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Abstract

3D printing is a rapidly growing research area, which significantly contributes to major 

innovations in various fields of engineering, science, and medicine. Although the scientific 

advancement of 3D printing technologies has enabled the development of complex geometries, 

there is still an increasing demand for innovative 3D printing techniques and materials to address 

the challenges in building speed and accuracy, surface finish, stability, and functionality. In this 

review, we introduce and review the recent developments in novel materials and 3D printing 

techniques to address the needs of the conventional 3D printing methodologies especially in 

biomedical applications, such as printing speed, cell growth feasibility, and complex shape 

achievement. A comparative study of these materials and technologies with respect to the 3D 

printing parameters will be provided for selecting a suitable application-based 3D printing 

methodology. Discussion on prospects of 3D printing materials and technologies will be finally 

covered.

1. Introduction

Since the invention of the stereolithography (SLA) method and the creation of the first three-

dimensional (3D) printed object during the 1980s by Hull,1, 2 3D printing has been adopted 

in various areas such as engineering, manufacturing, medicine, and education, in a 

widespread way. Now, over the past 40 years, the technology has been evolving, bringing 

researchers the creation of the 3D objects with a complex geometry that was previously 

difficult using conventional fabrication techniques and an invention of the innovative 

systems.3–10 The progress in 3D printing enabled researchers to create complex objects, 

biomimetic tissue constructs, autonomous soft robots, and customized drug delivery 

systems, and facilitated the development of system designs with higher resolution and more 

precise control by combining the multi-material design, machine learning, and topological 

optimization algorithms.11–29
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Figure 1 summarizes the technical innovations and materials in the history of 3D printing. 

Conventional 3D printing processes, where 3D objects are constructed by adding layers of 

materials onto a planar surface as a line or a point, via material extrusion, vat 

photopolymerization, material or binder jetting, powder bed fusion, sheet lamination, and 

directed energy deposition.5 By 1986, Hull had successfully commercialized their SLA-

based 3D printer, which is a refined version of their first printer. The SLA adopts a vat 

photopolymerization process to convert a liquid plastic (typically acrylate) into a solid 

object, through a laser scan of liquid photocurable material.1, 2 Later, other inventors began 

to create alternatives to the Hull’s UV light-based system. In 1989, following Hull’s 

invention, Deckard developed an alternative method of 3D printing, called selective laser 

sintering (SLS) method.30 In SLS, a laser is used as the power source to fuse or sinter 

powdered materials, typically, made of plastic, metal, ceramic, and glass, to create solid 3D 

objects in a layer-by-layer manner. The powdered materials vary on the targeted 3D object.

Another important 3D printing method, fused deposition modelling (FDM), was invented by 

Crump in 1988.31 FDM, one of the material extrusion technologies, uses a thermoplastic 

filament feed into a heated nozzle to deposit them on a printing substrate through a layer-by-

layer fashion, which extrudes heated plastic filaments through a nozzle to build up objects. 

FDM-based 3D printers pioneered a new way of manufacturing products since their 

invention and provided a new method of creating prototypes at a lower cost.

SLA was the first system of additive manufacturing (AM) with high resolution and high 

printing speed, but nowadays, cost-effective FDM is the most widely used 3D printing 

method. Despite the rapid advancement in AM, its low printing speed, scalability, and 

quality have hampered the adaptation of 3D printing in large-scale manufacturing 

applications. Nevertheless, 3D printing capable of printing complex 3D objects with high 

customizability has attracted the interest of many researchers, because its feature is 

extremely useful for rapid prototyping, creating concept models, and manufacturing end-

products ready to be sent to the market. Moreover, recent developments in machine learning-

based processes, computer-aided design (CAD) software, and in novel materials, ranging 

from plastic and metals to ceramics and even food products, are further expanding the stage 

for 3D printing.

Medical researchers discovered that even complex parts of the human body can be created 

by using biomaterials as inks for 3D printing in the same way. Many advantages of 3D 

printing in biomedical applications are paving the way for possible one of medical solutions 

such as transplantation of human tissues or organs for regenerative medicine, and the 3D 

printing of human tissues and organs has now been an emerging research topic. In 2001, for 

the first time, the transplantation of a 3D printed organ, a bladder, into a patient was reported 

by Atala. In order to fabricate the bladder, the researchers used a dome-shaped scaffold with 

a size of a human bladder constructed from a biodegradable polymer and then coated the 

patient’s own bladder cells layer-by-layer on it using a 3D printer. Two different types of 

cells used for bioinks were deposited on the scaffold, with urothelial cells on the inside and 

muscle cells on the outer surface.32 However, the structure of Atala’s bladder was quite 

simple. For the fabrication of other complex organs such as heart and liver, researchers 

needed a method to mimic the vascular networks for keeping the organs alive.
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In 2004, Forgacs et al. used a 3D printer to create tubular structures toward the fabrication of 

blood vessels and then vascular networks. They constructed 3D biological hollow tubes by 

culturing cells on an outer surface of the 3D printed hollow tubes.32 Their printer contained 

three print heads that deposited bioinks onto a gelatin sheet served as the extracellular matrix 

(ECM). Until 2010, this technology was the basis for the 3D bioprinting company, 

Organovo. For a decade, 3D bioprinting has been developing and then applying in the 

fabrication of various artificial biological tissue constructs33–40 for various biomedical 

applications such as tissue regeneration.41–44 3D bioprinting has also been widely used in 

the fabrication of biomimetic tissue models for studying the pathogenesis of the various 

disease, identifying and optimizing the potential drugs, and inventing the useful novel 

medical applications. Because it has emerged as a promising technology to create complex 

tailor-made biological constructs with desired physical and biological properties and is 

rapidly growing.

