
Integrating Microfluidic and Bioprinting Technologies: 
Advanced Strategies for Tissue Vascularization 

Journal: Lab on a Chip

Manuscript ID LC-TRV-03-2024-000280.R1

Article Type: Tutorial Review

Date Submitted by the 
Author: 14-Aug-2024

Complete List of Authors: Mei, Xuan; Harvard Medical School, 
Yang, Ziyi; Harvard Medical School, Medicine
Wang, Xiran; Harvard Medical School, Medicine
Shi, Alan; Brookline High School
Blanchard, Joel; Icahn School of Medicine at Mount Sinai
Elahi, Fanny; Icahn School of Medicine at Mount Sinai
Kang, Heemin; Korea University - Seoul Campus, Materials Science and 
Engineering (joint: College of Medicine)
Orive, Gorka; University of the Basque Country, Pharmaceutical 
Technology; Biomedical Research Networking Center in Bioengineering, 
Biomaterials and Nanomedicine, CIBER-BBN,  
Zhang, Yu Shrike; Harvard Medical School, Medicine

 

Lab on a Chip



 1 

Integrating Microfluidic and Bioprinting Technologies: Advanced 

Strategies for Tissue Vascularization 

Xuan Mei1, Ziyi Yang1,2, Xiran Wang1,3 Alan Shi4, Joel Blanchard5, Fanny Elahi5,6, Heemin 

Kang7,8,*, Gorka Orive9,10,11,12,13,*, Yu Shrike Zhang1,* 

 

1Division of Engineering in Medicine, Department of Medicine, Brigham and Women’s Hospital, 

Harvard Medical School, Cambridge, MA 02139, USA 

2School of Biological Science, University of California Irvine, Irvine, CA 92697, USA 

3Department of Mechanical and Aerospace Engineering, University of California, San Diego, San 

Diego, CA 92161, USA 

4Brookline High School, Brookline, MA 02445, USA 

5Departments of Neurology, Neuroscience, and Pathology, Icahn School of Medicine at Mount 

Sinai, New York, NY 10029, USA 

6James J. Peters Department of Veterans Affairs Medical Center, Bronx, NY 10468, USA 

7Department of Materials Science and Engineering, Korea University, Seoul 02841, Republic of 

Korea 

8College of Medicine, Korea University, Seoul 02841, Republic of Korea 

9NanoBioCel Research Group, School of Pharmacy, University of the Basque Country 

(UPV/EHU), Vitoria-Gasteiz, Spain 

10Bioaraba, NanoBioCel Research Group, Vitoria-Gasteiz, Spain 

11Biomedical Research Networking Centre in Bioengineering, Biomaterials and Nanomedicine 

(CIBER-BBN), Vitoria-Gasteiz, Spain 

12University Institute for Regenerative Medicine and Oral Implantology - UIRMI (UPV/EHU-

Fundación Eduardo Anitua), Vitoria-Gasteiz, 01007, Spain 

13Singapore Eye Research Institute, Singapore 169856, Singapore 

*Corresponding authors. Emails: yszhang@bwh.harvard.edu (Y.S.Z.); gorka.orive@ehu.eus (G.O.) 

heeminkang@korea.ac.kr (H.K.)  

Page 1 of 50 Lab on a Chip

mailto:yszhang@research.bwh.harvard.edu
mailto:gorka.orive@ehu.eus
mailto:heeminkang@korea.ac.kr


 2 

Abstract 

Tissue engineering offers immense potential for addressing the unmet needs in repairing tissue 

damage and organ failure. Vascularization, the development of intricate blood vessel networks, is 

crucial for the survival and functions of engineered tissues. Nevertheless, the persistent challenge 

of ensuring an ample nutrient supply within implanted tissues remains, primarily due to the 

inadequate formation of blood vessels. This issue underscores the vital role of the human vascular 

system in sustaining cellular functions, facilitating nutrient exchange, and removing metabolic 

waste products. In response to this challenge, new approaches have been explored. Microfluidic 

devices, emulating natural blood vessels, serve as valuable tools for investigating angiogenesis 

and allowing the formation of microvascular networks. In parallel, bioprinting technologies enable 

precise placement of cells and biomaterials, culminating in vascular structures that closely 

resemble the native vessels. To this end, the synergy of microfluidics and bioprinting has further 

opened up exciting possibilities in vascularization, encompassing innovations such as microfluidic 

bioprinting. These advancements hold great promise in regenerative medicine, facilitating the 

creation of functional tissues for applications ranging from transplantation to disease modeling 

and drug testing. This review explores the potentially transformative impact of microfluidic and 

bioprinting technologies on vascularization strategies within the scope of tissue engineering.  
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1. Introduction 

Tissue engineering, the interdisciplinary field where biology, engineering, and medicine converge, 

holds the promise of addressing the critical challenges posed by tissue damage and organ failure.1–

4 As a multidisciplinary field, tissue engineering combines branches of cell biology, molecular 

biology, materials science, chemistry, and engineering.5–7 The main task of tissue engineering is 

to reproduce the structures and functions of living tissues by designing the architectures of 

biocompatible materials with advanced technologies to replicate predetermined cell responses and 

drive consequent biological processes.8–11 Tissue engineering can help advance understanding of 

disease processes as well as provide novel therapeutic angles. 

One of the current limitations of tissue engineering is its inability to form a functional vascular 

network in the initial phase.12–15 In nature, the vascular system of the human body is comprised of 

a large number of vessels, including arteries, veins, and capillaries.16,17 The vascular system 

provides an essential molecular and cellular transport and inter-organ communication network 

throughout the body,18–20 which maintains cellular functions (growth and development),21,22 allows 

absorption of essential nutrients (such as vitamins and minerals),23,24 and enables removal of 

cellular and metabolic waste products.25–27 This critical aspect, vascularization, is vital to 

sustaining tissue vitality and proper functions.28,29 As tissue constructs increase in size and 

complexity, a fundamental requirement emerges for a natural-like, perfusable network of blood 

vessels that can effectively deliver oxygen, nutrients, and regulatory signals to each cell within the 

engineered tissue.30–32 Without a functional vascular network, the cells in the innermost layers of 

an engineered tissue may remain deprived of the essential resources it needs to thrive.33–35 

Over the years, researchers have explored many approaches to address the challenges of 

vascularization in engineered tissues.36–39 Microfluidic devices, capable of mimicking the dynamic 

fluid flow and structural complexity of natural blood vessels, have emerged as a collection of 

powerful tools for studying angiogenesis and guiding the formation of microvascular networks.40–

42 Meanwhile, bioprinting empowers researchers to precisely place cells or/and biomaterials in 

three-dimensional (3D) patterns, creating intricate vascular architectures that closely mimic the 

native vessels.43,44 The convergence of microfluidic and bioprinting technologies has ushered in a 

new era of innovation in vascularization strategies.45,46 From microfluidic bioprinting to creating 

perfusable organ-on-a-chip systems, researchers are pushing the boundaries of tissue 

vascularization.47–50 These advancements hold profound implications for disease modeling, 
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regenerative medicine and drug discovery, 51–53 enabling the fabrication of functional tissues that 

can potentially be transplanted,54,55 incorporated into disease models,56,57 or deployed for drug 

testing.44,58 

In this review, we journey through the evolving landscape of strategies, techniques, and 

breakthroughs in exploring vascularization in tissue engineering. We delve into the principles of 

angiogenesis, the recent development of microfluidic and bioprinting technologies, along with 

their integration. We also examine the innovative ways researchers harness them for 

vascularization (Fig. 1). Ultimately, the challenges for developing vascularization technologies in 

tissue engineering are discussed. 

 

 
Fig. 1. Major microfluidic and bioprinting technologies used to mimic tissue vascularization. 

