devices and their roles in
emulating conditions such as vessel stenosis, flow reversal, and endothelial damage. The limitations and challenges
of the current vessel-on-a-chip systems are addressed, and future perspectives on the potential for personalized
medicine and targeted therapies are presented. Vessel-on-a-chip technology holds immense potential for
revolutionizing thrombosis research, enabling the development of targeted, patient-specific diagnostic tools and
therapeutic strategies. Realizing this potential will require interdisciplinary collaboration and continued innovation
in the fields of microfluidics and vascular tissue engineering.
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INTRODUCTION

Cardiovascular diseases are the leading cause of morbidity worldwide, accounting for 17.9 million deaths
annually and representing 32% of all global deaths". Despite their deadly and pervasive nature, they
commonly lack deeper awareness of the broader population. The majority of cardiovascular deaths (around
85% of all) are caused by heart attack and stroke, most of which are related to undesired thrombosis caused
by excessive platelet aggregation and coagulation®. Platelet aggregation is an essential process to prevent
blood loss and subsequent vascular repair after vascular injury, and it involves circulating platelets adhering
to subendothelial matrix proteins of the vessel wall”.. However, overactivated platelets at the inflammatory
site may trigger an exaggerated aggregation response, leading to cardiovascular diseases.

Traditional in vitro two-dimensional (2D) cell culture and microfluidic chambers, such as parallel-plate flow
chambers, have been used to study the molecular mechanisms of thrombosis and anti-thrombotic drug
development'”. For example, flow chamber assays can be applied to study clot formation, growth factors,
coagulation factors, cell interplay, and responses during thrombosis"”. However, these 2D chambers mostly
fail to capture complex biochemical and biophysical microenvironments during native thrombosis
formation. Alternatively, in vivo animal models have been widely used to advance our understanding of the
human circulatory system. However, these models are costly, requiring special provision of care and strict
housing, and are under scrutiny owing to ethical considerations'”. Furthermore, although animal studies
have been successful, translational challenges have resulted in many failures in clinical drug trials,
highlighting the limitations of currently available diagnostic and blood-thinning treatment options'”. Thus,
the need to establish diagnostic tools and design new treatments for thrombosis has steadily increased over
the last several decades'.

Recent technical improvements in thrombosis studies represent a critical step forward in addressing the
global health burden of cardiovascular diseases, offering new opportunities for improving thrombosis
diagnosis, anti-thrombotic drug development, and prevention of thrombotic conditions". An emerging
technology, in vitro 3D microfluidic models (also known as vessel-on-a-chip) that adhere to the 3R
principle (replacement, reduction, and refinement) and can mimic human blood flow and thrombosis
formation, is widely used in thrombosis studies"”. This platform constrains fluids to a micro-scale device
and facilitates the analysis of platelet function, coagulation biology, blood rheology, adhesion dynamics, and

11]

pharmacology, revolutionizing the study of vascular physiology and its potential for clinical diagnostics'

Most microfluidic systems use a variation of photolithography and soft lithography to fabricate microfluidic
channels with micrometer resolution, allowing researchers to design the geometry of chips"*"*. Elastomeric
materials, such as polydimethylsiloxane (PDMS), are commonly used for fabrication because of their
transparency, biocompatibility, and chemical inertness"**¥. Simple microfluidic settings can be utilized to
investigate shear-dependent adhesion and aggregation of platelets during thrombus formation"**". The
success of this wide range of microfluidic systems can also be attributed to manipulable flow geometries that
allow fine control over the hemodynamic environment.

In recent years, vessel-on-a-chip models have been widely developed, especially with endothelialized

microchannels®???!

, providing the opportunity to study the relationship among the three components of
Virchow’s Triad (hemodynamic changes, hypercoagulability, and endothelial injury/dysfunction, as
depicted in Figure 1A). More recent attempts to add a biomimetic hydrogel layer underneath the
endothelium layer, which mimics the subendothelial matrix layer of native vessels, have gained
mechanobiological relevance in these models”*!. Owing to these technical advances, there is growing

promise in these vessel-on-a-chip models for personalized diagnosis and treatment of cardiovascular
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Figure 1. Schematic diagram of Virchow's Triad and structural diagram of human vessels. (A) Three factors dictate vascular thrombosis,
also known as the Virchow's Triad. (B) Structure and composition of the arterial and venous vasculature. ECs: Endothelial cells; SMCs:
smooth muscle cells.
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diseases. For example, patient-specific thrombotic risk factors or Virchow’s Triad can be recapitulated in
microfluidic models””. Subsequent thrombosis formation based on the patient-specific thrombosis model
can be employed to investigate the efficacy and sensitivity of anti-thrombotic drugs for each patient, greatly

improving personalized medicine™.