In this review, we introduce and review recent advancements of new materials and 3D 

printing techniques, developed to address the unfulfilled needs of the conventional 3D 

printing methodologies, especially in biomedical applications such as printing speed, cell 

growth feasibility, and complex shape achievement. A comparative study of these materials 

and technologies with respect to the 3D printing parameters will be provided for selecting a 

suitable application-based 3D printing methodology. Discussion on prospects of 3D printing 

materials and technologies will be finally covered.

2. Conventional 3D printing methods for medical applications

Nozzle-based techniques, which deposit the bioink in a layer-by-layer regime, have 

commonly used as a 3D printing method in biomedical applications to create biological 3D 

constructs. Primary 3D printing methods for medical applications (inkjet-based, extrusion-

based, and light-assisted methods) are illustrated in Figure 2. The most used platform is 

based on the extrusion method, followed by the light-assisted and inkjet-based printing 

approaches.45–65 All these 3D printing methods can print the scaffolds for cell cultures or 

biological constructs using cell-laden bioinks. However, there are some differences in the 

printing resolution, materials, speed, and mechanism among these methods. Sections 2.1–2.3 

summarize each feature.

2.1 Inkjet-based 3D printing method

The inkjet-based method is presented in Figure 2a. First inkjet bioprinters were the modified 

versions of the commercially available benchtop 2D inkjet printers where a few picoliter 

droplets of the bioink composed of biomaterials or cells mixtures in the cartridge are 

dispensed on an electronically controlled stage to control the z-axis. In the inkjet-based 

system, multiple actuation mechanisms are used, such as thermal, piezoelectric, 

electromagnetic, electrostatic, and acoustic, to produce a precise droplet.

Inkjet-based 3D printing methods have the potential to print at a speed of 100 mm/s order 

and a minimum resolution of 20–100 μm, typically 20 μm.36,66 The nozzle diameter and the 

physical or chemical properties of the bioink determines the resolution of the printed 

constructs. Typically, the higher printing resolution can be obtained with a smaller diameter 
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of nozzle heads. The inkjet-based methods generally require bioinks with viscosity lower 

than 10 mPa·s but offer relatively fast printing speed compared to other techniques.67 

However, they provide low cell densities and decreased cell viability68 and have problems 

caused by the inherent inability of the printing head that provides a continuous flow, limiting 

its capability to 3D print the biological constructs compared to extrusion-based techniques.69

2.2 Extrusion-based 3D printing method

Extrusion-based 3D printing methods can control the flow of continuous bioinks and have 

been more widely employed than inkjet-based methods. The dispensing system, which uses 

pressure, mechanical, or solenoid valves, is adapted to drive the 3D printing system. 

Extrusion-based 3D printing methods can print cell-laden biomaterials as bioinks onto a 

target substrate or material through a layer-by-layer regime (Figure 2b).

In extrusion-based methods, bioinks should have a viscosity in the range of 0.001–10 × 103 

mPa-s.70 The wide variety of bioinks, i.e., biomaterials, such as gelatin, alginate, hyaluronic 

acid (HA), polyethylene glycol (PEG)-based hydrogels, decellularized extracellular matrix 

(dECM), and cell spheroids are applicable, which makes the extrusion-based methods highly 

advantageous compared to the other printing methods.71–74 However, they have limitations 

in printing speed and resolution. Their printing speed is in the wide range between 0.1 and 

150,000 μm/s, typically 10–50 μm/s, and the lowest among those three types of printing 

approaches.75, 76,70 In the case of conventional single nozzle, it requires a long time to create 

large size tissue constructs with bioinks with good viability. The minimal resolution of 5–

100 μm and generally over 100 μm has been reported.70 This resolution is difficult to mimic 

the architecture of native components of body such as microvessels, aligned myofibers, and 

neuronal networks, etc. In comparison with inkjet-based 3D printing methods, the extrusion-

based 3D printing methods can handle bioinks with higher cell densities but provide lower 

printing speeds and resolution.68

2.3 Light-assisted 3D printing method

Compared to the nozzle-based systems, light-assisted 3D printing can offer significant 

improvements in printing speed and resolution, accompanied with smooth features, different 

from inkjet-based and extrusion-based 3D printing methods. For light-assisted methods, 

bioinks with a wide range of viscosities, even fluids, are suitable. This enables us to use a 

larger range of biomaterials but these are restricted to photo-crosslinkable bioinks, typically 

composed of synthetic and natural biomaterials with photo-crosslinkable groups; gelatin 

methacryloyl (GelMA) and poly(ethylene glycol) diacrylate (PEGDA) etc. In addition, to 

ensure an efficient light penetration depth, which affects the quality of the final constructs 

and the printing resolution, these biomaterials should be transparent against the light source 

used.

