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Abstract

Organ-on-a-chip platforms involve the miniaturization of cell culture systems and enable a 

variety of novel experimental approaches. These range from modeling the independent effects 

of biophysical forces on cells to the screening novel drugs in multi-organ microphysiological 

systems, all within microscale devices. As in living systems, the incorporation of vascular 

structures is a key feature common to almost all organ-on-a-chip systems. In this review we 

highlight recent advances in organ-on-a-chip technologies with a focus on the vasculature. We first 

present the developmental process of the blood vessels through which vascular cells assemble into 

networks and remodel to form complex vascular beds under flow. We then review self-assembled 

vascular models and flow systems for the study of vascular development and biology as well as 

pre-patterned vascular models for the generation of perfusable microvessels for modeling vascular 

and tissue function. We finally conclude with a perspective on developing future OOC approaches 

for studying different aspects of vascular biology. We highlight the fit for purpose selection of 

OOC models towards either simple but powerful testbeds for therapeutic development, or complex 

vasculature to accurately replicate human physiology for specific disease modeling and tissue 

regeneration.
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Introduction

Vasculature is the universal tissue infrastructure, known for providing nutrients, taking away 

waste, maintaining homeostasis, and shaping tissue and organ structure. In the developing 

embryo, a primitive vascular network first emerges de novo via the differentiation 

and assembly of a group of vascular progenitors, known as angioblasts [1–3]. As 

development proceeds, this primitive network remodels, presumably triggered by changes 

in hemodynamic forces [4,5], surrounding cell types, and microenvironment, including 

chemical factors and architectural features of surrounding extracellular matrix, to establish 

a hierarchical vascular tree with tissue-specific functionality important for the function of 

each organ [6,7]. The process of de novo vascular formation is known as vasculogenesis, 

whereas remodeling and vascular growth from pre-existing vasculature, either by sprouting 

or intussusception [8], has been defined as angiogenesis. Modern evidence has shown that 

blood vessels also provide instructive regulatory signals to surrounding non-vascular target 

cells [7,9]. Building vascular models and vascularized tissues has been a major thrust 

in biomedical research in recent decades for understanding vascular biology, regenerating 

tissue, modeling diseases, and testing preclinical drugs.

Among various biomedical efforts, organ-on-a-chip (OOC) technologies have gained 

significant research attention in recent years, with the more specific target of designing 

and engineering miniaturized functional units of human tissues and organs [10–13]. These 

miniaturized devices promise to better replicate native biological functions ex vivo and 

enable high-throughput techniques essential to disease modeling and drug testing. Central 

to this approach is the use of perfusable micro- and milli-fluidic platforms in which fluid 

flow both sustains the metabolic needs of OOC devices and replicates the distinct vascular 

compartment found in living organisms. In this review we explore recent advances in OOC 

technologies with a focus on this vascular component and technologies for replicating 

vascular structure and function in vivo. We will briefly review vascular structure and 

function, highlighting OOC systems that have advanced our understanding of fundamental 

aspects of vascular biology. We then explore OOC systems that utilize an engineered 

vasculature to explore tissue level functions in organ-specific models. We conclude with 

prospective remarks on choosing OOC systems of varying complexity and including proper 

cell populations to target suitable vascular biology questions.

Vasculature: Heterogenous structure and cell populations.

Blood vessels are organized in a hierarchical branching network in three-dimensional (3D) 

space and characterized by diameters ranging from arteries and veins (1 mm to 1 cm for 

large vessels, and 100 μm to 1 mm for small vessels), to arterioles and venules (20 – 

100 μm) and capillaries (5 – 20 μm). The curvature of vessels ranges from 10−3 to 102 

mm−1 with the largest vessel curvature found in the microvasculature of complex vascular 

beds like the brain [14]. Variation in size and curvature corresponds to the difference in 

vessel wall composition and blood flow, leading to heterogeneous biophysical forces on the 

vessel walls. As the innermost layer of cells on the vessel wall, endothelial cells also have 

distinct identities in arteries, veins, large and small vessels and different vascular beds in 

various organs to support diverse vascular function and tissue demands [15–18]. Oxygenated 
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blood is carried in arteries and arterioles, whereas deoxygenated blood drains into venules 

and veins. A continuous endothelial cell layer in high density capillary networks supports 

the high metabolic demand of organs such as the heart and brain, whereas a fenestrated 

endothelium allows for filtration, secretion, and reabsorption of small molecules in kidney 

and guts. Sinusoidal or discontinuous endothelia are critical to support macromolecular and 

cellular trafficking functions in liver, bone marrow and spleen [19–22]. The endothelium 

provides critical signals to construct a specific vascular microenvironment and instruct organ 

development and maturation [7,9]. The organ-specific microenvironment (i.e. cytokines, 

metabolites, biophysical signals, and direct cell-cell contact from parenchyma cells) 

simultaneously interacts with ECs to induce unique EC functions [23].

Heterogeneity therefore is an important part of vascularization that needs to be considered 

for recapitulating specific tissue and organ function and may be used for promoting tissue 

regeneration.

Hemodynamics: a critical driver for vascular formation

A central process in vascular biology is sensing blood flow. Once a vascular network forms, 

blood flow induces mechanical stimuli that is constantly sensed by the vasculature, driving 

vascular growth and remodeling. As blood flows over the endothelial surface, its viscosity 

generates shear forces in the direction of flow. Simultaneously, pressure within the blood 

vessel generates a force normal to the surface of endothelial cells causing the vessel to 

stretch.