This review mainly focuses on developing and applying vessel-on-a-chip microfluidic models in thrombosis
research. First, we introduce the anatomical and physiological differences and how the thrombus develops
differently among various vessels, especially arteries and veins. Second, we provide an overview of the
evolution of microfluidic devices in thrombosis studies, followed by a discussion of the advantages and
disadvantages of vessel-on-a-chip technology and their further applications. We emphasize the aspects of
shear stress modulation, extracellular matrix (ECM) proteins, and substrate stiffness in endothelial and
inflammatory cells.

ANATOMY AND PHYSIOLOGY OF BLOOD VESSELS

Blood vessels are the main components of the human cardiovascular system that circulate blood throughout
the body™”. Based on their structure and function, they are mainly classified as arteries, which carry the
blood away from the heart; veins, which bring the bloodstream back to the heart; and capillaries, the
smallest vessels connecting arteries and veins, responsible for exchanging metabolic materials between the
blood and tissue. Although blood vessels have varying structures, mechanical properties, and specific
functions depending on the organs they supply, arteries and veins share the same basic structural layers with
varying compositions.

As depicted in Figure 1B, both arteries and veins consist of three concentric layers: the tunica intima, tunica
media, and adventitia (tunica externa), each with distinct roles associated with vascular physiology. The
innermost layer, the tunica intima, comprises a monolayer of endothelial cells that covers all luminal
surfaces”. Its predominant role in veins is to serve as a smooth, continuous barrier that minimizes friction
and turbulence of blood flow while allowing for the selective perfusion of nutrients and waste from the
blood.

The tunica media is composed of circumferentially aligned smooth muscle cells and ECM components,
such as type I collagen and elastin fibers, which are typically much thinner in veins than in arteries because
of the marked difference in blood pressure in the arterial system (90-100 mmHg) compared to the venous
system (5-15 mmHg)". This layer gives vessels characteristic stretchability, allowing them to receive or
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control blood flow within a dynamic pressure range. Finally, fibroblastic connective tissue constitutes the
adventitia, which is the outermost layer of the vessel responsible for structural support.

The characteristic composition of vessels endows them with unique mechanical properties in response to
external forces exerted by blood flow, blood pressure, and nearby tissues. Mechanically, three key forces act
on blood vessels™™"., First, the tensile radial force due to the blood pressure produces an internal
circumferential stress (o). Second, the distending force of blood in the longitudinal direction combined
with tethering of the vessel with the surrounding tissue produces an internal longitudinal stress (;). Most
importantly, the flow of blood itself imparts a shear stress on the vessel wall (zy) parallel to the lumen
(tangential to the axis flow), given by:

where Q is the volumetric flow rate, p is the blood viscosity, and r; is the inner radius of the vessel wall.
Similarly, wall shear rate (y,,) is defined as the rate of change of fluid velocity for perpendicular distance
from the vessel wall. Blood pressure creating shear in human blood vessels is crucial to investigate, as it is
well understood that altered hemodynamic environments resulting in hemostasis increase the likelihood of
platelet aggregation and thrombosis, forming a key pillar of Virchow’s Triad”". Veins are particularly
susceptible, as they traditionally carry blood under lower shear conditions with an average wall shear rate of
15-200 s"' compared with arteries at 300-800 s,

The difference between arteries and veins in different organs lies in the vessel size, wall thickness, and
proportion of distinct components in each layer, which gives vessels various mechanical properties. For
example, lower wall thickness, particularly in the tunica media, provides veins with different mechanical
properties compared to their arterial counterparts owing to decreased elastic tissue and higher amounts of
collagen (~0.3x)™!. Despite the large variation and heterogeneity, few studies have considered vessel
anatomy or characterized the mechanical properties of engineered vasculature when studying vascular
thrombosis. For example, some popular materials for synthetic vasculature, such as Teflon and Dacron,
provide environments that are approximately 50-100 times stiffer (~500-900 MPa) than the in vivo arteries
(~10 MPa) and veins (~4-20 MPa). Some common materials used in microfluidics are mismatched or not in
the biophysical range®. Ideally, biomimetic blood vessels should closely mimic their native counterparts in
terms of structure and function while having acceptable mechanical properties.

Given the heterogeneity of blood vessels in terms of anatomy, composition, functions, mechanical
variations, and applied force differences, it is essential to consider these comprehensive parameters when
designing and attempting to recreate the native environment in an in vitro model.