Two types of light-assisted 3D printing methods; the digital light processing (DLP) method 

and the two-photon polymerization (TPP) method, respectively, are mainly used to fabricate 

the biological constructs.
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2.3.1 DOPsL 3D printing method—The first light-assisted method, i.e. SLA, was 

developed by Hull. SLA is performed using a digital micromirror-array device (DMD) and 

controls an array of up to several millions of micro-sized mirrors independently.124, 125 In 

this method, the construct is created through a layer-by-layer regime where one layer is 

fabricated and then the printing stage is lowered or raised to create a new layer. The entire 

layer is cured simultaneously. Based on this method, a dynamic optical projection 

stereolithography (DOPsL) system, which enables the rapid fabrication of complex 3D 

constructions has been developed by Zhang et al. (Figure 2c).

The DOPsL method provides a higher printing speed than the other techniques, using a few 

million micromirror chips simultaneously, which makes it easy to fabricate large-scale 

complex constructs with submicron resolution. The printing speed reaches 500 mm/s and the 

printing resolution is as low as ~10 μm.126–128 This superior performance enabled the 

researchers to build complex constructs. Complex tissue constructs with fractal geometries, 

microfluidic mixing chambers, high-precision microwells, constructed with tuneable Poisson 

ratios, aligned the cardiac scaffolds, vasculature networks, and liver microarchitectures.
40,103, 129–135 The DOPsL method has also used a wide variety of photopolymerizable 

hydrogels; GelMA, PEGDA, and glycidyl methacrylate hyaluronic acid (GMHA) etc., but 

capable biomaterials are limited to materials can be photopolymerized.

2.3.2 TPP 3D printing method—Another light-assisted method is the TPP 3D printing 

method, which was developed from SLA as a kind of laser-based direct-writing technique. 

Laser, typically femtosecond laser, is used to polymerize the photo linkable monomers 

repeatedly and selectively to generate constructs (Figure 2d).136 A femtosecond laser can 

induce two-photon absorption, which is the basic mechanism of the TP method. In a two-

photon absorption process, the simultaneous absorption of the two photons induces the 

excitation of a molecule to a higher-energy electronic state. The probability that a molecule 

subjected to two-photon absorption process relies on the square of light intensity of the 

incident light.137 The photons can be confined inside the dimension of the voxel below 1 

μm, which enables the printing resolution of TPP to reach only 100 nm.136,138, 139 Thus, the 

TPP is an ideal platform for printing 3D objects with nanoscale to microscale features. The 

printing speed of the TPP method reaches 20 mm/s, which is much faster than those of the 

nozzle-based 3D printing methods.140 TPP also accepts various polymers such as hydrogels, 

PEGDA, HA, collagen, bovine serum albumin, and laminin as bioinks.141–145

Although light-assisted 3D printing techniques have some limitations in the size of the 

printable constructs, they are now used in various tissue engineering applications and have 

great potential for fabricating complex 3D biological constructs within short time.

3. Materials for 3D printing in biomedical applications

Bioinks used in 3D printing in biomedical applications are composed of biomaterials and 

cells. For 3D printing in biological constructs, biomaterials act as an ECM for cells, 

providing sufficient structural support and a promising cellular attachment, to pattern the 

cells and the tissues. They also regulate cellular functions and behaviours. The ideal bioinks 

should not only be printable, but also be nontoxic and biocompatible to facilitate the 
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biological behaviour of the seed cells or tissues. In order to sustain the functions of the 

printed biological tissues, bioinks should fulfil certain characteristics required for each 

specific 3D printing technique.

3.1 Prerequisite parameters for biomaterials used in 3D printing

There are three main classes of biomaterials utilized in 3D printing: melt-cure polymers, 

hydrogels, and dECM. For biomaterials adopted in 3D printing, the most important 

prerequisite parameter is the biocompatibility. Basic cellular functions such as a cell 

attachment and cell migration should be preserved for these biomaterials. For hydrogel-base 

biomaterials, it needed photo-initiators to crosslink hydrogels by light exposure such as UV 

and visible lights, but these photoinitiators should also less affect cell viability. It has been 

reported that some kind of photo-initiators and monomers show cytotoxicity if left unreacted 

during crosslinking process of hydrogels. The degradation rate of biomaterials should also 

be matched with the regeneration rate of tissue in order to offer the sufficient structural 

support for cell activities to complete tissue regeneration.

The elasticity of hydrogels also affects the attachment and proliferation of cells, which 

depend on the glass transition state (Tg) of hydrogels. Water-swelling causes a lower 

polymer glass transition and results in a decreased Tg, <37°C. Subsequently, the hydrogels 

become to disappear in a rubbery elastic state because the hydrogels are plasticized through 

the incorporation of excess water molecules. Therefore, the viscoelasticity of the hydrogels 

might be increased below Tg because the rearrangement of the polymer segments is 

restricted below Tg. Also, hydrogels are sufficiently water-swollen during cell culturing, 

they can contain a large number of bioactive molecules that are existing in cell culture media 

resulting in allowing to improve cellular behaviours such as proliferation, differentiation, 

and elongation.