Reproduced with permission from ref. 59–63.59–63 Created with BioRender.com. 
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2. Blood vessels and tissue engineering 

2.1 Biology of native blood vessels 

2.1.1 Structure of native blood vessels 

The structure of the native small blood vessels can be classified into three parts: arteries, veins, 

and capillaries.64,65 These structures allow blood to be transported through the entire body.66 Artery, 

sometimes termed elastic artery when closer to the heart and macular artery when far away, 

consists of three layers: tunica intima, tunica media, and tunica externa.67 Tunica intima has three 

layers: endothelium, basal lamina, and connective tissue layer.27,68 The tunica media layer can be 

divided into connective tissue, elastic fiber, and smooth muscle.69 Between the tunica media and 

tunica externa, external elastic lamina exists.70,71 Tunica externa comprises connective tissues, 

most of which are collagenous fibers.72,73 Similar to arteries, the walls of veins are composed of 

the same three layers but with less smooth muscle and connective tissue.74 

Capillaries can be categorized into continuous capillaries, fenestrated capillaries, and sinusoidal 

capillaries.75,76 Capillaries are approximately 5 to 10 µm in diameter and are made of only two 

layers of cells.77–79 The wall of the inner layer is made of endothelial cells with a basement 

membrane surrounding it;80,81 the outer layer is composed of epithelial cells.82,83 The main 

difference between the three categories of capillaries can be explained by the size of substances 

that can pass through the capillaries.84 Due to the unique endothelial layer and intercellular cleft 

structure, continuous capillaries allow only small substances, such as glucose and water, to pass 

through.85 Unlike continuous capillaries, fenestrated capillaries possess pores within their 

endothelial layers, effectively filtering larger substances.86,87 The largest substances, such as cells 

and plasma proteins, can only pass through sinusoid capillary due to an intercellular gap and 

incomplete basement membrane.88,89 

2.1.2 In vivo formation of native blood vessels: vasculogenesis and angiogenesis 
The formation of the native blood vessels features mainly two stages: vasculogenesis and 

angiogenesis.90 The process of blood vessel formation is termed “vasculogenesis”.91,92 Native 

blood vessels form during the 3rd week of embryo development.93 The early structure of the embryo 

is formed from the embryonic mesoderm, where mesenchymal cells will differentiate into the 

connective tissue and the smooth muscle of the blood vessel.94,95 Blood islands, which consist of 

a clump of small cells named “hemangioblasts”, are responsible for the early production of the 

blood vessels and primitive blood cells.96,97 The hemangioblasts produce different types of cells, 
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such as blood and endothelial cells.98 Vascular cords form when endothelial cells connect with 

different blood islands, which serve as the precursor of the mature blood vessels.99 Different from 

vasculogenesis, which occurs only in the embryonic state, angiogenesis occurs both in the 

embryonic state and postnatally.100 The angiogenesis process can be separated into two processes: 

sprouting angiogenesis and intussusceptive angiogenesis.101 Sprouting angiogenesis occurs when 

one endothelial cell becomes activated by the vascular endothelial growth factor type A (VEGF-

A) stimulation and transforms into tip cells.102 New blood vessels form as the tip cells move with 

the stimulation from VEGF-A.103,104 Intussusceptive angiogenesis happens when the blood vessels 

split from one into two, causing transvascular tissue pillars to form and expand.105,106 

2.2 Materials used for scaffold fabrication in tissue engineering 

Materials used for scaffold production should be biocompatible, biodegradable, nontoxic, and able 

to mimic the local extracellular matrix (ECM) with specific features such as density, stiffness, 

viscoelasticity, degradation, and integrin-binding motifs.107–110 Either natural or synthetic 

polymers have been studied for scaffold fabrication,111–113 which are critical regarding their 

mechanical property and biocompatibility.114,115 Naturally derived polymers, such as 

collagen,116,117 chitosan,118,119 and gelatin120,121 are popular in tissue engineering because of their 

biocompatibility.122,123 Different formula have been developed to address the limitations of 

naturally derived polymers.124,125 Unlike naturally derived polymers, synthetic polymers exhibit 

better mechanical strength, better consistency, and more flexibility in the design.126–131 In this 

review, we will not delve into the details of the materials since they are extensively discussed in 

other reviews.132–136 

 

3. Microfluidic technologies 

Within the microscale, microfluidic devices have been intricately designed to address the 

challenges encountered in research conducted using conventional in vitro and in vivo models, 

offering distinct benefits, including high-throughput tests with decreased consumption of 

regents.137,138 Through their adept mimicry of blood vessels and angiogenesis, these systems 

empower researchers to meticulously recreate organ physiology by adroitly manipulating various 

factors of microscale physics over distances, mechanical cues, tissue arrangements, and 

geometries.139,140 Here, we summarize the general fabrication methods for microfluidic systems, 

focusing on the technical aspects, and then explore their applications in vascularization. 
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3.1 General microfluidic technologies 

3.1.1 Soft lithography 

As one of the most favored approaches for crafting biomedical microfluidic devices, soft 

lithography developed rapidly from 1995 to 2005,141 which employs elastomeric substances for 

replica molding and creates patterns essential for microfluidic device fabrication.142 In soft 

lithography, a molded elastomeric pattern is positioned onto a liquid prepolymer solution, which 

subsequently undergoes polymerization, forming corresponding hydrogel features.143 During this 

procedure, the liquid material occupies the intricate patterns on the elastomeric replica due to the 

effects of surface tension and capillary flow.144 

Unlike conventional photolithography, soft lithography creates microscale or nanoscale structures 

regardless of the substrates, which especially surmounts the prevalent limitations associated with 

photolithography in biological and biomedical contexts.145 Although soft lithography offers 

significant advantages in terms of flexibility and ease of replication, its use is somewhat limited 

by the durability and material constraints of soft materials, which may degrade or deform over 

time.146 Among all the materials used for soft lithography, polydimethylsiloxane (PDMS) has risen 

to prominence. Researchers esteemed it for its attractive attributes in prototype fabrication: cost-

effectiveness, optical, biocompatibility, safety, accessible molding procedures, and the capacity 

for integrating elastomeric actuators and optical components into devices.147,148 The superior 

sealing capabilities of PDMS render it highly suited for microfluidics applications, while its self-

bonding capability facilitates the construction of multilayer structures.149 

3.1.2 Micromolding 

Utilizing specialized molds, micromolding emerges as an intricate technique for shaping plastic 

polymers, such as cyclic olefin polymer (COC) and polystyrene (PS).150 The micromolding 

process can be divided into four steps: fabricating the mold containing the desired pattern, applying 

polymer material, curing polymer material, and extracting the cured polymer from the mold.151 

The most common micromolding techniques are injection molding,152 hot embossing,153 and laser 

ablation.154 

3.1.2.1 Injection molding 

Termed as injection molding, the material (usually polymer) is molten and injected into a mold, 

solidifying into the desired part shape after cooling down.152 Injection molding is the leading 

manufacturing process for microfluidic device fabrication due to its high production efficiency.155 
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Moreover, the accuracy and consistency of injection molding are of great significance for massive 

production. However, only thermoplastics can be used for injection molding. For example, PS is 

commonly used for cell growth,156 and COC is known for its favorable optical properties for 

microscopes.157 

3.1.2.2 Hot embossing 

Particularly valuable for thermoplastic materials, hot embossing presents a cost-effective approach 

for high-throughput manufacturing.153 The process itself involves three key stages: positioning the 

polymer film between the molds, elevating both film and molds to temperatures surpassing the 

polymer’s glass-transition point within a vacuum, pressing the molds onto the softened polymer 

to effectuate feature transfer, and finally cooling all components below the polymer’s glass-

transition temperature for demolding and completion of the process.158 With a widespread presence 

in plastics manufacturing, hot embossing is particularly useful for high aspect ratio structures, 

which enables the translation of microfluidic cell culture devices with micro- and nanoscale 

features from laboratory to clinical studies.159 However, the size of channels created by hot 

embossing is still limited due to the thermal stresses during the process. 

3.1.2.3 Laser ablation 

With the high demand for more precise and manageable methods to construct microfluidic 

channels, laser processing has emerged as a potent strategy.160 Laser ablation can be described as 

breaking the chemical bonds of materials when interacting with laser light, increasing temperature 

and pressure to create voids on the substrates.161 Laser systems, such as the CO2 laser,162 and the 

diode laser,163 are commonly used. While different types of laser sources will affect the ablation 

process, the properties of the substrate materials, such as reflectance, thermal conductivity, and 

absorption coefficient, also play a significant role in fabrication. Polymers, such as 

polytetrafluoroethylene (PTFE)164 and poly(methyl methacrylate) (PMMA),165 have been explored 

for the fabrication of microfluidic devices using laser ablation. The high precision and control 

make laser ablation suitable for other materials including metals and ceramics.166 This versatility, 

combined with the ability to achieve intricate designs, makes laser ablation valuable for 

applications requiring detailed patterning. However, laser ablation involves high equipment and 

maintenance costs. Additionally, achieving uniform depth over large areas can be challenging. 