PATHOPHYSIOLOGY OF THROMBOSIS

Thrombosis is the formation of blood clots within blood vessels, either in arteries or veins, resulting in
limited blood flow through the circulatory system, causing serious clinical health issues”. Diseases caused
by pathological thrombosis include heart attack, stroke, peripheral vascular disease, superficial or deep vein
thrombosis (DVT), and pulmonary embolism. Depending on the thrombus location, there are two main
types of thrombosis: arterial and venous thrombosis.
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Arterial thrombosis involves thrombus formation in an artery and can cause serious cardiovascular diseases
depending on the size of the thrombus and the region in which it develops. Cerebral thrombosis may cause
stroke, whereas thrombosis in the heart may result in a heart attack. A major cause of arterial thrombosis
and embolism is atherosclerosis, in which an unpredictable rupture of the vulnerable fatty plaque initiates
subsequent adverse vascular events, including the release of inflammatory cytokines and acute arterial
thrombosis, leading to acute coronary syndromes™. These vulnerable plaques mainly develop in the
branching and bending regions of arteries where altered blood flow is present”. The plaques also form
arterial stenosis, which further disturbs blood flow and deteriorates the damage induced by hemodynamic
changes.

Similarly, blood clot formation in the veins of different regions in the human body is known as venous
thrombosis, such as superficial thrombosis in the skin, DVT in the legs, and cerebral venous sinus
thrombosis (CVST). Venous thrombosis always forms near the venous valves owing to abrupt and pulsatile
hemodynamic conditions". Unlike atherosclerotic arterial thrombosis, which has clear pathophysiological
changes in arterial structure and function, the exact causes of venous thrombosis are not fully
understood””*". The current understanding of the etiology of thrombosis is an imbalance or disturbance in
homeostasis between hemostasis and anti-coagulation via a series of complex pathophysiological
mechanisms. Three common risk factors are related to thrombosis and have been described as Virchow’s
Triad since the 19th century [Figure 1A]. Virchow’s Triad describes three pathophysiological factors that
collaboratively lead to thrombus formation: (1) arterial or venous blood flow stasis; (2) hypercoagulability of
the blood; and (3) vessel wall injury"*.

Stasis of arterial or venous blood is usually due to predisposing factors such as pregnancy, immobility, and
altered blood hemodynamics caused by pathological conditions, including atherosclerosis, vessel fibrosis,
and trauma. Hypercoagulability is a condition in which blood has a highly coagulant predisposition. This is
caused by various alterations in coagulation factors, including enhanced levels of pro-coagulant proteins,
inflammatory factors, and cytokines, and reduced levels of anti-coagulant factors in the bloodstream.
Endothelial damage usually initiates thrombosis, which can be caused by events such as direct disruption of
the vessel via catheter placement, trauma, or surgery. These three risk factors (blood stasis,
hypercoagulability, and endothelial damage) act together rather than independently. Blood stasis or
hemodynamic change is the most common factors in Virchow’s Triad. However, itself alone is insufficient
to initiate vessel thrombus formation. The concurrent presence of endothelial damage and
hypercoagulability dramatically contributes to a predisposition to thrombus formation"?.

Endothelial health and damage are the key regulators of vessel thrombosis. Endothelial cells play a pivotal
role in hemostasis through the expression of a complex of coagulation factors (pro-/anti-coagulants), cell
platelet adhesion-related molecules/cytokines, and vessel constriction regulators (vasodilators/
vasoconstrictors). Under normal venous conditions, an anti-thrombotic environment is created where
platelet adhesion/aggregation and inflammatory activation are hampered“. The anti-thrombotic
endothelial status is maintained via four key mechanisms'*’: (1) release of heparan/dermatan sulfate that
enhances anti-thrombin and heparin cofactor activity; (2) expression of thrombomodulin and activation of
protein C, which suppresses thrombosis activation; (3) production of tissue factor (TF) pathway inhibitors
(TFPIs), which inhibit the initiation of the coagulation cascade; and (4) endothelial production of
fibrinolysis-regulating factors, including tissue (tPA) and urokinase-type plasminogen activator (uPA)“,

which can facilitate the breakdown of coagulated thrombosis. Moreover, the expression of nitric oxide (NO)
and interleukin 10 (IL-10) in the endothelium can inhibit leukocyte adhesion and activation"**.
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While the majority of thrombosis research focuses on large vessels, such as arteries and veins, thrombosis
can also occur in small vessels and capillaries. Microvascular thrombosis is a common complication of
various diseases including sepsis, disseminated intravascular coagulation, and thrombotic
microangiopathies. The pathophysiology of microvascular thrombosis involves an interplay between
endothelial dysfunction, platelet activation, and coagulation cascade activation, leading to the formation of
microthrombi that can occlude small vessels and capillaries*”. The unique hemodynamic conditions and
close proximity of endothelial cells to circulating blood constituents in microvessels increase the
susceptibility to thrombosis™*. Studying thrombosis in small vessels and capillaries using microfluidic
models can provide valuable insights into the mechanisms underlying microvascular thrombosis and help
to develop targeted therapies for these conditions.