For biomaterials used in the extrusion-based methods, another important parameter is a non-

Newtonian behaviour, determining the viscosity and flow behaviour of the biomaterials 

during dispensing. When pressure is applied to the biomaterials during dispensing, they 

exhibit a variety of responses including shear thinning. Viscosity decreases with the increase 

in the shear rate. Yucel et al.146 reported that the shear force reorganizes the conformation of 

polymer chains in the hydrogel and enhances the alignment of the polymer chains from a 

randomly-oriented conformation by reducing the viscosity of hydrogels during dispensing, 

i.e., under shear stress (τ), called shear thinning. Shear-thinning has an impact on high 

molecular-weight biomaterials. This effect enables the easy dispensing of fluid materials 

under pressure and causes the fluidic biomaterials to restore their gel state by relaxing their 

stress.

Because the fluidic event of biomaterials is initiated by yield stress, which is instantaneous 

stress, the minimum stress should be applied before they are dispensed. The yield stress (γ) 

affects the shear stress, and the structural network of biomaterials breaks when the applied 

shear force is greater than the yield stress. The yield stress also helps maintain the 

homogeneous distribution of cells within the bioink. The yield stress required for specific 

biomaterials can be estimated by extrapolating the flow curve at a low shear rate (μ) against 

zero shear rate. The Bingham or modified Bingham equation (τ = τ B + μ By or τ = τ MB + μ 
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MBy + Cy2), the simplest of the viscoelastic rheological models, can lead the yield stress.
146, 157 In the Bingham equations, changes in the yield stress by temperature, chemical 

concentration, pH in biomaterials directly can be considered.

3.2. Appropriate biomaterials choice

Considering the requirements discussed in Section 3.1, the most important concern in 3D 

printing for biological constructs is the proper choice of biomaterials, which enables the 

design of the target tissue scaffolds with desired chemical and physical properties. Table 1 

summarizes some biomaterials used in different 3D printing techniques.

3.2.1 Melt-cure polymers—Melt-cure polymers have high mechanical strength and 

durability and can act as effective structural support for tissues and cells. Typical melt-cure 

polymers are polycaprolactone (PCL), polylactic acid (PLA), and polyurethane (PU). 

Compared to PU and PLA, PCL is favourable as scaffolds because of its low melting point 

of ~60°C, which can reduce the temperature-induced cell damage. Several groups have 

demonstrated the use of PCL in liver-on-a-chip, cartilage reconstruction, bone generation, 

muscle analogues, and vascular networks.36,120, 121, 158 Similarly, PLA and PU have also 

been used in a heart-on-a-chip and neural tissues such as nerve grafts.43,44,78,122,123 

However, the melt-cure polymers typically require either high process temperature or use of 

toxic solvents, which brings a less cytocompatibility with cells than those of other 

biomaterials. In the printing process, the integration of these melt-cure polymers into cell-

supportive hydrogels is also difficult.

3.2.2 Hydrogels—Hydrogels are one of the most important biomaterials since they have 

inherently contained a large amount of water molecules and show good swelling features. 

Hydrogels can be categorized into two main classes: (1) naturally-derived hydrogels; 

collagen, gelatin, HA, and alginate etc., and (2) synthetically-derived hydrogels; PEG, 

poly(lactic-glycolic) acid (PLGA), and PEGDA etc.

Hydrogels can form gel-like structures through physical, chemical, or enzymatic 

crosslinking.159 Either a permanent or a reversible hydrogel is formed depending on the type 

of the crosslinking states. Typically, irreversible permanent hydrogels are formed by 

introducing chemical bonds such as the covalent bond. Conversely, physical interactions 

such as hydrogen bonds and ionic forces produce reversible hydrogels. Although the 

chemical crosslinking requires post-curing, resultant permanent hydrogels show higher 

mechanical strength than physically cross-linked reversible hydrogels. However, hydrogels 

typically lack mechanical strength and shape fidelity, compared to melt- cure polymers. In 

order to improve their mechanical strength and shape fidelity, the integration of hydrogels 

with melt-cure polymers such as PCL and PLGA has been investigated.

3.2.2.1 Natural hydrogels: The most commonly utilized natural hydrogels in 3D printing 

are gelatin, collagen, alginate, and HA. These natural hydrogels are biodegradable and can 

promise native ECM-like environments required for cellular activities because they have 

similar mechanical properties and biological activities with natural ECM. Natural hydrogels 
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also show a defined structural feature and a distinct molecular weight, owing to their 

biological production methods.

Collagen, as the main component of natural ECM and the most abundant protein in 

mammalian tissues, has been used in various applications such as a liver-on-a-chip and 

tissue constructs such as cartilage constructs.43,93–95 A partial hydrolysis of collagen causes 

a helix-to-coil transition and thus produces another soluble protein-based polymer, gelatin. 

