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Abstract

A basic prerequisite for the survival and function of three-dimensional (3D) engineered tissue 

constructs is the establishment of blood vessels. 3D bioprinting of vascular networks with 

hierarchical structures that resemble in vivo structures has allowed blood circulation within thick 

tissue constructs to accelerate vascularization and enhance tissue regeneration. Successful rapid 

vascularization of tissue constructs requires synergy between fabrication of perfusable channels 

and functional bioinks that induce angiogenesis and capillary formation within constructs. 

Combinations of 3D bioprinting techniques and four-dimensional (4D) printing concepts through 

patterning proangiogenic factors may offer novel solutions for implantation of thick constructs. In 
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this review, we cover current bioprinting techniques for vascularized tissue constructs with 

vasculatures ranging from capillaries to large blood vessels and discuss how to implement these 

approaches for patterning proangiogenic factors to maintain long-term, stimuli-controlled 

formation of new capillaries.
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1. Introduction

The engineered tissue constructs consist of self-assembled cell aggregates, synthetic 

materials, biological scaffolds, or porous hydrogels and fibrous meshes with macroscale 

characteristics that promote cell adhesion, migration, and proliferation [1]. The balance of 

migration and proliferation of encapsulated cells over their life cycles requires consistent 

delivery of nutrients and oxygen [2], in particular when constructs implanted for ischemic 

heart disease [3] and diabetic ulcers [4]. It is thus important to create functional blood vessel 

networks ranging from a few micrometers to millimeters within complex structures, such as 

liver, kidney, and heart [5, 6] (Fig. 1). Vascular systems in vivo include a mixture of different 

cell types that undergo continuous remodeling by stimuli from endothelial, nervous, 

immune, and endocrine cells [7]. They also play a key role in graft perfusion and integration 

of implants into the host vascular system [8, 9]. Vascular growth is further associated with 

developmental processes of angiogenesis, wound healing, and the progression of various 

pathologies such as cancer [9, 10]. Despite significant improvements of current technologies 

to create three-dimensional (3D) blood vessels, the formation of a functional engineered 

vascular system with multiscale vessel networks from capillaries to large vessels has 

remained challenging in this field [11]. Inability in fabrication of 3D vascular networks has 

limited tissue engineering in the growth of thick tissue or organ-level constructs.

Many approaches have been proposed to induce the growth of a vascular system within 3D 

engineered tissue constructs [12]. Vascularization has been induced within tissue constructs 

by incorporation of growth factors into the construct [12] (which yields vasculogenesis), 

seeding endothelial cells in the construct to stimulate angiogenesis [13], or engineering 

multiscale microfluidic channels inside biocompatible materials using various 

microfabrication technologies [14]. Either naturally- or synthetically-derived scaffolds when 

mixed with proangiogenic factors yield de novo formation of capillaries [15]. In another 

strategy, co-cultures of endothelial cells and other cell types of the desired organ were used 

within tissue scaffolds prior to their implantation [16]. This strategy depends on the 

biological properties of endothelial cells to promote the formation of neo-capillaries in vivo. 

Such process can be described by remodeling phenomenon driven by the endothelial cells 

that are activated by the proangiogenic agents [17]. For example, in the case of human 

umbilical vein endothelial cell (HUVEC)-loaded collagen hydrogel implant, a tree-like 

structure of branched capillaries was observed over two months of implantation [17]. Several 

other studies have shown the ability of endothelial cells along with mesenchymal stem cells 

(MSCs) to form a stable vascular system under both in vitro and in vivo conditions [18, 19]. 
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In addition to these strategies, microfabrication techniques have been developed to generate 

perfusable channels in hydrogels [20–22]. Similarly, pre-implant fabrication of capillary 

networks into tissues constructs has shown accelerated implant integration into the host 

tissue as well as the formation of capillary-like structures coupled with the host vasculature 

[23, 24]. However, these approaches lack the ability to directly generate multiscale vessel 

networks along with anastomosis in the host tissue, which is one of the major challenges in 

tissue integration.

Conventional engineering of vascular tubes includes sheet rolling and tubular molding [25]. 

In sheet rolling, a sheet of cellular or acellular biomaterials is rolled over a predefined 

mandrel and it remodels to a stable and homogeneous structure [26]. The tubular molding 

can also be used to shape injected biomaterials and crosslink or solidify the tube inside the 

annular mold [27]. These fabrication methods lack proper control on the structure and are 

limited to mesoscale blood vessel size (Fig. 1). Recent advancements in materials 

engineering and microfabrication techniques have further led to the development of new 

strategies [11] that offer precise control over various aspects of the cell-laden tissue implants 

including cell patterning [28], cell phenotype [29], cellular alignment [30], as well as the 

microenvironmental cues including mechanical properties [6], chemical properties (e.g. 

ligand density), and topographic features (e.g. cell adhesiveness) [9]. Such manipulations 

along with the use of 3D bioprinting techniques have been successfully applied to overcome 

the technical challenges of fabricating a functional microvasculature (as shown in Fig. 1 and 

summarized in Table 1) [6]. Bioprinting has become an essential tool for fabricating 

vascularized tissue constructs, in which the design of printable, tunable and biocompatible 

bioink is essential [9, 31]. Common examples of bioink with proper biophysical properties 

and endogenous cellular cues are alginate [31, 32] and gelatin methacryloyl (GelMA) 

hydrogels [33–36]. In addition, integration of time into bioprinting process known as four-

dimensional (4D) bioprinting yields variations in configurational and/or biophysical 

characteristics of tissue constructs in response to environmental stimuli, which lead to a 

more realistic formation of capillaries [37]. In this review, we summarize recent 3D 

bioprinting techniques including sacrificial, core/shell bioprinting techniques and 

innovations in bioprinting approaches such as 4D bioprinting for making vascularized tissue 

constructs [9, 11]. We then discuss how nanotechnology can be integrated into the 

fabrication process to advance delivery of proangiogenic factors and therapeutic compounds. 

Temporal controls over distributions of neo-capillaries within pre-vascularized implants may 

solve existing challenges in cell encapsulation of thick tissue constructs, while the designed 

vasculature can help anastomosis after implantation. Such vascularized models can be 

designed to deliver therapeutic molecules into the body circulation in a controlled fashion.

2. Sacrificial Bioprinting

Classical bioprinting techniques include active printing of cellular and extracellular 

components in a predefined shape. Such approaches require rapid gelation or crosslinking 

process to provide a stable hollow tube construct [9, 38]. To overcome challenges associated 

with printability of hydrogels and the lack of structural support in fabricating hollow tube 

constructs, researchers print sacrificial channels that are supported by surrounding walls and 

then dissolve the channels, known as sacrificial bioprinting. In such a case, vascular network 
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is filled by a fugitive bioink that can be removed by temperature variations or appropriate 

solvents leaving perfusable channels behind. Materials with reversible crosslinking 

mechanisms are frequently employed as the fugitive bioink, such as Pluronic F127, agarose, 

and gelatin. The sacrificial bioprinting approaches have led to the creation of 3D 

vascularized tissues with robust structural and functional integrity [9, 39]. We have 

categorized the various sacrificial bioprinting strategies such as extrusion-, inkjet- and light-

assisted bioprinting.