Vessels with different size, identity (i.e., artery, vein, or capillary), or in different organs 

often have different characteristic pressure and shear stress levels. Changes to shear stress 

level have been associated with vascular pathologies for decades, with regions of altered 

blood flow near vessel bends and bifurcations frequently acting as sites for atherosclerotic 

plaque growth or aneurysm development [24].

Endothelial cells sense these biophysical cues through a variety of mechanosensory 

mechanisms [25]. Numerous EC mechanosenors for wall shear stress (WSS) have been 

identified, including the junctional complex specific to endothelial cells consisting of 

VE-Cadherin, VEGFR2, and PECAM1 [26–30]. Additional mechanosensitive complexes 

include G proteins, ion channels, integrins, and NOTCH1 [31–36], which can be activated 

by WSS to induce downstream signaling to modulate vascular tone, barrier function, 

and proliferation. In addition to WSS magnitude, endothelial mechanosensors can also 

be activated by flow patterns. Physiological laminar flow activates the expression of 

transcription factor Krüppel-like factor (KLF2) and nuclear factor (erythroid-derived 2)­

like (NRF2), and downstream antiinflammatory pathways. Disturbed flow inhibits KLF2 

and NRF2 activation and activates pro-inflammatory pathways, leading to an atheroprone 

phenotype [31,37]. Recapitulating the diverse flow conditions found in vivo in engineered 

vascular models may be key to better understanding the physiologically heterogeneous 

vascular response to flow mediated conditions.

Blood flow plays a key role in regulating essential endothelial functions, including the 

release of nitric oxide for paracrine signaling [38] and endothelial barrier function [39]. 
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These endothelial responses are often intimately tied to the function of perivascular cells 

and parenchymal tissues [40]. Thus, the studies of vascular biology and vascular support 

of parenchymal function requires fine control over biophysical and biochemical processes. 

OOC technologies are uniquely suited to pursuing these questions as they enable control of 

flow parameters that are difficult to study in vivo and let researchers specify and explore 

the types and interactions of endothelial cells with different parenchymal populations. In this 

review, we will investigate these applications of OOC devices to different aspects of vascular 

biology, from the discovery of fundamental endothelial mechanisms to the engineering of 

multi-organ models health and disease.

Self-assembled vascular models – vascular development:

Forming EC networks

The initial process of vasculogenesis (also called tubulogenesis) has been modeled with 

direct cell-in-gel culture systems, by embedding endothelial cells in cell-remodelable 3D 

matrices like collagen, fibrin, or Matrigel [41,42]. Once encased in these extracellular matrix 

(ECM) hydrogels, ECs can create lumens via either intracellular or extracellular mechanisms 

and form connective vascular tubes [41]. Vacuoles develop in ECs and then fuse with those 

in neighboring cells to form an intracellular lumen [43]. In addition, membrane invagination 

occurs at the junctions of neighboring ECs to hollow out the space between cells and create 

a lumen between them [44].

Extensive studies have utilized this direct cell-in-gel culture system to define factors and 

conditions which coax endothelial cells into luminal structures that connect and remodel 

following biophysical and biochemical cues [45,46]. Pericytes can be embedded in the 

bulk gel and recruited to support the developing vessel tube by stimulating basement 

membrane matrix assembly [47]. Since then, multiple OOC devices have been developed 

to further elucidate the role of biochemical and biophysical signals on tubulogenesis. For 

example, the Kamm group has developed microfluidic vasculogenesis devices with multiple 

culture compartments, which allowed for the inclusion of stromal cells or pericytes, and 

the flexibility of modifying growth factors, extracellular matrices, cellular composition, 

and imposing shear flow in parallel with the vasculogenic compartment [48]. Using this 

system, they also identified that angiopoietin-1 was a critical factor in the formation of 

stable and perfusable vessels with direct mural-EC cell-cell contacts (Fig. 1A) [49]. In a 

different microfluidic model developed by the Lee group, series of microtissue chambers 

containing self-assembled vascular networks, are connected between long microfluidic 

channels with full control of interstitial flow and mass transport. Using such an OOC device, 

Hsu and colleagues showed that interstitial flow across a cell-in-gel mixture could stimulate 

vasculogenesis [50]. This technique was then applied to create a higher throughput multi­

channel platform for drug screening applications by the Hughes group [51] (Fig. 1B) and 

used to develop various vascularized microphysiological systems [52–54]. Self-assembled 

vascular networks have also been useful in identifying the role of endothelial cells and 

other vascular cells in supporting vascularization, tissue regeneration and OOC development 

[55–57].
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Vascular organoids

Early vascular development starts with the assembly of vascular progenitors, which can 

continue to differentiate and self-renew to expand the vascular network and communicate 

with the parenchyma to modify endothelial cell identity. Existing model systems, however, 

have mostly relied on terminally differentiated endothelial cells, which lack sufficient 

plasticity or proliferation potential and limit the understanding and modeling of vascular 

development. Recent advances in pluripotent stem cell technology hold promise in deriving 

renewable vascular cells towards modeling blood vessels in vitro [58–60]. In particular, a 

recent report by Wimmer et al. demonstrated the development of human vascular organoids 

(hVOs) from human induced pluripotent stem cells (hiPSCs) with an organized vascular 

network [61]. By aggregating hiPSCs in 3D suspension culture, hVOs can be differentiated 

using growth factors and small molecules into organized endothelial and perivascular 

populations. These can be further matured and compacted in a collagen-Matrigel hydrogel 

to allow for sprouting and vascular network formation by VEGF and FGF stimulation. 