EVOLUTION OF MICROFLUIDIC MODELS IN THROMBOSIS RESEARCH

Prior to the invention of microfluidic models, in vitro studies on thrombosis formation were largely limited
to the culture of cells on 2D substrates, filters, and flow chambers on a centimeter scale*!. Most in vitro 2D
models have poor biophysiological accuracy. For example, most cells cultured on 2D plastic substrates have
a stiffness much greater than that of human tissues or in 3D biosynthetic matrices that exhibit non-
biophysiological compositions and porosities. Few displayed constant flow rates over endothelial cells, and
even fewer captured the characteristic pulsatile flow stress experienced by the cells in vivo. Microfluidic
device technology emerged in the 1980s, which constrains fluids to a small (typically submillimeter scale)
scale. It significantly facilitated the analysis of platelet function, coagulation biology, cellular rheology,
adhesion dynamics, and pharmacology, revolutionizing the study of vascular physiology and its potential
for clinical diagnostics'.

Techniques for fabricating microfluidic devices have been comprehensively reviewed"’. Variations in
photolithography and soft lithography have been used to fabricate microfluidic channels with micrometer
resolution, in which PDMS has been predominantly used because of its transparency and chemical
inertness. The success of microfluidics can also be largely attributed to manipulable flow geometries that
allow fine control over the hemodynamic environment.

Vessel geometry varies greatly from simple, straight configurations to complex geometries that include
stenotic, bifurcated, or branched architectures that better recapitulate flow disturbance-induced
thrombosis'”. Subsequent customizability of physiological and pathophysiological shear environments
better emulates mechanical stimuli, including changes to shear stress, shear rate, vorticity, and turbulence at
different regions along the microfluidic channel, which are key factors underpinning thrombus formation.
In addition, multichannel designs have allowed concurrent investigations of platelet adhesion under various
shear rate environments using minimal blood volumes (typically < 100 uL) and reagents"". This high-
throughput nature and recapitulation of the hemodynamic environment with reduced time and cost factors
define the key advantages of microfluidics.

Recently, endothelialized microchannels have been used to model complex interactions between
endothelium and blood components®. The process of thrombosis initiation and propagation within blood
vessels is highly controlled by the blood-endothelium interplay. Introducing perfusable and endothelialized
microchannels to microfluidic devices has proven to be an important platform to recapitulate the
physiological and pathophysiological responses of the blood-endothelium interface towards flow dynamics
that underpin thrombus formation. Table 1 summarizes the most relevant microfluidic models in the field,
all of which introduced stenosis geometry and mostly with a sharp angle on their structure. These devices
allow us to study real-time platelet clotting by perfusing whole blood on a channel coated with endothelial



Ren et al. Microstructures 2024;4:2024037 | https://dx.doi.org/10.20517/microstructures.2023.106

Table 1. Existing microfluidic models that facilitate studies of vascular thrombosis under perfusion
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Microfluidics chips
description

Channel size

Inlet bulk shear rate

Channel functionalization

Perfusion type

Experimental details

Rectangular cross-section (y-z
plane) with a semi-circular

stenosis (x-y plane), Figure 2AHE

Rectangular cross-section (y-z
plane) with a trapezoidal stenosis
(x-y pIane)Mg]

Rectangular cross-section (y-z
plane) with a trapezoidal stenosis
(x-y plane)

Multi rectangular parallel
channels with 60° bend section
(x-y plane), Figure 2ct

Circular patient-specific venous
stenosis channel (y-z plane),
Figure 20"

Circular arterial stesgosis channel
(z axis), Figure 2E%%

Rectan[%ular stenosis channel (x-z
plane) !

Bifurcating channel with
occlusive factor stimulation,
Figure 28

Multi-parallel channel with
" . [59]
stenotic region (x-y plane)

63
Rectangular parallel channel™®*

Straight rectangular channel,
Figure 2H*

52 um height, 300 um width
with 20%, 40%, 60%, or
80% semi-circular stenosis
100 um width with 80%
trapezoidal stenosis

100 pL height, 400 uL width
with 85% trapezoidal
stenosis

75 um height, 200 um width
(the bend section
corresponds to ~55%
stenosis)

400 pum diameter with 44%
stenosis

370 pum diameter with ~68%
stenosis

Width range: 500 um to
1,000 pm with 65% and
85% stenosis

65 um height, 500 um width

ranging from 0.6 m length
and 0.8 mm width to 0.3 m
length and 2.4 mm width

50 um height, 250 um width
for main channel,

50 um width for side channel
100 pum height, 400 pm
width, 2 cm length

1,0005s”, syringe
pump-driven flow

1,800's", syringe pump-
driven flow

18,800 t0 84,7005,
syringe pump-driven
flow

25010 9,000,
syringe pump-driven
flow

1505, syringe pump-
driven flow

1,000’5, syringe
pump-driven flow

-180 and 460's”,
syringe pump-driven
flow

1,000 54, vacuum
pressure pump-driven
flow

500t01,500's",
4,0005",10,000's"
and above; pressure-
driven flow

upto ~460s”