2.1 Extrusion-assisted techniques

In the most common case of sacrificial bioprinting, the sacrificial channels loaded by 

therapeutic agents and cellular components are extruded through a printhead (Fig. 2). The 

sacrificial channels are then dissolved through thermal modifications, such as melting 

thermosensitive hydrogels under biological temperature, or chemical reactions, such as 

enzymatic degradation of protein-based hydrogels, resulting in perfusable vasculature 

obtained [37, 40]. The surrounding constructs that consist of acrylate-modified hydrogels, 

such as GelMA, and naturally-derived hydrogels, such as collagen and fibrin, allow cell 

infiltration into channels, ranging from micrometers to millimeters [9, 39, 41, 42]. Sacrificial 

extrusion was introduced by agarose as the template of perfusable vessels, from 50 μm to 

100 μm in wall thickness and from 800 μm to 2 mm in inner diameter (Fig. 2A). Agarose 

channels were created within cell-laden GelMA hydrogels that allowed enhanced mass 

transport in relatively thick hydrogels and yielded proper cellular viability over time, and 

supported rapid formation of endothelial monolayers [33]. Although this approach is simple 

and effective, the physical properties of agarose gels hamper the printing resolution (Fig. 

2B).

A widely used sacrificial bioink is Pluronic F127, a thermosensitive and shear thinning 

polymer that melts at 4°C and softens at high shear rates [43]. In addition to 

biocompatibility and biodegradability, Pluronic F127 has shown great printability for 

volume fractions higher than 20% v/v in water [34, 44]. For example, vascular channels 

ranging from 150 μm to 500 μm were created within collagen precursor or a composite of 

Matrigel® and poly (lactic-co-glycolic) acid (PLGA) for long-term perfusion [37, 45, 46] 

(Fig. 2C). Kolesky et al. co-printed Pluronic F127 mixed with thrombin and HUVEC-laden 

GelMA vessels using a customized extrusion 3D printer, while the cell encapsulated GelMA 

hydrogel was crosslinked by UV light to form the surrounding matrix [34]. The printed 

construct was covered by a cell-free gelatin-fibrinogen bioink, which was loaded by 

transglutaminase and thrombin for improved crosslinking of remained gelatin and 

fibrinogen. Homan et al. fabricated kidney proximal tubule-on-a-chip by sacrificial 

bioprinting of Pluronic channels in diameters ranging from 400 μm to 550 μm [47]. They 

filled the chip by a fibrinogen-gelatin-CaCl2-transglutaminase bioink loaded by fibroblasts 

and perfused the culture medium to wash out the scarifial channel. The chip when seeded by 

epithelial cells showed good stability up to two weeks. Wu et al. used Pluronic F127 

filaments to create vascular networks with diameters ranging from 100 μm to 800 μm within 

heterogeneous tissue constructs larger than 1 cm thickness and 10 cm3 volume [46]. 

However, there have been some drawbacks with Pluronic F127, such as weak stability, low 
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strength, fast degradation, and slow gelation, which have limited its application in tissue 

engineering [46].

Thermosensitive gelatin hydrogels have also been used extensively as the sacrificial material 

to create the vascular channels. Vascular channels within a 3D matrix were fabricated by a 

mixture of fibrinogen, gelatin, thrombin, and cellular components. After incubation at 37°C, 

an external pump was used to perfuse through 400-μm gelatin channels while endothelial 

cells became confluent and migrated into the matrix up to 5 mm distance from the channel 

under physiological flow conditions [6] (Fig. 2D). In a similar work, a single channel was 

fabricated by bioprinting gelatin channels within collagen sheets and enclosed in a fluidic 

chip [48]. This chis design was then modified by a two-channel fibrin block loaded by 

HUVECs for mimicking angiogenic sprouting [45]. Another research group deposited 

collagen-based layers around gelatin channels containing HUVECs, showing good 

angiogenesis [49].

In a different material system, carbohydrate glass fibers were adapted as a sacrificed 3D 

pattern for vascularization [50, 51]. Miller et al. extruded melting sucrose-glucose 

containing dextran to form a 3D glass cage skeleton [50]. This skeleton was buried in cell-

laden matrices, followed by molding the matrices and submerging into culture media to form 

channel nets. These channels, from 150 μm to 750 μm in diameter, were seeded by 

endothelial cells and conditioned by dynamic flow (Fig. 2E). In contrast to high 

biocompatibility of this material system, its significant melting temperature (i.e., 80–120°C) 

prevents the encapsulation of any cellular or protein component.

Recently, freeform reversible embedding of suspended hydrogel was developed for 

bioprinting of 3D constructs, in which bioink can be deposited with weight support from 

surrounding granular dense bath made by a thermo-reversible hydrogel [40]. The bath 

support preserves the structure during bioprinting process and improves geometric fidelity. 

In addition, embedded bioprinting has enabled the direct 3D printing of biologically relevant 

bioinks including alginate, collagen type-I precursor, fibrin, and Matrigel® within a 

sacrificial support bath intended to be removed subsequently [40]. This technique has been 

used to fabricate vascular network made by deposition of hydrogels in embedded 

bioprinting.

In summary, sacrificial extrusion-assisted bioprinting of vascularized networks has benefited 

from great advances in creating multiscale channels with high fidelity and proper 

biocompatibility. Depending on the nozzle size and printability of bioink, a wide range of 

channel sizes could be achieved. Among different bioinks, thermosensitive polymers are 

very promising for fabricating cell-laden vascular constructs. However, the current literature 

suffers from proper characterization of bioink composition and processing parameters (i.e., 

pressure, light exposure, etc.) on the biological properties of printed constructs.

2.2 Inkjet-assisted techniques

Inkjet-assisted bioprinting is a fast fabrication process that deposits droplets of bioink onto a 

hydrogel substrate or culture dish. Among different types of inkjet-assisted bioprinting, 

thermal and piezoelectric actuation mechanisms have been broadly used [52]. In thermal 
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inkjet bioprinting, bioink droplets are generated by heating [29], whereas in piezoelectric 

inkjet bioprinting, drops are generated by transient pressure waves from piezoelectric 

actuator [53]. Nakamura et al. have developed an alginate-based bioink with sudden gelation 

by dipping the inkjet fluid into a calcium chloride (CaCl2) solution to form micro-gel 

droplets as building blocks [54]. This led to the production of a cell compatible alginate 

hydrogel container demonstrating 200-μm channels, in one-to-one correlation with the 

computer-generated images [54, 55]. Later, Pataky et al. printed alginate-based bioink into a 

decellularized and bifurcating vein with a diameter of 200 μm [56]. In addition, thrombin-

calcium-based bioink was deposited on a fibrinogen surface to reproduce the intrinsic 

solidifying process in wound healing [57]. This work led to a dry inkjet printing method 

with biomimetic gelling in situ. Fibrinogen, printed by inkjet printing, showed explosive 

pressure forces, which are allowed for two-dimensional (2D) cellular microvascular 

modeling and stable channel formation within 21 days [57] (Fig. 3B).