After compaction, hVOs displayed an organized vascular network with endothelial cells 

(CD31+) forming connective lumens and coated with COL IV+ basement membrane and 

PDGFR-β+ pericytes, and αSMA+ mural cells (Fig. 1C). There are also cell populations 

at similar differentiation stage including mesenchymal stem cells (CD90+ CD73+ CD44+) 

and hematopoietic cells (CD45+), suggesting simultaneous development of vascular and 

hematopoietic cell populations in hVOs. When transplanted in immunodeficient mice, 

the hVOs showed successful host integration (Fig. 1D) [62]. Notably, transplanted hVOs 

matured to form perfusable hierarchical vascular networks containing branching arteries 

and veins as well as capillary networks (Fig. 1E) enveloped with mural cells and basement 

membranes. This is likely the first demonstration of hierarchical vascular network formation 

in an implanted graft. In recent studies, this same group showed that hVOs can be directly 

infected with SARS-CoV-2 isolates, express viral RNA, shed progeny virus and substantially 

resist infection under the introduction of human recombinant soluble ACE2 [63]. The 

faithful recapitulation of human vasculature by hVOs promises in-depth understanding 

of vascular associated changes in human context and its application as a drug screening 

platform for treating diseases accompanying vascular complications.

Beyond hVOs, organoids have been developed to study organ development and model 

many organ-specific diseases [64]. The immediate milestone in these self-assembled culture 

models is to establish functional vascularization and perfusion. Endeavors have been made 

to promote vascular formation in organoids via endogenous growth factors [65,66]. and 

reprogramming [55,67]. One remaining but critical challenge is the lack of luminal perfusion 

in these self-assembled vascular structures. A recent effort led by Homan et al. managed 

to incorporate flow around cultured organoids, which promoted vascular network formation 

in the kidney organoids (Fig. 1F) [68], though luminal perfusion remains to be achieved. 

A perfusable vasculature is needed for the long-term culture and development of these 

self-assembled systems in vitro. Once that is achieved, these culture systems could be used 

to trace the formation of organ-specific endothelial and mural cell populations in vitro, and 

to model the complex organ-specific vascular physiology and pathology. It is expected that 

engineering tools, such as microfluidic and bioprinting techniques presented in the following 
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sections, would be needed to help bridge these gaps and advance our understanding of 

vascular biology.

Flow systems – vascular development and biology

Blood flow is a key driver for the proper vascular growth and remodeling. The study of the 

hemodynamic response of vessels has been focused in two areas: endothelial cell sensing of 

flow and network expansion via angiogenesis. Different model systems have been developed 

in these two distinct areas.

Flow systems to model EC flow sensing

Flow chambers have been designed to model laminar or disturbed flow profiles and study 

the flow responses of cultured endothelial cell monolayers [26–28,69–71]. Endothelial 

cells respond to flow with cytoskeletal remodeling and cellular alignment in the direction 

of flow, changes in adherens junction complexes, and changes in gene expression and 

cell proliferation [28,71]. With sustained physiological shear stress under laminar flow, 

endothelial cells undergo elongation and alignment, strengthened adherens junctions, and 

lower permeability. When exposed to disturbed flow, often defined as a flow separation 

or recirculation with higher or lower than physiological wall shear stress, endothelial 

cells experience rounding, weakened adherens junctions, higher permeability, and increased 

proliferation and proinflammatory expression [69,71]. Similarly, in response to defined 

circumferential strain endothelial cells experience cytoskeletal remodeling leading to actin 

stress fiber orientation perpendicular to the stretch axis [72]. Physiological circumferential 

strain is associated with matrix remodeling, angiogenesis, growth factor secretion, and 

integrin engagement [37].

The state of the art of engineering models for the study of endothelial cell responses to 

flow have been limited in parallel plate flow chambers, 2D substrate assays, and deformable 

rubber membranes for many years. Parallel plate flow chambers are 2D systems which 

allow for a monolayer of endothelial cells to be exposed to a defined flow allowing for the 

effective study of WSS on the endothelium [73,74]. Additionally, endothelial cells cultured 

on 2D substrates and transwell plates have been used for evaluating endothelial cell function 

in basic mechanistic studies [24]. To investigate circumferential strain, deformable rubber 

membranes have been used to apply a defined strain to a monolayer of endothelial cells [37]. 

These simplified models have been crucial for understanding the endothelial cell response 

to mechanical forces. However, endothelial cells in arteries, veins, and microvasculature 

experience different levels of WSS, blood flow profiles, and pressure. Additionally, there are 

differences in metabolic demand and transport needs across different organ systems leading 

to specialized endothelial cell and vascular structure and function in different vascular beds 

[75–77]. Thus there are significant limitations in simple flow chambers due to the lack of a 

physiological 3D structure, lack of tissue-specific extracellular matrix and stromal support 

cells, and the lack of complex flow characteristics, all of which lead to a failure to fully 

recapitulate the microvascular niche.

