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Abbreviations: 

10T1/2s: C3H/10T1/2 cells 

ADSCs: adipose-derived stem cells  

CFs: cardiac fibroblasts 

CMs: cardiomyocytes 

DLP: digital light processing 

ECM: extracellular matrix  

FRESH: freeform reversible embedding of suspended hydrogels 

GelMA: gelatin methacrylate 

GMECs: glomerular microvascular endothelial cells 

GM-HA: glycidal methacrylate-hyaluronic acid 

GSCs: glioma stem cells  

hADSCs: human adipose-derived stem cells 

HBMECs: human brain microvascular endothelial cells 

HCASMCs: human coronary artery smooth muscle cells 

HDFs: human dermal fibroblasts 

HDMVECs: human dermal microvascular endothelial cells 

HepG2: hepatocellular carcinoma cells 

hESC-ECs: embryonic stem cell-derived endothelial cells 

hiPSC-ECs: human-induced pluripotent stem cell-derived endothelial cells 

hiPSC-HPCs: human induced pluripotent stem cells derived hepatic progenitor cells  

HLECs: human lung epithelial cells 

HLFs: human lung fibroblasts 

HLMVECs: human lung microvascular endothelial cells 

HNDFs: human neonatal dermal fibroblast cells 

hPSCs: human pluripotent stem cells 

HUVECs: human umbilical vein endothelial cells 

iPSCs: human induced pluripotent stem cells 

iPSCs-CMs: induced pluripotent stem cells derived cardiomyocytes  

iPSCs-ECs: induced pluripotent stem cells derived endothelial cells 

MSCs: mesenchymal stem cells 

NHDFs: normal human dermal fibroblasts 

PDMS: polydimethylsiloxane 

PEGDA: polypoly(ethylene glycol) diacrylate 

POMaC: poly(octamethylene maleate (anhydride) citrate) 

PTECs: proximal tubule epithelial cells 

PVA: poly(vinyl alcohol) 

RBCs: red blood cells 

REC: renal epithelial cells 

RPTEC: renal proximal tubular epithelial cells 

SLA: stereolithography  

SMCs: smooth muscle cells 

SWIFT: sacrificial writing into functional tissue  

 

Abstract: 

Vascularization is essential for realizing thick and functional tissue constructs that can be 
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utilized for in vitro study platforms and in vivo grafts. The vasculature enables the transport of 

nutrients, oxygen, and wastes, and is also indispensable to organ functional units such as the 

nephron filtration unit, the blood-air barrier, and the blood-brain barrier. This review aims to 

discuss the latest progress of organ-like vascularized constructs with specific functionalities and 

realizations even though they are not yet ready to be used as organ substitutes. First, the human 

vascular system is briefly introduced and related design considerations for engineering 

vascularized tissues are discussed. Second, up-to-date creation technologies for vascularized 

tissues are summarized and classified into the engineering and cellular self-assembly approaches. 

Third, recent applications ranging from in-vitro tissue models, including generic vessel models, 

tumor models, and different human organ models such as heart, kidneys, liver, lungs, and brain, to 

prevascularized in vivo grafts for implantation and anastomosis are discussed in detail. The specific 

design considerations for the aforementioned applications are summarized and future perspectives 

regarding future clinical applications and commercialization are provided. 

 

Keywords: biofabrication; vascularized tissue engineering; perfusable channels; vascular 

networks; endothelial cells 

 

1. Introduction 

Blood vessels, either large or capillary, are pivotal to transporting nutrients and oxygen to the 

tissues and organs as well as removing wastes and carbon dioxide. Due to diffusion limits, most 

living cells are located no more than 100-200 µm away from patent vessel networks; a factor of 

critical importance in engineering viable three-dimensional (3D) tissues or organs 1,2. In addition 

to fulfilling the metabolic demands of tissues, blood vessels play an important role in various 

physiological niches, including nephron filtration units, the blood-air barrier in the lung, and the 

blood-brain barrier. 

While the engineering of a whole regenerative organ is still in its infancy, the creation of 

vascularized tissues, either by an engineering approach and/or a biological self-assembly approach, 

has been of great interest in the biofabrication research community. Such vascularized tissues can 

be utilized for various biomedical applications, ranging from in vitro disease modeling and drug 

screening to in vivo implantation. For in vitro disease modeling and drug screening applications, 

vascularized tissues are more physiologically relevant due to their increasing tissue complexity 

and cellular fidelity, which provide biological insights that may not be readily available when 

using typical microfluidics-based organ-on-a-chip devices. For example, they can be used as 

models to study vascular disease progression 3 and the effect of hemodynamics on vasculopathy 

that may advance the development of therapeutics for various vascular diseases such as 

atherosclerosis, thrombosis, and stroke 4,5. Besides blood vessel-related diseases, vascularized 

tissues can be employed in modeling physiological and/or pathological processes for organs and 

neoplasia 6-9. Specific disease models also provide a versatile platform for high-throughput drug 

screening and new therapy development. Furthermore, studying basic organ biology, such as the 

effects of specific guidance cues, can be possible using an in vitro vascularized environment. For 

in vivo implantation applications, vascularized tissues may help facilitate immediate blood 

perfusion after anastomosis 10. Generally, after the implantation of tissue-engineered grafts, a 

spontaneous network connecting with the host tissue develops, induced by the secretion of hypoxic 

signals and the inflammatory wound-healing response 11. However, this ingrowth process is 

generally slow. It takes weeks for the de novo vascular network to penetrate a few millimeters, 

during which the interior cells run the risk of improper integration or even death 9,12. This challenge 
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may be mitigated by creating engineered vascular networks in tissue grafts prior to implantation 
13,14. 

Despite the potential significance, engineering vascularized tissues remains a long-standing 

challenge that requires innovations in cell sources, extracellular biomaterials, chemical cues, 

fabrication methods, and more. To promote the development of vascularized tissues, this review 

summarizes the state-of-the-art realizations of 3D in vitro vascularized tissues made possible by 

using engineering and/or biological approaches. While relevant reviews focus on biomaterials 
8,15,16 and biofabrication techniques 7,10,17-19, this review emphasizes the engineering of soft tissues 

with vessels and the ways these vascularized tissue models may be utilized as physiological and 

pathological research platforms, mimicking vessels, and tissues including heart, kidneys, liver, 

lungs, brain, and tumors. Purely perfusable models without living cell constituents are not 

discussed in this article and only tissue models which are not tissue-on-a-chip related are reviewed. 

 

2. Human vascular system and design considerations 

To be of relevance, the vascular system of an engineered vascularized tissue needs to 

recapitulate the physiological vascular characteristics and functionalities of in situ tissues 9,17. 

Generally, human vessels are composed of different hierarchical levels: macrovessels (arteries and 

veins), which branch out into smaller vessels (arterioles and venules), and finally into capillaries 
4,19,20 (Figure 1a). Large vessels, including arteries, veins, arterioles, and venules, have three layers: 

the inner layer (intima) of endothelial cells (ECs), the middle layer (media) of smooth muscle cells 

(SMCs) and elastic fibers, and the outer layer (adventitia) of connective tissues 16. The EC layer 

lining the inner vessel wall acts as a barrier function for restricting the movement of blood cells 

and other circulating chemicals. SMCs are responsible for maintaining the vascular tone by 

constriction and relaxation in response to the pulsatile blood flow as well as local chemical and 

neurogenic regulations. The outmost connective tissue ensures good strength and durability. In 

contrast, capillaries only have a monolayer of ECs surrounded by a thin basal lamina and pericytes, 

where the exchange of oxygen and other chemicals occurs by either paracellular or transcellular 

transport. For mass delivery within engineered tissues, a dense capillary network with a functional 

EC interior layer is required to branch from the main vessels 17. 