Gelatin exhibits lower antigenicity than collagen123 and also undergoes gelation with a 

change in temperature. Although it usually remains in the gel state below 37°C, an elevated 

temperature converts it to a liquid. This characteristic allowed it to be utilized as a sacrificial 

material for cells to construct organ-on-a-chips such as a liver-on-a-chip.43 After the cell 

incubation, only liquid gelatin was easily removed at decreased temperature, and then cells 

remained. Gelatin can also be applied to produce a photopolymerizable hydrogel, GelMA, 

by the introduction of a methyl acrylate group as a synthetic part, which is a potential 

hydrogel for 3D printing. GelMA has been extensively utilized in various tissue engineering 

fields such as organ-on-a-chip and the construction of vascular networks, etc.40,103, 98, 104

Alginate and HA are also used to provide scaffolds for cartilage, chondrocytes, vascular 

networks with branch structures, skin tissue, and muscle constructs.62,82,83–90,91 physical 

properties of HA can be modified through chemical modifications by PEG, thiolate, and 

guest-host supramolecular complex etc. to enhance the printability and stability.78 Alginate 

can be modified with RGD motifs to offer a mild 3D printing condition needed for printing 

human pluripotent stem cells to generate mini-livers.163, 164 Other natural hydrogels, 

matrigel, fibrinogen, thrombin, chitosan, and agarose, are used in drug conversion in the 

liver tissue89,92, skin and muscle constructs35,78,80,100, high-cell-density bioinks89, the 

reconstruction of cartilage and bones101, and the construction of vascular networks39,102, 

respectively. However, although natural hydrogels have been widely used for constructing 

various biological tissues, their main limitations are their relatively low mechanical strength, 

immunogenicity, and stability compared to synthetic hydrogels.

3.2.2.2 Synthetic hydrogels: In comparison with natural hydrogels, synthetic hydrogels 

have a well-defined structure, and their properties such as the degradation rate, mechanical 

strength, and structural characteristics to enhance cell adhesion can be more easily 

controlled reproducibly.165 Since the late 1960s, the Poly(2- hydroxyethyl methacrylate) 

(PHEMA) hydrogel has been widely used as an implantable material. However, currently, 

the most commonly used synthetic hydrogels are PEG and Pluronic F-127. PEGDA, photo-

crosslinkable hydrogel, is generated by the addition of photoinitiators.166 PEGDA has been 

utilized in vascular construction167,40 and in ear construction as a sacrificial material102,103. 

Other PEG-based hydrogels; poly-(ethylene glycol) methacrylate (PEGMA) and 

poly(ethylene glycol)-tetra-acrylate (PEGTA) etc. have also been studied for reconstruction 

of bone and cartilage, and vascular network construction.59,77,90, 105, 106, 108, 109 Pluronic 

F-127, as a temperature-responsive hydrogel, can be converted to a liquid state at low 

temperatures. This feature allows their application as a sacrificial material for reconstruction 

of bone and cartilage, tissue engineering of muscle etc., and construction of vascular channel 

network.77, 59,90,109
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PVA can be photo-crosslinked to fabricate hydrogels and used in vascular tissue and 

cartilage constructs.107, 112 PVA hydrogels typically show a higher mechanical strength than 

most other synthetic hydrogels. They can also be copolymerized with PEG to produce 

biodegradable hydrogels, and their degradation rate is between that of the PVA hydrogel and 

the PEG hydrogel.

3.2.2.3 Hybrid hydrogels: While natural hydrogels possess better compatibility with the 

cell, synthetic hydrogels have a better processability such as printability and shape fidelity. 

To utilize these two advantages, hybrids of natural and synthetic hydrogels have been 

developed. In hybrid hydrogels, synthetic hydrogels enhance the mechanical strength while 

natural hydrogels retain the cell viability and functionality by offering an ECM 

microenvironment. A potential technique for fabricating hydrogel bioinks with both high 

printability and cytocompatibility is hybridization. Yin et al.52 mixed gelatin with low-

concentration GelMA and reversibly formed hydrogels by changing the bioink temperature 

to regulate the processability during 3D printing. The hybrid hydrogels showed higher cell 

compatibility than GelMA hydrogels. PEG and GelMA copolymerized hydrogels have been 

developed to tune their degradation rate and stiffness profiles.111 The PEG-GelMA 

hydrogels exhibited improved cell viability and attachment compared to PEG hydrogels. 

Miao et al. developed a hybrid hydrogel composed of PVA-gelatin and PEG. They 

successfully controlled the modulus strength in the range of 10–100 kPa by changing the 

concentration of PVA and gelatin and the molecular weight of PVA. They have successfully 

utilized the hybrid hydrogel in cartilage regeneration.112 Armstrong et al.116 showed that the 

hybrid hydrogels of alginate and pluronic F-127 can be printed at high resolution using the 

extrusion method, and effectively crosslinked to produce constructs with high 

cytocompatibility and long-term structural fidelity. As alternative approaches, synthetic 

materials such as PCL and polydimethylsiloxane (PDMS) have been deposited as supportive 

scaffolds and mixed into natural hydrogels such as alginate, collagen, gelatin, and 

fibrinogen.80,117–119, 168, 169, 112

Selected bioinks made from natural, synthetic, and their hybrid hydrogels used for 3D 

printing are listed in Table 2. An appropriate biomaterials choice is made by considering a 

combination of following factors; the used printing method, target biological tissues and 

constructs, cell types, and the biological processes to apply.170, 171 Regardless of the 

selected bioink, biomaterials have the quick crosslinking ability either by chemical or 

physical manner in order to form a hydrogel network structure after- or during- the printing 

of 3D constructs. For instance, further development of water-soluble photoinitiators 

combined with high UV-visible absorption ability is urgent for 3D printing of hydrogels. 

