1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2024 December 01.

-, HHS Public Access
«

Published in final edited form as:
Arterioscler Thromb Vasc Biol. 2023 December ; 43(12): 2241-2255. doi:10.1161/
ATVBAHA.123.318233.

Engineering organ-on-a-chip systems for vascular diseases

Amid Shakeril2, Ying Wang?2, Yimu Zhao2, Shira Landaul:2, Kevin Perera3, Jonguk
Leel4, Milica Radisicl:2:5"
LInstitute of Biomaterials Engineering; University of Toronto; Toronto; Ontario, M5S 3G9; Canada

2Toronto General Research Institute, Toronto; Ontario, M5G 2C4; Canada.

3:Department of Mechanical and Industrial Engineering, University of Toronto, Toronto, Ontario,
Canada

4KITE - Toronto Rehabilitation Institute, University Health Network, Toronto, Canada

5Department of Chemical Engineering and Applied Chemistry; University of Toronto; Toronto;
Ontario, M5S 3E5; Canada.

Abstract

Vascular diseases, such as atherosclerosis and thrombosis, are major causes of morbidity and
mortality worldwide. Traditional /n7 vitro models for studying vascular diseases have limitations,
as they do not fully recapitulate the complexity of the /n vivo microenvironment. Organ-on-a-

chip (OOC) systems have emerged as a promising approach for modeling vascular diseases by
incorporating multiple cell types, mechanical and biochemical cues, and fluid flow in a microscale
platform. This review provides an overview of recent advancements in engineering OOC systems
for modeling vascular diseases, including the use of microfluidic channels, extracellular matrix
scaffolds, and patient-specific cells. We also discuss the limitations and future perspectives of
OOCs for modeling vascular diseases.
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1 Introduction

The vascular system plays several essential physiological functions within the human

body, including the transport of nutrients and oxygen to vital organs, aiding the immune
response by delivering cells and antibodies, and providing a robust barrier function to
actively regulate the movement of cells, ions, and molecules between blood and the

brain.! Disturbances in the vascular system can lead to cardiovascular disease, which is
responsible for over one-thirds of all global mortalities.? Structurally, vasculature exhibits
fractal branching that enables efficient mass transfer. The larger vessels in the vasculature
primarily consist of three tissue layers: the intima layer composed of endothelial cells (ECs),
the media layer composed of smooth muscle cells (SMCs), and the adventitia composed

of fibroblasts and collagen bundles and other extracellular matrix (ECM) components. The
EC layer is crucial as it regulates permeability, angiogenesis, immune cell transport, and
hemostasis within the vasculature depending on the mechanical (e.g., tissue stiffness) and
biochemical triggers present (i.e., hormones) at the specific organ sites in which they reside.
For this reason, dysfunction of the EC, driven by a complex interplay of various factors
(genetic, mechanical, biochemical) drives inflammatory precursors to begin the cascade to
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most common vascular diseases such as atherosclerosis, aneurysms, peripheral artery disease
(PAD), and thrombosis.3

Disease modeling offers a means to peer into the underlying factors that initiate vascular
disease and to gauge the downstream progression of the diseases with respect to clinical
prognosis. In addition, disease modeling is important to evaluate the safety and efficacy

of novel drugs. In the early stage of research in vascular disease modeling, significant
efforts were placed on the use of animal models and 2-dimensional (2D) /in vitro

models. For example, zebrafish and mouse models have been successfully used for
recapitulating abnormal morphology of the vasculature.*> Animal models, while considered
a gold standard in vascular research, have limitations such as ethical restrictions and

limited availability of large animal models with physiological relevance to humans. Two-
dimensional /n vitro models composed of ECs, SMCs, and human leukemia monocyte

cells in separate layered compartments have also been largely implemented to understand
cell-to-cell communication of vascular layers, and resident immune cells.8 However, these
models respectively lack complex vascular geometries, and cell heterogeneity seen Jn vivo.’
Common cone-and-plate viscometers have served as an in vitro option for studying the
influence of shear forces on endothelial cells and blood rheology.® However, they are
hindered by limited throughput and imaging capabilities.

Despite their utility, the field is gradually shifting its focus away from animal and 2D models
and towards 3-dimensional (3D) in-vitro microfluidic models and organ-on-a-chip (OOC)
models, which allow for the replication of more complex geometries using human-specific
cells with the inclusion of fluid flow. Microfluidics and OOC devices offer clear advantages
over the traditional tissue culture in terms of creating a native-like microenvironment for
disease progression. They allow for media perfusion that resembles the disrupted blood
flow pattern, which plays a key role in platelet adhesion and endothelial cell activation
during the early phase of atherosclerosis.® The perfusion can also introduce inflammatory
cytokines such as tumor necrosis factor-a (TNF-a.), interleukin-1p (IL-1p) and low-density
lipoprotein (LDL) into the stream to further progress the disease phenotype. Microfluidic

in vitro models can also take advantage of the natural ECM and synthetic materials,

such as collagen, laminin, fibronectin, methylacrylated gelatin (GelMA) and viscoelastic
polyester, to recapitulate the chemical ligand and mechanical properties of the early and
late phases of atherosclerosis.1? On the other hand, the endothelial and pericyte cell

sources can include human primary cells or human pluripotent stem cell-derived cells,
enhancing their biological relevance to humans. Microfluidic devices and OOCs can
facilitate disease onset, progression and probing the disease mechanisms to develop and
test potential therapeutic strategies. An ideal OOC vascular model aims to incorporate
co-seeded SMCs and EC layers, an elastic cell seeding interface that can respond to
pulsatile flow and mimic vessel geometries that support the generation of physiological

and pathophysiological flow.1! This review will focus on the new advances in OOC systems
implemented for modeling arteriosclerosis, atherosclerosis, thrombosis, inflammation and
other vascular-related diseases, and point out the advantages and limitations of such models
(Figure 1).
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2 Organ-on-a-chip technology for vascular disease modeling