In the body, the blood vessels bend and twist through 3D space with varying levels of 

curvature and torsion (i.e. deviation of curvature from its osculating plane). Small vessels 
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with low flow and high curvature and torsion have been associated with heterogeneous 

vascular modeling, which remains not well studied. The response of ECs to flow has been 

binned into either laminar or disturbed flow, which however represent the two extremes of 

the wide spectrum of flow profiles found throughout the vasculature. To bridge the gap and 

understand the flow response in small vessels with 3D curvature in a laminar flow regime, 

our group has recently developed a spiral microvessel system with precisely controlled 

diameter, curvature and torsion in 3D space (Fig. 2A) [78]. We showed small spiral vessels 

in laminar flow regions induced distinct changes in EC phenotype and transcriptional 

profiles compared to conventionally defined laminar flow in straight vessels. This new 

engineering model expand the control over 3D geometrical parameters to better mimic 

vascular structure in vivo and accurately understand the effect of 3D curvature on vascular 

biology. The results also point to potential flow mediated mechanism of heterogeneous 

vascular development and remodeling.

Flow mediated sprouting angiogenesis and barrier function

Vascular networks expand through angiogenesis to establish hierarchical structure. This 

directed expansion of the vasculature is a critical process in normal development and wound 

healing, as well as in tumor progression [6]. Sprouting angiogenesis starts when ECs branch 

off of an existing blood vessel and extend into an avascular space, often motivated by the 

presence of specific chemical gradients in the tissue (e.g. VEGF) [79]. The sprouts are 

known to be led by a specialized “tip” cell EC, which migrates forward while trailing “stalk” 

cells proliferate to maintain a continuous lumen as the new vessel lengthens [80]. Much of 

this process has been observed in model organisms such as zebrafish and rodent models. 

Most engineering models have focused on biochemical factors that drive sprouting of an 

endothelial cell monolayer into ECM hydrogels [81,82]. The development of flow-mediated 

vascular model, however, is essential for a complete understanding of the underlying 

mechanisms and for the investigation of new therapeutic approaches. Given this, a wide 

variety of OOC systems have been developed for investigating angiogenesis [81–85]. Key to 

these designs is the patterning of an initial parent vessel, which is often achieved through 

casting of hydrogel around a removable mold (e.g. an acupuncture needle [83]) or carefully 

designed microfluidics devices where the hydrogel is confined to the space between two 

independently perfused channels [84]. For example, Nguyen and colleagues utilized needle 

subtraction method to generate two independent channels in a collagen hydrogel to study 

sprouting angiogenesis [86]. By seeding one channel with endothelial cells and perfusing 

angiogenic factors (HGF, bFGF, MCP-1, VEGF, S1P, and PMA) through the other channel 

to create a chemokine gradient they induced angiogenic sprouting (Fig. 2B). The formation 

and maturation of these sprouts appeared to follow the mechanics of what has been observed 

in vivo, representing a powerful testbed for further study of the molecular mechanisms of 

angiogenesis.

Other OOC models of angiogenesis have been developed to further investigate the 

biomechanical and biochemical regulators of angiogenesis [85,87]. Song and Munn 

developed microfluidic system and showed that fluid forces can regulate angiogenesis 

[88]. They seeded endothelial cells into two microfluidic channels separated by a block 

of collagen gel and established a VEGF gradient across the two channels to stimulate EC 
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sprouting (Fig. 2C). They found that high shear stress attenuated VEGF induced sprouting 

through nitric oxide signaling and that interstitial flow through the collagen gel stimulated 

sprouting. This interstitial flow finding has also been replicated in additional OOC models 

[89]. Flow has been shown to regulate the production of matrix-metalloproteinase 1, which 

is an important factor for angiogenic sprouting [70]. In addition to sprouting, the use of 

cell-remodelable matrices provides important features for assessing vessel barrier function. 

For example, using single microvessel tubes, NOTCH signaling has been shown to be 

regulated by WSS, and further regulate vascular barrier function (Fig. 2D) [90], promote 

arterial gene expression [91], and maintain junctional integrity and suppress proliferation 

[92].

Together, this new generation of 3D vascular microfluidic models enables the control of 

input flow, vessel geometry in 3D space, vessel network structure, leading to fine control 

of flow magnitude, flow profiles, and pressure in individual branches and networks and 

better recapitulation of conditions in vivo. These advances would allow for the studies of 

individual contribution of flow parameters in step wise fashion, to uncover new cellular 

behaviors and gene regulations in in vivo like vascular microenvironment. These new 

models could also be used to test effects of isolated components of signaling pathways 

through stimulating or inhibiting (by activators, knockdowns, or cleavage methods) specific 

regulators and subjecting them to identical mechanical stimuli. Incorporating these new 

OOC technologies would provide new insights into core aspects of vascular biology at 

each of the stages of vessel formation and expansion, from individual cells, to lumens, and 

connected networks.

Patterning perfusable microvascular networks – vascular and tissue 

functions:

Beyond the fundamental study of vascular biology itself, introducing vasculature into OOC 

systems is critical for the development of functional tissue and the study of biologic 

processes including vascular-parenchymal and blood-vessel interactions [93]. Perfusion 

through the vasculature is necessary for the nutritional support of parenchymal tissue, 

with tissues generally needing to be located within a few hundred microns of a vascular 

lumen [94]. In addition to transport and hemodynamic-related phenomenon, vascular cells 

themselves guide the development and behavior of parenchymal and perivascular cells and 

are intimately involved in biological processes like inflammation, hemostasis, and wound 

healing [95–97]. The function of organs such as the heart, kidney, lungs, liver, or spleen 

is dependent on continuous perfusion, which is required for truly modeling the behavior of 

such organs.