3.2 Microfluidic technologies for vascularization 

3.2.1 Soft lithography 
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Soft lithography has been applied to create microfluidic vessel structures integrated within certain 

matrices to mimic different tissues.143 As an example, the focus of cardiac tissue engineering is 

replacing damaged contractile tissue and emulating cardiac diseases for therapeutic purposes. 

However, integrating aligned contractile tissue and perfusable vasculature remains challenging. 

For instance, it was demonstrated the successful introduction of vascular lumens into matrix-

contracting cardiomyocytes.167 In this work, low-density collagen hydrogel was used to generate 

dense contractile human embryonic stem cell-derived cardiomyocytes (hESC-CMs). In 

comparison, higher-density collagen hydrogel provided a foundation for a patterned 

microvasculature fabricated from stromal cells. The lithography-patterned microvascular networks 

maintained their morphology in the densely cardiac constructs for 2 weeks, showing substantial 

cardiac tissue engineering advancements. 

Different polymers have been investigated for soft lithography, among which PDMS is commonly 

used due to its easy handling and good biocompatibility.148 A novel manufacturing method has 

been developed recently, allowing for the efficient and speedy creation of custom microfluidic 

devices through 3D printing and PDMS soft lithography.168 This approach has enabled the design, 

production, and thorough testing of a microfluidic lab-on-chip that could support the growth of 

capillary-like structures. Natural polymers, such as collagen and gelatin, have also been utilized 

for scaffold fabrication using soft lithography.143 For example, a lithographic technique was 

harnessed for creating endothelialized microfluidic vessels seamlessly integrated within a native 

collagen matrix.169 Moreover, the study delved into the intricate angiogenic activities these 

cultivated endothelial structures demonstrated, and their dynamic interactions with perivascular 

cells thoughtfully seeded within the collagen bulk. 

3.2.2 Micromolding 

3.2.2.1 Injection molding 

Diverse hydrogel types encapsulating certain types of cells were confirmed to form different 

geometries for different purposes, such as the specialized high surface area-to-volume spiral 

configuration explicitly designed for islet macroencapsulation in treatment of type 1 diabetes.170 

Various tissue models, such as the heart, have been created through injection molding. As an 

example, liquid collagen containing human embryonic stem cell-derived endothelial cells (hESC-

ECs) was used during injection modeling to create perfusable constructs with microchannels (Fig. 

2A).171 The remodeled constructs featuring vascular anastomosis exhibited increased expressions 
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of genes linked to vasculature, which contributed to the remodeling of graft cardiomyocytes upon 

implantation onto an infarcted heart (Fig. 2B). The study employed a multidisciplinary approach, 

offering insights into the complex interplay between engineered tissues and the host environment 

for therapeutic advancements in cardiac repair. Beyond normal organs, in vitro tumor models 

integrated with vascularized structures are of great interest since tumor microenvironment (TME) 

is highly related to tumor vascularization.172 An all-in-one injection-molded plastic array 3D 

culture platform (All-in-One-IMPACT) was developed, which integrated vascularized tumor 

spheroids for cancer metastasis mechanistic study (Fig. 2C).173 This model was also tested for drug 

screening in the metastatic cancer model (Fig. 2D). Polymers, such as polycaprolactone (PCL), 

have been studied for scaffold fabrication as well. As reported, the mass-producing of porous PCL 

tissue engineering scaffolds was achieved through the combination of microcellular injection 

molding with chemical foaming and particulate leaching methods.174 Cell viability assays 

involving NIH/3T3 fibroblasts demonstrated favorable biocompatibility of the resultant 

interconnected porous PCL scaffolds, providing a more expansive domain for cell spreading. 

3.2.2.2 Hot embossing 

Along with the increase in temperature, thermoplastic polymers experience different states, 

including the glassy state, rubbery state, and flow state.175 For the fabrication through hot 

embossing, thermoplastic polymers are the most popular materials because of the low molding 

temperature and wide range of thermal properties.158 Made from thermoplastic polymers, well 

plate-based organ-on-a-chip vascular systems show potential in high-throughput tests through hot 

embossing. To this end, a 3D vascularized pancreatic adenocarcinoma tissue was developed within 

a tri-culture system in a 96-well plate comprising patient-derived pancreatic organoids, human 

fibroblasts, and endothelial cells (Fig. 2E).176 They further applied this technology to create 

vascularized cardiac, hepatic, and metastatic breast cancer tissues by incorporating patient-derived 

organoids, termed Integrated Vasculature for Assessing Dynamic Events (InVADE, Fig. 2F).177 

This method offers a comprehensive framework for cultivating complex organoids with functional 

vasculature, such as fibroblast co-cultured tumor organoid (Fig. 2G), opening new avenues for 

dynamic event assessments and personalized medicine applications. Another advantage of hot 

embossing in fabrication falls in the fabrication of 3D structures through layer-by-layer assembly. 

Small microchannels were fabricated in a polycarbonate (PC) film using hot embossing, followed 

by surface functionalization through a crosslinked hyaluronic acid/chitosan layer using layer-by-
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layer assembly.178 Peptides were introduced to enhance adhesion and trigger angiogenesis. The 

functionalized scaffolds were tested for in vitro blood vessel formation, leading to the rapid 

development of tubular-like structures within 2 hours of incubation. The utilization of hot 

embossing is oftentimes combined with other fabrication technologies. A technique termed 

(nano)imprint lithography (NIL) was designed, which utilized both hot embossing and reactive ion 

etching (RIE) technologies.179 This novel approach presents a means to fabricate microscale 

objects using biopolymers, achieved by thermally imprinting on water-soluble sacrificial layers. 

3.2.2.3 Laser ablation 

Laser ablation can fabricate a network of pores or channels within several hundred micrometers. 

For example, arrays of small pores were introduced onto the tube walls through focused laser 

ablation (Fig. 2H).180 This design allowed for cultivating endothelial cells on the inner surfaces of 

the perforated PDMS tubes within an ECM-like environment. Consequently, the endothelial cells 

could extend outward through the pores into the surrounding matrix. When two perforated PDMS 

tubes were positioned parallelly within the matrix, they promoted the development of an 

interconnected microvasculature or larger vessel network from human umbilical vein endothelial 

cells (HUVECs, Fig. 2I). This network formation appeared to rely on the flow dynamics within 

the PDMS tubes. Notably, tumor angiogenesis was initiated when co-cultured with tumor 

spheroids (Fig. 2J). Applying perforated and endothelialized PDMS tubes offers a convenient 

approach for in vitro vascular modeling. This advancement is anticipated to contribute to enhanced 

biological investigations and improved therapeutic screening in the future. Similarly, suturable 

vascular grafts with microporous structures were created, enabling rapid blood perfusion and 

enhancing tissue integration.181 Utilizing electrospinning and femtosecond laser ablation, 

poly(glycerol sebacate) (PGS)/polyvinyl alcohol (PVA) grafts developed a network of 

approximately 100-μm pores within tube walls, enabling direct endothelial cell migration towards 

osteoblasts when incorporated into gelatin methacryloyl (GelMA) hydrogels, thereby facilitating 

rapid vascularization for bone tissue regeneration. 

The accuracy of the laser also allows more precise microstructure fabrication in a microfluidic 

system. In a recent study, a microfluidic system was introduced that effectively facilitated high-

resolution imaging of cargo transport within in vitro endothelial models (Fig. 2K).182 Two 

horizontally separated channels were created for the seeding of human vascular endothelial cells 

(ECs) and pericytes to emulate the blood-brain barrier. The two types of cells were divided by a 
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cell growth-enhancing membrane, where a laser-cut observation window was embedded for 

imaging (Fig. 2L). In another study, PGS elastomers were synthesized with different crosslinking 

ratios, and their surfaces were patterned with channels using laser ablation.183 Remarkable 

endothelial cell proliferation and cellular organization were observed on the PGS membranes. 