2.1 Hallmarks of vasculature-on-a-chip models

OO0Cs and microfluidic designs have greatly advanced our understanding of vascular
diseases. Their potential in clinical applications, including coagulation monitoring,
antithrombotic therapy, and point-of-care diagnosis, holds great promise. Microfluidic
models require minimal amounts of blood samples, offer tight control of dimensions, lower
costs, and are easy to fabricate with repeatability for large-scale experiments. Another
advantage of these systems is the ability to create vessel-like structures that mimic the
microvasculature in size and complexity, while its transparency allows for visualization
and quantification using image analysis systems.12 Effort has been placed on developing
perfusable OOC models that offer controlled hemodynamics over microchannels layered
with ECs and SMCs, or through self-assembled vascular networks suspended in hydrogel
scaffolds.13 This is because the natural vascular microenvironment requires a precisely
regulated level of wall shear stress (WSS) to maintain healthy function. Moreover, they
allow for the inclusion of different anatomical structures observed in blood vessels, such
as atherosclerotic plaques and bifurcations, in the design of the flow path, as well as an
independent control of multiple factors, such as endothelial cell type, platelet number,
coagulation proteins, shear stress, and leukocyte fractions, facilitating the study of vascular
diseases.13:14 Microfluidic devices also hold promise for patient-specific vascular disease
modeling (Figure 1). Their ability to incorporate patient-specific vessel anatomy, ECs with
genetic mutations, and blood samples, make it possible to create /n vitro models that closely
mimic the /n vivo disease microenvironment. This level of patient-specific modeling is
critical for translational research and personalized medicine.1®

2.2 Fabrication of vascular disease models on a chip

2.2.1 Material Selection—The choice of materials and fabrication techniques is critical
for developing disease-specific organ-on-a-chip models that accurately recapitulate the
vascular microenvironment. Various materials and fabrication methods have been explored
to mimic the complexity of vascular tissues and provide physiologically relevant platforms
for disease modeling.

Polydimethylsiloxane (PDMS) is one of the most commonly used materials to fabricate
microchannels in OOCs due to its several advantages including optical transparency;,
biocompatibility, moldability and gas permeability. To improve the biocompatibility of
PDMS channels and promote clot formation, various biointerfaces, including collagen16-17,
fibronectin1819, tissue factors29-21, von Willebrand factor (VWF)22, and poly-D-lysine??,
have been applied to coat the channels. However, due to the non-specific absorption of
hydrophobic small molecules into PDMS, recent research is geared towards application
of alternative polymers including thermoplastics and polyesters.24-26 Polyester materials
exhibiting lower Young’s moduli such as poly(octamethylene maleate (anhydride)
(POMaC),26 poly (octamethylene maleate (anhydride) 1,2,4-butanetricarboxylate) (1,2,4
polymer),2” and poly(itaconate-co-citrate-co-octanediol) (P1C0)28 could better mimic
the inherent softness of vascular tissue, which is critical for maintaining proper cell
functionality. Other polymers and thermoplastics such as polyethylene terephthalate
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(PET)29, polysulfone3?, polycarbonate (PC)31, polystyrene (PS)32 and polyacrylamide33
have also shown promising alternatives for PDMS. Furthermore, the fabrication of
microfluidic channels using ECM components such as alginate34, gelatin34:35, Matrigel36,
collagen37-40, agarose3®, and fibrin*1, either individually or in combination, can effectively
replicate cell behavior found in native tissues. For instance, an interpenetrating polymer-
network (IPN) of agarose/gelatin hydrogel was cast onto a master mold to create channels
with the diameter of post-capillary venules that can mimic vascular elasticity with the
Young’s modulus of 20 kPa using 1% (w/v) agarose and 1% (w/v) gelatin.3® The IPN
hydrogel was also capable of recapitulating permeability and self-healing properties of the
endothelial barrier.3> Application of photo-crosslinkable synthetic hydrogels such as GelMA
and polyethylene glycol-diacrylate (PEGDA) is another effective technique to preserve
endothelial function and vascular perfusability.42-4°

2.2.2 Fabrication techniques—To create microfluidic channels and OOC devices
using moldable materials like PDMS, silicon master molds are typically first created
through photolithography. This process allows for precise replication of channel arrays on
photosensitive substrates, such as SU-8, at nano/micro-scale resolutions. The protrusions on
the master mold are then transferred to PDMS as channel cavities using a soft lithography
process.*6-51 Novel methods for fabricating master molds and PDMS-based channels have
been extensively reviewed elsewhere.46

Photolithography is a time-consuming and expensive technique, and it can often form
channels with rectangular cross-section. Researchers have undertaken various approaches to
design microfluidic channels with circular cross-sectional shapes, aiming to better replicate
the flow patterns found within natural blood vessels. One method involved the creation of
circular channels by introducing air through uncured PDMS, allowing for the formation of
circular geometry.52 Another technique utilized extrusion to fabricate channels with circular
cross-sections by using sacrificial Pluronic tubes embedded within a GelMA substrate that
contained encapsulated fibroblasts.*2 PDMS microtubes were also fabricated via extrusion
where a heated metal filament was immersed in liquid PDMS, causing the PDMS to coat
the wire due to its surface tension.>® Additionally, circular channels were generated through
a thermal expansion process, where air trapped within partially cured PDMS was expanded
to create the desired circular configuration. 174 A more complex approach involved the
construction of multilayered structures encompassing a circular channel. In this method, a
blunt needle served as a sacrificial structure, allowing the formation of a circular channel
surrounded by layers of collagen and fibrin, providing a more intricate microenvironment
for biological studies.*> Application of a pre-stretched elastomeric substrate could also form
complex PDMS channels with curved cross-sections via buckling of the PDMS.%°