750, syringe pump-
driven flow

Discrete patches of immobilized
VWEF (20 pg/mL) and fibrinogen
(50 pg/mL)

Non-coated bare channel

Non-coated bare channel

Coated with collagen |
(100 pg/mL)

Endothelialized: HUVECs seeded
on fibronectin (100 pg/mL)

Endothelialized: HUVECs seeded
on collagen | (100 pg/mL)

Coated with VWF (20 pg/mL) and
fibrinogen (50 pg/mL) and seeded
with HUVECs

Collagen | (100 pg/mL) and tissue
factor patch

Non-coated bare channel

Coated with ECs

Endothelialized: HUVECs seeded
on collagen | (100 ng/mL)

Citrated human WB is pre-
labeled with DiOC, and then
recalcified before perfusion

Hirudinated WB was pre-
labeled with DIOC,

Human WB with heparin

Citrated human WB and
recalcified before perfusion

Citrated human WB and
recalcified before perfusion

Citrated human WB and
recalcified before perfusion

Human WB labeled with
Rhodamine-6G (with TNFa
stimulation for the HUVEC
channels)

Citrated human WB and
recalcified before perfusion

Porcine WB with heparin

Citrated human WB and
recalcified before perfusion

Citrated human WB and
recalcified before perfusion

Shear-dependent platelet aggregation with
atherosclerosis-like vascular geometries

Characterization of the shear-dependent platelet
aggregation with in vitro blood perfusion and CFD
simulation

Platelet adhesion and aggregation under disturbed
blood flow conditions

Mimic a network of stenosed arteriolar vessels,
assessing platelet aggregation and clotting time
under pathophysiological flow

Venous thrombogenesis characterization: fibrin
formation and platelet aggregation

Assess the influence of vessel geometries on platelet
aggregation through blood perfusion using vessel
designs that simulate both healthy and stenotic
conditions

Shear-dependent leukocyte-endothelium interaction
and neutrophil recruitment

Monitor occlusion duration by detecting platelet and
leukocyte aggregation as well as fibrin formation
using eptifibatide, an anti-platelet medication

Measure the occlusion time and volume under
various shear rate flow conditions

Assess the concentration effects of FeCl; on
aggregation of platelets and red blood cells

Study thrombus and fibrin formation and platelet
adhesion using endothelialized and collagen-coated
microfluidic channels in conjunction with anti-
platelet drugs

WB: Whole blood (The inlet shear rate is transformed based on Newtonian principles, particularly in high shear conditions).
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cells or pro-coagulant adhesion proteins, such as von Willebrand factor (VWF) and collagen. However,
most 3D channels are rectangular and do not resemble physiological blood vessels, while diverse stenosis
geometries complicate imaging without offering significant experimental benefits beyond the aggregate size.
Thus, more detailed studies are needed to determine how platelets react to the vorticity area caused by these
geometries, particularly platelet activation.

Based on these advances in microfluidic technologies, new specific applications, such as vessel stenosis and
reversed flow, can be employed for more in-depth studies on thrombosis etiology and pathophysiology, as
shown in Figure 2. For example, many new models have been developed to replicate the biophysical
conditions of narrow vessels. Simple straight channels containing atherosclerotic plaque-like semi-
cylindrical barriers provided an 80% stenosis model capable of inducing a shear rate higher than 8,000 s™,
which causes thrombosis in the post-stenosis region [Figure 2A]"". This further elucidates the importance
of endothelial VWF secretion and binding in exacerbating shear-induced platelet activation/aggregation.
Other stenotic geometries have been developed, including triangular, square, and trapezoid barriers
[Figure 2B]"**. To improve the throughput potential of these devices, multichannel solutions, such as those
reported by Jain et al., developed 12 long stenosed channels, where blood perfusion demonstrated fibrin
network formation and platelet aggregation in the post-stenotic region [Figure 2C]*".

Most recently, patient-specific geometries have been translated into microfluidic devices from clinical
images to enhance rapid diagnostics and drug target identification [Figure 2D and E]***\. It is encouraging
to witness progress towards personalized thrombosis studies as the vessel-on-a-chip model can accurately
reestablish the venous geometry of a CVST patient from the patient’s venography data, where endothelial
tissue and whole blood perfusion allows for recapitulating patient-specific Virchow’s Triad for further
thrombosis and drug testing.