Similarly, droplet-based bioprinting (DBB) can be used for sacrificial bioprinting of 

channels [42]. DBB benefits from practical simplicity and swiftness while having precise 

control on deposition of cells, growth factors, drugs, and therapeutic reagents [37]. In DBB, 

the artificial cylinder is deposited in a dispenser to form cylindrical shapes, followed by 

bioprinting of hydrogel layers. The artificial material is then obtained by lining the 

endothelial cells within the vascularization channels while being liquefied by thermal 

dissolution. Lee et al. demonstrated this concept by creating perfusable vascular channels 

using an electromechanical microvalve bioprinting technique [45]. This microvalve 

consisted of a solenoid coil and a piston that can open or close by on/off command. The 

smallest droplet size was 100 nm, but was used to print fluidic channels with 0.7–1.5 mm 

width and 0.5–1.2 mm height. Despite several advantages such as rapid deposition, low cost, 

and high resolution, inkjet-assisted bioprinting has been limited to thin constructs (i.e., a few 

layers) due to instability of printed layers [52, 59].

2.3 Light-assisted techniques

Light-assisted bioprinting technologies are known as precise, high-resolution fabrication 

methods to create various constructs. In one approach, laser-assisted printing technology 

involves an energy absorbing metal layer that generates a high pressure bubble to push the 

bioink towards a substrate and a pulsed laser beam focused on a strip made from a biological 

layer [58, 60] (Fig. 3C–D). For vascularized constructs, this approach has been used for the 

sequential printing of HUVECs and smooth muscle cells into a 2D configuration of 

branched structures [61]. In general, laser-based manufacturing is limited to 2D applications; 

however, high cell density printing and single layers can be useful in combinatorial methods 

for nearly-3D bioprinting by creating multilayers with organizational control [62, 63].

Dynamic digital patterning with digital micro-mirror device (DMD)-based stereolithography 

systems provide rapid fabrication of 3D constructs at high spatial resolutions (Fig. 3C). 

Biodegradable, photo-curable polymeric bioinks are commonly used in this technique [64]. 

The advantage of DMD-based bioprinting systems is superior resolution and fast fabrication 

time [58, 64]. This technique allows the assembly of highly specified complex hydrogels 

with micrometer resolutions [65]. Chen et al. fabricated 3D tissue constructs of reticular 
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shapes and embedded channels by combinations of GelMA hydrogel and various cell types 

including fibroblasts, myoblasts endothelial cells, cardiac stem cells, and HUVECs [58, 65]. 

The addition of methacrylate groups to hyaluronic acid makes it photocrosslinkable while 

maintaining the biological activity of hyaluronic acid to promote angiogenesis. A multiscale 

capillary structure, ranging from 100 μm to 1 mm, was fabricated by DMD-based 

bioprinting system of hyaluronic acid and gelatin as the sacrificial material in GelMA-

polyethylene glycol (PEG) medium. To evaluate tissue regeneration ability, the multiscale 

capillary structure was implanted in a subcutaneous rat model and anastomosis between the 

grafted implants and the host vasculature was observed after two weeks of implantation [16] 

(Fig. 3D). Such techniques allow engineering complex tissues, such as liver and tumor 

tissues [66].

3. Core/Shell Bioprinting

3.1 Alginate-based bioprinting

Among various bioprinting strategies, core/shell geometry seems efficient and promising in 

creating vascular networks (Fig. 4 A, B) [67]. The main benefit of the core/shell structure is 

the capacity of fabricating hierarchical, multi-layer tissue constructs with desirable 

biological and mechanical properties [67]. As a low-cost material, numerous bioengineers 

employ alginate hydrogel as a component in the design and fabrication of bioinks. Alginate 

is a naturally occurring, nontoxic, biodegradable and non-immunogenic linear 

polysaccharide composed of glucuronic and mannuronic acids [68]. Native alginate has no 

cell-adhesive moieties and shows partial biodegradation. Alginate-based bioinks when used 

as a matrix scaffold showed cell growth in 3D constructs [31]. The most widely used 

approaches for alginate-based bioinks are extrusion-assisted bioprinting and inkjet-assisted 

bioprinting techniques (Fig 4C). Lee and Mooney have indicated that chemical alteration of 

alginate during oxidation with sodium periodate leads to a controlled rate of degradation 

[69]. For the reason of this enviable feature for tissue engineering applications, oxidized 

alginate has promising outlook as a bioink. In another study, alginate hydrogels with diverse 

oxidation percentages and their concentrations were used to develop a tunable bioink that its 

material properties can be tailored for a wide range of applications in tissue engineering 

[31]. The effects of viscosity and mass concentration on the printability of alginate 

hydrogels were thoroughly studied, and suitable ranges of alginate viscosities and 

concentrations were proposed for bioink development [31]. Moreover, alginate-based 

bioinks revealed the capacity of regulating cell behavior without influencing their 

printability and structural integrity following one week in cell culture.

A novel strategy that uses cell-laden core with a stable shell has been developed to create 

vascular-like structures. Cells encapsulated in the core/shell filaments showed increased cell 

viability during cultivation [67]. This strategy allows tuning the biophysical and biological 

properties of the vessel construct, and it has the advantage of fabricating multi-material and 

cellular constructs. To create blood vessel–like channels for nutrient and oxygen delivery 

within thick tissue constructs, a coaxial nozzle assembled bioprinting technique was 

developed by Zhang et al. by fabricating vessel-like printable microfluidic channels [70]. In 

this study, a pneumatic extrusion-assisted bioprinter using a coaxial needle was utilized to 

Miri et al. Page 7

Biomaterials. Author manuscript; available in PMC 2020 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



eject hollow alginate hydrogl strands containing cartilage progenitor cells. They evaluated 

two different sized coaxial nozzle assemblies: an assembly consist of 23-gauge inner needle 

(with 650 μm outer diameter (O.D.) and 330 μm inner diameter (I.D.)) and an 18-gauge 

outer needle (with 1270 μm O.D. and 840 μm I.D.). Another assembly consists of 26-gauge 

inner needle (with 457 μm O.D. and 230 μm I.D.) and an 18-gauge outer needle. The size of 

the inner nozzle was used to control the strand thickness, and thus the practical wall 

thickness. Similarly, Yu and co-workers developed a triaxial nozzle assembly to fabricate 

biocompatible cartilage-like tissues containing tubular channels encapsulated in alginate 

hydrogel [71]. They assessed two printing process factors inlcuding the size of coaxial 

assembly and alginate hydrogel dispensing pressures (i.e., 5 psi, 10 psi, and 20 psi).

In a similar fashion, Gao et al. printed high-strength sodium alginate hydrogels with built-in 

microchannels while controlling the crosslinking time to impose a higher resolution [72]. 