Recent advancements have seen a surge in the exploration of 3D printing technology

for the fabrication of microfluidic channels. This approach is gaining attention due to

its cost-effectiveness, rapidity, flexibility and user-friendly nature, making it a promising
alternative to traditional photolithography. One notable 3D printing technique involves the
use of coaxial needles in an extrusion-based process. For example, this method enables
the creation of vein- and artery-like conduits by employing a hybrid bioink composed

of alginate/gelatin or alginate/gelatin in combination with alginate/GelMA for single and
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double-layered conduits, respectively.34 Furthermore, a multilayered vascular tube was
successfully fabricated by extruding nanofibrillar collagen with specific alignments, offering
a novel approach to construct intricate microfluidic systems that closely mimic natural
vasculature.39 The extrusion approach provides a versatile means of achieving complex
vascular structures.®857 Additionally, stereolithography printing (SLA) has been harnessed
to generate circular channels.®® For instance, researchers have utilized SLA printing
technology to construct miniaturized models of coronary arteries with the diameter of 400
um and resolution of 25 pm based on computed tomography angiography (CTA) imaging
data.®® In another innovative application of SLA printing, the cardiovascular system’s
vasculature has been reconstructed using high-contrast magnetic resonance venography
(MRV) images.1® These diverse 3D printing techniques demonstrate the versatility and
potential of this technology for creating complex and physiologically relevant microchannels
for various biomedical applications.#4.60-62

Another innovative approach to model vascular diseases on microfluidic chips involves
embedding microchannels within microwell plate platforms. These platforms offer several
advantages, including the ease of adding cells and media directly through simple pipetting
or tilting actions, eliminating the need for a separate pumping system and streamlining the
experimental procedure. One notable example is the integrated vasculature for assessing
dynamic events (INVVADE) system, which features a porous channel with stiffness mimicking
that of natural vasculature, connecting sequential microwells (Figure 2a). To construct this
channel, a soft polyester is first cast into two individual PDMS molds and UV cured to
create the upper and lower halves of the microchannels. The two halves are then aligned and
bonded together using another round of UV treatment to form the complete microchannels
through 3D stamping process.53-85 Graddlientis another platform which incorporates a
collagen microchamber positioned beneath a microwell array. This arrangement allows for
precise control over nutrient depletion within the microchamber, offering researchers a
valuable tool for studying vascular conditions.3! In a different design, an endothelialized
nylon membrane is integrated beneath tissue chambers to establish a vascular barrier.30
These designs incorporate nano and microporosity within the channels or separating
membranes, facilitating essential cell communication and nutrient exchange.56

Furthermore, laser ablation is employed as a technique to create an array of capillary-

sized channels within a polymeric matrix. This approach provides a versatile means of
engineering microfluidic systems for the study of vascular diseases, enabling researchers to
simulate physiological conditions and interactions between cells and their microenvironment
more effectively (Figure 2b).38:40.67

Spontaneous vascularization through culturing ECs in microchambers/microchannels filled
with natural hydrogels such as Matrigel, collagen, fibrin/fibrinogen, and decellularized
ECM is an alternative way of creating perfusable microvascular networks and modeling
angiogenesis.12 In this case, the middle channel with ECs is usually surrounded with two
parallel channels providing media for cell growth and vascularization.?8-70 Blood vessel
organoids that can self-organize and reproduce angiogenesis have also been employed as a
model for disease processes in specific organs.’”t OOCs were also employed to demonstrate
the impact of interstitial flow (IF) on vasculogenesis and pathological angiogenesis.9 In the
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design, ECs and stromal fibroblasts were co-cultured to form a microvascular network with
neovessel sprouting and angiogenic remodeling in response to IF (Figure 2c).89 Angiogenic
sprouting was elevated when the flow and the sprouting were in opposite directions. The
anisotropic arrangement of cells is also important for mimicking the natural properties of
blood vessels.39.72.73 He er al. provided a detailed guide on how to create a tissue-engineered
vascular graft anisotropic properties using aligned ECM nanofibers and MSCs.”2

2.2.3 Cell type—Due to the intricate cell composition and diverse microenvironments
present at pathological sites, there is an increasing research emphasis on carefully selecting
appropriate cell types for the development of diseased vascular models in vitro to mimic
this condition and study its mechanisms 747, The goal is to faithfully replicate the disease
by simulating not only the cellular composition but also the interactions between different
cell types.”8 In most cases, cells line was employed to fabricate human physiology by
organ-on-a-chip technologies, especially for initial device validation. Primary cells such as
human umbilical vein endothelial cells are most employed. Stromal cells such as cardiac
fibroblasts, for example, can maintain the structural integrity of healthy myocardial tissue
and are required to generate a contractile tissue from iPSC derived cardiomyocytes.’’
However, in the infarcted area, they need to undergo differentiation into myofibroblasts,
eventually becoming the predominant cell type.”8 The inclusion of vasculature, with
abundant endothelial cells, could support the barrier of tissue compartments while enabling
their communication.’® Transient reactivation of the embryonic-restricted genes such as E26
transformation-specific variant 2 (ETV2) in primary cells such as human umbilical vein
endothelial cells (HUVECs), was shown to resent the cells to adaptable, vasculogenic cells,
which can form perfusable vascular plexus.8 Pluripotent stem cells can be deliberately
differentiated into specific cell types, eliminating the necessity for genetic modifications
and the repeated passaging of cells that could lead to alterations in cell genotype and
phenotype.8L. This also enables generation of sophisticated vascular organoids.82 In Table
1, different cell types along with applications, channel designs, materials for channel
constructions as well as the associated key advances are summarized.

2.3 Characterization of vascular models on a chip

The transparency of microfluidic channels makes optical microscopy the primary method
for characterization. It offers direct visualization of vital parameters like cell morphology,
clot formation dynamics, and occlusion times. Immunostaining further enhances this
technique, allowing researchers to investigate specific characteristics of cells, platelets,

and coagulation factors, such as their spatial distribution and interactions, using fluorescent-
based microscopy.34:36:84 Advanced approaches incorporate confocal microscopy with z-
stack imaging, delivering detailed insights into cell morphologies and surface protein
distributions, particularly valuable when conducting 3D and multilayered cell culture
within microfluidic setups.36:68.102,103,105 Beyond optical microscopy, additional imaging
methods like SEM and histology can be employed for comprehensive analysis.22:41:42:86.91
Furthermore, cells and media retrieved from the device enable further investigations such as
RNA sequencing, secretomics and metabolomics 16:20.78
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2.3.1 Snapshot imaging—Snapshot imaging in OOC systems corresponds to capturing
a single moment in time for in-depth analysis.16:18:37.39,52,66,78,87.88 These opservations
provide valuable insights into disease events, helping identify rapid changes in vascular