An ideal vascularized OOC would include precise three-dimensional cellular arrangement, 

high vascular density, close apposition of vasculature and parenchyma, organ-specific 

function, cell-remodelable extracellular matrix materials, in vivo-like hemodynamics, 

hierarchical and multicellular blood vessels, and multiple organ-specific cell types. Current 

OOC systems generally focus on a limited number of these features and achieving them all 

simultaneously remains an outstanding challenge for the field. Various patterning techniques 
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have been used to generate perfusable vasculature. The prepatterned approach involves 

the creation of hollow lumens within a bulk material followed by the introduction of 

endothelial cells. Methods for prepatterning vascular channels in OOC systems range from 

relatively planar microfluidic approaches, to lithographic or molding approaches within 

cell-remodelable hydrogels, to direct-writing strategies with full 3D control such as 3D 

printing or laser degradation [98,99].

PDMS based microvascular structure.

Microfluidic approaches to modeling a vascularized organ generally involve casting a 

biologically inert material such as polydimethylsiloxane (PDMS) over a micromachined 

mold with raised features, and then removing and bonding it to a glass surface or 

another piece of PDMS to create hollow channels. Such approaches are exemplified by 

the landmark design of Huh et al, consisting of two rectangular channels cast in PDMS 

and separated by a porous PDMS membrane [100,101]. Seeding vascular cells into one 

chamber and parenchymal cells into the other allows observation of transport phenomena 

and interactions at the tissue interface, with additional vacuum chambers on either side 

allowing the application of cyclical stretch/strain to mimic biological forces (Fig 3A). 

Initially used to model a breathing lung, organ functions including surfactant production 

were demonstrated, and processes occurring at the vascular-parenchymal interface such as 

neutrophil adherence and diapedesis in response to inflammation were replicated [100]. 

Since this initial report, this technology has been used to emulate specific functions 

of numerous organs. Notable examples include an anaerobic human intestine-on-a-chip 

replete with a complex bacterial microbiome [102] and a human glomerulus-on-a-chip 

incorporating human glomerular endothelial cells and human induced pluripotent stem cell­

derived podocytes while demonstrating basic filtration function [103]. Connecting similar 

devices cultured with different organ-specific cells into a “body-on-a-chip” and automating 

cell culture and imaging was demonstrated recently, highlighting exciting future possibilities 

for monitoring organism-level processes [104].

Hydrogel based microvascular structure.

The PDMS based microfluidic devices often succeed at replicating specific tissue function, 

but are limited by their essentially planar nature, the use of non-biologic materials, and 

difficulty supporting multiple cell types. Lithographic and/or molding-based approaches 

within biologic hydrogels allow greater three-dimensionality, the opportunity to include cells 

in the bulk matrix material, and the ability for cells to remodel the surrounding matrix. 

These approaches generally have in common the use of a mold or sacrificial material around 

which matrix material is cast, with removal of the mold or sacrificial material then leading 

to channels that can be seeded with endothelial cells. One simple, yet effective, iteration of 

this is the use of thin needle as a mold which is removed following matrix gelation, resulting 

in vascular lumens within a bulk hydrogel. This approach has been used to study tissue 

phenomenon including the vascular invasion of pancreatic cancer [105].

Our lab has developed a technique to create geometrically complex engineered vessels by 

lithographically patterning PDMS molds and using them to imprint channels into liquid 

collagen hydrogels. Following collagen gelation PDMS molds are removed and patterned 
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slabs are assembled against a flat piece of collagen to create rectangular lumens within a 

bulk hydrogel [106]. This approach has been used to model the bone marrow niche [107] 

and create implantable cardiac vascular patches [108]. By assembling two patterned collagen 

slabs across a thin collagen membrane and seeding top and bottom channels with renal 

tubular epithelial and endothelial cells, respectively, this approach was used to emulate the 

human renal vascular-tubular unit (Fig 3B). Incorporated cells secreted basement membrane 

components, remodeled the collagen membrane into an ~1 μm exchange interface, and 

supported blood perfusion and albumin resorption [109]. The Radisic group has also used 

a stacking approach to increase vascular density and generate thick, multilayered cardiac 

constructs [110].

Bioprinting approaches offer the potential for full 3D control and precise cellular placement. 

Bioprinting can either involve the construction of sacrificial networks that leave lumens 

within cellularized hydrogel upon dissolution, or the direct deposition of vascular and 

parenchymal tissues. The intermediate step of creating sacrificial molds is appealing 

given the technical challenge of accurately direct-writing living cells within soft matrix 

materials. Using this approach, a 3D-printed dissolvable carbohydrate lattice was used to 

vascularize thick, cellularized Poly(ethylene glycol) (PEG)-based hydrogels, supporting the 

function of embedded hepatocytes [111]. Printing with a pluronic (PEO-poly(propylene)­

PEO)-based ink was used to create a 3D vascularized proximal renal tubule with separate 

tubular and vascular channels within an engineered extracellular matrix material. This 

construct was shown to model both renal transport and pathophysiology related to a 

diseased (hyperglycemic) conditions [112]. In a recent breakthrough, direct-writing of 

collagen within a supportive hydrogel bath was used to bioprint a vascularized and 

contractile model 3D human heart with ~20 μm resolution (Fig 3C) [113]. Finally, an 

emerging related strategy is the use of subtractive patterning through direct laser-writing 

within hydrogels. Computer-controlled multiphoton manufacturing can pattern tissues with 

submicron resolution and offers the opportunity to create capillary-scale vascular beds in 

biologic hydrogels– a scale that is difficult to achieve with bioprinting approaches. This 

approach has been used to re-create human capillary geometries with PEG-based hydrogels 

(Fig 3D) [114]. While direct cell seeding cannot reliably be performed at the capillary scale, 

we have had success creating cellularized capillaries by ablating capillary-sized lumens 

(5-10 μm) extending from a larger cellularized vessels (100 - 300 μm) and applying a 

pressure gradient to encourage migration [115]. This technology has the potential to address 

current challenges in creating large scale vascularized and functional tissues, which is also 

an ongoing effort in our lab.