Microfluidic models have also been used to capture changes in vessel geometry due to bifurcations, sharp
curvatures, and localized expansions that can disrupt the unidirectional laminar flow of blood, leading to
reversed blood flow patterns known as disturbed flows or vortices. These flows are commonly associated
with altered shear stress levels, which may activate inflammatory pathways and disrupt endothelial barrier
function, making it prone to thrombosis®®. Such models have revealed that stable platelet aggregation only
occurs in the post-stenotic zone with shear deceleration associated with backflow at distal stenosis“>**".,
Berry et al. used an innovative bifurcation model to monitor the effects of anti-thrombotic drugs on
occlusion time [Figure 2F]""; similarly, Li et al. developed a multi-channel system incorporating bifurcation
and stenosis to investigate occlusion duration™. Despite these advancements, the production of disturbed
flows is limited to the expanded region of the device, which, in turn, limits the number of stimulated cells
[Figure 2G]"™. To address this challenge, microfluidic systems have been reported to produce various
vortices at predetermined regions, and their sizes are dictated by Reynold’s number of flows""**.

THE ROLE OF ENDOTHELIALIZED VESSEL-ON-A-CHIP IN THROMBOSIS RESEARCH

Microfluidic technology can simulate aspects of human physiology for thrombosis research that are not
achievable using traditional cell culture methods and animal models. However, there is a growing demand
for advanced in vitro models that provide more realistic representations of biological processes. Among the
various advancements, endothelialized microfluidic devices or vessel-on-a-chip technology can bridge the
gap between conventional static models and dynamic complexities of in vivo conditions. In contrast to the
existing models, vessel-on-a-chip technology offers a more physiologically relevant platform that meets
Virchow’s Triad in that endothelium plays a vital role in regulating hemostasis and preventing thrombosis
under normal conditions. By incorporating endothelial cells, these models better mimic the vascular
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Figure 2. Microfluidic models for studying vessel stenosis, reversed flow, and vessel injury. (A) 2D atherosclerotic model developed by
Westein et al.“®’ Scale bar = 100 um. (B) Triangular and squared stenotic geometries for computational fluid dynamics (CFD) analysis
by Zainal et al.®? (C) Parallel stenosis channels for hemostasis study by Jain et al.”® (D) Patient-specific chip for CVST diagnosis by
Zhao et al.®* Scale bar = 400 pm. (E) The arterial thrombosis model by Costa et al.”® Scale bar = 200 um. (F) Bifurcated model for the
investigation of anti-thrombotic drugs by Berry et al.”® (G) Characterization of reversed flow vortices by Tovar-Lopez et al.”*”

Scale bar =100 pm. (H) The endothelium-lined thrombosis model developed by Jain etal’® Scale bar (i) = 1 mm. Scale bar
(ii) =200 pm.

microenvironment and improve the microfluidic platform from the molecular-to-cell level to the cell-to-cell
level, allowing for a nuanced understanding of platelet behavior, clot formation, and endothelial responses
under flow conditions.

Endothelial cells serve as a barrier to maintain vascular hemostasis and regulate vascular permeability".
Vessel-on-a-chip technology provides a way to reveal the connection between vascular walls, coagulation,
and the immune system by perfusing blood together with tissue and inflammatory factors. Recently,
endothelialized microchannels have been used to model the complex interactions between the endothelium
and blood components”. The thrombosis initiation and propagation within blood vessels is highly
controlled by blood-endothelium interplays. The integration of perfusable, endothelialized microchannels
in microfluidic devices is a crucial platform for replicating the responses of the blood-endothelium interface
to flow dynamics, which are pivotal in thrombus formation®’. Table 1 summarizes the most relevant
microfluidic models in thrombosis research.

Simulation of vascular injury is crucial for understanding the mechanisms related to thrombus formation
and vascular integrity, which can be employed in vessel-on-a-chip models in several distinct ways'*.

Ciciliano et al. used a T-shaped endothelialized microfluidic system that introduced ferric chloride (FeCl,)
endothelial damage and platelet activation'. In contrast, Herbig and Diamond loaded triangular scaffolds
with fibrous matrix materials to mimic the exposed subendothelial matrix around flow stagnation points,
which serve as sites of endothelial injury'*. Models using tumor necrosis factor a (TNFa) or phorbol-12-
myristate-13-acetate (PMA) treatment also replicate vessel injury by increasing the expression of
intercellular adhesion molecules, such as intercellular adhesion molecule-1 (ICAM-1) and vascular cell
adhesion molecule-1 (VCAM-1), and the secretion of VWF and other TFs, resulting in a dose-dependent
enhancement of endothelium-platelet binding [Figure 2H]"**"\.
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Over the past decades, standardized vessel-on-a-chip microfluidic devices with hollow rectangular 3D
channels exposed to blood flow have been used to investigate the mechanisms of thrombosis""****. These
technologies allow researchers to have in situ control of the endothelial environment to study the
interaction between the vessel and blood cells under specific conditions in vitro, including the effects of
shear stress'”’ and vascular injury”. Recent studies have shown that 3D printing and dual-layer lithography
techniques enable the development of 3D channels with different geometries to mimic vascular
stenosis®”"7, thus facilitating the investigation of how vessel geometry and flow vorticity in the presence of
endothelium would affect thrombosis in pathobiological aspects [Figure 3A]. Costa et al. demonstrated that
stenotic vessel-on-a-chip channels could easily trigger thrombosis after 15 min of whole blood perfusion
compared with healthy vessel-on-a-chip geometries”™. Furthermore, Zhang et al. established a
microvasculature-on-a-post chip to explore stenosis-induced thrombosis and endothelial behavior and
found that the thrombus-like post structure could disrupt endothelial polarization and trigger microvascular
thrombosis”™! [Figure 3B]. These studies suggest that there may be a positive correlation between vascular
narrowing and thrombus formation, and that stenosis may also affect the integrity and stability of blood
vessels, thus triggering thrombosis. However, further research on the mechanisms between endothelium
behavior and the process of thrombosis in thrombosis-on-a-chip microfluidics is needed.