cell behavior in response to specific stimuli. Snapshot imaging typically occurs after cell
fixation, where cells are chemically preserved at a specific moment.”9106 Researchers

can then stain the cells with fluorescent markers or antibodies to visualize specific

cellular structures or proteins. Markers of endothelial inflammation and activation such

as vascular cell adhesion molecule-1 (VCAM-1), VWF and YAP, could be examined to
assess endothelial mechanoresponse to different shear stresses.1® Staining the nucleus, actin
cytoskeleton and VVE-cadherin of endothelial cells is a common strategy to evaluate cell
morphology and tight junction after mechanical or chemical stimulation for a certain amount
of time.33 Additionally, snapshot imaging is usually applied in drug screening application

to evaluate the efficacy of drugs such as aspirin, vitamin D and metformin at a certain time
point after administration.36:>2 Furthermore, fixation enables SEM imaging and histology to
reveal the morphology of cells, platelets and thrombus inside the microchannels.22:42:86

Snapshot imaging provides critical static insights into vascular processes, but it may not
fully capture the dynamic, time-dependent interactions seen in chronic vascular diseases,
where understanding disease progression relies on monitoring changes over time.

2.3.2 Long-term observation—Long-term imaging techniques offer a profound means
to explore the intricacies of chronic vascular diseases, providing a comprehensive view of
disease progression over time. This approach is particularly adept at capturing the dynamic
interplay of factors and responses in conditions like atherosclerosis and thrombosis, where
disease development unfolds gradually. Long-term observation can be realized through
real-time imaging, which continuously records images or videos of microfluidic channels.
Time-lapse microscopy, involving periodic image capture over extended periods, serves as
another powerful tool for prolonged observation.

Fluorescent beads and dyes can be used in long term observation techniques to study

the flow dynamics within microchannels and constrictions®2:83.84 as well as measure
channel permeability and perfusability3®:38. Moreover, different components of blood such
as blood cells, platelets and fibrinogen, are usually fluorescently stained before perfusion
into the microchannels to allow for monitoring thrombus formation and platelet coverage
overtime,17:84.8587.91,96 The yse of genetically modified cells capable of expressing
fluorescence is another approach for long-term imaging. For instance, red fluorescent
protein (RFP)-expressing breast cancer cells can be tracked at 48-hour intervals in
microfluidic devices to study migration patterns.19% Green fluorescence protein (GFP)-
expressing HUVECS are also another commonly-used cells in the fabrication of vasculature
on a chip.””:198 Additionally, long-term models are instrumental in investigating gradual
changes in endothelial integrity under shear stress,33 and tracking cells such as leukocytes
and neutrophils in channels.20:22:83

2.3.3 Integration of sensors—Incorporating sensors into microfluidic devices offers
valuable data generation capabilities for assessing vascular disease status. For instance,
integrating a disposable pressure sensor into a PDMS microfluidic device enables the
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measurement of channel occlusion by tracking pressure changes over time.8® In an
alternative approach, a set of specialized electronic components, such as a digital pressure
regulator, solenoid valves and pressure sensors were custom-designed to independently
regulate four bioreactors.51 A pressure sensor was also integrated into microfluidic chip
using a capillary to track pressure changes. It monitored alterations in pressure over time by
observing the movement of the liquid-gas boundary inside the capillary.109 Furthermore,
the occlusion time can be determined by utilizing the pressure sensor integrated into

the pump. In a particular investigation, a roller pump was manually tuned to sustain a
consistent pressure head of 30 mmHg. Once the flow rate reached a minimum threshold,
the pump was deactivated, establishing the occlusion time.86 Advanced detection tools,

like surface acoustic wave lysis devices and multiplexed sensors, can also be incorporated
into microfluidic chips to quantitatively and rapidly measure miRNAs, particularly in the
context of ischemia-reperfusion injury. These tools have been used to detect miRNA markers
in effluents from different stages of myocardial infarction, facilitating a comprehensive
assessment of disease progression.9?

3 Examples of vascular disease modeling on a chip

3.1 Atherosclerosis on a chip

Avrteriosclerosis, a chronic vascular disorder presented by vessel narrowing and arterial
occlusion, is the principal cause of cardiovascular morbidity and mortality worldwide. It

is a complex disease that involves initial chronic vascular inflammation initiated by lipid
retention, endothelial dysfunction due to the disturbances of blood, the excessive infiltration
of immune cells, and phenotypic switching of SMCs that eventually results in plague rupture
and thrombosis.?1:110 Disturbed hemodynamic conditions and immune inflammation are
considered two pivotal points for modeling atherosclerosis-on-a-chip in vitro.14

Elevated shear stress and disturbed flow of blood preferentially occur at the arterial
bifurcations and branching points, resulting in endothelial dysfunction as well as
atherosclerotic lesions.1® Considering the spatial and temporal variations of hemodynamic
forces at the site of the lesion, microfluidics has gained considerable attention in simulating
these rheological factors due to the significant advantage of geometrical complexity and
hierarchical microstructure of microchannels and the elaborate control of flow within the
chips. For instance, using microchannels with 50% and 80% stenosed regions, monocyte
cells were perfused over inflamed ECs at different WSS of 1-10dyn/cm? to study the

effect of microscale perturbation of flow on monocyte recruitment.83 Shear-induced platelet
aggregation at 2D and 3D stenosis regions (50%-85%) was observed under varying WSS of
100-1000dyn/cm2. When the inlet WSS was lower than 10dyn/cm2, the blood flow remained
laminar, and platelet binding was minimal.>2