While ECs are indispensable, they may have different functions in different organs. For 

example, the endothelium of kidneys and liver has a fenestrated or discontinuous structure in 

response to the fast filtration requirements, while in the heart, lung, or brain, the endothelium 

barrier is tight and highly selective to restrict the exchange of certain molecules 17. The functional 

difference of ECs is related to the difference in their tissue-specific phenotypes, which is known 

as the phenotypic heterogeneity 21. Therefore, tissues with specific endothelium properties are 

needed to support diverse organ functions; the derivation of tissue-specific ECs from human 

pluripotent stem cells (hPSCs) may aid the creation of specialized tissue-specific models 22,23.  

Natural human vessels form mainly by two processes: (i) vasculogenesis, which is the formation 

of new blood vessels during early embryonic development in the absence of pre-existing vessels, 

and (ii) angiogenesis, which is the sprouting of ECs and subsequential formation of new vessels 

from pre-existing vessels 11. The vasculogenesis or angiogenesis potential helps grow neovessels 

and anastomose to a host tissue. However, the advance of spontaneous vessel sprouting is very 

low (<1 mm/day) 24, and this sprouting speed is not fast enough to support engineered tissues if 

they don’t have pre-existing perfusable structures.  Thus, an ideal engineered tissue should have 

perfusable structures and be able to integrate into the host tissue to enable instantaneous 

transportation of blood by direct surgical anastomosis 14. 
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In an engineered vascularized tissue, the primary role of the vascular system is to support the 

encapsulated cells through the delivery of nutrients and oxygen. Overall requirements of the 

engineered vasculature, including physical, anatomical, and functional requirements, are 

summarized in Table 1. 

 

Table 1. Overall requirements of the engineered vasculature 

 

Physical requirements Anatomical and functional requirements 

• Perfusable channels allowing blood/medium 

flow 

• Elasticity allowing constriction and 

relaxation in response to the pulsatile blood 

flow 

• Fatigue resistance under recurrent 

diastolic/systolic blood flow 

• Strength sustaining the burst pressure 

• Surgical suturing for in vivo implantation 

• Multilayered structure mimicking real 

vessels 

• Vessel topology in a given tissue with 

regular or abnormal vascular segments as 

needed 

• Full functionality in terms of mass transport, 

filtration, and permeability 

 

 

3. Creation technologies for vascularized tissues 

While vascularized tissues can be created using various approaches such as co-culturing and 

seeding, complex 3D tissues (including thick ones) can be created using two different but 

complementary approaches: 1) an engineering approach to creating large diameter perfusable 

channels for EC seeding, usually for large-diameter vessels, and 2) a biological approach to self-

assembling vascular and support cells into capillary structures, usually for small-diameter 

capillaries (Figure 1b). The engineering approach can be mainly implemented through casting and 

channel printing, including positive channel printing and negative channel printing. During 

casting, a template, such as a preformed object (such as a needle or nylon strand) 25-28, a molded 

template 29-31, and a 3D printed template 32-35, is utilized as a pattern in a chamber for subsequential 

hydrogel casting. Perfusable channels can be formed by removing the template after cross-linking 

the hydrogel matrix. Positive channel printing utilizes the direct creation of perfusable channels in 

a cross-linkable or cross-linked hydrogel matrix, and the pattern defines the channel(s) to be 

formed and is removed usually after the matrix is cross-linked. In this way, perfusable channels 

can be created by embedded sacrificial printing 36-39, photoablation 40, photodegradation 41, or 

sequential sacrificial printing 42-44. Alternatively, negative channel printing refers to an approach 

during which a matrix is selectively cross-linked and solidified using a chemical or physical 

method while the rest matrix material undergoes no phase change and is subsequently removed, 

resulting in a channel structure as designed. Negative printing approaches include various light-

assisted methods such as stereolithography (SLA) 45 and digital light processing (DLP) 46. During 

SLA and DLP processes, the hydrogel matrix is selectively photo cross-linked layer by layer under 

photonic energy, and perfusable channels are formed after removing the uncross-linked hydrogel. 

Some key features of the aforementioned engineering approaches are summarized in Table 2. 

While the engineering approaches facilitate the spatial arrangement of perfusable channel 

networks, creating capillaries of several microns remains challenging when using conventional 

engineering approaches due to the resolution limitation. Fortunately, due to the robust response of 

endothelial and perivascular cells to angiogenic stimulation, spontaneous neovascularization on 

the micrometer order can be induced by cellular self-assembly (Figure 1c) under the regulation of 
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various angiogenic biomolecular cues such as growth factors and extracellular matrix (ECM) 

proteins 4,47,48, resulting in the formation of vascular networks 49-51. Human umbilical vein 

endothelial cells (HUVECs), human microvascular endothelial cells (HMVECs), and induced 

pluripotent stem cell-derived endothelial cells (iPSC-ECs) have primarily been employed as 

typical cell sources for endothelialization 15. Since the promotion of angiogenesis can be attributed 

to cell-cell interactions and cellular secretions, incorporating multiple cell types in a co-culture 

environment offers an option to improve tissue fidelity in terms of structures, cell population, and 

functions, depending on the application scenarios. Technologies utilizing microfluidics 52,53, 

bioreactors 54,55, and co-culture 56 have been widely utilized to create microvessels with stimulated 

cellular self-assembly. Co-culture of the ECs with other support cells such as human lung 

fibroblasts (HLFs), normal human dermal fibroblasts (NHDFs) and human adipose-derived stem 

cells (hADSCs), mimicking the 3D complex tissue microenvironment, can stimulate the cell 

motility and facilitate the formation of microvessels 56-58. As needed, the gradient of growth factors 

and shear stress can be utilized to guide the EC migration and capillary morphogenesis 4,39,48. 

 

  

 
Figure 1. (a) Schematic of vascular system, and representation of current (b) engineering and (c) self-assembly strategies for 

vascularized tissue creation.  
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Table 2. Comparative summary of different engineering techniques for thick vascularized tissue 

fabrication. 

Approach Pros Cons Reference 

Casting   

By solid 

objects 

(stainless-steel 

needles/nylon 

wires) 

Easily available 

Limited structural 

complexity, 

usually used for 

straight channel 

fabrication  

25-28 

By molded 

sacrificial 

templates 

Improved structural 

complexity  

Extra mold is 

required, lack of 

efficiency due to 

extra processes 

29-31 

By 3D printed 

sacrificial 

templates 

High design freedom, 

improved structural 

complexity   

Good strength is 

required for printed 

templates 

32-35 

3D 

positive 

printing 

Embedded 

printing 

High design freedom,  

high structural 

complexity, achievable 

for multiple-layered 

channel fabrication 

Support bath is 

required, limited 

printing resolution, 

interdiffusion 

between the bath 

and ink 

36-39 

Photoablation/ 

photodegradati

on 

High printing 

resolution 
Cell injury concern 40, 41 

Sequential 

sacrificial 

printing 

Good shape fidelity 

due to multiple gelling 

steps 

Low efficiency, 

interface between 

different layers 

42-44 

3D 

negative 

printing 

DLP/SLA 
High printing 

resolution 
Cell injury concern 45, 46 

 

4. Realization of vascularized tissues 

For this review, the realization of 1) high-fidelity in vitro vascularized tissue models for disease 

modeling or drug screening and 2) implantable in vivo artificial substitutes for damaged tissue 

regions are of particular interest. Each of these applications depends on biocompatible materials 

with appropriate strength and permeability, encapsulation of different living cells at varying 

concentrations, construction of 3D architectures with proper size and heterogeneity, and exposure 

to the physiologically relevant stimulus. For illustration purposes, generic vessel models, tumor 

models, and human organ-related models, including heart, kidneys, liver, lungs, and brain, are 

reviewed. 
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4.1. Generic vessel models  

The vascular system plays an essential role in various processes in the human body, such as 

metabolic activities and homeostasis, which may be difficult to recapitulate and investigate in vivo. 

To address this issue, in vitro engineered vascularized tissues have been developed as vessel 

models to study the vascular biology science, vascular functions, hematological disease-related 

pathologies, and various cardiovascular diseases such as thrombosis, atherosclerosis, and stroke 
3,59,60.  