Microvasculature for studying blood-vessel interactions.

Perfusable microvessels have been useful in understanding blood vessel interactions 

[106,116–118], particularly in small vessels that are extremely challenging to study in vivo 

due to imaging constraints and structural heterogeneity. For example, we have developed 

microvessels with a 13 x 13 grid network in collagen hydrogel gel [106]. This large grid 

structure provides large range of flow velocity and wall shear stress that recapitulate both 

health and disease. In acute inflammation and activation, endothelia from these microvessels 

have been found to release von Willebrand Factor (VWF), a glycoprotein essential to 
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hemostasis which assembles into thick fibers and 3D complex meshes under flow (Fig. 4A) 

[119]. These VWF fibers appear to serve as binding reservoirs for blood cells including 

platelets, leukocytes, and red blood cells (RBCs). In the absence of ADAMTS13, an enzyme 

known to cleave VWF in normal blood, this led to vascular occlusion. The same microvessel 

format has been adapted to study P. falciparum-infected RBC interactions with primary brain 

endothelium [120]. This work found that iRBCs binding to the endothelium is strongly 

influenced by the flow shear stress and different strands of parasite displayed different 

shear-dependent binding characteristics to the endothelium.

The occlusion of capillary size blood vessels, known as microvascular occlusion, is a 

hallmark of many vascular and blood diseases. Models at this scale have been difficult 

to fabricate and cellularize in biological hydrogels. The Lam group previously fabricated 

vessels as small as 20 μm and were able to model the effects of sickle RBCs and malaria 

infected RBCs on vascular barrier function (Fig 4B) [116]. While these vessels reached the 

scale of the post-capillary venule, no suitable models for this phenomena at the capillary 

scale were available until our recent development of functional capillaries with full control 

of size and perfusion [115]. Combining soft lithography and multiphoton ablation vessel 

fabrication techniques, we generated an arteriole-capillary-venule unit and demonstrated 

that iRBC sequestration occurs predominantly in capillary and post-capillary sized vessels 

(Fig 4C). These microvascular models push forward the frontier of accurately recapitulating 

vascular structures in vitro and enable more accurate models of microvascular diseases.

Together, these prepatterned microvessels offers full control of perfusion and vascular 

geometry with a large range of diameter and network complexity. These precise controls 

provide means to study the contribution of individual factors in a stepwise fashion and 

further develop potential therapies for various microvascular and blood diseases. Replicating 

high-density vascular networks with perfusion is crucial for the next level of tissue 

regeneration and the generation of functional vasculature. These pre-patterning tools could 

also be combined with vascular self-assembly and organoid technologies to build fully 

hierarchical vascular network with cellular renewal and remodeling potential.

Vascularized cardiac and organ-specific tissues.

As the most metabolically active organ in the body, the heart requires significant vascular 

density to support efficient nutrient delivery [121]. Hence, proper vascularization has been a 

key requirement towards engineering thick and functional cardiac constructs. Prior efforts to 

vascularize cardiac grafts have often relied on the self-assembly of ECs to form connected 

tubes within cardiac constructs using primary ECs (e.g. HUVECs) or ECs differentiated 

from pluripotent stem cells [108,122]. The presence of these vessels has been found to 

improve cardiomyocyte maturation and tissue function; however, the formed networks lack 

perfusion, preventing large scale construct fabrication and culture. Following implantation, 

the self-assembled vessels frequently regress and the grafts, though integrated with the 

host, showed insufficient perfusion. Recent developments by our group and others have 

shown that perfusable vessels can support cardiac tissue survival both in vitro and in vivo 

[108,110,123].
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To support organ-specific tissue and chip designs, a variety of endothelial populations have 

been used. Organ-specific ECs in OOC devices are often primary cells isolated from healthy 

or diseased donors, but stem cell differentiation protocols have enabled the generation 

of these cells from hPSCs. In addition to the heart, these include brain vascular cells 

in models of the blood brain barrier [124], tubule and glomerular ECs in models of the 

kidney [125,126], pulmonary ECs in models of the lung [100], and sinusoidal ECs in 

models of the liver [136,137]. However, some cells such as liver sinusoidal ECs have an 

unstable phenotype in vitro, and HUVECs are still predominantly used in liver-specific OOC 

devices [134,135]. These EC populations in combination with other organ-specific cell types 

from both primary and hPSC-derived sources have been used to improve the function and 

maturation of organ-specific OOC devices (Table 1).