Later, Jia et al. created perusable vascular constructs via a multi-layered coaxial nozzle with 

concentric needles in one-step bioprinting, by mixing sodium alginate with poly(ethylene-

glycol)-tetraacrylate (PEGTA) and GelMA pre-polymer solutions. In this blend bioink, the 

ionic crosslinking of alginate hydrogel was made by calcium ions and followed by 

photocrosslinking of GelMA and PEGTA used to tune the mechanical properties of printed 

constructs (Fig. 4D) [73]. Using the concept of embedded bioprinting, Christensen et al. 
fabricated vascular-like bifurcations with mouse fibroblast–laden alginate as the bioink and 

calcium chloride solution as the crosslinking agent [74]. Ionically crosslinkable alginate 

hydrogel by calcium chloride enables to develop the freeform inkjet printing technique by 

rapid solidifying of bioink and suspension features by providing a buoyant force. Similarly, 

an alginate-based hydrogel was embedded within gelatin bath for bioprinting of a 

trabeculated embryonic heart. Trabeculated embryonic hearts were printed using models 

from computed tomography and 3D optical images (Fig. 4E) [40].

3.2 Scaffold-free bioprinting

There are several limitations related to polymer and exogenous matrix-based tissues in 

development of 3D tissue constructs, such as unfavorable host response to biomaterials in 
vivo and necrosis by the limitation of nutrient diffusion [76–78]. Macroscopic scaffold-free 

technologies addressed these limitations by a combination of scaffold-free 3D cell culturing 

by using template and bioprinting. The novel fabrication methods to produce scaffold-free 

engineered tissue constructs have recently been developed [79, 80]. Scaffold-free methods 

can be associated with the low-adherence substrates which eliminate the creation of 2D 

monolayers. For instance, non-adherent plates can be utilized to promote attachment of cells 

to each other, or hanging drop methods can be used to eliminate cell-substrate interfaces and 

enable the production of 3D structure. One example is the use of non-adherent substrates 

and hepatic-destined cells to create vascularized liver tissue [77]. The migration of cells can 

be stimulated by the non-adherent surface where they self-organized into immature 

structures similar to liver.

The role of human tissue engineered myocardium in cardiac healing has been affected by 

several factors such as necrosis at the tissue core, immune response of scaffold materials, 

and deprived survival following ischemic or other damages associated by the transplantation 
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of engineered tissue construct. Human cardiac muscle was fabricated by scaffold-free pre-

vascularized cardiac tissue, which showed good in vivo transplantation and participation 

with the host coronary circulation [76]. Similar strategy was employed to make a scaffold-

free vascular tissue [81]. Several vascular cell types comprising fibroblasts and smooth 

muscle cells were accumulated into distinct components, either multicellular spheroids or 

tubes of well-regulated diameters, ranging from 300 μm to 500 μm. They were printed with 

agarose rods as a non-adherent mold. The post-printing combination of the distinct 

components resulted in single- and double-layered vascular tubes (O.D. ranging 0.9–2.5 

mm) [79–81]. Similarly, multiple cell types such as MSCs, fibroblast and endothelial cells, 

micro-patterned onto hydrogel through a layer-by layer bioprinting, were activated with 

maturation factors resulting in a vasculature formation which was confirmed by endothelial-

specific gene expression [82]. A single feature of scaffold-free bioprinting techniques is the 

aptitude to engineer vessels of diverse forms and classified trees that combine tubes of 

discrete diameters. The method is rapid and precise, trustworthy and simply scalable. This 

study defines a method to form scaffold-free vascular constructs of distinct cellular 

organization and avoids the inadequacies related with scaffolds (Fig. 5) [81].

3.3 Free-standing bioprinting

Light-assisted bioprinting technologies allow fabricating core/shell structures with high 

aspect ratios by means of photolithography. Acellular vascular graft with inner diameters of 

1 mm and wall thicknesses of 150 μm was fabricated by DMD-based stereolithography of 

poly(propylene fumarate) and tested in vivo [84]. The implants sustained patency and 

functionality up to six months in the venous system of mice. In addition, Two photon 

photolithography (TPP) along with polymer–protein hybrid materials have been used to 

fabricate small sized tubular constructs in the range of 10–100 μm [83, 85]. Given by the 

nonlinear nature of two-photon absorption, the polymerization only occurs around the focal 

point, which creates constructs with capillary-scale vasculature [86]. However, it suffers 

from very long fabrication processes that prevent scaling up and laser associated photo-

bleaching [85]. Engelhardt et al. described facilitated function of TPP for biomaterial 

production [85]. They demonstrated the tissue engineering capabilities of TPP evidently 

enforced porcine chondrocytes to adjust their cell morphology by producing cross-linked 

gelatin microstructures. Polymer-protein hybrid microstructures were made where mainly 

the polymer functions as a backbone for the protein. For instance, diverse strain systems 

with protein membranes were produced. The TPP technique is the only freeform fabrication 

technique that acts in the complete composition range, thus can be used to artificially rebuild 

organ nanostructures and microstructures. Also, Ovsianikov et al. used a TPP fabricated 

gelatin scaffolds with 50 μm pillars and 250 μm × 250 μm pores loaded by MSCs [87].

4. Four-Dimensional (4D) Bioprinting

4.1 Biomaterials in 4D bioprinting

The dynamic environment of hydrogel scaffolds can be designed with chemical or physical 

functionalities to control time dimension. 4D bioprinting has been introduced in tissue 

engineering due to its intrinsic features such as (i) biofabrication of 3D scaffolds with 

programmable architectures using stimuli-responsive materials capable of changing their 
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shape and function in response to external stimuli, and (ii) post-maturation of printed cells 

within scaffolds, generating complex tissue constructs with functions similar to native 

tissues. The fourth dimension, time, allows better mimicking the intrinsic dynamics and 

conformational changes of engineered tissues [88, 89]. The physical shape or function of 3D 

printed structure changes over time when an external stimulus such as pH [90], temperature 

[91], light [92], moisture [93], electric impulse [94] or magnetic field [95] is applied. 4D 

printed constructs are developed by two mechanisms. The first step is 3D bioprinting of 

stimuli-responsive materials, known as smart materials, that are capable of altering their 

chemical and/or physical properties in response to an external stimulus [89]. The second step 

is maturation of microengineered-tissue constructs after bioprinting through self-

organization of cells, and/or matrix deposition forming functional tissue constructs gradually 

within a certain period [96]. Up to date, hydrogels [97] and shape memory polymers (SMPs) 

[98] are good candidates used in 4D bioprinting. Some of the commonly used stimuli to 

deform printed scaffolds are discussed here. We addressed some different stimuli-responsive 

4D bioprinting techniques in Table 2.

4.1.1 Stimuli-responsive shape morphing

Moisture-responsive shape morphing:  Due to water-saturated (swelling) nature of 

hydrogels, moisture is the most commonly used stimulus to deform a particular shape of 

printed scaffolds, where these scaffolds swell in a temporally and spatially coordinated 

manner when submerged in water. The moisture-induced deformation is dependent on the 

extent of water absorption (or swelling ratios) by printed scaffolds. A recently published 4D 

biomimetic printing technique used hydrogel composite bioink comprising an aqueous 

solution of N,N-dimethylacrylamide (or N-isopropylacrylamide for thermo-reversible 

systems), photoinitiator, nanoclay particles, glucose oxidase, glucose, and nanofibrillated 

cellulose to fabricate shape-morphing constructs analogous to natural flowers, bracts and 

leaves, transforming under stimulus, i.e. induced complex shape changes when immersed in 

water (Fig. 6A) [93]. Similarly, cell-laden bilayered photo-patterned PEG hydrogel 

constructs self-fold into cylindrical structures of different radii when immersed in aqueous 

solutions, with no adverse effect on the encapsulated cells (Fig. 6B) [99].