 

 
Fig. 2. Microfluidic technologies to mimic tissue vascularization. (A) Schematic of the perfusable 

constructs utilizing hESC-ECs. The fluorescence imaging below showing DsRed (red) stained mTm-

expressing hESC-ECs and GFP (green) stained GFP-expressing hESC-ECs in the patterned network. Scale 

bar, 500 μm. (B) Infarcted athymic Sprague-Dawley rat hearts were stained with human-specific β-myosin 

heavy chain (β-MHC, red) to assess graft retention. Scale bar, 1 mm. Reproduced with permission from ref. 
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171. (C) Schematic showing the All-in-One-IMPACT. (D) Drug screening process on metastatic cancer 

model using All-in-One-IMPACT. Reproduced with permission from ref. 173. (E) Image of the nighty six-

well plate-based and the three-well-based system. Reproduced with permission from ref. 176. (F) Schematic 

of the fabrication and cell seeding process on the InVADE platform. (G) Confocal image showing the 

immunostaining of cultured tissues for cytokeratin 19 (CK19, white). Scale bar, 20 μm. Reproduced with 

permission from ref. 177. (H) Schematics showing the fabrication of perforated PDMS tubes through 

focused laser ablation and their angiogenesis modeling performance. (I) Fluorescence micrograph of larger 

vessels formed between two PDMS tubes and expressed endothelial biomarkers. Green fluorescence 

showing the presence of GFP-labeled HUVECs. (J) Angiogenesis of tumor spheroid with perforated PDMS 

tubes. Reproduced with permission from ref. 180. (K) Schematics showing the design for high-resolution 

imaging in the microfluidic system. (L) The observation of cells from the microfluidic device. ECs were 

stained with Alexa647-conjugated anti-CD31/PECAM-1 antibody (red), and their nuclei were labeled with 

Hoechst 33342 (blue). Pericytes were stained with Nuclear Green (green). Reproduced with permission 

from ref. 182. 

 

4. Bioprinting 

Bioprinting involves using computer-aided processes to create 3D structures composed of living 

cells and biomaterials. It has wide-ranging applications in tissue engineering, regenerative 

medicine, and drug screening.43 The promise of this technology lies in its ability to craft intricate 

and functional biological tissues and organs that could be used for transplantation, disease 

modeling, and drug development.44 Here, we will begin by introducing the general background 

about the most studied bioprinting technologies and then proceed to their advancements in tissue 

vascularization. 

4.1 General bioprinting technologies 

4.1.1 Inkjet bioprinting 

Inkjet bioprinting takes inspiration from conventional paper printing by dispensing tiny bioink 

droplets onto a membrane surface. This process relies on the interplay between the droplets and 

the membrane to stabilize the resulting structure.184 Unlike some alternative methods, inkjet 

bioprinting stands out due to its minimal impact on cells, facilitated by the gentle propelling forces 

utilized.185 

Different mechanisms, such as thermal,186 piezoelectric,187 or electrostatic188 generate droplets in 

drop-on-demand inkjet bioprinting, allowing for various tissue constructs. Thermal inkjet achieves 
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ink propulsion by causing localized bioink evaporation, resulting in bubble-formation that creates 

pressure to propel the bioink through the nozzle.189 This approach involves brief to extreme heating, 

which inflicts fewer cell casualties than some other bioprinting methodologies. Remarkably, it 

maintains high cell viability ratios under suitable conditions, often reaching around 90% 

survival.186 Piezoelectric bioprinting harnesses acoustic forces to dispense bioink droplets,187 while 

electromagnetic inkjet bioprinting employs magnetic forces to propel the bioink onto the 

membrane.190 However, both approaches face limitations related to bioink viscosity requirement, 

as their propelling forces are relatively modest. Additionally, the challenge of cell fragmentation 

during bioprinting disrupts the attainment of uniform cell arrangements.185 Consequently, 

numerous research groups are actively exploring suitable materials and methodologies to enhance 

inkjet bioprinting.191 

4.1.2 Extrusion-based bioprinting 

Extrusion-based bioprinting (EBB) stands as a leading technique in 3D bioprinting. EBB is known 

for its economic viability, high-cell density combability, and adaptability to various hydrogel 

viscosities.192 The EBB process typically begins by selecting a suitable hydrogel prepolymer with 

sufficient yield stress to maintain the intended structure’s form before solidification. Subsequently, 

mechanical or pneumatic forces are employed to extrude cell-laden hydrogels, guided by 

computer-designed programs, layer by layer. Following the printing process, the model undergoes 

crosslinking, achieved through physical agents such as calcium ions or chemical agents such as 

photocrosslinking, to solidify its shape.193 Despite EBB’s popularity, specific challenges remain 

that must be addressed, such as limited choices of bioink with optimal printability, compromised 

resolution, and the delicate balance between printing speed and continuity.194 The selection of 

biomaterials as bioinks is crucial in EBB. The chosen biomaterials must possess the strength to 

maintain shape integrity before crosslinking, be compatible with cells, and exhibit optimal 

viscosity.195,196 Numerous evaluations of bioink materials have been conducted, such as those 

based off gelatin197 and alginate.198 

Consequently, EBB’s prominence primarily thrives in the high-density bioprinting of human 

tissues.199 Researchers have successfully demonstrated extrusion bioprinting for kidney organoids 

(Fig. 3A).200 Their findings highlighted enhanced cell reproducibility, size, and shape-retention, 

alongside a more intricate and organized structure compared to conventional cultivation techniques 

(Fig. 3B). This underscores the significant potential of EBB in advancing tissue engineering and 
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regenerative medicine. Moreover, introducing the Freeform Reversible Embedding of Suspended 

Hydrogels (FRESH) or similar embedded bioprinting techniques has brought about a shift in 

complex organ bioprinting with the extrusion method.201 FRESH employs a supportive bath to 

preserve design integrity during bioprinting, transcending the limitations of conventional layer-

by-layer methods and enabling bioink to be the entire 3D space, thereby greatly enhancing printing 

flexibility. 

4.1.3 Light-based vat-polymerization bioprinting 

Stereolithography (SLA) remains a commonly used approach among all the vat-

photopolymerization methods.202 In SLA, the liquid bioink undergoes photoactivated 

solidification through individual laser shots in a rasterized manner. The printing process involves 

repetitively moving the build platform and curing individual patterns within a resin layer to 

assemble a solid 3D object. For the post-polymerization, the bioinks are permanently cured 

through heating or photocuring, also termed crosslinking.203 

As an alternative to SLA, digital light processing (DLP) presents a more efficient way of utilizing 

a digital mirror device or a liquid crystal display to project a designed pattern onto the bioink.204 

Since DLP allows the exposure of each layer to light simultaneously, printing efficiency is 

effectively improved in a direct layer-by-layer manner.205 DLP can be categorized into top-down 

and bottom-up by the direction of light projecting.206 Utilizing light as a trigger to form bonds 

between molecules, DLP is facilitated by various polymerization methods such as free-radical 

chain polymerization207 and thiol-ene photocrosslinking.208 Photoinitiators are pivotal in initiating 

solidification, with type I initiators creating free radicals that initiate the polymerization process209 

and type II initiators transforming energy into radical species for crosslinking.194 

However, DLP shares similar limitations with SLA, revolving around the viscosity and strength 

of bioink materials.210 To expedite the printing process while maintaining method stability, a silk 

fibroin (SF)-based bioink was developed (Fig. 3C).211 SF imparts robust material strength, superior 

for in vivo implantation (Fig. 3D). Also notably, DLP bioprinting was effectively employed to 

create liver microtissues using the decellularized ECM (dECM).212 This work highlighted the 

advantageous high resolution of photopolymerized printing in enhancing liver model development. 

To overcome geometric constraints and enhance the bioprinting speed, volumetric additive 

manufacturing (VAM) has gained attention for biomedical applications.213–215 VAM involves 

selectively solidifying a photosensitive resin volume using evolving light patterns projected onto 
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a rotating container, which shows promise for creating complex shapes and structures more 

efficiently.63 However, the limited availability of suitable (bio)inks currently hinders the full 

realization of VAM’s potential in various applications. In recent work, we reported volumetric 

bioprinting with unmodified silk-based bioinks silk sericin (SS) and SF to create intricate shapes 

and architectures (Fig. 3E).216 Through subsequent processing, SS constructs exhibited reversible 

shape-memory behavior, while SF constructs showcased adjustable mechanical properties 

spanning from low-Pa to high-MPa ranges. Both silk bioinks showed excellent cytocompatibility 

towards C2C12 myoblasts (Fig. 3F). With a double-crosslinked network, the VAM-printed 10% 

SF screws with good mechanical strength could be implanted into a pre-drilled hole within the 

cortical bone (Fig. 3G), suggesting the potential for orthopedic applications. 