Additional cyclic tensile and compressive forces can be applied to the chips, thus simulating
cyclical mechanical strain and circumferential stretch of the ECs and SMCs for modeling
pulsatile blood flow and muscular contractions in vascular tissues.3 The employment

of synergistic cyclic stretch and fluid shear stress could enhance EC alignment and
spreading, as well as crosstalk between ECs and SMCs in vitro.18.111 For instance, Zheng
et al. utilized a normal flow shear stress (FSS) of 5.07 Pa and a normal cardiac cycle
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frequency (CS) of 1.17 Hz, which corresponds to the frequency at which the human

heart undergoes one complete cycle of contraction and relaxation. These parameters

were chosen to represent physiological and pathophysiological conditions of human

artery hemodynamics.18 Pathophysiological conditions were simulated with abnormal

FSS at 1.16Pa while maintaining a normal CS, and high CS at 2Hz with normal FSS
represented tachycardia-induced hemodynamics. Lastly, combining abnormal FSS with high
CS simulated severe atherosclerotic conditions in human arteries.18

The adjustable stiffness of the chip substrate by means of various polymers could
contribute to recreating pathological vascular stiffness, which is strongly correlated with the
microenvironment of early atherosclerotic lesions. For instance, polyacrylamide/acrylamide
ratios were manipulated in a study done by Shin et a/. to achieve physiologically relevant
elasticity (Young’s modulus) ranging from 2.4 to 19.2kPa and a pathologically high
elasticity of 153.6kPa. The applied shear stress of approximately 9dyn/cm? represented an
intermediate value, falling between the normal and atheroprone shear ranges.33

Hyperlipidemia, hyperglycemia, and inflammatory response are linked to the increased
oxidative stress and endothelial activation that is clinically associated with atherosclerosis.43
The over-retention of oxide low-density lipoprotein cholesterol (ox-LDL) in the
subendothelial ECM will initiate endothelial inflammation, following the phenotypic
switching of SMCs from a quiescent state to a proliferate state and leukocyte recruitment,
eventually leading to migration of SMCs to intima layer to initiate the growth of unstable
plagques. In some cases, hyperlipidemic factors and inflammatory cytokines, such as ox-
LDL, lipopolysaccharides (LPS), TNF-a and IL-1p were directly incorporated into the
microfluidic chips as determination of atherosclerosis-prone biochemical conditions.36
These small molecules enable precise control of the diseased microenvironment at various
stages of pathological development within the chip by means of the dynamic flow of
cytokine-contained culture medium.

The coating of the chip substrate with hydrogels is an effective tool for recapitulating

the interface of the arterial wall comprised of the tunica intima, formed by EC-layer, and
tunica media with SMCs (Figure 2d).3436 Based on such engineered 3D arterial walls, the
dynamic migration of SMCs could be monitored in response to inflammatory factors, which
is essential for investigating the pathogenesis of atherosclerosis. Overall, microfluidics
exhibited remarkable advantages in modeling diseased vascular models in terms of scales,
matrix composition, cellular fidelity, and architectural variability.112

3.2 Thrombosis on a chip

Similar to atherosclerosis, thrombosis can lead to severe complications due to the occlusion
of blood flow. While atherosclerosis is caused by fatty deposits on artery walls, thrombosis
involves coagulation and clot formation that blocks blood flow. By manipulating the

flow rates and channel dimensions, microfluidic systems are able to mimic thrombosis

at various shear rates, ranging from ~100 s~1 to ~10000 s~1 or more, which could be
induced via arterial pathology and stenotic disease.113 They can also replicate complex
flow patterns such as pulsatile motion and shear gradients, aiding study of conditions

like thrombosis near venous valves.14 Through altering channel diameter, microfluidic
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devices can generate stenosis regions with increased shear rates, enabling assessment of

clot formation kinetics and location in a controlled environment. For instance, maximum
WSS of 3-100dyn/cm? with an stenosis of ~55% have been shown a good approximation

to recapitulate the physiological conditions of thrombosis in a stenosed arterioles.8> When
the channel geometry includes sudden expansions and undercuts, it can create pockets that
exhibit primary and secondary vortices, resembling the flow patterns found in venous valves.
In these pockets, a fibrin gel initially forms within the secondary vortex.84 A 3:1 stenosis
ratio could be selected to mimic the ratio of vessel diameter/the distance between valve
leaflets in the human greater saphenous vein and superficial femoral vein (Figure 2¢).84

By optimization of channel design, stenosis geometry, and flow rate, it is possible to induce
platelet adhesion at desired locations and retrieve the intact platelet aggregations.86.:92 A
maximum shear rate of 10000s~1 was shown to be required for rapid platelet accumulation
in an 80% stenosis region.86 Moreover, arrays of micro posts in channels can induce
localized shear gradients and be used to study neutrophil-platelet thrombi interactions in

a 3D flow field.22 Under a shear rate of 1000s71, platelets could adhere to the VVWF-coated
posts (80um diameter) in 3min, resulting in thrombi formation with 70-90pm widths.22

Comprehensive assessment of thrombosis can be achieved by endothelialized
microchannels, allowing for induction of cell injury through inflammation, oxidative

stress, and physical stimulation to initiate coagulation cascade and thrombosis.13 For
instance, cell stimulation can be conducted by optical irradiation of the channels. As
reported, perfusion of blood containing microplastics after the stimulation overexpresses
fibrinogen and promotes thrombosis.8 Alternatively, through a T-junction, ferric chloride
can be introduced to a perpendicular endothelialized channel to induce oxidative damage
and create FeCl3 thrombosis model with 50mM FeCl3 concentration at the wall of

the lumen.93 Endothelialized microchannels with normal and stenotic geometries can be
employed to compare thrombosis formation under physiologically relevant shear rates using
human whole blood perfusion.>® However, channel endothelialization is challenging as the
thrombotic relevant shear rates dissociate the cells. Fixation of endothelium can enhance
their robustness while supporting thrombus formation at an arterial shear rate.8” In another
strategy, lumens lined with ECs can be embedded in fibroblasts containing hydrogel through
3D printing to trigger fibrosis and thrombosis.#2 Similarly, endothelialized networks with
various geometries and diameters could be fabricated in collagen type | matrix. At a

WSS of 5dyn/cm?, the cells could secrete 1-6mm VWFs without sufficient metalloprotease
ADAMTS13, leading to platelet binding and channel occlusion (Figure 2f).37