Temperature-responsive shape morphing:  Temperature is another common stimulus used 

to deform thermosensitive materials, where some polymers have fluid-gel transition 

temperatures close to physiological temperature. These thermoresponsive polymers are 

widely used in various biomedical applications including drug delivery, gene delivery as 

well as in tissue engineering. For example, thermoresponsive 3D platform comprising 

poly(N-isopropylacrylamide) (PNIPAM) and ceramic powder (Al2O3) undergoes a fluid-gel 

transition in response to a thermal stimulus due to the phase transition of the graft chains 

(PNIPAM) [91].

Magnetic field-responsive shape morphing:  Magnetic-responsive materials have gained 

significant interest due to their potential applications in biomedical, microfluidics and 

microelectronics fields. The magnetic field responsive materials are mainly comprised of a 

polymer matrix with embedded iron oxide nanoparticles. Similarly, polyurethane acrylate 

doped with alumina platelets, has been used to fabricate 4D scaffolds under low magnetic 
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fields [95]. The orientation of printed anisotropic particles was controlled by applying 

magnetic field on printed constructs containing magnetized stiff platelets (for multi-material 

dispensers see Fig. 6C).

Light-responsive shape morphing:  Light-responsive polymeric biomaterials are usually 

developed either by chemical incorporation of light-responsive chemical moieties into the 

polymer network or through mixed composite systems. Recently, DeForest et al. exploited 

three biorthogonal chemistries to obtain reversible and orientated immobilization of 

bioactive proteins with spatially and temporally controlled manner within cell-laden 

biomimetic scaffolds. To study the potential utility of the reversible, spatially controlled 

photomediated presentation of protein ligands, osteogenic differentiation of human MSCs 

was observed on the PEG-based polymeric network using photo-reversible patterning of 

vitronectin [92].

4.1.2 4D Bioprinting of vascularized tissue models—4D bioprinting represents a 

promising approach to addressing the challenges related to the vascularization of engineered 

functional tissues, such as hollow tubular structures with high resolutions and biomimetic 

capillaries. Such approach allows the fabrication of hollow self- folding tubes with the 

control over the diameters and architectures of the generated tubes post-fabrication. Very 

recently, the versatility of the 4D bioprinting has been demonstrated by the fabrication of 

hollow self-folding tubes, with the control over diameters of the generated tubes at high 

resolution, using methacrylated alginate and hyaluronic acid hydrogels, and mouse bone 

marrow stromal cells [101]. This approach allowed the fabrication of hollow self-folding 

tubes with average internal diameters as small as 20 μm, which is comparable to the 

diameters of the smallest blood vessels (Fig. 6C). These self-folded hydrogel-based tubes 

support the survival of printed cells for at least 7 days without any negative effect on the 

viability of the cells [101]. In this direction, self-folding biocompatible polymers can be 

used in the fabrication of single or multilayered tube-like vessels by encapsulating different 

vascular cell types in the presence of external stimuli [81]. One example is recent advances 

in scaffold-free bioprinting of various vascular cell types, such as fibroblasts and smooth 

muscle cells, followed by their (environmental- and) time-dependent fusion into vascular 

tubes. Norotte et al. [81] described a self-assembly approach to engineer linear and branched 

vascular constructs of defined cellular composition and geometry using multicellular 3D 

spheroids or cylinders as building blocks. Various vascular cell types such as smooth muscle 

cells and fibroblasts, were aggregated into discrete units, either multicellular spheroids or 

cylinders of controllable diameter (300–500 μm). The multicellular spheroids were then 

deposited layer-by-layer with agarose rods which, upon cell fusion and maturation for 5–7 

days, resulted in the final single- or double-layered vascular tubes [81] (Fig. 6D). 4D 

bioprinting of vascularized models is still in its infancy, and several challenges, such as 

spatiotemporal control of the stimuli responsive deformation of printed construct and 

localized control of cell orientation in vasculatures, need to be addressed.

4D bioprinting allows the precise control of the spatiotemporal distribution of different 

stimuli-responsive components that can fold/unfold to encapsulate and then release various 

therapeutic agents such as nano-drugs, growth factors or cells in a programmable manner. 
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Bayley and colleagues fabricated tens of thousands of pico-liter aqueous droplets into a 

droplet of oil suspended in bulk aqueous solution [102]. The resulting oil droplets, known as 

multisomes, are cohesive and self-supporting which consist of aqueous micro-compartments 

bound together by lipid bilayers. Multisome network could be programmed by osmolarity 

gradients, which allow the network to fold/unfold into different complex structures. This 

method holds great potential for applications in controlled drug delivery. These self-folding 

printed multisome networks can be programmed to respond to changes in temperature, pH 

or chemical groups of the surrounding environment, enabling encapsulation and release of 

desirable therapeutic agents such as nano-drugs, macromolecular drugs or growth factors. 

Furthermore, these external stimuli-responsive droplets can further be integrated with 

microfluidics for capture, isolation and release of rare cells for diagnostic purposes.

4.1.3 Other applications of 4D Bioprinting—4D bioprinting concepts can be 

employed into drug loaded stents for vascular-targeted therapeutic approaches. Such system 

can be used to prevent the growth of plaques on stent implants in restenosis of arteries after 

angioplasty [103]. In a new trend, bioresorbable vascular stents have been developed, which 

are shown to be safe and efficacious alternatives to conventional metallic stents. The flexible 

tubular grids when deployed into the stenotic regions, they relieve an obstruction for the 

blood flow by pushing the vascular wall outwards [104]. 3D printed vascular stents have 

been developed using biodegradable, citric-acid-based polymer via contactless direct 

printing or stereo-lithography. Stents were prepared with a liquid photo-curable resin that is 

capable of printing objects with light. In addition, drugs were added to the citric-acid-based 

polymer that was released slowly at the site of the stent implantation that further improved 

the healing of the damaged blood vessel wall [105].

4D printing concepts have been exploited for fabricating protean medical devices such as 

splints that can be used for treating life-threatening diseases such as pediatric trachea-

broncho-malacia (TBM). Using laser sintering, 3D printed airway splint was fabricated from 

polycaprolactone (PCL), which persists for two to three years before resorption in vivo 
[106]. This personalized bioresorbable medical device was designed to assist the growth of 

airway while preventing external compression over a designated period before bioresorption. 

The C-shaped tubular splints were successfully implanted around the collapsed airways and 

demonstrated that the shape and material of splints changed over time according to the 

patients’ geometries and expanded with airway growth [107]. Splinted airways demonstrate 

improved patency and similar growth to normal airways.