Future directions – Choosing biomechanical, biochemical, and cellular 

complexity:

OOC devices have been applied to a wide range of research questions, spanning 

basic endothelial biology to disease modeling and drug discovery. Essential to these 

approaches is the extent to which different vascular features and compartments are 

modeled and the tailoring of device designs to the research question at hand. In the 

slow progression from simple to complex models, simplified systems targeting only some 

biophysical or biochemical cues have provided great insight into core aspects of endothelial 

biology. Laminar flow chambers, for example, have revealed fundamental mechanisms of 

endothelial mechanotransduction. Similarly, cell-in-gel OOCs provided new insights into the 

mechanisms of angiogenesis and potential strategies to induce vascular growth (or inhibit it 

in the case of tumorigenesis) in living or engineered tissues. In totality, however, these works 

as well as a variety of in vivo studies have demonstrated a wide range of factors which 

may influence vascular function. Recent work has increasingly reinforced the concept of 

vascular heterogeneity, going beyond long appreciated organ-specific or vessel-size-specific 

identities. Single cell transcriptomics have recently been used to identify at least 6 distinct 

endothelial cell types within the mouse brain [138]. Determining which populations are 

most important to incorporate into a given OOC device will be critical and depend on the 

study goals. Developing highly accurate tissue OOCs for disease modeling and drug testing, 

for example, may be sensitive to the presence of the full complement of native vascular 

phenotypes.

The question of what level of complexity to model extends beyond the varieties of 

endothelial cells to include. Recent work by our lab and others have highlighted additional 

levels of heterogeneity in the vasculature resulting from differences in hemodynamic factors. 

Laminar fluid flows with secondary flow characteristics can induce unique transcriptional 

profiles in endothelial cells [78]. This finding suggests the complex 3D geometries found 

in the native vasculature may lead to more diverse endothelial responses to flow than were 

previously thought. The functional consequences of these differences and their role in health 

and disease, if any, remain an open question which OOC systems are poised to provide 

new insight into. In addition, blood flow is pulsatile, and the pulsatility introduces temporal 

accelerations and decelerations which can combine with complex 3D vascular architectures 
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to yield a continuum of complex flows. How these flows translate to vascular function 

is an intense area of research, particularly in hemodynamically sensitive pathologies like 

cerebral aneurysms [139]. On the other hand, many critical vascular phenomena occur at 

the smallest vessels – capillaries of 5 – 10 μm, which scale remains an engineering limit 

since most existing OOC technologies have resolution at the order of 100 μm or more. The 

development of robust capillary scale engineered vessels has enabled new investigations 

into the dynamics of vascular interactions like those between malaria infected red blood 

cells and endothelial cells when exposed to controlled flow. The inclusion of these capillary 

structures in OOC platforms may be crucial for studies of vascular interactions with different 

blood components, including altered RBCs, immune cells, platelets, and others. In these 

capillary vessels, the blood cells and blood vessels are of nearly the same caliber. Such close 

interactions may contribute to disease progression and their modulation may be core to a 

variety of therapeutic approaches.

There are several additional important elements in constructing appropriate organ-on-a­

chip devices. One is to recapitulate the extracellular matrix (ECM) microenvironment 

that is found in vivo. ECM has a complex composition and function and is a regulator 

of vascular and tissue functions. Unlike in vivo, many OOC designs have used very 

simplified ECM forms. Endothelial cells are highly sensitive to different matrix molecules 

and the composition of the endothelial basement membrane is a mediator in the process 

of vascular growth and angiogenesis [140]. Hydrogels from decellularized extracellular 

matrices (dECM) have been developed to add back some of this biological complexity and 

create more organ-specific microenvironments [141]. We have previously shown that kidney 

dECM promotes kidney microvascular EC maturation and quiescence, supporting the need 

for carefully considered matrices in engineered systems [142]. The heterogeneous matrix 

microenvironment of site-specific ECMs, however, remains challenging to fully replicate. 

Future development in ECM protein design and spatial patterning would provide new tools 

to better model vascular and tissue functions.

Another important element is the original source of cells. Cell lines or isolated primary cells 

have so far been the predominant cell source in OOCs, but advances in stem cell technology 

have made a greater variety of cell types available to researchers. As a result, the prospect of 

patient-specific OOC systems populated with cells differentiated from patient-derived stem 

cells for applications in precision medicine has become more tenable [58,143]. Protocols 

for the differentiation of the many different endothelial subtypes are not yet available [144], 

but recent advances in vascular organoids [62] suggest renewable sources of these cells may 

be on the horizon. Incorporating these patient-derived cells into disease modelling OOC 

may provide new insight into the mechanisms of disease and the safety and efficacy of new 

therapeutic approaches.

In addition, blood proteins and cellular components would be crucial to incorporate in 

OOCs to optimize the culture system. We have recently shown that platelet rich plasma 

significantly enhanced vessel barrier and improve endothelial cell metabolism towards 

maturation [145]. These blood-derived components could be an alternative to replace current 

growth media and further improve OOCs. The incorporation of these components also 

enables the study of blood-endothelial interactions in healthy and diseased conditions. 
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It appears that engineered microvessels have minimal interactions with normal human 

blood, suggesting normal vascular function. These perfusable vascular networks could be 

appropriate platforms for stepwise investigations of the interactions of various blood, cell, 

and protein components with the vessel wall during vascular activation, blood disorders, and 

even infectious disease progression.