Thrombogenic agents such as collagen, tissue factors, fibrin, fibrinogen, and VWF are
usually incorporated in microchannels to initiate clot formation.1”:88 Choi er al,, for instance,
used a collagen coated PDMS channel with circular cross-section and showed thrombus
growth process in an 83.73% stenosis region (Figure 2g).17 The channels can be coated with
collagen and tissue factor patch to simulate plaque rupture and platelet activation, allowing
for determination of “time to occlude” and investigation of anti-platelet drug effects.20:21

As another example, collagen or VWEF coated microchannels have been used to study
vaccine-induced immune thrombotic thrombocytopenia, where blood containing anti-PF4
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antibody could induce clot formation on the chip.9%:91 Modifying the micro topography and
wettability of microchannels has also been shown to alter their thrombogenic properties. 96

Thrombosis models have also been established by application of patient-specific blood/cell
samples. For instance, whole blood from hematological thrombocytopenic patients was
perfused into collagen and tissue factor-coated microchannels to study hemostasis via

total thrombus formation analysis (T-TAS).1® Additionally, laminin-coated microfluidics
equipped with a gas exchanger, high-throughput microscopic imaging, and data analysis
methods were employed to associate the Sickle red blood cells adhesion profile to inherited
haemoglobin (Hb) disorders in different patients.3® Interestingly, Zhao et a/. used MRV
images of cerebral venous sinus thrombosis (CVST) patients to 3D print patient-specific
cerebral venous sinus (CVS) on a chip, where they could recapitulate Virchow’s triad and
assess thrombosis.1?

3.3 Organ specific models

OOCs enable investigating the reciprocal effect of diseased organs on vascular dysfunctions.
Due to space limitations, we only mention a few representative examples here and invite
readers to consult recent reviews on the topic.”11.71.115.116 \/ascularized tumors on chip,
particularly, have recently gained much attention, demonstrating the efficacy of OOCs for
such complex interactions.68:105.117 For instance, Heinrich et a/. utilized a multi-layered
vascularized OOC model of pancreatic cancer to investigate fibrosis-induced compression
of vasculature.*! They found that activation of pancreatic stellate cells and ECM production
led to vessel compression, and that cancer-associated fibroblast modulatory therapeutics
could inhibit this effect. Vascularized human bone marrow niches were also designed

via two 865 um wide hexagonal chambers connected by 80 pm long two-way ports.10°
Researchers have also employed a vascularized OOC model of the human omentum and
ovarian tumor microenvironment to investigate the effect of stromal cells on tumor cell
growth and vascular permeability, revealing the critical role of tumor cells in ascites
formation.88 A lung alveolus-on-a-chip with alveolar epithelium and endothelium was

also developed by Jain et /197 Perfusing blood in the chip allowed for analysis of
thrombosis and platelet-endothelial interactions during inflammation-induced acute lung
injury and testing of potential therapeutics.107 Soon et a/. replicated brain arteriovenous
malformations via mosaic culture of wild-type and KRAS-mutated endothelial cells in

a microfluidic platform, resulting in large, leaky microvessels.” MEK inhibitor could
improve tight junctions and barrier functionality.”® Cherubini et a/. introduced hydrogel-
laden microfluidics for generating fetal-like vessels on a chip, allowing for the study of
pericyte-endothelial interactions and stromal cells effect on vascular remodeling.104 Another
work modelled personalized intracranial aneurysms on a chip using patient-specific cells and
flow parameters, where the effect of shear stress on elongation and numbers of pluripotent
stem cell-derived ECs (hiPSC-ECs) was compared with those of HUVECs.196 In cardiac
tissues, vascular cells determine the magnitude of diastolic dysfunction upon inflammatory
agent stimulation.118
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3.4 Inflammation and other vascular dysfunctions

OOCs can also provide insight into vascular dysfunction in infections and chronic
inflammation. Qiu et a/. developed a vasculature-on-a-chip mimicking vessel stiffness and
endothelial barrier function.3> The chip allowed real-time observation of microvascular
obstruction and endothelial permeability, revealing how sickle-cell disease or malaria-
infected erythrocytes cause reversible endothelial dysfunction.3> Another microvascular
model was used to investigate microcirculatory obstruction and hematologic disorders in
malaria by mimicking arteriole-capillary-venule transition and observing red blood cell
(RBC) movement.38 The design had ~11,600 channels (5um diameter) per mm? which
could be tuned to match the channel density in the human heart. The model showed a

swift buildup of plasmodium falciparum-infected RBCs in capillary. Using the INVADE
design, researchers modeled the interaction of SARS-CoV-2 virus with endothelial cells and
peripheral blood mononuclear cells (Figure 2g).56 The virus disrupted endothelial barrier
function and elevated inflammatory cytokines. Angiopoietin-1 derived peptide mitigated
the inflammation and boosted barrier function against the infection.56 A new 64-chip
microfluidic platform has also been developed to create vascularized-lower respiratory tract,
allowing for study of SARS-CoV-2 infectivity and thrombotic events.193 In an innovative
design, the use of nanofibrillar collagen with longitudinal and circumferential alignments

to create vascular channels with 1mm diameter, enabled investigation of anti-inflammatory
function.3? Aligned patterning may have therapeutic benefit in preventing atherosclerotic
lesion formation.39