4.2 Bioprinting towards drug delivery

4.2.1 Drug encapsulation in vascular implants—Hydrogel implants have been 

subjected to extensive research due to their promising applications in tissue engineering and 

carrier designs for drug delivery [108]. For carrier designs, and in particular for patterning 

proangiogenic factors and therapeutic molecules, the fabrication resolution is crucial to 

create the microenvironment in which drugs can be released with proper temporal and 

spatial distributions [109]. Recent studies on TPP has improved the resolution of 3D printing 

fabrication to a range lower than 100 nm [109]. 3D hydrogels fabricated by TPP are 

confronted with lower printing resolution imposed by scattering effects of the embedding 
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fluid. Another issue is timing, which originates from the characteristics of two photon 

absorption and the absence of any water soluble and efficient initiators. Hence the spatial 

resolution depends on the laser scanning rate and the excitation power of the system [110]. 

These technical challenges would demand further research on TPP for fabricating drug-

loaded vascular implants. Among the bioprinting strategies reviewed here, the core/shell 

design has great potentials for the creation of vascular delivery systems [111, 112]. The 

bottom-up nature of bioprinting approaches that form shell constructs through either direct-

deposition or selective dissolution of the sacrificial core allows the encapsulation of cells 

during the fabrication process, such as alginate tubes scaffolds. Desired therapeutic 

molecules or proangiogenic factors can be easily partitioned within the core/shell structure, 

while the loading capacity, composition tunability and secreting actions of the design are the 

beneficial aspects of such core/shell systems. Drug-loaded core/shell implants provide safe 

loading of therapeutics in large quantities and multiple drug loading in a sustained manner 

[111]. In sacrificial bioprinting of core/shell constructs, the endothelial cells and growth 

factors can be loaded into the temporary core material to simultaneously make endothelial 

lining and promote capillary formation in the tubular construct. In summary, fine controls 

over the printing parameters make the core/shell design ideal for drug delivery systems and 

cell carriers, in particular when direct contact with blood circulation is required. The present 

knowledge on modifying bioink properties can be implemented into fine tuning of the shell 

layer (or layers) in order to regulate the fate of endothelial cells seeded within the channel.

4.2.2 Drug loaded stents—Advancements in bioresorbable stents along with current 

bioprinting techniques have opened a new avenue for potential drug delivery to placement 

site [113]. The stents are small, expandable tubular grids that are deployed into the stenotic 

regions in order to relieve an obstruction for the blood flow [104]. These bioresorbable 

polymer-based vascular stents are playing an important role in the treatment of vascular 

diseases such as coronary artery disease, peripheral arterial stenosis and aneurysms, and are 

shown to be safe and efficacious alternatives to conventional metallic stents. Based on 

physical–chemical characteristics of the vasculature, the endothelium can act as a barrier and 

as a potential target for drug delivery. The drug carriers can be conjugated with affinity 

moieties to bind endothelial cells for targeting pathologically altered endothelial cells. 

Recently printed vascular stents have been developed using biodegradable, citric-acid-based 

polymer via projection micro-stereo-lithography, as mentioned above. Other polymers used 

to manufacture bioabsorbable drug-eluting stents are mostly composed of polylactides such 

as polylactic acid or polycarbonate. 3D-printed poly (L-lactide)-based biodegradable stents 

were fabricated to deliver sirolimus loaded poly (D,L-lactide) nanoparticles. Sirolimus is an 

antiproliferative agent that has been used to prevent restenosis in coronary arteries. This 

drug-loaded nanoparticle coated drug-eluting stent showed pronounced inhibition effect on 

smooth muscle cell proliferation than on endothelial cell proliferation. A research group 

[114] used extrusion-assisted bioprinting to fabricate a bioresorbable, polycaprolactone-

based stent coated with poly-(lactide-co-glycolide) and sirolimus. Although the geometry 

was strictly conformal to the cylindrical base used and limits the design freedom, it allows 

making drug loaded stents. Projection stereolithography was then used to perform fast 

printing by a dynamic digital mask [115]. Advances in 4D printing represent a major step 

toward the fabrication of personalized stents, but their delivery will likely require the 
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development of new technologies to meet clinical expectations and improve patient outcome 

[116]. Patient-specific imaging and computational tools could be used to help the design and 

development of improved stent delivery catheters. Stimuli-responsive bioinks can be used to 

control the geometry and stiffness of the stent based on the pathological conditions of 

endothelial cells. Novel stimuli-responsive shape memory materials could be designed for 

fabricating drug-loaded stents.

4.2.3 Wound healing patches—Chronic wounds do not heal in an orderly fashion in 

part due to the lack of timely release of biological factors, oxygen and nutrients essential for 

healing. Developing a wound dressing that can deliver biomolecules and, at the same time, 

induce tissue regeneration would be beneficial for effective treatment of chronic wounds. In 

a recent study, a textile patch made of functional threads was developed for the treatment of 

chronic wounds [117] (Fig. 7D). The authors have fabricated an active wound dressing using 

composite fibers with a core electrical heater covered by a layer of polyethylene (glycol) 

diacrylate (PEGDA)-alginate hydrogel containing thermo-responsive drug carriers. 

Integrating the wound dressing with a prevascularized or angiogenic patch may address 

current challenges in chronic wound healing [118]. While the slow growth rate of blood 

vessels in angiogenic patches make them inappropriate for rapid vascularization of implants, 

prevascularized wound patches (tissue scaffolds seeded by vessel-forming cells) 

significantly improve the level of vascularization. Bioprinting techniques could provide 

various layers constructed modular or layer-by-layer with various cell types to promote the 

formation of the vascular networks for the complete regeneration of functional skin [119]. 

Modified inkjet printers are commonly used for ejecting nanoliter sized droplets of 

biological bioinks, including fibroblast, keratinocytes, melanocytes and sometimes stem 

cells to the construct [120]. Novel materials have also been introduced for fabricating wound 

dressing, such as nanocellulose made by a combination of carboxymethylation and periodate 

oxidation [121]. The outlook includes printed hydrogels that promote wound healing by 

either acting as a substrate for endogenous cell migration and proliferation or delivery 

carrier of potent cells. Nowadays dressings are designed for an optimum environment that 

includes a moist environment around the wound, effective oxygen circulation to aid 

regenerating cells and tissues and a low bacterial load.

4.2.4 Cardiac patches—Printed pre-vascularized cardiac patches have improved the 

therapeutic efficacy of cardiac repair by rapid vascularization post-transplantation. In one 

study, stem cells mixed with decellularized extracellular matrix and growth factors were 

used as a bioink system for extrusion bioprinting of layered (up to ten layers) cardiac patch 

[124]. They showed enhanced cardiac functions, reduced cardiac hypertrophy and fibrosis, 

as well as strong vascularization and tissue formation [124]. Using a different approach, 

scaffold-free printed cardiac patches were fabricated by growing human induced pluripotent 

stem cell-derived cardiomyocytes, fibroblasts and endothelial cells [125]. Immunostaining 

analyses of cardiomyocyte, fibroblast and endothelial cell markers revealed the rudimentary 

CD31+ blood vessel formation and the presence of the main cardiac gap junction protein, 

Connexin-43. Pre-vascularized cardiac patches, when loaded by cardio-responsive 

therapeutics, form the next generation of heart-related implants. Employment of bioprinting 
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techniques can create new capacities in designing vasculature and patterning proangiogenic 

factors.