In summary, existing vascular engineering technologies allow us to build vasculatures 

over the full range of diameters, curvatures, and potentially densities of blood vessels 

found in living organisms. Incorporating those technologies into a single engineered system 

encompassing the entire range of structures and cell types, however, remains an immense 

outstanding challenge. It is then important to define the goal of research projects, and 

wisely choose the appropriate OOC for approaching biological questions as well as drug 

and disease modeling. This approach has proven fruitful, but future advances are poised 

to further add to OOC device complexity and their ability to accurately replicate human 

physiology to gain a deeper understanding of vascular biology and to serve as powerful 

testbeds for modeling diseases and developing novel therapeutics.
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Highlights

• Modeling vasculature requires heterogeneous structure and cell population.

• Flow is a key driver for vascular formation and organ-on-a-chip models.

• Patterning perfusable microvascular networks is an important achievement.

• Fit for purpose OOC systems are needed to study vascular biology.
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Fig. 1. 
Models of vascular self-assembly. (A) Endothelial cells and mural cells embedded in a fibrin 

matrix and supported by perfusion self-assemble into perfusable networks with close contact 

between cell types (adapted from Jeon et al[49]). (B) Controlled interstitial flow and mass 

transport in a microfluidic design (top) across EC-laden hydrogels stimulates vasculogenesis 

and the formation of perfusable vascular networks (adapted from Phan et al[51]). Middle 

panel: three tissue chamber with red for ECs and green for perfusion of 70kDa FITC­

Dextran. Bottom panels: staining of claudin-5 (left two), and VE-Cad (right two). (C) 

Vascular organoids after 15 days of differentiation compact into a sphere comprised of 

CD31 expressing endothelial cells that are enveloped with mural cells (PDGFR-β, SMA) 

and basement membrane (COL IV). (D) hVOs transplanted in mice survive and form 

robust connection with the host vasculature. (E) > 1 month after transplantation, hVOs 

develop hierarchical vascular structures identifiable as arteries, venules, and capillaries 

(C,D,E adapted from Wimmer et al[62]). (F) Using microfluidics to deliver flow through 

vascularized kidney organoids enhanced vascular network formation as well as maturation of 

kidney organoid parenchyma (adapted from Homan et al[68]).
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Fig. 2. 
Engineering biophysical and biochemical cues in OOCs. (A) The flow in curved geometries 

is characterized by secondary flows and mixing not seen in straight vessels (left) and its 

effect can be studied in endothelialized spiral vessels (right, VECAD, magenta; VWF, 

green, adapted from Mandrycky et al[78]). (B) Endothelial cells cultured in channels can be 

stimulated by engineered biochemical gradients to stimulate angiogenesis and anastomosis 

to the factor source channel (adapted from Nguyen et al[86]). (C) Biochemical gradients 

can be combined with defined biophysical forces in opposing channels to investigate 

the influence of shear stress and interstitial flow differences on sprouting into collagen 

hydrogels (adapted from Song and Munn[88]). (D) Perfusion vascularized channels leads to 
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a decrease in vascular permeability with increasing shear stress that can be disrupted using 

the γ-secretase inhibitor DAPT (adapted from Polacheck et al[90]).
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Fig. 3. 
Strategies for vascularization of multicellular organ-on-a-chip platforms: (A) A schematic 

for microfluidic-based approach to a vascularized lung-on-a-chip (adapted from Huh et 

al[100]) (B) A human renal tubule on a chip created through soft lithography showing 

tubular channels overlying endothelial channels with flanking orthogonal views (top) and 

perspective views showing perivascular association with the vessel (bottom, adapted from 

Rayner et al[109]). (C) A 3D human heart model bioprinted in collagen (left) with vessels 

perfused in red (top right) and highlighted area shown magnified (bottom right, adapted 

from Lee et al[113]). (D) In vivo vasculature (top) was used to create a photomask for 

direct laser-writing of channels into a PEG-based hydrogel (bottom, adapted from Heintz et 

al[114]).
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Fig. 4. 
Blood-endothelial interactions in organ-on-a-chip systems. (A) Lithographically patterned 

endothelialized grid networks release VWF (green) when stimulated, which form complex 

fiber meshes under perfusion (adapted from Zheng et al[119]). (B) High concentrations 

of irreversibly sickled red blood cells perfused through patterned microvascular networks 

in agarose-gelatin hydrogels cause occlusions and increase vascular permeability (“Day 

15”) that can be recovered within 24 hours with continuous perfusion (adapted from Qiu 

et al[116]). (C) Generation of capillary scale vessels (5 – 10 pm diameter) is possible 
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using a combined molding and photoablation strategy (top). Malaria infected red blood 

cells perfused through capillaries can aggregate and different parasite variants aggregate in 

different regions of the capillary space (adapted from Arakawa et al[115]).
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Table 1.

Cell types commonly used in organ specific OOC systems

Organ System Endothelial cell types Secondary cell types

Heart HUVECs [110,123], hiPSC-ECs [108] Cardiomcyoytes and fibroblasts [127,128]

Brain Brain microvascular endothelial cells [129,130], hiPSC-ECs 
[131]

Pericytes, astrocytes [129]

Kidney Glomerular [112,125] and peritubular microvascular 
endothelial cells [132]

Podocytes [125], proximal tubule epithelial cells [112]

Lung Pulmonary microvascular endothelial cells [100] Alveolar epithelial cells [100], bronchial epithelial cells 
[133]

Liver HUVECs [134,135], Liver sinusoidal endothelial cells 
[136,137]

Hepatocytes [134,136,137], stellate cells [134,136], 
Kupffer cells [135,136]
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