4.1.4 Laser-assisted bioprinting 

For laser-assisted bioprinting (LAB), a combination of a ribbon coated with liquid biomaterials, a 

pulsed laser source, and a specially prepared substrate is utilized to deposit biomaterials.217 During 

this process, lasers operating in the nanosecond range and emitting at UV or near-UV wavelengths 

are used to illuminate the coated ribbon.218 This illumination leads to the evaporation of the bio-

materials, causing them to form droplets that land on the substrate. This substrate is typically 

treated with a biopolymer or a medium conducive to cell culture, which aids in the attachment and 

subsequent growth of cells after their transfer.219 The precision of LAB is dependent on various 

factors, including the thickness and rheological features of biomaterials, the energy of the laser 

pulses, the substrate’s capacity to absorb liquids, the speed of printing, and the overall arrangement 

of the planned structure.220–222 

Originally developed for precise metal deposition in 1986,223 laser-induced forward transfer (LIFT) 

has been excelling in micron-level precision, capable of isolating single cells or clusters from 

highly concentrated bioink.224 The high-throughput capacity of LIFT, capable of reaching up to 5 

kHz, allows for the rapid printing of thousands of droplets every second.225 Unique to LIFT is its 

nozzle-free design, which eliminates clogging problems, a common issue when using viscous 

bioinks.226 This technique is also notable for its ability to maintain high cell viability, 

outperforming other bioprinting methods, and making it particularly effective for in-situ 

printing.227 The compatibility of LIFT with other bioprinting technologies further enhances its 

utility, making it a powerful and adaptable tool in the realm of advanced tissue engineering.228 
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LAB has shown promising in working with various cell types, such as human embryonic stem 

cell-derived limbal epithelial stem cells (hESC-LESCs) to replicate epithelial structures and human 

adipose tissue-derived stem cells (hASCs) to create layered constructs resembling the stroma in 

native corneal tissue.229 In a different study, the combination of nano-hydroxyapatite (nHA) with 

mesenchymal stem cells (MSCs) was explored.230 This research focused on the effects of two 

different cell-printing shapes, a disc and a ring, showcasing the adaptability of laser-based cell 

printing in bone repair applications. Additionally, LAB has been instrumental in studying and 

influencing dynamic matrix remodeling in various fibroblastic populations and structures, 

particularly in collagen environments.231 

 

 
Fig. 3. General bioprinting technologies. (A, B) Extrusion-based 3D cellular bioprinting of (A) kidney 

organoids and (B) corresponding immunofluorescence showing the presence of proximal tubular segments 

(CD13 and CUBN), podocytes (NPHS1), proximal tubules (LTL), tubular basement membranes 

(LAMININ) and surrounding stroma (MEIS1/2/3). Scale bars, 100 μm. Reproduced with permission from 
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ref. 200. (C) DLP-printed trachea structure using SF-based bioink. Scale bar, 1 cm. (D) Bioprinted Sil-MA 

trachea laden with chondrocyte for in vivo implantation. Scale bars, 5 mm. Reproduced with permission 

from ref. 211. (E) Schematic of the preparation of silk-based (bio)inks and the setup for VAM. (F) 

Fluorescence microscopic images of different volumetrically bioprinted C2C12 cell-laden structures with 

SS or SF. (G) Photograph showing the implantation of a volumetrically printed screw. Scale bar, 1.5 mm. 

Reproduced with permission from ref. 216. 

 

4.2 Bioprinting technologies for tissue vascularization 

4.2.1 Inkjet bioprinting 

Inkjet bioprinting has favored vascularization due to significant merits, such as precise droplet size 

and deposition controllability, easy scale-up, and high printing speed and resolution.184 

Electrohydrodynamic (EHD) inkjet bioprinting has recently been developed to fabricate hydrogel-

based microvascular tissues containing intricate hierarchical and branching channels. The method 

achieved a minimum feature size of 30 μm, closely approximating the size of natural capillary 

blood vessels (Fig. 4A).232 Inkjet bioprinting has also been used for sacrificial template printing. 

In one study, authors successfully employed gellan gum as a sacrificial material to fabricate 

complex vascular networks using 3D inkjet printing within 3D-gelatin gels. They further 

demonstrated the perfusion of human whole blood through these vascular tubes at a flow rate of 

3.0 cm s-1 for 2 hours (Fig. 4B).233 

4.2.2 EBB 

EBB involves depositing cell-laden bioinks layer by layer, enabling the creation of tissue structures 

with integrated vascular networks. The main strength of EBB lies in its versatility to incorporate 

various materials and cell types, facilitating the fabrication of complex and functional vascular 

systems necessary for tissue viability. By combining endothelial cells, fibroblasts, and adipose 

tissue-derived MSCs, researchers have created spheroids that promote vascular outgrowth and 

integration with host vasculature.234 Optimizing photocrosslinking conditions ensures the stability 

and viability of these constructs, supporting the development of functional microvascular networks. 

To fabricate complex and functional vascular systems, sheet-based extrusion bioprinting with 

GelMA hydrogels represents a substantial advancement.235 By utilizing endothelial cells and 

pericytes, sheet-based extrusion bioprinting enabled microvascular construction. EBB can be 

further utilized to fabricate vascularized tissues. Microgel-based biphasic (MB) bioink was 

developed to generate cardiac tissues and organoids when encapsulating human-induced 
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pluripotent stem cells, facilitating stem cell proliferation and cardiac differentiation.236 

Additionally, hepatic metastasis models of various cancer types were fabricated with sacrificial-

free direct ink writing (SF-DIW) approach, providing a platform to investigate the cytostatic 

activity of anti-cancer drugs.237 

4.2.3 Light-based vat-polymerization bioprinting 

4.2.3.1 SLA bioprinting 

SLA bioprinting, particularly using dynamic optical projection stereolithography (DOPS), offers 

precise control and high resolution, making it suitable for creating complex vascular networks.238 

By optimizing parameters such as UV intensity, exposure time, and cell density, SLA bioprinting 

can produce different structures with high cell viability. Complex cell-encapsulated structures, 

such as 3D Y-shaped tubular constructs, can be printed through SLA.239 With optimized 

parameters, such as cure depth, a cell viability of 75% was achieved immediately after printing 

within the Y-shaped structure. In addition to the shape, size is also crucial for mimicking real tissue. 

A fast SLA printing method was developed to create large-scale biocompatible hydrogel models 

with embedded vascular networks, which supported cells with high viability and function.240 These 

studies together underscore the potential of SLA bioprinting in advancing tissue engineering and 

regenerative medicine by optimizing bioink composition and printing parameters to achieve 

desired structural and functional outcomes. 

4.2.3.2 DLP bioprinting 

DLP is a promising avenue for crafting volumetric scaffolds endowed with perfusable vascular 

channels.241 The productive utilization of DLP bioprinting requires the employment of appropriate 

low-viscosity photo-reactive bioinks, which can be solidified using cytocompatible light sources, 

either longer wavelength UV light (365 nm) or visible light (400–700 nm).205 Therefore, current 

research is primarily centered around developing innovative bioink formulations.242–244 

Decellularized ECM sourced from organs and tissues is particularly valued for its inherent 

biochemical signals, which can support and expedite processes of repair and regrowth within the 

body.245 A new bioink termed methacrylated bone-derived biomaterial (BoneMA), made from 

methacrylate-modified human bone-derived ECM, has been developed (Fig. 4C).246 This hydrogel 

possessed tunable mechanical properties and maintained nanoscale features of polymer networks, 

which was highly compatible with cells and supported the formation of interconnected vascular 

networks. 
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Although methacrylated polymers have been commonly used for DLP printing, the high 

concentrations of propagating radicals produced during crosslinking could damage sensitive cell 

types.207 In addition, the high crosslinking density of DLP-bioprinted hydrogels leads to a decrease 

in the viability of the enclosed cells.39 The emergence of norbornene-based bioinks has been a 

promising alternative to methacrylated macromers in 3D bioprinting. Recently, gelatin-norbornene 

(GelNB) was reported for DLP bioprinting (Fig. 4D).247 Formulated at low concentrations (2–5 

wt.%), a wide range of stiffness levels can be achieved. Notably, the GelNB hydrogels 

demonstrated high cytocompatibility, as evident from the favorable viability of encapsulated 

HUVECs, which also formed a well-connected microvascular network (Fig. 4E). 

4.2.3 LAB 

Due to its accuracy and efficiency, LAB has emerged as a highly versatile technology for the 

precise deposition of minute substances.218 LAB is commonly used to develop microvascular 

networks in a specific pattern, which can be maintained while introducing an additional layer of 

endothelial cells on the surface.248 LAB also addresses the limitations of other bioprinting methods 

by avoiding issues such as clogging and enabling high-resolution bioprinting of high-density cell 

droplets, which makes it suitable for creating endothelial capillary patterns and constructing 

complex vascular structures.249 For example, LAB  was used to arrange endothelial cells with 

MSCs into patterns with high density, enabling the creation of a vascular network with a 

predetermined architecture (Fig. 4F).250 This further facilitates the application of LAB for in vitro 

prevascularization of certain organs, such as bone.135 Human osseous cells were confirmed to 

create prevascularized constructs through LAB for autologous bone reparation (Fig. 4G),251 

providing a promising method for addressing the challenge of cell viability within voluminous 

bone tissues. Notably, LAB’s effectiveness in promoting bone regeneration has also been proven 

in vivo in this work. 