In terms of the vascular biology study, 3D endothelialized vessel models with perivascular cells 

encapsulated in the surrounding ECM allow the study of sprouting angiogenesis and endothelial-

pericyte interactions 61 (Figure 2a). Mandrycky et al. 27 constructed a spiral microvessel model by 

molding it with a stainless steel spring in a collagen matrix (Figure 2b). Effects of the 3D curvature 

along with the flow conditions on the endothelial morphology and alignment were investigated. 

Understanding the phenotypic expression of ECs in response to the flow may guide the design of 

vascularization conditions for regenerative medicine applications.  

In terms of disease models, Zhang et al. 32 fabricated a thrombosis-on-a-chip within a gelatin 

methacryloyl (GelMA) hydrogel matrix that consisted of microchannels lined with an EC 

monolayer (Figure 2c). Human whole blood that was induced to form thrombi by a CaCl2 solution 

was infused into the channels in order to construct a biomimetic platform that could be used to 

study the pathologies of thrombosis, thrombolysis, and fibrosis. The endothelial barrier function 

is also of great research interest as one of the critical vascular functions. In some hematological 

and inflammatory diseases such as sickle-cell disease and malaria, endothelial-barrier dysfunction 

could occur due to inflammatory or infectious mediators. Qiu et al. 62 established a perfusable 

microvasculature-on-a-chip recapitulating the long-term endothelial barrier function for over one 

month. This enabled the study of endothelial barrier dysfunction and self-healing dynamics (Figure 

2d). Straight or simple branched structures are typical designs for modeling basic vascular 

structures. Since irregular arterial geometries are useful for the recapitulation of turbulent blood 

flow-related diseases, Gao et al. 63 developed an in vitro atherosclerosis model with an improved 

relevance to these physiological conditions by involving the stenotic and curved features and 

further evaluated the therapeutic effects of atorvastatin (Figure 2e). Geometry-tunable vessel 

models may have the potential to serve as advanced platforms for investigating the hemodynamic 

forces, pathophysiology, and drug screening. By sensing the blood flow, which is categorized into 

laminar or turbulent, ECs respond differently in terms of the morphology and phenotype, thereby 

regulating the vascular formation. 

In general, compared with conventional microfluidic vessel-on-a-chip models that use rigid 

polydimethylsiloxane (PDMS) for chip building, hydrogel material-based vascularized tissues 

provide a more physiologically relevant environment with a lower stiffness (hundreds of Pa to 50 

kPa versus 50 kPa to several MPa of PDMS) and hence may hold greater potential as engineered 

vessel models 62,64. When compared with ex vivo animal perfusion platforms such as the rat 

mesentery tissue containing real vascular networks 54, engineered vascularized tissues constructed 

using human cells may provide a better human-relevant environment for biomedical research. 
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Figure 2. (a-b) Vessel models for vascular biology. a) fabrication of perfusable endothelialized channels within collagen gel and 

study of angiogenesis 61. (Scale bars: 100 µm) b) Fabrication of 3D spiral vessel model for the study of endothelial response to 

flow conditions at curvature 27. (i) Schematic of casting spiral channel structures by a stainless-steel spring in collagen hydrogels 

with (top) and without (bottom) a central lumen (scale bars: 500µm). (ii) Endothelial response to low and high flow conditions (Q 

= 1 and 50 µL/min) in straight and spiral vessels (scale bar: 50 µm). (c-e) Vessel models for hematological diseases. c) Thrombosis-

on-a-chip with bifurcated enthothelialized microchannels and study of thrombosis/thrombolysis 32. d) Vessel model for the study of 

endothelial barrier dysfunction and self-recovery 62. e) Atherosclerotic model fabricated by embedded coaxial printing and 

achieved (i) regular straight, (ii) stenotic, and (iii) tortuous geometries 63. 

 

4.2. Tumor models 

The tumor microenvironment is highly complex consisting of diverse cellular composition 

(such as various host, neoplastic, and immune cells) and various physical and biochemical cues 

(such as those related to hypoxia and acidity). While challenging to develop, engineered 3D in 

vitro tumor models mimicking the complex tumor microenvironment (or tumor immune 

microenvironment) are highly sought after to serve as a platform for advanced cancer research 65. 

As tumor vascularization is a critical process in tumor development, the incorporation of 

microvessels into tumor models aids the understanding of tumor-vessel dynamics 66. The 

continuous support of nutrients and oxygen and the provision of tunable flow conditions should 

be considered in designing engineered tumor models for tumor activity studies and anticancer drug 

screening 67-70. In addition, the morphology and function of tumor vessels are different from 

normal vessels. Tumor vessels are generally characterized by the unorganized capillary 

morphology, reduced blood flow, increased permeability, and local hypoxia 71. More specifically, 

hallmarks of the unorganized morphology and associated altered function include loose pericyte 

wrapping along endothelial cells, enlarged capillary diameters, disrupted endothelial cell 

junctions, and endothelial gaps filled by immune or even cancer cells. The tumor vasculature can 
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be mechanistically linked to the increased expression of angiogenic factors that further contribute 

to increased vascular density. While it is challengeable to create a physiologically relevant 

vascularized tumor model, some promising results have been reported. Agarwal et al. 52 created a 

3D vascularized tumor model for drug discovery, wherein avascular microtumors were obtained 

first as the building blocks and then assembled with ECs and other stromal cells 3D to realize the 

vascularization (Figure 3a). A 3D glioblastoma tumor model with perfusable vascular channels 

with which the cancer cell clusters were closely associated, can be used to model glioma/vascular 

cell-cell interactions (Figure 3b) 72. Mannino et al. 26 developed a lymphoma model with a 

vascularized perfusable channel to recapitulate the interactions among cancer cells, immune cells, 

and ECs in a tumor microenvironment of large diffuse B-cell lymphoma (Figure 3c(i)). The 

perfusable channel lined with an endothelial monolayer was close to immune cells in the 

lymphoma, which was of high fidelity to the cancer environment.  

In addition to the common single-tissue tumor models, tumor models may consist of multiple 

tissues. By extending the aforementioned lymphoma model, downstream effects could be 

investigated by constructing two adjacent hydrogel wells, one containing healthy cells and the 

other containing cancer cells, that were connected by an endothelialized channel 26 (Figure 3c(ii)). 

In another study, a connected tumor-liver model was created by Ozkan et al. 25 to evaluate the drug 

transport and toxicity to the liver tissue (Figure 3d) through a perfusable channel. The complex 

tumor model integrated with independent healthy tissues may enable the study of systemic effects 

of the tumor secretome, such as the waste syndrome that can occur in patients with advanced stage 

cancers. 

Tumor models can also be utilized to study metastasis, the primary cause of death of cancer 

patients. Metastasis is highly dependent on the interactions between cancer cells and blood vessels. 

Engineered in vitro tumor models mimicking the intravasation and extravasation of tumor cells in 

the blood vessel network may aid the development of effective treatments to impair this essential 

process in metastasis 59. Cui et al. 73 investigated the invasion of breast cancer cells into 

vascularized bone tissue using a triculture metastatic model (Figure 3e), which was developed 

using SLA. The co-culture of cancer cells, vascular cells, and bone cells allowed the study of cell-

cell interactions during cancer progression. In another study on cancer cell intravasation, it was 

revealed that the tumor organoids could integrate into the endothelialized channel, thus forming 

mosaic vessels (Figure 3f) 28,74. Mosaic vessel formation, vessel constriction, and vessel pull were 

observed as three types of tumor-vessel interactions. Meng et al. 75 investigated the key processes 

of the metastatic dissemination of cancer cells, including invasion, intravasation, and angiogenesis 

by a 3D printed vascularized metastatic model, where cellular behaviors were dynamically 

modulated by spatiotemporal control of signaling molecular gradients (Figure 3g).  