4.3 Drug screening chips

3D bioprinting has great potential to advance drug discovery and development, where it can 

be valuable for the study of molecular mechanisms of action, prioritization of drug 

candidates, toxicity testing and biomarker identification [126]. In such case, printed 

construct should have minimal functional units that recapitulate organ-level functions. 

Pathophysiological characteristics of diseased tissue microenvironment present multiple 

levels of transport barriers to targeted delivery of drugs [123] (Fig. 7B). To mechanistically 

understand the effects of microstructure on drug transport, printed chips that provide 

systematic control of relevant parameters and high content analysis of multifaceted drug 

transport are essential. All microstructure parameters are dynamic, interconnected, and may 

adversely affect the extravasation and interstitial transport of drugs. For example, in case of 

tumor microstructure the lack of interstitial fluid dynamics that is highly relevant to drug 

transport is one of the major limitations. Recent efforts to bioprint lab-on-chip models 

provide a robust and convenient platform to develop new targeted delivery strategies [127]. 

Advances in bioprinting together with novel bioinks now enable us with precise architectural 

control to fabricate biomimetic lab-on-chips that may better reproduce their vasculature and 

functions, and therefore provide accurate mechanistic studies as well as a tool for 

personalized therapeutics studies. Thus, engineered models of blood vessel and vasculature 

help the development of various vascular disease models, towards new therapeutics for 

atherosclerosis, hypertension, and many other disease conditions [9]. The reader is referred 

to existing reviews on vascular lab-on-chip models, for example, see Refs. [128, 129].

5. Concluding Remark and Future Directions

The classical strategy to create multiscale capillaries is to fabricate a large endothelialized 

vascular channel within the construct and tune the surrounding microstructure to induce 

capillary formation from the channel. These models lack directionality of vessel formation 

and cannot resemble the native vessels. We have reviewed current bioprinting techniques for 

fabricating vascularized models (see also Table 1). The use of sacrificial strategy with 

extrusion bioprinting has been employed by many researchers to fabricate vascular networks 

ranging in size from 100 μm to 1 mm. Extrusion-assisted bioprinting has been popular due 

to cost effectiveness, ease of control and the availability of shear-thinning bioinks. In 

addition, alginate-based bioinks have led to core/shell bioprinting of composite vascular 

systems. Light-assisted bioprinting when used with sacrificial or free-standing strategies 

offers a higher level of fabrication speed, better resolution and improved biocompatibility 

[127]. In particular, the use of DMD-based bioprinting systems has achieved the highest 

bioprinting speed. The experience gained on the therapeutic efficacy of 4D bioprinting 

techniques when used for tubular constructs presents novel solutions for vascular grafts and 

drug-loaded stents. However, there is a need to make precise multicellular structures with 

interconnected vascular network. A printed functional vasculature would support cells with 

oxygen exchange, nutrients, growth factors, and waste-product removal. The design of 

vasculature depends on not only the desired tissue but also the type of encapsulated cells 
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within the printed construct. A simulation of how nutrition transport and amount of oxygen 

affect cells viability (e.g. the distance of nutrients diffusion) may help a better design of 

vasculature.

Bioprinting has shown a great promise in the current trend of personalized medicine, by 

customizing nutritional products, organs, and drugs [130] (Fig. 7). The technology advances 

are expected to fabricate complex heterogeneous tissues in vitro, such as liver and brain 

[131]. In addition, in situ printing of implants or living organs during operations was already 

performed for repairing external organs, such as skin [132]. In both cases, the vascular 

architecture should be tissue specific at microscale to meet the physiological functions and 

metabolic requirement for each tissue type [11]. On the other hand, the vascular geometry 

should minimize flow resistance within the construct at macroscale. A combination of 

bioprinting techniques and clinical imaging can lead to develop personalized tissue 

constructs. This will require a low-cost scale-up of customized vascular constructs that 

compromise between individuality and standardization [133]. The scale-up process not only 

depends on the fabrication process but also on imaging and computational modeling that 

allow monitoring cellular environment within the printed tissue. Development of imaging 

techniques greatly impacts the application of vascularized tissue constructs for tissue 

regeneration.

There are still two challenges to be addressed for making vascular tissue constructs. The first 

challenge is replicating the structural complexity and biological functionality of in-vivo 
vasculature, and the second challenge is how to integrate the vascular construct into a living 

host. The physical and structural properties of the vascularized construct must match those 

of native tissue. The desired physical properties could be achieved by optimizing bioink 

composition and introducing multi-material bioprinting techniques. Beyond the engineering 

of non-thrombogenic vessel constructs, controlling biological responses upon implantation 

should be considered. 4D bioprinting techniques allow fabricating vascular models that 

undergo site-specific remodeling. While we aim to scale up to whole organs, the 

biomolecular pathways that control organ specific heterogeneity of endothelial and vascular 

cells can be implemented into 4D bioprinting design. The future direction of this field is 

intended towards designing novel bioinks which change in physical properties over time.
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Fig. 1. 
The summary of blood vessel hierarchy (from arteries to veins) in the body and the range of 

diameters at each level, along with current fabrication techniques used to engineer 

biomimetic tissue construct.
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Fig. 2. Sacrificial extrusion-assisted bioprinting:
(A) Step-by-step display of a chip bioprinting: (i) the device is prepared with a bottom lid, 

(ii) imprinting a matrix material, (iii) bioprinting of the matrix material and (iv) liquefying 

the infusion bioink. (B) Agarose channels within GelMA hydrogel: (i) printed agarose 

template fibers, (ii) perfused fluorescent dye in the channel. (C) Pluronic F-127 channels 

within GelMA hydrogel: (i) bifurcated microchannels in the GelMA hydrogel, (ii) HUVECs 

CD31 (green) and nuclei (blue) staining. (D) Vascularized gelatin-based tissues, (left) 

HUVEC-lined vascular channel supporting a fibroblast-laden gelatin within a 3D perfusion 

chip (right) and long-term perfusion of HUVEC-lined (red) network supporting HNDF-

laden (green) gelatin at day 45 (Scale bar: 100 μm). (E) Carbohydrate-glass lattice as the 

sacrificial element: patterned channels support positive pressure and pulsatile flow of human 

blood with inter-vessel junctions supporting branched fluid flow (left). Spiral flow patterns 

(right, 0.4 s; Scale bars: 1 mm for left and 2 mm for right). Reprinted with permission from 

references Datta et al. [37], Bertassoni et al. [33], Zhang et al. [44], Kolesky et al. [6] and 

Miller et al. [50].
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Fig. 3. Inkjet/Light-assisted strategies for 3D bioprinting:
(A) Inkjet-assisted printed fibrin scaffold, with minor deformations of the printed pattern (as 

indicated by arrows). (B) Perfusable microfluidic chip: (i) schematics of the setup, and (ii) 

HUVEC coated (red) long-term culture with human dermal fibroblasts support (red) after 45 

second perfusion. (C) Schematic diagram of the DMD system: the UV light illuminates a 

programmable DMD chip, and is reflected down onto the photosensitive monomer solution. 