 

5. Microfluidics-assisted bioprinting for tissue vascularization 

5.1 Limitation of microfluidic and bioprinting technologies for tissue vascularization 

Microfluidic technologies excel in microscale fluid flow control, effectively mimicking the 

behavior of blood vessels on a smaller scale.139,140 However, integrating these technologies into 

larger, more complex tissue structures poses significant challenges.55 As channels expand from 

microscopic to millimeter sizes, difficulties arise in managing the geometry, diameter, and layering 
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of the replicated vessels.252 Another issue is the limited throughput of microfluidic devices.253 

Techniques such as mold casting, offers insufficient control over vessel size and cell placement, 

which hampers sustained cell viability in thicker tissues.254 Scaling microfluidic models to larger 

tissue constructs introduces additional complexities, particularly in maintaining a physiological 

environment that supports cell health and tissue functionality.255 Ensuring consistent perfusion and 

oxygenation is crucial, yet replicating the detailed vascular networks found in natural tissues is 

extremely challenging.256 Additionally, there is a continuous struggle with material compatibility 

in microfluidic fabrication, underscoring the need for the development of biocompatible materials 

that can both resemble the natural ECM and enhance vascularization within these systems.257 
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Fig. 4. Conventional bioprinting technologies for tissue vascularization. (A) Fluorescence images 

showing the flow perfusion within the channel of microvascular networks fabricated through EHD inkjet 

printing. Reproduced with permission from ref. 232. (B) Images of inkjet-printed vasculature with HUVEC 

and the flow behavior with blood. Reproduced with permission from ref. 233. (C) Schematics representation 

of the synthesis and chemistry of BoneMA for DLP bioprinting. Reproduced with permission from ref. 246. 

(D) Images showing the pattern constructed by DLP printing with different concentrations of GelNB. (E) 

Confocal microscopy images showing 3D views and cross-sections of HUVEC-seeded channels. 

Reproduced with permission from ref. 247. (F) Fluorescence images showing capillary-like network 

bioprinted with different cell density and laser energies. Reproduced with permission from ref. 250. (G) 

Schematic showing the preparation of biopaper and LAB process. Reproduced with permission from ref. 

251. 

 

Bioprinting has made remarkable progress but continues to face the substantial challenge of 

accurately mimicking the complex, multi-scale structure of natural blood vessels in 3D tissue 

models.258 A key limitation is the inability to replicate the exact sizes and tubular structures of 

native tissue vessels.259 In particular, current EBB methods struggle with resolution, especially for 

objects smaller than 100–200 µm, complicating the process of achieving effective tissue 

microvascularization.260 Furthermore, while LAB offers better resolution, it is hindered by high 

costs and difficulties in bioprinting multiple materials at once.261 The complex, hierarchical 

arrangement of natural vascular networks, which includes arteries, veins, and capillaries, also 

poses a significant challenge.262 Overcoming these issues requires a collaborative, interdisciplinary 

approach to further enhance the capacities of bioprinting technologies. 

5.2 The integration of microfluidic and bioprinting technologies 

The combination of bioprinting with microfluidic technologies presents a promising solution to 

the complex challenge of tissue vascularization.40 This integrated approach aims to synergistically 

overcome the individual limitations of each technology.263,264 By incorporating microfluidic 

technologies into bioprinters, the fabrication of more precise channels becomes possible.265 These 

channels are designed to mimic the complex branching and perfusion required for effective 

nutrient and oxygen distribution, addressing key issues of perfusion and oxygenation in bioprinted 

tissues.266 This cooperative strategy capitalizes on the precise cell and biomaterial-deposition 

capabilities of bioprinting, combined with the microscale control inherent in microfluidics.267 This 

convergence is paving the way towards more lifelike and clinically relevant tissue models with 
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enhanced vascularization. The fusion of bioprinting and microfluidics is a significant stride in 

tissue engineering, aiming to produce robust, perfusable, and physiologically functional tissues 

suitable for regenerative medicine applications.268,269 In this section, we will focus on the recent 

developments in microfluidic assisted extrusion (microfluidic coaxial bioprinting) and DLP 

bioprinting for tissue vascularization. 

5.2.1 Microfluidic inkjet bioprinting 

Combining microfluidics with inkjet bioprinting merges the precise control of fluid dynamics in 

microfluidic systems with the high-resolution patterning capabilities of inkjet printing. This 

integration may facilitate real-time switching and mixing of different bioinks, which is crucial for 

improving the resolution and structural integrity of bioprinted tissues. Microfluidic inkjet 

bioprinting offers the potential to create highly accurate and reproducible human tissue and organ 

models, significantly improving pharmaceutical testing. For example, cellular interactions can be 

enhanced by building micrometer-sized multilayers between cells and proteins through 

microfluidic inkjet bioprinting, which is crucial for 3D human tissue chip fabrication and further 

drug evaluations.270 Moreover, cell-cell interactions between different cells, such as HepG2 liver 

cells and U251 cancer cells, were improved through precise microscale cell patterning on 

microfluidic chips using microfluidic inkjet bioprinting.271 With the understanding of these basic 

functions, liver-on-a-chip models were developed and essential liver functions and interactions 

can be replicated, enabling sophisticated disease modeling and drug toxicity assessments.272 

5.2.2 Microfluidic extrusion bioprinting 

5.2.2.1 Microfluidic coaxial bioprinting 

Extrusion-based 3D bioprinting plays a critical role in tissue engineering, enabling the creation of 

structures that closely resemble real tissues.273 However, there is a need to improve the resolution 

and intricacy of the produced structures, indicating the necessity for ongoing advancements. A 

significant development in this area is the integration of microfluidic systems into extrusion 

bioprinters, termed microfluidic coaxial bioprinting.274 This innovation marks a significant step 

forward, providing precise control over bioink volumes and enabling the simultaneous extrusion 

of multiple bioinks through a single nozzle.275 Various groups have successfully achieved the 

fabrication of vessels with diverse thicknesses, scales, and intricate shapes by manipulating the 

number of nozzles, adjusting material viscosity, and fine-tuning crosslinking parameters.276,277 
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GelMA is commonly used to construct blood vessel-like structures.120 A digitally coded coaxial 

extrusion device was developed by us, which allowed for the continuous fabrication of complex 

3D tubular hollow fibers with multiple circumferential layers in a single step (Fig. 5A).278 By 

incorporating human smooth muscle cells (hSMCs) and HUVECs in the bioinks, the bioprinted 

tissues demonstrated cellular heterogeneity and phenotypes similar to the natural blood vessel (Fig. 

5B). Their ability to be actively perfused with fluids and nutrients was confirmed as well (Fig. 5C), 

which holds potential in a wide range of medical and biological applications. 

Although these bioprinted vascular conduits have been shown to mimic the structural of native 

blood vessels, they generally displayed significantly lower mechanical strength compared to 

natural vessels, which limited their use in biological applications that require a physiological 

setting.279 Thus, the challenge persists in bioprinting vascular conduits that are not only structurally 

comparable but also match the mechanical and functional properties of small-diameter native 

vascular grafts. Recently, we developed a robust double-network (DN) hydrogel (bio)ink, where 

energy-dissipating ionically crosslinked alginate and elastic enzyme-crosslinked gelatin were 

included to provide mechanical properties and functionality (Fig. 5D).280 Both single- and dual-

layered hollow conduits were fabricated to mimic vein-like and artery-like tissues (Fig. 5E). The 

vascular functionality was similar to physiological vasoconstriction and vasodilation responses. In 

addition, the potential of these bioprinted conduits for clinical applications was investigated, 

including the susceptibility to pseudo-viral infection from the severe acute respiratory syndrome 

coronavirus 2 (SARS-CoV-2) (Fig. 5F). 