Furthermore, other vascular conditions such as ischemia-reperfusion 31.32.76.78,98-100
Hutchinson-Gilford progeria syndrome 119, vascular malformation 192, and pulmonary
arterial hypertension injury 2329101 have been modeled on a chip. For example,

in a microfluidic design, microgrooves connecting parallel channels enabled neuronal
segregation and axonal growth for modeling central nervous system (CNS) injury—ischemia.
While neuronal cell bodies and dendrites were confined within the soma chamber, axons
extended into the axon terminal chamber via 450 pm-long microgrooves.%® Amar et a/. also
showed a microfluidic model for ischemia-reperfusion injury (IR1) where re-perfusion of the
channel was possible after thrombolytic treatment.190 Considering the distinctive attributes
of ischemic stroke, marked by a swift decline in oxygen and nutrient levels, replicating both
hypoxia and nutrient deprivation via microfluidic devices becomes crucial.3! Traditional

in vitro models relying on Petri dishes struggle to accurately reproduce the oxygen levels
observed during a stroke. McBain et a/. introduced Graddient design where a microchamber
loaded with collagen and astrocytes was situated beneath a microwell array, enabling
precise regulation of nutrient depletion within the microchamber for continuous real-time
monitoring.3! In a polystyrene-made microfluidic device developed by Denecke et af.,

one could simultaneously generate oxygen and nutrient gradients within a microchamber.
The design replicated ischemia induced necrosis and penumbra, and illustrated that under
conditions of hypoxia and nutrient deficiency, signaling abilities of astrocytes within the
penumbral region significantly changed.32 The elevated shear stress and disturbed blood
flow, occurring predominantly at arterial bifurcations and branching points, were stimulated
by adjusting the geometric complexity and hierarchical microstructure of microchannels,
applying additional cyclic tensile and compressive forces, as well as precise control over
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the flow of liquids within the chips 76:102.120.121 The henefits of adjustable parameters
within these devices enable the simulation of blood-related disorders, such as vascular
malformation and pulmonary arterial hypertension (PAH).122 For instance, to study PAH,
parallel channels separated via micro pillars were utilized to create perivascular, adventitial,
medial, intimal and luminal layers of a pulmonary artery.23:101 Different shear stresses

in the range of 0.1 to 15 dyn/cm? were applied in this study.23 In another work, human
pulmonary artery endothelial cells (HPAECs) and human pulmonary artery smooth muscle
cells (HPASMCs) were cultured on two channels separated via a PET membrane with
400nm pore size. Under the human lung arterioles shear stress of 6 dyn/cm2, PAH was
investigated.2% Overall, these models have enabled a better understanding of the cellular and
molecular events underlying this phenomenon and the development of potential therapeutic
interventions.

4 Limitations of organ-on-a-chip models and Future Outlook

In this review we demonstrated that organ-on-a-chip systems have a great potential
for modeling vascular diseases. Despite this promise, significant challenges remain in
replicating the intricate biology of these diseases accurately. Here we will provide a
discussion of these obstacles and propose potential directions for improvement.

Vascular disease modeling /n vitro will often require multiple cell types and the appropriate
ECM that compose the natural vasculature, which is often challenging to mimic. For
example, most of the models are composed of microchannels seeded with endothelial

cells, lacking the existence of other cell types, such as smooth-muscle cells and immune
cells, which are crucial for mimicking the environment required for recapitulating disease
conditions. Atherosclerosis, for example, will benefit from the incorporation of monocytes
and macrophages for better mimicking plaque formation. ECM components that were used
for cell seeding are often derived from the tumor (Matrigel or other Matrigel-like products)
with high batch-to-batch variability or blood clotting material (fibrinogen) and cannot
recapitulate the healthy microenvironment of the vasculature.123 Thus, ECM products with
defined composition tailored to the target diseases would be an ideal replacement.

Often, the scale of the vessels in the system will be different from the scale needed to
recapitulate the disease conditions exactly. It is difficult to reproduce branching form the
um scale of capillaries to the mm scale of coronary arteries. Developing platforms with the
right dimension and the appropriate shear stress is still not achieved at all length scales (e.g
<10pm and >1mm). Often, these platforms require external pumping to achieve a specific
fluid flow, which can be difficult to scale up and will affect throughput in drug testing.

Another critical limitation that is poorly studied in current OOC systems is the lack

of systemic circulation. Systemic infection and inflammation are the leading cause of
hemostatic abnormalities. This aspect is challenging to mimic as most of the OOCs are
composed of very few organ- or tissue-specific compartments, which commonly do not
include immune system organs. The addition of PBMCs® or CD14* immune cells only
partially recapitulates the cascade of /n vivo immune responses as they commonly lack
immunogenic cells, i.e. neutrophils and eosinophils, as well as the immune organs, i.e.

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2024 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Shakeri et al.

spleen, thymus, or lymph nodes, that correspond to the adaptive immunity. The use of
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organ-specific endothelial cells is currently performed only rarely, and will be required for

high fidelity modeling.

The longevity of the Organ-on-a-Chip culture is typically limited to 14-21 days, where

the vasculature lining and added PBMCs can regress or die off due to the unfit /n vitro

microenvironment, or lack of the replacement. This will hinder the opportunity of modeling
chronic diseases. Lastly, like other organ-on-a-chip devices, the common use of PDMS
will affect the reliability of therapeutic drug screening, therefore, replacement with low-

absorbable materials, such as polystyrene or polycarbonate will be required.
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Highlights:

. Organ-on-a-chip (OOC) systems have emerged as a powerful tool for

studying vascular diseases in a more physiologically relevant environment.

. OO0Cs can model various aspects of vascular diseases, including
atherosclerosis, thrombosis, and inflammations.

. Organ specific models offer new opportunities for drug discovery and
personalized medicine.
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Advanced Microfluidics

Incorporating multi cell types

Recreating biomimetic hemodynamics
+ Mimicking vessel geometries

Understanding cell-to-cell interactions

Figure 1. Schematic illustration of the advanced microfluidic chips for vascular disease modeling
and personalized medicine application.

OOC models provide advantages in incorporating various cells, simulating rheological
factors, and mimicking pathological microenvironments towards the construction of vascular
disease models for investigating pathogenesis of the disease, drug development, and
personalized medicine.
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Figure 2. Vascular disease on a chip
(@) (i) a photo of an INVADE platform. (ii) ECs after 48 hours after HCoVNL63 infection.