(D) Cell-laden DMD-printed constructs: (i) HUVECs are encapsulated in the channels and 

(ii) HepG2 are encapsulated in the surrounding area with (iii) overlay image (scale bars: 250 

μm); (iv-vi) endothelial network formation after 1-week culture of the prevascularized tissue 

construct: (iv) showing HUVECs (Green, CD31) and (v) supportive MSCs (Purple, alpha-

smooth muscle actin; scale bars: 100 μm). Reprinted with permission from references Cui et 
al. [57], Lee et al. [45], Huang et al. [58] and Zhu et al. [16].
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Fig. 4. Schematic of core/shell bioprinting:
(A) Printed lattices made by coaxial extrusion of alginate and gelatin hydrogels: (i) single 

layer of hybrid gel with fluorescently labelled cells in the core (Scale bar: 1 mm); (ii) 3D 

construct made by gelatin strands and cell-laden core/shell strands (Scale bar: 1 cm); (iii) 

structural integrity after the removal of gelatin; (iv) SEM image of the side profile showing 

interconnected pores (Scale bar: 1 mm). (B) 3D printing of core/shell cell-laden strands. (C) 

Three common bioprinting strategies using alginate-based assays. (D) Schematic diagram 

depicting two independent crosslinking procedures of the bioink, where PEGTA, alginate, 

and GelMA hydrogel are ionically and covalently crosslinked. (E) Bioprinting of embryonic 
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chick heart using alginate-based bioink: (i) typical embryonic chick heart (ii) stained for 

nuclei (blue), fibronectin (green), and F-actin (red); (iii) a cross-section of printed chicken 

heart; (iv) with fluorescent alginate (green); (v) optical microscopy image of the printed 

trabeculated embryonic chicken heart; (Scale bars: 1 mm). Reprinted with permission from 

references Mistry et al. [67], Akkineni et al. [75], Jia et al. [73], Axpe et al. [68], and Hilton 

et al. [40].
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Fig. 5. Scaffold-free/freestanding bioprinting of shell constructs:
(A) Schematics showing vascular tissue engineering using scaffold-free bioprinting phase by 

phase, where agarose rods (pink) and similar multicellular spheroids (orange) were placed 

layer-by-layer. (B) Scaffold-free fabrication of bifurcated blood vessels using human skin 

fibroblast (HSF) spheroids that spheroids fuse into tissue after 6 days. (C) Scanning electron 

micrographs of tubular structure, by two-photon photocrosslinking of α, ω-poly-tetra-hydro-

furan-ether-diacrylate resin, with a height of 160 μm (left), an inner diameter of 18 μm and 

wall thickness of 3 μm (middle), while smaller wall thicknesses around 1 μm collapsed 

(right). Reprinted with permission from references Datta et al. [37], Tan et al. [78] and 

Meyer et al. [83].
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Fig. 6. Different approaches of 4D bioprinting:
(A) Different flower morphologies created by moisture responsive 4D printing using 

cellulose nanofiber acrylamide hydrogel (scale bars: 5 mm, inset: 2.5 mm). (B) Water 

responsive photopatterned PEG-based hydrogel bilayers: (i) the first layer printed, (ii) then 

added the second layer, and (iii) self-folded into curved hydrogels; (iv) schematic shown for 

multi-culture of cells in distinct layers of a self-folded hydrogel and (v) fluorescent 

micrographs indicting fibroblasts (blue: Hoechst) in the inner layer and fibroblasts (green: 

calcein) in the outer layer. (C) 4D printed self-folding tubes: (i) printing of methacryloyl 

alginate (AA-MA) or hyaluronic acid (HA-MA) followed by photocrosslinking with green 

light (530 nm) and instant folding into tubes upon immersion in water or cell culture media; 

(ii) self-folded methacryloyl alginate (schematics are at the upper panels and representative 

images are at the lower panels) that folded in water and unfolded by deswelling in calcium 

chloride, and then refolded in EDTA. (D) Bioprinting of vascular structures: (i) self-

assembly of multicellular spheroids into (ii) tubular structures fused after one week showing 

red- and green-labeled cells; (iii, iv) two double-layered vascular models made of human 

umbilical vein smooth muscle cells (green) and skin fibroblasts (red) along with histology 

(center: H&E) and immunocytochemistry (right: smooth muscle α-actin in brown and 

Caspase-3 in brown) images (scale bars: 500 μm). Reprinted with permission from 
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references Norotte et al. [81], Gladman et al. [93], Kirillova et al. [101], and Jamal et al. 
[99].
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Fig. 7. Bioprinting solutions for drug carriers:
(A) Electrospun shell: i) SEM micrographs of 2.2-mm vascular graft, ii) cross section of the 

fibrous membrane loaded by vascular endothelial growth factor (VEGF) and platelet-derived 

growth factor (PDGF), iii) HUVECs stained with anti-CD31 antibody (FITC labeled CD31; 

Blue, DAPI stained nuclei) double-layered electrospun membranes loading single VEGF 

(top-right) or PDGF (bottom-left) or without any growth factor (top-left) loading dual VEGF 

and PDGF (bottom-right). (B) Microfluidic vessel networks: i) schematic cross-sectional 

view of a section of μVN illustrating (ii) morphology and barrier function of endothelium, 

iii) endothelial sprouting and perivascular association (Scale bar: 500 μm). (C) 

Biodegradable electrospun drug-fibers coated stent to inhibit inflammation and scar 

formation in benign esophageal structures. (D) Skin wound batch designed to release VEGF 

and other therapeutics into scar region. (E) Potential solutions through different bioprinting 

techniques. Reprinted with permission from references Zhang et al. [70], Zu et al. [122], 

Zheng et al. [123] and Mostafalu et al. [117].
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Table 1.

Limitations of common bioprinting modalities for vascularized models

Parameter Inkjet Extrusion Light

Fabrication speed Medium Low High

Bioprinting resolution 100 – 300 μm 100 – 1000 μm 1 – 100 μm

Minimum vessel size ~ 200 μm ~ 100 μm ~ 1 μm

Cell viability > 80% < 80% > 90%
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Table 2.

Different Stimuli-Responsive 4D Bioprinting Techniques

Stimulus Material Mechanism Refs

Water Poly (ethylene glycol) (PEG) Self-folding and swelling [99]

N,N-dimethylacrylamide, N-isopropyl-acrylamide 
and nanofibrillar cellulose

Biocompatible hydrogel matrices that readily swell in 
water

[93]

pH or temperature Lipid bilayers Released by changing the pH or temperature [90]

Temperature Poly (acrylic acid)-poly (N-isopropylacrylamid), 
PAA–PNI PAM and ceramic powder Al2O3

Thermally induced tunable fluid-gel transition [91]

Alginate and poly (N-isopropylacrylamide) Smart valve controlling water [100]

Magnetic field Polyurethane acrylate oligomers bioink and 
magnetized platelets

Magnetic force-induced deformation [95]

Electrical field Graphene-based biomaterials doped with gold/
carbon nanoparticles Conducting electricity by intensity and/or direction [94]

Light Four-arm poly (ethylene glycol) tetrabicyclono 
nyne (PEG-tetra-BCN) and functionalized peptide

Photo-reversible patterning of full-length proteins within 
polymeric hydrogels

[92]
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