Recently, Pawar et al.172 developed highly efficient water-soluble nanoparticle-based UV 

curable inks, which allowed the 3D printing of hydrogels in an aqueous solution. The water-

soluble nanoparticles were made from 2,4,6-trimethylbenzoyl-diphenylphosphine oxide 

(TPO). TPO can significantly absorb a UV light from 385 to 420 nm and show an extinction 

coefficient of as high as ~680 M−1 cm−1, which is over 300 times compared to that of the 

commercially available water-soluble photoinitiators such as PIs (2.25 M−1 cm−1). An n 

→π * transition in the aroyl-phosphinoyl chromophore with a strong conjugation between 

the phosphonyl group and the carbon atom of the adjacent carbonyl group is the origin of 
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their strong long and wavelength absorption. Thus, the polymerization rate is magnificently 

enhanced. This enabled the 3D printing of hydrogels without adding any solvents.

3.2.3 dECM—The development of a novel biomaterial that enables the creation of 

complex biomimetic tissues is urgently needed. Most natural biomaterials cannot recreate 

the complexity of natural ECMs because they only have a single component from natural 

ECMs and lack important major components include proteoglycans, elastin, growth factors, 

and cell-binding glycoproteins such as laminin and fibronectin.38 This is insufficient to 

mimic complex living tissues where a microenvironment with cell-to-cell connection and 3D 

cellular organization is typical. Consequently, researches have focused on the dECM which 

derived from living tissues and organs for use in 3D printing as well as tissue engineering 

and regenerative medicine, as no natural or synthetic biomaterials can recapitulate all the 

features of natural ECMs.173, 174 In the decellularization process to fabricate the dECM, all 

cellular components are removed from living tissues of organs through a combination 

manner of chemical, mechanical, and enzymatic treatments, which yield collagen while 

retaining important components of the native ECMs. Perniconi et al. showed that cellular 

scaffolds can be explanted from mice and they effectively supported the formation of 

myofibers.175 Furthermore, Pati et al. developed bioinks made of the decellularized tissues 

which derived from pepsin solubilized cartilage, adipose, and cardiac tissues. They also 

demonstrated the practicability of these tissue-specific dECM as bioinks for use in a nozzle-

based 3D printing.168 In fact, the constructs printed from bioinks made of these dECM 

exhibited an enhanced functionality of encapsulated mesenchymal stem cells derived from 

the human inferior turbinate-tissue, human adipose-derived stem cells, and rat myoblasts 

compared to the bioinks made of collagen. The fabrication of functional skeletal muscle 

constructs were also reported by other research groups using skeletal-derived dECM bioinks.
173 The significant increase in the osteogenic genes of human adipose-derived stem cells 

within dECM-PCL constructs manifested the effectiveness of dECM in bone regeneration 

compared to that in PCL scaffolds.34 These studies imply the versatility of dECM in 3D 

printing for creating complex biological tissue constructs with a living tissue and organ-like 

microenvironment. However, the dECM-based bioinks still have an inferior printing 

formability such as shape fidelity which should be addressed. The dECM has also inherent 

ethical usage problems because of its origin.

Other biomaterials such as cell spheroids and tissue strands also have potential for 

replicating the functions and developing processes of native living tissues and organs. The 

direct 3D printing of cell spheroids- or tissue strands-laden bioinks has reported through a 

scaffold-free method.39

4. Novel 3D printing techniques and materials

In this section, we introduce the recent advancements in novel 3D printing techniques and 

their related materials for biomedical applications. Interdisciplinary research is lying on 

between the 3D printing techniques and advanced materials. Conventional 3D printing 

methods construct 3D objects by accumulating a layer. However, typically, these techniques 

lead to a step structure along the edges, called a stair-step effect. The limitations of speed, 

geometry, and surface quality exist in the material layering methods. They also have 
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difficulties creating 3D objects with both complexity and multi-functionality. The core 

problem is to improve the printability and formability of novel biomaterials without losing 

their superior features of the original material during 3D printing process, and the 

production of complex and multi-functional constructs.

4.1 Novel SLA and their materials

Recently, Kelly et al.176 has developed a novel 3D printing technique that uses computed 

tomography (CT), called computed axial lithography (CAL). The process of CAL was 

explained by an image reconstruction procedure of CT, which is a technique widely used in 

medical imaging and non-destructive testing.177, 178 Recent developments in CT for use in 

cancer treatment provided an intensity-modulated radiation therapy (IMRT) method, which 

enables the targeted tumour areas of the patient’s body to expose a critical radiation dose in 

3D.179 Instead of the patient, a photoresponsive material is subjected to the CT scans in the 

CAL to obtain stair-step free, smooth, flexible, and complex 3D objects. The researchers 

used a viscous liquid, made from polymers with photocurable grafts and dissolved oxygen 

molecules, and designed the materials to react against a certain threshold of patterned light 

for solidification. The desired 3D shape was formed by projecting light onto the rotating 

cylinder of the liquid (Figure 3a and 3b).