Taken together, high-fidelity 3D tissue-engineered tumor platforms, which contain a 

physiologically realistic microenvironment by the incorporation of cell-cell interactions, leaky 

vasculature, and flow conditions, may enable future studies on tumor progression, invasion, and 

metastasis mechanisms, which could improve the translatability to preclinical investigations and 

lead to the identification of new therapeutic strategies to enhance clinical treatments76-80. 
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Figure 3. (A) Single-tissue tumor models. a) Bottom-up engineered vascularized tumor model 52. b) Glioblastoma tumor model 

with perfusable channels 72. (B) Multiple-tissue tumor models. c) Lymphoma models. (i) lymphoma model with a vascularized 

perfusable channel, (ii) connected tumor model of healthy and tumor tissues 26. d) Connected tumor-liver model 25. Confocal images 

show preconditioned tumorigenic and healthy vessels with GFP‐tagged breast cancer cells and FITC‐tagged anti‐albumin 

immunostained healthy liver cells. (Scale bar: 500 µm). (C) Tumor metastasis models. e) Breast cancer metastasis to bone 73. f) 

Intravasation of breast cancer cells into the vessel 28. g) Tumor cell invasion and angiogenesis on a metastatic tumor model (scale 

bars: 500 µm) 75. 
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4.3. In vitro organ-level models 

Human organs contain multiple functional tissues such as muscle, connective, and/or nervous 

tissues. Each tissue architecture usually requires a heterogeneous assemblage of significant 

numbers of cells and intercellular materials as well as dynamic remodeling of ECM. Generally, 

this architecture is far beyond a simple cellular arrangement layer by layer in a 3D space. While 

fully functional, full-size organs for clinical implantation are currently not available, tissue 

platforms with anatomically complex architectures and necessary mechanical properties and 

functionality are in high demand as in vitro organ-level models. Recent advances in the field of 

engineering 3D vascularized organ models, including heart, kidneys, liver, lungs, and brain, are 

described below. 

 

4.3.1. Heart 

Heart is responsible for continuously pumping blood throughout the body. As the central pivot 

of the circulatory system, it contains multiscale vessels ranging from arteries and veins of up to 25 

mm in diameter to capillaries of several microns. A matured human heart contains approximately 

9 billion cells, including cardiomyocytes (CMs), ECs, SMCs, fibroblasts, and others, with a 

relatively high capillary-to-cardiomyocyte ratio, indicating a high metabolic demand 81,82. While 

the fabrication of a functional human heart is still a long way to go, heart components such as 

vascularized cardiac patches and heart-like structures have been investigated 83,84.  

Cardiac patches can be used as tissue substitutes for damaged heart areas. A typical 3D 

biofabrication process to fabricate a cardiac patch include the selection of proper biomaterials, 

encapsulation of CMs and vascular cells (typically ECs), and fabrication of open lumens. Noor et 

al. 85 printed vascularized cardiac patches (as thick as 2 mm) with open lumens of 300 µm in 

diameter (Figure 4a(i)) by using direct extrusion printing. Two bioinks were utilized: one ink 

containing human induced pluripotent stem cells (iPSCs)-derived CMs and decellularized 

omentum hydrogels processed from humans or pigs and the other EC-based sacrificial ink. 

However, the resulting vascular network was limited due to insufficient functionality of the 

endothelial layers or formation of microvessels. Lee et al. 86 fabricated a vascularized cardiac 

construct with rat CMs, rat cardiac fibroblasts (CFs), and HUVECs encapsulated and a perfusable 

lumen (3 mm in diameter) at the center by embedded extrusion printing their customized cellular 

ink in a Carbopol support bath (Figure 4b), and verified the endothelium barrier function and 

synchronous beating of cardiac muscle cells in the printed construct. Long-term in vitro viability 

and functionality experiments were also conducted for up to 15 days to demonstrate its feasibility. 

However, the resulting 3D culture environment was under static conditions instead of being 

perfused, and the printed cardiac tissue model needed to be sectioned into 3 mm slices and cultured 

statically with medium changed every day. In terms of perfusable studies for engineered cardiac 

patches, Skylar-Scott et al. 38 utilized sacrificial ink-assisted embedded printing to fabricate 

perfusable diagonal arterial vascular networks in a cardiac tissue matrix containing human iPSC-

derived embryoid bodies, organoids, or multicellular spheroids, followed by seeding HUVECs 

onto the inner wall (Figure 4c). In this study, the engineered tissue was perfused in oxygenated 

media by connecting to an external pump, and synchronous beating was demonstrated for up to 7 

days.  

Since the fabrication of full-size heart models with multiscale vascular networks is still a major 

challenge as of now, engineering heart-like structures with elementary anatomical features is of 

great interest. Both a subregion of the human heart and a neonatal-scale human heart that contained 

digitally designed branching networks were fabricated by embedded printing collagen in a gelatin 
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support bath (Figure 4d) 87. This heart model included atrial and ventricular chambers, trabeculae, 

and pulmonary and aortic valves and was to be further cellularized with microscale vessels. Noor 

et al. 85 printed a small-scale human heart model using a human/pig omentum-based cellular ink 

(Figure 4a(ii)) as a milestone effort toward scale-up organ printing. Spatial organization of rat CMs 

and ECs was achieved by embedded printing using the two cellular inks, respectively, and hollow 

chambers were demonstrated alive one day post-printing; however, long-term construct 

survivability was not discussed, and the complexity of heart-related dense microvessel structures 

need to be established. 

 

  
 

Figure 4. (a) Vascularized cardiac patch and perfusable heart-like structure 85. (b) Vascularized cardiac constructs by (i,ii) 

embedded printing in a support bath and (iii) cross-sectional immunostaining results 86. (c) Perfusable cardiac tissue with diagonal 

branches printed in cardiac organoid matrix 38. (d) Perfusable vascularized human heart model generated from (i) a MRI-derived 

3D human heart model (grey) with computationally derived multiscale vascular network (red to blue), (ii) a subregion (pink) 

printed for (iii) perfusion demonstration, and (iv) neonatal-scale human heart model as printed by FRESH using collagen 87.  

 

4.3.2. Kidney 

Kidney plays a major role in maintaining fluid homeostasis through continuously filtering the 

blood. A kidney is composed of over one million nephrons, and each nephron is the basic unit in 

the kidney that responsible for the material exchange and energy transmission, including the 

glomerulus filtering blood to form primary urine and renal tubules reabsorbing nutrients until final 

urine is formed passing by the collecting duct. The fast filtration highly relies on the efficient 

capillary exchange in the filtration unit. Therefore, a complex vascular network is an essential 

prerequisite for an engineered renal tissue to fulfill the requirements of cellular interactions. For 

glomerular and tubular tissue compartment fabrication, it can be achieved by seeding renal 

epithelial cells onto perfusable channels as EC seeding for creating vascularized tissues 88,89. In 

this regard, epithelium-endothelium crosstalk can be an interesting topic after the construction of 

two adjacent channels (Figure 5a) using a microfluidic method. The feasibility was demonstrated 

to incorporate tubules and vascular networks to create a 3D vascularized proximal tubule model 

by Lin et al. 35 and enable studies on interactions between adjacent channels (Figure 5b). In Lin et 

al.’s model, active reabsorption via the tubular-vascular exchange that occurs in a native kidney 
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tissue was observed, and the epithelium-endothelium crosstalk was studied by inducing 

hyperglycemic conditions and EC dysfunction, which indicated potential in exploring other 

diseases associated with cellular interactions such as diabetes. Similarly, with the help of 

sacrificial-assisted coaxial printing, Singh et al. 90 created two adjacent hollow tubes, which were 

composed of renal tubular epithelial and endothelial cells, respectively, to mimic the renal 

proximal tubular physiological microenvironment (Figure 5c).  

Despite the creation of macroscale perfusable channels with a diameter of several hundred 

microns to mimic the functional unit, microscale capillaries are also important for the survival of 

thick renal tissues, which have shown greater promise for ultimate transplantation applications. 

The recent introduction of kidney organoids, which exhibit enhanced angiogenesis by cellular self-

assembly and maturation under perfusion (Figure 5d), may promote the microscale vascularization 

of renal tissue models 53. The self-assembly principle of organoids can be a supplement to current 

engineering approaches 2 as it is still difficult to directly print microscale vasculature. 