Vessel-on-a-chip technology aligns with the 3R principle, which reduces the use of animal models,
simplifies the vascular architecture, and allows us to design various studies in terms of thrombosis; however,
it still exhibits several limitations. First, it lacks the comprehensive anatomical structure of blood vessels,
which has a limited representation of microvascular networks. Poventud-Fuentes et al. introduced TFs into
a vessel-on-a-chip model to study vascular hemostasis after injury"” [Figure 3C], which showed a relatively
promising wound healing process. However, several injuries failed to achieve full closure in their system for
up to 10 min, much longer than the physiological closure process. This suggests that the vessel-on-a-chip
system is a good tool for in vitro studies of thrombosis; however, there is a gap between vessel-on-a-chip
and physiological conditions regarding the concentration and variety of TFs and coagulation factors.
Second, endothelial cells might change their phenotype with an increase in passages in cell culture, and the
laboratory cell culture conditions of endothelial cells do not contain variable oxygen tension or a relatively
soft extracellular substrate that mimics in vivo conditions”*”.

CHALLENGES AND OPPORTUNITIES

Despite the advances in microfluidic technologies in thrombosis modeling, there are still limitations in the
current microfluidic designs that hamper their wide application to better reconstituted human thrombosis.
One fundamental limitation of most microfluidic studies on vascular thrombosis is that most of the
geometry of the microfluidic channels is rectangular and cannot replicate the cylindrical geometries of
native in vivo vascular vessels. Although this traditional rectangular shape fabricated by 2D silicon wafer-
based microfabrication techniques associated with photolithography is easier to fabricate and image by
microscopy'*, the flow near the rectangular edges differs from that inside a cylindrical geometry. Therefore,
hemodynamic and cellular responses and the analysis of thrombosis near the edge of the channel may not
offer useful insights.

Another limitation is that many microfluidic models rely on channels embedded in PDMS, which have
mechanical properties far from the native vasculature. Differences in stiffness and strain create variations in
flow control and vessel compliance, failing to accurately capture the same biomechanical environments as
blood vessels. Moreover, owing to the limited channel size, it is difficult for some scaled microfluidic models
to recreate the turbulence of blood flow that mimics the pathophysiological conditions for large and elastic
vessels. The short-term duration of current whole-blood perfusion experiments limits studies on long-term
thrombosis processes, vascular remodeling, etc.
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A Endothelialized vessel-on-a-chip platform in thrombosis research
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Figure 3. Bioengineered endothelialized vessel-on-a-chip for thrombosis research on pathological vascular geometry. (A) Concept of
in vitro modeling of endothelialized pathological vascular geometry. The blood flow changes within the vessels that have experienced a
reduction in their diameter, referred to as stenosis, including increased vorticity, turbulence, and blood pressure changes, which will
have a direct effect on nearby endothelial shear stress. Fabricating microfluidic chips with stenosis-like features is essential for studying
thrombosis mechanisms and endothelial cell response to vascular stenosis. (B) Microvasculature-on-a-post device!’®. (i) Schematic of
the design of the post microfluidics; (ii) representative PDMS-based chip loaded with blood; and (iii) microstructure of the post under a
anpni[r;og] electron microscope, scar bar: 40 um. (C) Schematic of vascular injury modeling using a humanized vessel-on-a-chip
evice

Notable studies have produced circular cross-sections by combining traditional manufacturing techniques
with 3D printing techniques, stereolithography, or gelatin-based soft lithography that have been perfused
with blood to study thrombosis®***”). However, none of them have yielded microfluidic systems in which
both their geometries and recapitulation of the physiological environment are truly comparable to native
vessels, with the closest being the work of Zhao et al. on patient-specific vessel-on-a-chip systems™. All
models poorly captured the essential biophysical properties of blood vessels. In addition, endothelium varies
among not only individuals but also distinct organs and vascular locations as they are exposed to different
shear stresses in different body parts™. However, most studies with vessel-on-a-chip models use human
umbilical vein endothelial cells (HUVECs), which are not representative of other endothelial cells, such as
cells from venous and arterial; thus, organ-specific endothelium should be included to expand the
application of vessel-on-a-chip systems. Furthermore, to enhance the replication of blood vessel physiology
and deepen our understanding of the interaction among endothelial cells, smooth muscle cells, and
thrombosis, it is imperative to co-culture both cell types.