Using the CAL, the formation of a centimetre-scale geometry can be completed in less than 

1 min. They have the potential to produce a large array of geometries with a lateral size of 

up to ~55 mm within the time range of 30 to 300 s. It is also possible to add new parts into 

an already existing object, i.e., adding a handle to a metal screwdriver shaft, which is 

difficult to do using conventional 3D printing techniques. The printing materials do not have 

to be transparent. Even opaque 3D objects can be created using a dye molecule that absorbs 

visible light in a wide wavelength range except for the curing wavelength.

Grigoryan et al. 180 also developed versatile photopolymerizable hydrogels, which enable 

the fabrication of complex 3D objects for projection stereolithography. To date, it has been 

difficult to create complex 3D transport systems where organs transport blood via bio-

physically and bio-chemically entangled complex vascular networks. To solve this problem, 

they established an intravascular and multivascular design using photopolymerizable 

hydrogels by incorporating a food dye as a biocompatible photoabsorber (Figure 3b to k). 

The monolithic transparent hydrogels with intravascular 3D fluid mixers and bicuspid valves 

were produced in minutes, using polyethylene glycol diacrylate with the food dye. 

Grigoryan et al. also introduced a hydrogel model of a lung-mimicking air sac with airways 

which enable the delivery of oxygen to the surrounding blood vessels. Successful 

implantation of bioprinted constructs including liver cells into mice was also demonstrated.

4.2 Multi-materials 3D printing

Alternatively, Kang et al.36 attempted to solve the challenges in producing 3D complex 

vascularized cellular networks using multi-material 3D printing systems. An integrated 

tissue-organ printer (ITOP) system that enables the fabrication of any shapes of human-scale 

tissue constructs was developed. This system was achieved by designing multi-dispensing 

systems for extruding and patterning multiple cell-laden hydrogels in a single construct; 
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poly(ε-caprolactone) polymer as a supporting construct and pluronic F-127 hydrogel as a 

sacrificial layer (Figure 4a–c). They developed multiple materials and techniques; an 

optimized carrier material capable of positioning cells in the liquid form on distinct locations 

inside the 3D structure, sophisticated nozzle modules with a resolution of as low as 2 μm for 

biomaterials and 50 μm for cells, and photo cross-linkable cell-laden hydrogels which have 

photocurable ability even after cell passage. They simultaneously printed an outer sacrificial 

acellular hydrogel mould that serves as a supporting layer. The lattice of microchannels 

permits the diffusion of nutrients and oxygen into the printed tissue constructs. The ITOP 

successfully generated various 3D constructs with multiple cell types and biomaterials and 

showed the potential for fabricating various types of vascularized tissues. The fabrication of 

novel organs-on-chip devices has also bee demonstrated by Lind et al.,44 who used a multi-

material 3D bioprinting system. They designed biocompatible soft material-based functional 

multiple inks. High conductance and piezo-resistive characteristics of the inks induced the 

self-assembly into physio-mimetic laminar cardiac tissues. The cardiac microphysiological 

devices were printed in a single step and applied to study the drug responses and the 

contractile mechanism of laminar cardiac tissues.

Furthermore, very Recently, Skylar-Scott et al. developed an extrusion-based new multi-

materials printing technique that allows printing with up to eight different inks within a 

single nozzle (Figure 4 d–g), called multimaterial multinozzle 3D (MM3D) printing method.
181 They designed a printhead with a Y-shaped junction that enables the injection of multiple 

inks into a single nozzle, where each ink with different viscosities can be adjusted by 

varying the length of the ink channels. Precisely controlled high-speed pneumatic valves 

were utilized to achieve rapid and seamless switching between different inks, which 

drastically enhanced the printing speed. Complex 3D objects can be created in a fraction of 

the time of conventional extrusion-based techniques. Using the MM3D printing method, a 

successful fabrication of 3D objects with a centimetre-scale such as foldable origami 

structures and locomotive soft robots, respectively, composed of two alternating epoxy or 

silicon inks with different stiffs was demonstrated within minutes at a speed of 10–40 mm/s.

4.3 Embedded 3D printing

Embedded 3D printing can provide another potential strategy for obtaining complex tissue-

like constructs.17,182–185 Initially, this method was demonstrated by Lewis et al. who printed 

a 3D network of interconnected channels within a matrix composed of an acellular hydrogel 

and silicone using a viscoelastic, sacrificial ink.182 After curing the matrices and removing 

the sacrificial ink, the 3D construct with the interconnected channel network was created. 