Nevertheless, due to the significant structural complexity of kidneys, only simplified designs 

mimicking the microcirculation system in kidneys have been demonstrated to date. 

 

 
 

Figure 5. (a) Vascularized nephron model with two adjacent perfusable channels lined with epithelial cells and ECs, respectively 
88. (b) Vascularized proximal tubule models for study on renal reabsorption 35. (i) Design of models (Scale bar: 10 mm). (ii) 

Immunofluorescence staining of the 3D tissue model (Scale bar: 1 mm). (Inset) Cross-sectional images of the two open lumens 

(scale bar: 100 μm). (iii) High-magnification images of the two lumens (scale bars: 100 μm). (c) Perfusable proximal tubular 

analogue fabricated by coaxial sacrificial printing 90. (d) Confocal 3D rendering images of vascular markers in kidney organoids 

cultured under (i) static well, (ii) static engineered ECM, (iii) low flow, and (iv) high flow conditions, showing enhanced 

vascularization under a high flow condition (scale bars: 100 μm) 53. 

 

4.3.3. Liver 

The liver is the largest solid organ in the human body. It is responsible for various essential 

functions such as filtering the blood and detoxifying chemicals 82,91. It is a complex and highly 

vascularized organ, largely composed of anatomic units called hepatic lobules. The hepatic lobule 

is a hexagonal structure that consists of a central vein located at the center, hepatocytes arranged 

into radiating cords from the central vein, and a portal triad of vessels at each of the six corners. 

The blood in the central veins and hepatic artery flows through the capillaries called sinusoids, 

https://en.wikipedia.org/wiki/Hepatic_artery
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which serve as locations for the exchange of nutrients, oxygen, and xenobiotics with the 

surrounding hepatocytes. This vascular system plays a crucial role in liver function. Current 

treatments for severe liver disease including acute liver failure and end-stage liver disease are 

limited to liver transplantation, for which the shortage of donor organs remains a major problem 
92. 

Various efforts have been devoted to developing liver models with the hepatic lobule unit. Ma 

et al. 93 used the DLP-based printing technology to pattern multiple cell types into a hexagonal 

biomimetic architecture, where human induced pluripotent stem cells derived hepatic progenitor 

cells (hiPSC-HPCs) were encapsulated with the supporting cells including HUVECs and hADSCs 

to form a physiologically relevant cell diversity and liver microenvironment (Figure 6a). The 

supporting cells were responsible for the vascularization of the 3D liver tissue model, and both 

phenotypic and functional enhancements were demonstrated in this triculture system. However, 

the formation of vascular channels paved with an EC monolayer still needs further demonstration. 

Kang et al. 94 bioprinted a vascularized hepatic lobule structure with a central perfusable 

endothelialized lumen (150 μm) surrounded by hepatocytes with the help of a pre-set extruder 

(Figure 6b). The printed construct showed increased albumin and urea secretion due to the well-

organized ECs and hepatocytes as well as the simultaneous interconnection of ECs. Larger 

perfusable channels were also fabricated using casting over a 3D printed template 95.  A four-arm-

branched perfusable channel up to 1.3 mm in diameter was created within a liver hepatocellular 

carcinoma (HepG2) cell-laden matrix of 1 cm thick, mimicking a stiff and vascularized 

microenvironment of liver tumors (Figure 6c). Due to the perfusion culturing environment, the 

cells encapsulated within the thick tissue showed viability as a function of the distance from the 

perfusable channel, which can be utilized to study tumor necrotic regions. However, the 

endothelial barrier effect was not considered due to the absence of endothelization of the perfusable 

channel. 

The angiogenesis concept has also been adopted for liver model development by the formation 

of capillary-like networks inside. Lee et al. 56 developed a co-culture system including hepatocytes, 

HUVECs, and HLFs within a 3D lattice scaffold using a multihead extrusion printing system 

(Figure 6d). Results showed that angiogenesis could benefit the construction of a 3D 

microenvironment, thereby increasing the survivability and functionality of hepatocytes. Mori et 

al. 96 fabricated a tube-shaped 3D liver-like tissue with an engineered macrochannel at the center 

by casting a collagen gel over a needle and further formed self-organized capillary-like structures 

by the lined ECs. Results showed that angiogenesis was promoted under the perfusion condition, 

and the flow through the main channel to the sinusoid-like structures was achievable.  

The aforementioned liver models have the potential for the study of pharmacokinetics, 

pharmacodynamics, and metabolism of hepatocytes due to the existence of vascularized structures 

for the delivery of test substances into the tissue. In comparison to the 2D culturing environment, 

the continuous perfusion environment of the bioreactor can simulate the physiologically relevant 

cell shear stress and nutrient/drug supply for pharmacokinetic and pharmacodynamic study and 

high throughput drug screening. Microfluidics-based liver-on-a-chip devices have been developed 

for drug screening and toxicological effects on the liver, using matrix materials ranging from a 

rigid acellular polymer like PDMS 97 to cell-laden hydrogels 56,95 as a more realistic ECM 

environment. However, such biochip models usually have a thickness of only tens of microns, 

limited cell diversity and the lack of dense vasculature as significant shortcomings in recapitulating 

the complex native ECM environment. 
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Figure 6. (a) Hexagonal hepatic construct fabricated by DLP with sequentially patterned hiPSC-HPCs (green) and supporting 

cells (red) 93. (b) Biomimetic vascularized hepatic lobule structure fabricated by a pre-set extruder in a single pass 94. (c) A 

branched perfusable channel (i) fabricated within a 3D HepG2 cell-laden matrix, (ii) after 24 h of direct perfusion, and (iii) 

live/dead staining results on Day 15 (cross-section) 95. (d) 3D printed liver tissue scaffold with cell co-culture-enabled 

vascularization 56. (i) Layer-by-layer assembly of the scaffold and capillary network formation in the printed collagen hydrogel on 

(ii) Day 10 and (iii) Day 14.  

 

4.3.4. Lung 

The lung is the primary organ of the respiratory system that is responsible for gas exchange. 

End-stage lung disease, for which lung transplantation is the only available treatment 98,99, is the 

third leading cause of death in the world. As an ex vivo approach, a de-epithelialized lung with 

preserved vascular endothelium was reported to serve as a patient-specific physiologic scaffold for 

vascularized lung engineering 98. Even though it can be a solution to injured lung repair and 

transplantation, engineering in vitro lung models that replicate the extraordinary complexity and 

cellular diversity 98 remains a promising but unmet goal. It is also worth noting that, different from 

other static organs, the presence of continuous periodic breathing movement in the human lung is 

another bioengineering challenge for maintaining the construct integrity 100. 

The blood-air or alveolar-capillary barrier in the human lung, the region where gas exchange 

occurs, is inseparable from the critical roles of intact vascular networks. Elaborate designs of lung-

on-a-chip models have been reported in the past few years that successfully reconstituted the 

periodic breathing activity of the living lung and microstructure as well as the dynamic 

microenvironment of the alveolar-capillary unit 101-103. Huh et al. 103 fabricated a breathing lung-

on-a-chip by coating ECs and epitheliums on each side of a porous membrane to simulate the 

blood-air interface while applying alternant stretching/relaxation to simulate the breathing 

movement (Figure 7a). This organ-on-a-chip approach holds potential for drug screening and 

disease modeling due to the advantages of simplified architecture, compact design, and easy 

maintenance. Jain et al. 104 also reported a microfluidic lung alveolus-on-a-chip that contained two 

adjacent channels lined by epithelium and endothelium respectively to construct the interface 

under the perfusion of whole blood. Using this model, in vitro pulmonary thrombosis can be 
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induced by stimulating the platelet-endothelial interactions, which allows the further analysis of 

thrombotic responses to potential new therapies. Compared to animal models, one of the 

advantages of such in vitro models is that a specific factor can be decoupled from the complex in 

vivo environment to clarify its independent contribution. More recently, as a response to the global 

coronavirus disease pandemic in 2019 (known as COVID-19), microfluidic alveolus chips have 

been reported to model the organ-level lung infection and immune responses induced by severe 

acute respiratory syndrome coronavirus 2 (SARS-CoV-2) 105,106. Despite the progress made with 

lung-on-a-chip models, a functional full-size lung with a hierarchical 3D structure and diverse 

cellular composition is still an elusive goal for ultimately clinical transplant applications. 