However, coaxial bioprinting still has room for refinement. Challenges such as approaching 

diameter limitations, advancing basic biological techniques, and shortening printing times without 

compromising sensitive cells must be addressed for further progress.281,282 To enhance the 

resolution of printed structure, we developed a strategy utilizing post-printing treatment, termed 

shrinking printing.283 Based on charge compensation, the shrinking effect occurs when placing 

hyaluronic acid methacrylate (HAMA) hydrogel within high charge density polycations, which 

leads to the expulsion of water and size reduction (Fig. 5G). While bioprinted with cells, good 

biocompatibility and proliferation were observed after shrinking (Fig. 5H). In another research, 

we developed a method focused on crafting standalone cannular tissues with extremely small 

luminal diameters and very thin walls.284 This method employed an aqueous two-phase system, 

integrating both embedded bioprinting and cutting-edge crosslinking and extrusion techniques, 
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which enabled precise deposition of aqueous bioinks, such as GelMA, within a stable non-mixing 

aqueous support bath composed of poly(ethylene oxide) (Fig. 5I). As a result, we successfully 

created standalone hollow structures with diameters around 40 μm and walls thinner than 5 μm 

(Fig. 5J). The technique also maintained cellular functionality, proving its adaptability and 

effectiveness (Fig. 5K). This innovation is particularly promising for its applications in 

regenerative medicine and in crafting complex tissue models. 

 

 

Fig. 5. Microfluidic coaxial bioprinting for tissue vascularization. (A) Schematic showing the 

bioprinting of multilayered hollow structure. (B) Immunostaining of bioprinted vascular tubes with vascular 

biomarkers for HUVECs (CD31, green) and hSMCs (α-SMA, red). Nuclei were labeled with DAPI (blue). 

(C) Schematic and images of the perfusion through multiple tissues. Reproduced with permission from ref. 

278. (D) Schematic showing the crosslinking mechanism of the DN bioink. (E) Schematic representation 
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of the bioprinting process for monolayered and dual-layered vascular conduits. (F) Fluorescence 

photography showing the expression of ACE2 (red) within bioprinted vascular conduits. Scale bars, 100 μm. 

Reproduced with permission from ref. 280. (G) Schematic showing the shrinking process and 

corresponding size reduction. (H) Fluorescence images showing the immunostaining of MCF-7 cells with 

cell proliferation marker Ki67 (red). MCF-7 cells were stained for F-actin (green) and nuclei were labeled 

with DAPI (blue). Reproduced with permission from ref. 283. (I) Schematic illustration of the two-phase 

aqueous embedded (bio)printing strategy. (J) Wall thickness and diameter of a coaxially printed cannular 

tissue, stained for F-actin (green). Nuclei were labeled with DAPI (blue). (K) Fluorescence micrographs of 

the HUVECs-seeded vascular conduits (stained for F-actin, green) and the expression of ZO-1 (red). Nuclei 

were labeled with DAPI (blue). Reproduced with permission from ref. 284. (L) Illustration of the extended 

printhead with core-shell design. (M) Confocal image of endothelial cells arranged within a bioprinted 

blood vessel. Scale bar, 1 mm. Cells were stained with CD31 (red) and nuclei were labeled with DAPI 

(blue).  Scale bar, 50 µm. (N) From left to right: CAD rendering of printed LCA structure, printed LCA in 

alginate microparticles and the completed patient specific LCA. Scale bar, 5 mm. Reproduced with 

permission from ref. 285. 

 

Despite advancements in creating perfusable channels, coaxial bioprinting still falls short in 

replicating the complex branching and multilayer architecture of native vessels. To tackle this 

challenge, researchers developed two innovative methods to fabricate branching vascular networks 

within soft materials: coaxial embedded printing (co-EMB3DP) and coaxial sacrificial writing into 

functional tissues (co-SWIFT).285 Both techniques employ a core-shell printhead with an extended 

core channel (Fig. 5L). The branch points were created by using the extended core nozzle to 

puncture the shell wall of existing filaments, followed by coaxial extrusion of core and shell inks 

to ensure proper connections. By repeating the punching and reconnecting, complex branching 

vascular networks were fabricated. To enhance the physiological accuracy, branched vessels were 

bioprinted with co-EMB3DP, where smooth muscle cells (SMCs) were included in the shell bioink, 

and sacrificial gelatin was used as the core ink. After seeding endothelial cells, a continuous 

monolayer on the inner surfaces of the vessels could be observed (Fig. 5M). To further 

demonstrate the capability of co-SWIFT for personalized biomanufacturing, a patient-specific left 

coronary artery (LCA) was printed within a transparent alginate matrix (Fig. 5N). This work shows 

possibilities for scalable biomanufacturing of branching vascularized tissues in disease modeling 

and drug screening. 
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5.2.2.2 Pre-set EBB 

To address the limitations in replicating the complex structure of native tissues, pre-set EBB was 

developed, which can create heterogeneous, multicellular, and multimaterial structures 

simultaneously.286 The key notion of this method was the use of a precursor cartridge to maintain 

the configuration between different materials, which can then be bioprinted through a syringe-

based printhead. The introduction of the precursor cartridge allows precise deposition of multiple 

materials into complex structures without compromising cell viability. Using this system, real 

tissue-like structures such as spinal cords, blood vessels, and capillaries were successfully 

fabricated. In addition, multiscale hepatic lobules within a highly vascularized construct were 

fabricated by pre-set EBB.287 Bioprinted with HepG2 and endothelial cells, these hepatic lobules 

demonstrated higher enzyme activity compared to homogeneous cell bioprinting, highlighting the 

potential of pre-set EBB for creating functional tissues with high fidelity. 

5.2.3. Microfluidics-assisted DLP bioprinting 

Human organs, including veins and arteries, exhibit multiscale, hierarchical structures, particularly 

at bifurcation points.4 Despite advancements in DLP bioprinting, significant hurdles persist. These 

include the challenge of precisely bioprinting complex, multicomponent tissue constructs that 

mimic these natural structures, and the difficulty in managing material contamination during 

transitions between different printing materials.43 These obstacles highlight the need for further 

refinement in DLP bioprinting techniques to accurately replicate the intricate designs found in 

human tissues. 

A primary issue is managing material contamination during transitions between different 

bioinks.288 Our group has pioneered a method that incorporates a microfluidic device into a digital 

micromirror device (DMD)-based bioprinter, enabling the creation of multimaterial constructs 

through stereolithographic bioprinting.289 This system included a UV lamp at 385 nm, various 

optical lenses and objectives, a DMD chip, and a microfluidic device (Fig. 6A). We evaluated the 

multimaterial capabilities of this bioprinting setup through an in vivo angiogenesis study using a 

rat subcutaneous implantation model. The in vivo experiment involved constructing a four-material 

framework, utilizing poly(ethylene glycol)-diacrylate (PEGDA) for the structure, and embedding 

three GelMA strips infused with vascular endothelial growth factor (VEGF). The incorporation of 

VEGF in these multimaterial constructs resulted in increased blood vessel formation within the 

implants (Fig. 6B) and heightened CD31 expression in the infiltrating cells (Fig. 6C). This in vivo 
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experiment underscored our ability to produce heterogeneous constructs with this microfluidic 

assisted bioprinting approach, effectively influencing key biological functions like angiogenesis. 

While our previous platform allowed rapid material switching, it was limited to discrete gradient 

material distributions. To enhance this, we proposed a gradient bioprinting system, which 

combined a DLP 3D bioprinter with a microfluidic mixing chip, specifically designed to produce 

composable and graded (bio)inks (Fig. 6D).290 This technology enabled us to produce structures 

with continually or continuously gradient variations, such as a two-dimensional maple leaf, 

ensuring continuity in specified areas (Fig. 6E). We utilized green fluorescent protein-HUVECs 

(GFP-HUVECs) to bioprint a vascular-like network with the smallest vessels measuring 50 µm in 

diameter (Fig. 6F). The observed imagery revealed a gradient in cellular fluorescence, which was 

supported by quantitative measurements showing a notable decline in intensity. Moreover, our 

system facilitated the bioprinting of multiple cell types simultaneously, including GFP-HUVECs 

and red fluorescent protein-HUVECs (RFP-HUVECs), to create various cell gradients. In addition 

to material gradients, our system also worked with chemical gradients. For instance, we 

incorporated a gradient of soluble VEGF (ranging from 0 to 100 ng mL-1) into a heparin 

methacryloyl-gelatin methacryloyl (HepMA-GelMA) hydrogel matrix. This gradient effectively 

promoted vessel branching in angiogenesis and vasculogenesis processes. By the 14th day of 

embryonic development, it was evident that areas with higher VEGF concentrations in the 

hydrogel exhibited increased growth in both the length and number of blood vessels (Fig. 6G), 

demonstrating the successful implementation of a growth factor gradient and its significant impact 

on enhancing vascularization. This highlighted the system’s immense potential as an effective 

instrument in the field of tissue regeneration. 