Copyright 2022, Royal Society of Chemistry.%8 (b) The promotion of capillary growth
in microvessel devices by using photoablation as a guide. Copyright 2020, American
Association for the Advancement of Science.38 (c) (i) A diagram depicting the process
of angiogenesis in the assay. (ii) Distinct shapes of angiogenic sprouts that have formed
over three days, white arrow indicates the direction of flow. Copyright 2016, Royal
Society of Chemistry.59 (d) (i) Visual representation of the dysfunction of ECs/SMCs
in the arterial wall during early stages of atherosclerosis, as replicated in a microfluidic
system. (ii) Fluorescence image of SMCs co-cultured with ECs. The inset in the white box
shows the alignment of actin filament, while the yellow dotted box indicates the z-stack
of confocal sections. Copyright 2021, Royal Society of Chemistry.36 (e) (i) Streamlines
after perfusion of beads at 150° expansion mimicking venous valve flow. (ii) Thrombus
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formation. Copyright 2018, American Heart Association.84 (f) (i) Tortuous microvessels that
have been endothelialized. (ii) VWF fibers at the inner corners of vessel turns. Copyright
2015, Nature Publication Group.3” (g) Thrombus growth in a stenosed channel. Copyright
2022, Springer.1”
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An overview of various OOCs applications for vascular diseases, including their design features, materials of
construction, biofunctional interfaces, and key advances in the field.

Alginate/Gelatin (or

Platelet- agonists

Application Design Materials of Biofunctional Key advances
construction interfaces
Atherosclerosis Straight channel16:33 PDMS16.18,52.83 HUVECs Effects of various shear stresses and
Cross-connected parallel Polyacrylamide33 BAECs channel stiffness were shown.16:18.33
channels36 GelMA® SMCs Channels with circular cross-sections
Membrane-separated Collagen/Matrigel3® HAECs were created by air pumping through
channels!8:83 : ; HUASMCs uncured PDMS.52

Stenosis-integrated 34 Multi-stepped parallel channels enabled
channel52 o GelMA) VWF capillary-guided hydrogel confinement
Mu|ti.|ayered micro FIbrmOgen and ECM patterning for cross-
conduit® Collagen connected channels without physical
Fibronectin barriers.36
Matrigel Coaxial 3D printing of two-layered
hydrogels was used for bioprinting of
vein- and artery-like conduits.34

Thrombosis Stenosis-integrated PDMS/ HUVECs Venous valvular stasis was modeled by
channel17:19,37,59,84-86 glass19-22:59.84,87,88,92,97 HDMVECs incorporating undercuts in an expanding
Continues channel?287-91 | pDMS17.85:89.93 HLMVECs channel 84
H-shaped channel®2 Glass®® Collagen Platelet adhesion was estimated through
T-shaped channel93.94 GelMA#2 Collagen/TF correlation mapping.*2
Y-shaped channel204295 Collagen® l\:/'\lgVFbl . Platelet aggregation was achieved via
Branching channels?537.% | PDMSsilica® Ibroblasts embe(_idmg an array of thrombus-sized

. ; Fibronectin osts in channels.?2

Commercial devices®St % ical irradiation induced |

Agarose/gelatin® in?ulrilaaglrra iation induced vascular
Circular channels were SLA printed
based on CTA images of CAD%® or
MRYV images of CVS?9,
A valve membrane was used to form
wound.%*
Channels were made by extrusion of
sacrificial Pluronic tubes in GelMA
containing encapsulated fibroblasts.*2
Thermal expansion of air trapped inside
partially cured PDMS created circular
channels.17%4
EDTA-quenching at the downstream
of thrombotic site enabled accurate
occlusion timing.20:21
UV laser induced different wettability
properties.%

Ischemic Cross-connected parallel PDMS/glass’8.98-100 Cortical neurons Microgrooves connecting parallel
channels?8.98.99 pc3t Astrocytes channels enabled neuronal segregation
Stenosis-integrated ps32 HUVECs and axonal growth for modeling CNS
channel100 iECs axonal injury.98
Microwell-plate format3! iCMs Graddient: a collagen microchamber
Channel crosses Collagen was positioned beneath a microwell
microchamber3? array, allowing control of nutrient

depletion within the microchamber.3!
Oxygen and nutrient gradients formed
in a microchamber via a crossing
microchannel separated by diffusion
ports.32

Pulmonary Membrane-separated PDMS/glass?3101 PAH-ECs 5 parallel channels separated via

arterial channels?® PDMS/PET membrane2® PAH-SMCs micro pillars were utilized to create

hypertension Cross-connected parallel PAH-ADCs perivascular, adventitial, medial, intimal
channels23.101 Collagen and luminal layers of a pulmonary
Matrigel artery.23:101
Fibronectin
Poly-D-lysine
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Application Design Materials of Biofunctional Key advances
construction interfaces
Vascular Branching channels3® Agarose/gelatin3® HUVECs IPN hydrogel channels mimicked
dysfunctions, Cross-connected parallel Collagon38-40 HDMVECs vascular stiffness, permeability and self-
inflammation channels3840,102 POMaC®6 HLMVECs healing of the endothelial barrier.3
and ) Microwell-plate PDMS/glass02 IECs Laser ablation created an array of
malformation format®6.103 EQA\%SC capillary-sized channels within a
i 39 S collagen matrix.38:40
Straight channel HUASMCs InVA%E: A porous channel with
HPMECs vascular-mimicking stiffness links
Pericytes sequential microwells.56
Fibroblasts A multilayer vascular tube was
AECs fabricated via extrusion of nanofibrillar
Fibrin collagen with certain alignments.3°
Collagen
Various organ- Cross-connected parallel PDMS/glass?8.104.105 HUVECs Hexagonal chambers were
on-a-chip channels®8.70.104 PDMS70.106,107 Im-HUVECs interconnected by two-way ports to
models Connected Collagen/fibrin® iECs model the perivascular and endosteal
microchambers205 Polysulfones° iCMs niches within human bone marrow.1%>
Straight channel41106 Omental ADs A multilayered collagen/Fibrin
Membrane-separated BMSCs surrounding a circular channel was
channels!07 hCB-ECs made by using a blunt needle as a
Microwell-plate format® PSCs sacrificial structure.*!
AECs Highly perusable and irregular vessels
hFOB were formed in diamond-shaped
E!grpblasts microchambers connected to two
ibrin

parallel channels from opposite
corners.”

An endothelialized nylon membrane
was integrated under tissue chambers to
form a vascular barrier.%°
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