Flow networks in human organs are physically and chemically entangled to provide a rich 

extracellular environment and enhance the transport of substances. To this end, Grigoryan et al. 45 

developed a helix-shaped 3D vascular network wrapping around a serpentine-shaped airflow 

channel and verified the oxygen transport of infused red blood cells (Figure 7b). Furthermore, they 

also provided a vascularized alveolar model by introducing additional structural features of the 

native distal lung (Figure 7c). However, only macroscale vessel-like structures were engineered 

without generating micro vasculatures through angiogenesis. Regardless of some limitations, this 

model well mimicked the cyclic alveolar inflation and corresponding vessel compression, which 

can work as a delicate platform for intervascular transport and nutrient delivery studies. 

 

 
 

Figure 7. (a) Breathing lung-on-a-chip 103. (b) Oxygenation of red blood cells within an entangled flow network embedded in a 

hydrogel, showing increased oxygen partial pressure (PO2) and oxygen saturation (SO2) at the outlet due to the gas diffusion, and 

(c) distal lung subunit with tidal air and blood flows 45. 

 

4.3.5. Brain 

Human brain only accounts for 2% of the body weight but consumes up to 20% of the body’s 

energy, which is higher than any other organ. In brains, neurons and glial cells, estimated to 

number of 100 billion, represent 75–90% of the total volume 19. Due to the high cell/ECM ratio 

and demanding metabolic requirements, dense vascular networks are critical for efficient oxygen 

and nutrition transport. Blood vessels in the brain are lined with a tight endothelial barrier, called 

the blood-brain barrier (BBB), that has a higher selective restriction on the exchange of chemical 

and biological substances than the capillary network of other organs. The BBB dysfunction is 

believed to be relevant to several neurodegenerative diseases such as Alzheimer's and Parkinson's 
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disease 107,108. However, the high selectivity of the BBB restricts the delivery of pharmaceuticals 

and therapeutic antibodies to the central nervous system (CNS), which remains the main challenge 

for therapeutic development 109. Towards this end, in vitro BBB models have been extensively 

studied, aiming at understanding the delivery mechanisms and developing new CNS-targeting 

therapeutics 109-113. The general idea is to coat ECs and astrocytes/pericytes on the two sides of a 

porous membrane, respectively, to simulate the blood-brain interface. Similar to other microfluidic 

devices, they are limited in recapitulating the native physiological environment and overall 

functions due to the lack of complex 3D structure, vasculature, or diverse cellular composition. To 

improve the complexity of the BBB microenvironment and recapitulate the brain vascular 

morphogenesis with tight EC junctions, 3D tri-culture microfluidic models have been developed 

by culturing ECs, primary brain pericytes, and astrocytes within 3D fibrin gels; two adjacent 

perfusable medium channels, which can also be endothelialized by EC seeding, are located on the 

two sides of the gel for permeability investigation cross the central vascularized matrix 114-116.  

In regard to vascularization, models made by the brain organoids engineering approach 

incorporated with microvasculature systems have emerged 117,118. In such brain models, the 

endothelium can be induced and formed under environmental stimuli and further support the 

formation of blood vessels. In comparison to microfluidic chips, vascularized brain organoids can 

offer a physiological environment that is more relevant to the native tissue niche. Since the 

significant complexity of the brain and the challenge in forming large-scale perfusable vessels 

based on cellular self-assembly, the construction of scale-up brain tissues with multiscale 

vasculatures as well as heterogeneous architectures continues to require engineering and biological 

innovations. 

 

5. Impact of pre-vascularization of engineered tissues on implantation and anastomosis in 

vivo  

For applications related to implantation and anastomosis in vivo, pre-vascularization of 

engineered tissue grafts is indispensable since cellular activities are largely dependent on the 

availability of sufficient vasculature and blood perfusion. Given the slow native angiogenesis 

process, necrosis may happen before the formation of efficient capillary networks after the 

implantation of engineered tissue grafts. Fortunately, the in vitro vascularization of tissue 

constructs prior to implantation in vivo benefits the tissue survival through anastomosis with the 

host vasculature 119. Recently, several studies have encapsulated vascular and support cells to 

achieve vascularized tissues in vitro and evaluated the efficacy and translational value of the 

vascularized tissues in animal models. Takebe et al. 120 introduced the generation of an iPSCs-

derived vascularized liver bud by the organoid technology and showed hepatic maturation after 

implantation. Zhang et al. 121 employed a biodegradable elastomer to fabricate a built-in vascular 

scaffold (called AngioChip) by the microfluidics method, which contains microholes and 

nanopores on the walls for enhanced permeability and intercellular crosstalk. Since the stable 

perfusable vasculature helps the immediate establishment of blood perfusion, direct surgical 

anastomosis was demonstrated after a vascularized tissue was implanted to the femoral vessels of 

rat hind limbs 121. More recently, a scaffold-free DLP method was investigated to construct a 

GelMA-based liver model (Figure 8a) with encapsulated HUVECs and mesenchymal cells for 

vasculature self-assembly 46. After 2 weeks of subcutaneous implantation in mice, dense 

endothelial networks with red blood cells were observed, indicating a successful anastomosis 

between the engineered vasculature and the host in situ. 

Various disease-specific implantation applications have been conducted to verify the in vivo 
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therapeutic effectiveness of vascularized tissue grafts 122-125. In particular, some studies of 

ischemia, myocardial infarction, hypothyroidism, liver injury, and diabetes are described below. 

For ischemia, Mirabella et al. 126 reported the induced spontaneous collateral circulation in 

ischemia and myocardial infarction mouse models after implanting a 3D printed vascular patch 

graft containing EC-lined lumens (Figure 8b). They also found that the endothelialized 

microchannels arranged in parallel with a diameter of 400 µm presented a better anastomosis 

performance than those in a grid shape. For myocardial infarction, Redd et al. 127 demonstrated 

that engineered perfusable microvascular constructs showed a higher cardiomyocyte and vascular 

density after being implanted on infarcted rat hearts for 5 days, indicating the enhancement of pre-

patterned vasculature on the vascular remodeling and coronary perfusion (Figure 8c). In a 

vascularized liver tissue implantation study using a rodent model of chronic liver injury, Grigoryan 

et al. 45 demonstrated that the microchannel networks integrated with the host blood and 

hepatocytes, resulting in an enhanced albumin promoter activity in the tissue graft (Figure 8d). In 

another hypothyroidism mouse model 128, the bioprinted vascularized thyroid gland construct 

normalized the blood thyroxine level and body temperature after grafting under the kidney capsule. 

Furthermore, other studies engineered vascularized islet organs and achieved normoglycemia after 

they were implanted in diabetic mice 55,129,130, which paved the path towards islet implantation and 

functionalization. A microvascular mesh was fabricated through the anchored self-assembly by 

vascular endothelial cells, and it could promote formation of functional blood vessels and 

anastomoses after transplantation (Figure 8e). 
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Figure 8. (a) In vitro vascularized tissue constructs (i) with patterned ECs for lumen-like structures formation and (ii) anastomosis 

after 2-week subcutaneous implantation 46. (b) Laser Doppler images of hind limb ischaemia in a mouse model after implanted 

with a vascularized patch (VP), showing restored blood perfusion in comparison with no treatment (sham) 126. (c) Implanted 

vascular constructs in infarcted rat heart model showing better integration with host myocardium 127. (d) Hepatocyte aggregates 

carried by in vitro vascularized tissue construct show albumin promoter activity after implantation in mice with chronic liver injury 
45. (e) Subcutaneous islet implantation of microvascular meshes. (i) angiogenic sprouts (white arrows) in fibrin matrix after 2 

weeks culture in vitro, (ii) vascularization after 2 weeks of subcutaneous implantation in SCID-Beige mice, and (iii) anastomoses 

between human and mouse vessels 129. 