In addition to creating structure with multiple materials,291,292 the integration of DLP bioprinting 

with microfluidic devices shows significant advances in streamlined operations, facilitating cell 

culture process to maintain good cell behavior. For example, researchers developed a variable 

height micromixer (VHM) (Fig. 6H), showing improved mixing efficiency at lower flow rates 

compared to traditional planar designs.293 With this system, complex cell-laden 3D microstructures 

were directly bioprinted inside microfluidic channels (Fig. 6I). To enhance cell proliferation after 

printing, we created size-tunable porous structures using a combination of DLP and a microfluidic 

bubble-generating chip (Fig. 6J).294 The size of the bubbles was precisely controlled within a 

GelMA hydrogel matrix, producing consistent and reproducible porosities (Fig. 6K). High cell 
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viability of NIH/3T3 fibroblasts was observed after cultivation within the printed porous constructs, 

demonstrating good cytocompatibility of the printed porous structures and the ability to enable 

proper cell behaviors (Fig. 6L). 
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Fig 6. Microfluidic assisted DLP bioprinting for tissue vascularization. (A) Schematics detail the 

complete setup of the bioprinter, including the optical platform and the microfluidic device. (B) 

Photographs of the retrieved constructs and corresponding confocal images stained to highlight nuclei (blue) 

and CD31 (red), with bright-field views given a green pseudocolor. (C) The retrieved implants were stained 

for CD31 (red) to show the angiogenesis performance with or without VEGF. Nuclei were labeled with 

DAPI (blue). Reproduced with permission from ref. 289. (D) Illustrations and descriptions outline the setup 

and workflow of the composable-gradient DLP bioprinting platform. (E) Images of a pseudo-3D maple leaf 

printed with horizontal gradients, using colors that dynamically shift from green to red during the printing 

process. (F) A printed vascular network structure showing a horizontal gradient in GFP-HUVECs cell 

density, and an additional construct features RFP-HUVECs (red) and GFP-HUVECs (green), 

demonstrating a positive gradient of red cells and a negative gradient of green cells from left to right. (G) 

Images of the printed construct and the adjacent chorioallantoic membrane (CAM) areas indicate the 

formation of new microvessels growing toward the implanted hydrogel. Reproduced with permission from 

ref. 290. (H) Image of the fabricated variable-height micromixer. Scale bar, 5 mm. The illustration below 

shows the in-device printing process. (I) Top: Illustration showing mixed GelMA/LAP and 10T1/2 cell 

solution exposed to a digital mask. Bottom: fluorescence (green) and composite images of the bioprinted 

biomimetic hepatic lobule structure. Scale bars, 5 mm. Reproduced with permission from ref. 293. (J) Left: 

illustration of the valve-based flow-focusing (vFF) chip for bubble generation. Right: images of the chip 

and the microfluidic channels. (K) Left: illustration of the DLP top-down 3D printer. Right: schematic of a 

bone-like structure on the printing stage (top) and an actual printed structure (bottom). (L) Live (green)/dead 

(red) staining (top) and F-actin filaments (green)/nuclei (blue) staining (bottom) of NIH/3T3 fibroblasts 

within porous constructs after 14 days. Reproduced with permission from ref. 294. 

 

6. Outlook 

Integrating microfluidic systems and bioprinting technologies to create vascular networks for 

tissue engineering brings forth many promises, offering the potential to overcome a critical barrier 

in creating functional and viable tissue constructs.74 Strategies to enhance vascularization in 

bioprinted constructs may involve incorporating microfluidic channels to support efficient 

perfusion.284 Similarly, combining the high-throughput capabilities of microfluidics with the 

precision of bioprinting has potential for creating complex yet functional vascular networks.289,290 

These innovations facilitate the creation of complex, physiologically relevant structures and have 

profound implications reverse engineering biological processes, disease modeling, and performing 
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drug screening for personalized medicine. These models will reduce reliance on animal models 

and expediting the drug development process. 

Moreover, integrating microfluidic technologies in 3D bioprinting significantly enhances the 

precision and customization of bioinks to create more complex tissue structures. This advancement 

potentially facilitates improved transplantation outcomes by enabling the creation of vascular 

structures and providing cell-friendly environments, thus enhancing tissue viability and integration. 

Bioprinted tissues with personalized properties can be tailored to meet specific clinical needs, 

reducing immune-rejection risks and promoting faster healing. Additionally, these integrations 

may allow on-demand tissue production, minimizing the process of tissue transplant, and 

supporting patient-specific drug testing and development. It is further envisioned that such an 

approach will ensure more effective, customized therapies with minimized surgical risks, which 

shows the potential to revolutionize patient care. 

Despite the tremendous potential, there are several challenges to be addressed. One primary 

concern is the long-term stability and functionality of the engineered vasculatures. Ensuring proper 

perfusion and preventing occlusion within the channels remain critical hurdles, as inadequate 

circulation can lead to cellular hypoxia and necrosis. In addition, recreating the barrier function of 

brain vasculature will be important for modeling of brain vascular disorders in malignancies and 

degenerative brain disorders. To address this issue, there are two aspects to consider: material 

design and cell fate control. Materials play a crucial role in determining constructed vasculature 

stability within fabricated scaffolds. The ideal material should closely mimic the properties of 

ECM, which possess both mechanical strengths to maintain structural and high biocompatibility 

to allow cells to grow and differentiate.33,295 While the material only functions as a substrate, the 

better solution lies in controlling cell growth and differentiation to form engineered vascular in ex 

vivo conditions.194 Bioprinting offers the advantage of precise arrangement of cells within 

biomaterials,197 integrating these technologies with microfluidic systems while maintaining 

compatibility and mechanical integrity can be complex but promising. 

Scaling up while retaining the fidelity of the models for the pathology being modeled presents 

another challenge. Scaling encompasses both quantity and complexity. To increase quantity, more 

automated equipment and programmatic experimental design are demanded. Complexity-

elevation is a substantial task because of the highly integrated human body, even at an organ or 

tissue level, where their structural and functional integrity is significant and beyond our 
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understanding.6,10 Although microfluidic technology can potentially mimic precious structures, it 

is still far from faithfully simulating certain kinds of tissue. More importantly, this is a tissue 

engineering challenge and calls for a deeper understanding of biology. Only after comprehending 

how the biological system functions, can we effectively replicate it with engineering methods. 

The convergence of microfluidic and bioprinting technologies is expected to grow, with 

investigations focusing on refining hybrid approaches that combine the benefits of both techniques. 

Exploring additional combinations of microfluidics with 3D bioprinting could expand the potential 

for developing innovative biomedical applications. For instance, instead of using different 

materials, bioprinting with various cell types to mimic real tissue functions can introduce 

significant complexity, which yet presents new opportunities for creating highly functional and 

physiologically relevant tissue models. Advances in biofabrication techniques, such as high-

resolution bioprinting,296 offer the potential to accurately replicate the intricate architecture of 

native tissues. Despite these potential benefits, current challenges include ensuring the precise 

placement and maintenance of multiple cell types within a single construct and achieving the 

appropriate cellular interactions and signaling required for functional tissue development. 

Utilizing microfluidic technologies to deliver and position cells directly without the need for 

scaffolds offers significant opportunities for creating more natural tissue structures. This approach 

can potentially eliminate the immune response and foreign body reactions associated with 

scaffolding materials. However, scaffold-free bioprinting remains challenging. One major issue is 

maintaining the structural integrity and mechanical stability of the bioprinted tissues without the 

support of scaffolds. Additionally, ensuring homogeneous cell distribution and viability during the 

bioprinting process is crucial. Innovations in microfluidic technology with enhanced cell-handling 

techniques should pave the way for future scaffold-free bioprinting methods, potentially leading 

to breakthroughs in tissue engineering and organ regeneration. 

In conclusion, microfluidic and bioprinting technologies represent a pivotal advancement in tissue 

engineering, offering the prospect of creating vascularized tissue constructs with unprecedented 

precision and functionality. While challenges exist, the potential impact on biomedicine and tissue 

engineering is undeniable. With continuous innovation and collaboration, the field is poised to 

transform the landscape of healthcare and biotechnology, bringing us closer to the reality of 

laboratory-grown tissues and organs for clinical and preclinical applications. 
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