Although 3D bioprinting enables the precise fabrication of intricate tissue constructs and holds promise for
developing functional tissues and organs for transplantation, achieving adequate vascularization remains a
notable challenge, particularly in printing large or thick tissues”. Further development of vessel-on-a-chip
technology requires expanding the collaboration of different disciplines, including material science,
biomedical engineering, biology, and microscope imaging, to create more comprehensive systems that may
enable the study of the interplay between thrombosis and other physiological processes””. This will allow us
to design personalized chips for patients with thrombosis to improve the diagnostic accuracy and develop
more effective treatment strategies. Therefore, establishing a more biomimetic microfluidic model that can
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more precisely capture the risk factors of thrombosis, biochemical and biophysical environment of vascular
vessels, and interplay of these parameters presents a challenging yet critical research frontier that can unlock
new diagnostic tools or targets for anti-thrombotic therapeutics.

To this end, a largely separate field of tissue engineering has produced elastomers and hydrogels that more
closely mimic the biophysical properties of native vessels and their structural layers. These vascular models
are yet to be integrated with microfluidic systems to simulate the flow dynamics and tailored biomechanical
loads of a thrombosis model. Furthermore, the application of most existing thrombosis models that have
been used to investigate arterial thrombosis compared with the far less researched and understood venous
thrombosis. Thus, incorporating vasculature with significantly greater biomimicry into a microfluidic
model for the study of venous thrombosis would represent a tremendous step forward and hold potential as
a powerful diagnostic tool and model for drug target identification.

Integrating these advanced technologies will pave the way for a new direction of personalized medicine for
thrombosis. Personalized microfluidic systems can capture personalized thrombosis profiles, including
vessel geometry re-established from patient vessel readouts, blood-endothelium interplays using blood, and
engineered endothelium tissues obtained from patients or induced pluripotent stem cells technology, all of
which cannot be obtained from animal models and conventional microfluidic systems.

Developing more advanced and biomimetic vessel-on-a-chip models for thrombosis research requires
interdisciplinary collaboration among experts from various fields including biomedical engineering,
materials science, cell biology, and clinical medicine. Integrating knowledge and techniques from these
disciplines will enable the creation of more comprehensive and physiologically relevant models to better
recapitulate the complex interplay between thrombosis and other physiological processes. In particular,
disruptive soft biosensing technology may offer new opportunities for monitoring thrombosis formation in
real-time and in situ if such soft probing technology is integrated into a vessel-on-a-chip system”*”.
Collaborative efforts will also facilitate the translation of vessel-on-a-chip technology from the laboratory to
the clinic, ensuring that the models developed are not only scientifically rigorous but also clinically relevant

and applicable.

Integrating endothelialized microfluidics into thrombosis research, particularly through vessel-on-a-chip
technology, has catalyzed a significant shift from traditional in vivo and in vitro models. These advanced
systems merge the precision of microfabrication with the complexity of endothelial biology, offering
nuanced insights into the pathophysiology of thrombosis by mimicking the dynamic interplay between the
vascular microenvironment. As a result, vessel-on-a-chip stands at the forefront of personalized medicine,
promising for reshaping diagnostics and therapeutic strategies using models that reflect individual patient
profiles.

Vessel-on-a-chip technology has significant potential to transform thrombosis research by facilitating the
creation of personalized diagnostic tools and treatment strategies. These models mimic native vasculature
more accurately than current methods, offering a platform for studying blood perfusion. In the realm of
cardiovascular diseases, developing personalized thrombosis models is highly impactful for scientific and
medical applications. Past advancements in understanding venous thrombosis mechanisms have driven the
discovery of new diagnostic tools and therapies by identifying drug targets. Medically, vessel-on-a-chip
technology holds promise for point-of-care applications in the early detection of clotting, stroke, and other
thrombosis-related diseases.
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This convergence of disciplines is not without its challenges, but the trajectory is clear; vessel-on-a-chip
technology paves the way for a future in which the management of thrombotic diseases is as personalized as
it is precise, ushering in a new era of targeted and effective healthcare solutions. Realizing this potential will
require interdisciplinary collaboration and continued innovation in microfluidics and vascular tissue
engineering.
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