 

6. Summary and future perspectives 

The vascular system is critical for the survival of engineered tissues and organs since it enables 

oxygen and nutrient transfer as well as metabolic waste clearance. In some organs, the vasculature 

also plays an important role in achieving organ-specific functions. For instance, for human kidneys 

and liver, a vessel network is indispensable for the fast and massive fluid exchange to achieve 

efficient filtration and metabolism. For human lungs and brain, the blood-air and blood-brain 

barriers are essential and functional units that control the exchange of substances. The engineering 

of (thick) vascularized tissues that recapitulate organ-specific structures, properties, and functions 

has attracted increasing interest due to the great potential in tissue engineering and regenerative 

medicine 131. By creating a physiologically relevant environment, studies of basic biology, 

pathology, drug discovery/screening, and those linked to potential clinical applications can be 

enabled by using such in vitro models. To date, various engineering and cellular self-assembly 

methods have been developed to fabricate vascularized tissues. However, the focus of the design 

considerations varies in different application scenarios. For instance, not all engineered biomimetic 

models are intended for in vivo transplantation, so it is reasonable that the design requirements 
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should be classified into different levels. To this end, the emphasized roles and design 

requirements of vascularization in different application scenarios are summarized in Table 3. Table 

4 summarizes the realizations of vascularized tissues based on the fabrication technologies, matrix 

materials, cell sources, construct thickness, and vessel size.  

 

While great progress has been made, there are still hurdles to be overcome prior to clinical 

applications and commercialization.  

1) Biofabrication technologies and biomaterials. Even though perfusable channels can be 

constructed within tissues, an intricate multiscale vascular network including large vessels and 

microvasculature networks to produce the physiologically relevant complexity remains a 

significant challenge. Thanks to bioprinting and other engineering advances 132-134 as enabling 

tools, the focus of this field has been advancing towards clinical applications. Furthermore, 

hybrid fabrication technologies such as hybrid printing technologies 18,135 that are able to 

effectively engineer a wide diameter range of vessels are expected to significantly facilitate the 

maturation of the organized vascular system. Besides the development of biofabrication 

technologies, cytocompatible, biodegradable biomaterials with desirable mechanical 

properties and tissue-specific stiffness are also greatly needed. Regulating the effects of matrix 

component networking with tunable cross-linking dynamics on cell mechanosensing and 

vascular morphogenesis is an interesting research direction for the innovative design of 

hydrogels. 

2) Tissue complexity. The vascular system in the human body is a complex interconnected 

network that transports critical nutrients and oxygen throughout the body while minimizing 

energy cost. The branching geometry and structural hierarchy of the vascular tree should also 

be considered in order to engineer the intricate vascular network. Mathematical models have 

been established for the design of mother and daughter vessels 8. Critical parameters such as 

the diameter, length, and bifurcation angle need to be taken into consideration when 

engineering vascularized tissue models. In addition to vessel geometry, full-scale organ 

engineering with biomimetic physiological features and functionalities is still facing 

significant obstacles due to the increasing size and complexity of organs and tissues. In 

addition, when scaling up a tissue in terms of size, the fabrication efficiency can be a further 

problem during real-time construction. While it is widely agreed that the establishment of 

intact, multiscale, and perfusable vascular networks is the prerequisite for tissue survival and 

function, questions on the minimally required biomimicry still remain when engineering a 

whole organ. While it is desirable to introduce as much structural complexity and cellular 

diversity and population as possible, breakthroughs in organ regeneration and morphosis 

mechanisms may help to better design a meta-phase of a final tissue construct. 

3) Tissue-specific characteristics and cell sources. Ideally, the vascular bed can not only act as a 

conduit well but also exhibit advanced semi-permeable barrier functions that underscore 

inflammation and swelling. Due to the diversity of selective permeability of endothelial 

barriers in different organs, tissue-specific vasculature should be further introduced to create 

more specific and sophisticated models. To this end, EC resources should be selected carefully 

or differentiated from stem cells. However, as for the former, current cell sources for 

endothelialization are HUVECs, HMVECs, and iPSC-ECs due to well-established protocols, 

regardless of the organ types. As for the latter, the definitive protocol for differentiation and 

roles of inductive cues needs further research. 



22 

 

4) Organoid technology. More recently, organoid technology has shown great promise for 

vascularization based on the cellular self-organization mechanism 136. It is worth noting that 

blood vessel organoids have been investigated to successfully replicate morphological, 

functional, and molecular features of human microvasculature 137. Moreover, the organoid 

technology should be considered as a supplement to the currently available engineering 

strategies instead of a replacement or conflict 138. As such, it is valuable if the organoid 

technology can be integrated with the engineering strategies to better direct cells in 

differentiation, self-organization, and functional specialization. Fortunately, a meaningful 

starting point has been occurring in this regard 139. 

5) Vascularized organs as a system. To date, most of the research is limited to modeling a single 

organ environment without considering organ-organ interactions 86. Systemic correlations 

involving different organs as well as immune and nervous systems will require extensive 

additional investigation. 

6) Vessel regression and remodeling. The regression of formed vessels remains a significant 

technical difficulty that hinders the establishment of stable tissue models as constructed. The 

construction of long-standing vascular networks and the evolution of capillaries to arterioles 

and arterioles to arteries are among the most exciting tissue models for the time to come. In 

this regard, a deep understanding of basic vascular biology such as the vessel remodeling and 

the effects of hemodynamics on vasculature formation, is of great importance.  

7) Vessel remodeling associated with diseased tissues. The vascular system is part of the whole 

tissue, maintaining tissue functions via blood perfusion and interplay with tissue cells and 

environment. Diseased tissues are often associated with altered angiogenic environments, 

resulting in microvascular network remodeling. Many age-associated pathological scenarios, 

including cancer, diabetes, hypertension, and myocardial ischemia, are associated with 

changes in network patterns, endothelial dysfunction, and/or altered vasoreactivity. 

Understanding the differences and associated mechanisms between healthy and diseased 

tissues at the network, vessel, and cellular levels is valuable for the development of clinical 

treatments. 
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Table 3. Summary of emphasized roles and design requirements of vascularization in different application scenarios. 

 

Application scenario Goal Main roles of vascular structures Special design requirements 

Generic vessel models  

Recapitulation of the vessel 

structures and functionalities 

of real tissues 

Maintain the vascular functionalities 

such as EC barrier function, mass 

exchange, interactions with the blood 

components (e.g., platelets, red blood 

cells, leukocytes, etc.) 

Mimic the multilayered vascular structure in 

real vessels, reproduce particular geometries or 

abnormal vascular segments as needed, 

manipulate the blood flow status, and monitor 

relevant biological processes 

Construction of in 

vitro tissues and 

organ-like biomimetic 

models 

Tissue construct survival Enable mass transport Neutralize the diffusion limits, establish a 

well-distributed perfusable channel network 

throughout the whole tissue construct, and 

scale up the tissue construct with a 

considerable size 

Recapitulation of the organ 

structures and functionalities 

of real organs 

Maintain the functionalities of vessel-

involved organ units such as blood-air 

barrier, brain-blood barrier, renal 

tubule, glomerulus, and hepatic lobule 

Mimic the organ structures to a certain degree, 

co-culture the vascular cells and organ-specific 

cells, enable the mass exchange, filtration, and 

permeability, and monitor relevant biological 

processes 

Recapitulation of the tumor 

structures and 

microenvironment (for 

tumor research only) 

Maintain biological interactions with 

the tumor 

Co-culture cancer cells, vascular cells, 

immune cells, and/or other resident cells, and 

reproduce relevant biological processes such 

as tumor angiogenesis, invasion, and 

metastasis 

Vascularized tissue 

grafts for implantation 

Instantaneous integration 

with the host vasculature via 

anastomosis after 

implantation to ensure the 

tissue graft survival after 

implantation 

Restore / replenish the local blood flow Establish in vitro vascularization prior to the 

implantation, and encapsulate living cells 

and/or therapeutic substances as needed 
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Table 4. Summary of realizations of vascularized tissues (“/” indicates different application scenarios). 

 

Realization Fabrication 

technology  

Matrix material Cell source Construct 

dimensions 

Vessel size 

(diameter)  

Reference 

Generic 

vessel 

models 

Vascular 

biology  

Molding  Collagen HUVECs, 

HBVPCs, 

HUASMCs 

1 mm 100 μm 61  

Bioreactor (top-

down 

approach) 

Mesentery Rat mesentery 

tissues  

20–40 μm Self-assembled 

micro vessels 

54 

Molding (by 

stainless steel 

springs) 

Collagen HUVECs, tumor 

cells (KG1a, 

leukemia cells) 

10 × 5 × 5 

mm  

400 µm 27 

Hematological 

disease 

Molding (3D printed 

pluronic as 

sacrificial material) 

GelMA without 

cells 

HDFs, HUVECs - ~1 mm 32 

Microfluidics 

 

Agarose–gelatin 

interpenetrating 

polymer-

network 

hydrogel 

without cells 

HUVECs / 

HDMVECs / 

HLMVECs 

- 20 µm 62 

Sacrificial-based 

embedded coaxial 

printing (SMCs-

ECs-F127 triple 

coaxial cell printing) 

Vascular tissue-

derived 

decellularized 

ECM (VdECM) 

HUVECs, 

HCASMCs, 

HDFs  

- 600 ± 17 μm 

~1540 ± 28 μm 

63 

Tumor 

models 

Tumor 

environment 

Microfluidics 

(bottom-up using 

Collagen MCF-7 human 

mammary cancer 

5 × 1 × 0.5 

mm (length 

Self-assembled 

micro vessels  

52 
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microtumor 

capsules) 

cells, HUVECs, 

hADSCs 

width × 

depth) 

Sacrificial-based 

extrusion printing 

(sandwich method, 

gelatin as the 

sacrificial material) 

Collagen I  HUVECs, GSCs 3 mm - 72 

Extrusion printing 

(sandwich method) 

Collagen I HUVECs, 

glioblastoma 

multiforme 

spheroid 

2-2.5 mm 300-500 µm 140 

Molding (using 

stainless steel wire) 

Gelatin / HA gel 

with Tumor cells 

ECs Φ4 mm × 1 

mm 

(cylinder) 

200 µm 26 

Molding (by solid 

objects) 

Collagen I with 

telomerase ‐

immortalized 

microvascular 

endothelial 

(TIME) cells 

Human breast 

cancer cells 

(MDA ‐ MB ‐

231), healthy 

liver cells 

(THLE ‐ 3), 

carcinoma liver 

cells (C3Asub28) 

- 435 µm, 711 μm 25 

Metastasis SLA GelMA, 

PEGDA with 

cells 

 

HUVECs, breast 

cancer cell line 

(MDA-MB-231, 

MCF-7) 

8 × 8 × 3 mm 500 µm 73 

Molding (by metal 

rod) 

Rat tail collagen 

I, tumor 

organoids  

HUVEC-GFP - ~150 µm 28,74 
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Molding  Fibroblast-laden 

fibrin gel 

HUVECs - ~300-500 µm 75 

Organ-level 

models 

Heart  Extrusion printing 

(Cardiac patch) and 

embedded printing 

(FRESH, whole 

heart)  

Cell laden 

omentum gel 

iPSCs-CMs and 

iPSCs-ECs 

(Cardiac patch) / 

rat neonatal CMs, 

HUVECs and 

fibroblasts (whole 

heart) 

~2 mm 

(cardiac 

patch) / 7 × 7 

× 7 mm 

(thick cardiac 

tissue) / 20 

mm (whole 

heart) 

~300 µm 

(cardiac patch) / 

~1 mm (whole 

heart) 

85 

Embedded printing 

(FRESH) 

GelMA CMs, CFs, and 

HUVECs 

7.2 × 7.2 × 

16.5 mm 

3 mm 86 

Embedded sacrificial 

printing (SWIFT) 

iPSC–derived 

organoid 

HUVECs 4 mm 400 µm - 1 mm 38 

Embedded printing 

(FRESH) 

Collagen HUVECs - ~100 µm - 5 mm 87 

Kidney Molding (3D printed 

F127 as the 

sacrificial material) 

Gelbrin (gelatin 

+ fibrin) 

PTECs, GMECs - ~410 µm 35 

Coaxial sacrificial 

printing 

Kidney dECM, 

alginate 

REC (shell), EC 

(core) (filament) / 

HUVECs, 

RPTECs (chip) 

- ~500-700 μm 90 

Microfluidics  Gelbrin (Gelatin 

+ Fibrin) ECM 

Kidney organoids 3.6 mm Multiscale 

vessels 

53 

Liver DLP GelMA, GM-

HA 

hiPSC-HPCs, 

HUVECs, 

ADSCs 

∼200 μm - 93 

Preset cartridge Collagen, ECs, HepG2/C3A 1 mm in 150 µm 94 
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extrusion bioprinting alginate  diameter 

Molding (3D printed 

PVA as the 

sacrificial material) 

Gelatin HepG2 1 cm 1.3 mm 95 

Scaffold (extrusion 

printing, co-culture) 

Collagen HUVECs:HLFs 

(1:3) 

10.2 × 10.2 × 

0.3 mm 

Self-assembled 

micro vessels 

56 

Molding (using 

metal rod) 

Collagen  HUVECs, MSCs, 

HepG2 

Elliptic 

cylinder of 2 

(major axis) 

× 0.7 (minor 

axis) × 7 

(length) mm 

Multiscale 

vessels with 

engineered large 

vascular channel 

of 300 µm and 

self-assembled 

micro vessels 

96 

Lung SLA PEGDA / 

mixture of 

PEGDA and 

GelMA 

HUVECs, RBCs, 

HLFs, HLECs 

34 × 17 × 6 

mm 

0.35-0.8 mm 45 

Brain Microfluidics  Fibrin  hiPSC-ECs, 

primary brain 

pericytes, 

astrocytes 

150 μm 

(height) × 

2200 μm 

(width) 

Endothelialized 

fluidic channels 

of 150 μm 

(height) × 1340 

μm (width) and 

self-assembled 

micro vessels 

114 

Microfluidics Fibrin HBMECs, 

primary human 

pericytes, primary 

normal human 

astrocytes, HLFs 

120-150 μm 

(height) × 

800 μm 

(width) 

Endothelialized 

fluidic channels 

of 150 μm 

(height) × 650 

μm (width) and 

115 
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self-assembled 

micro vessels 

In vitro 

vascularized 

tissue 

implantation 

Anastomosis  Scaffold  POMaC 

elastomer 

HUVECs 1.58-2 mm  100 µm × 50-

100 µm 

121 

DLP GelMA, GM-

HA 

HUVECs:10T1/2

s (50:1) 

4×5×0.6 mm 5-50 µm 46 

Disease-

specific 

implantation 

Molding (3D printed 

carbohydrate glass as 

sacrificial material) 

Fibrin  HUVECs > 2 mm 200 – 400 µm 126 

Molding Collagen  hESC-ECs 1mm 100 µm 127 

SLA Fibrin / GelMA 

(with hepatic 

aggregates) 

HUVECs, 

NHDFs 

4 mm ~20 µm 45 

Bottom-up  Collagen  Thyroid 

spheroids (known 

to produce high 

levels of VEGF-

A) and allantoic 

spheroids as a 

source of 

thyrocytes and 

ECs 

- Self-assembled 

micro vessels 

128 

Anchored self-

assembly 

Fibrin  HUVECs:NHDFs 

(9:1) 

~25 μm  Self-assembled 

micro vessels 

129 

Bioreactor  Cell medium Decellularized rat 

lung lobe and ECs 

- Self-assembled 

micro vessels 

55 

Scaffold (bottom-up) Collagen  HUVECs - Self-assembled 

micro vessels 

130 
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