The embedded 3D printing involves extruding a viscoelastic ink into a reservoir with a high 

plateau shear elastic modulus, a low yield stress, and a photo-crosslink ability. To meet these 

requirements, they developed a Pluronic F127 triblock copolymer with a hydrophobic 

poly(propylene oxide) segment and two hydrophilic poly(ethylene oxide) segments as a 

reservoir, though the chemical modification of the terminal hydroxyl groups of the 

hydrophilic poly(ethylene oxide) segments with diacrylate groups. Following Lewis’s report, 

Burdrick et al. developed an another embedded printing strategy based on supramolecular 

assembly of shear-thinning hydrogel inks through guest-host complexes, where the mixture 

of two different supramolecular hydrogels, respectively, adamantane modified HA served as 
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guest and β-cyclodextrin modified HA served as host, was injected into a supporting 

hydrogel to create cell-laden 3D structures such as spiral and channel.185,186, 187 The 

formation of intermolecular guest-host non-covalent bonds between the adamantane 

modified HA and cyclodextrin modified HA allowed for the rapid formation of 

supramolecular assemblies. They also successfully extended this technique for use in 

biomedical applications such as drug delivery.

Recently, Luo et al. also developed a technique for generating complex, freeform, and liquid 

3D architectures using the formulated aqueous two-phase systems (ATPSs).188 They used a 

polyethylene oxide matrix and an aqueous bioink made of a long carbohydrate molecule, 

called dextran (Figure 5a and b). This system provides a tension several orders of magnitude 

lower tension compared to typical aqueous/organic phases, which suppressed the 

deformation of printed structures. The aqueous-in-aqueous reconfigurable 3D architectures 

printed on the interface of the noncovalent membrane could stand for weeks by using the 

chemical interaction between hydrogen bonding within the polymers. The tailor-made 

microconstructs with perusable vascular networks were created by separately combining 

different cells with compartmentalized bioinks and matrices.

For use in the embedded 3D printing, synthetic183, and biopolymer184, 185 matrices with a 

viscoplastic response and self-healing features were further studied. Skylar-Scott et al.189 

developed organ building blocks (OBBs) composed of patient-specific-induced pluripotent 

stem cell (iPSC)-derived organoids and a technique called sacrificial writing into functional 

tissue (SWIFT). Thousands of OBBs were assembled into the living matrices at high cellular 

density and introduced them to perfusable vascular channels. The OBB matrices exhibited 

the desired viscoelastic and self-healing behaviour to allow the rapid therapeutic-scale 

assembly of patient- and organ-specific tissues (Figure 5c and d).

4.4 4D printing and materials

Tibbit et al.44, 190 originally introduced an idea for fabricating complex 3D objects that can 

react against an external environment stimulus, called the 4D printing method. They 

discovered one of methods for creating new design systems. The 4D printing method uses 

stimuli-responsive smart materials instead of conventional materials. This result in the 

formation of self-assembling and self-regulating constructs, which can change their shape 

upon external environmental stimuli.3,190, 191, 192–198 Currently, many studies focus on the 

fabrication of 4D printed constructs with shape changing abilities such as bending, twisting, 

elongating, and corrugating against external stimuli such as temperature, humidity, or light. 

The feasibility of 4D printing relies on the development of new smart materials, novel 

printing techniques, and mathematical modelling of deformation mechanisms.

Most-widely studied smart materials for 4D printing are temperature-responsive materials. 

The deformation mechanism of temperature-responsive materials relies on the shape 

memory effect.199 Shape memory polymers (SMPs) are typically used because of their ease 

of printability and capability of recovering their original shape sate under an external 

stimulus after undergoing deformation. The Tg value of SMPs is typically higher than their 

operating temperatures. Their shapes can be programmed through subsequent heating (>Tg) 

and cooling (<Tg) treatments. When operating temperature is <Tg, they adopt a temporary 
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deformed shape. After the temperature increases to >Tg, they return to their original shape.
199 For example, SMP fibres were incorporated into an elastomeric matrix to create a hinge 

structure.200–202 The hinge could bend with a maximum deformation angle of ~20°. The 

deformation angle depends on the Tg value of SMPs. Wei et al.203 fabricated 4D active 

shape-changing structures by direct-write printing of UV photo cross-linkable poly(lactic 

acid)-based bioinks (Figure 6a and b) based on the SMPs and shape memory 

nanocomposites (SMNCs). The printed constructs exhibited superior shape memory 

behaviour, which allowed 3D-1D-3D, 3D-2D-3D, and 3D-3D-3D configuration 

transformations. Furthermore, to improve their motion freedom, a six-petal leaf with a 

bilayer structure that laminates a polylactic acid on paper was fabricated by Zhang et al.204 

The bilayer leaves uniformly curled into a flower shape upon changing the environment 

temperature (Figure 7c–e). This strategy is applicable to creating complex structures with 

corrugated and helical configurations.

Malachowski et al.205 also reported the fabrication of temperature-responsive multi-fingered 

grippers. The grippers consist of rigid segments made from poly(propylene fumarate) and 

stimuli-responsive hinges made from poly(N-isopropylacrylamide-co-acrylic acid using the 

stereolithography technique. The grippers grip the drugs at >32°C and release them onto the 

targeted tissue at the body temperature of 37°C (Figure 6f–h). The fabrication of the 

containers made from photoresist panels and thermo-responsive PCL hinges was also 

demonstrated using photolithography (Figure 6i–l).206 Similar approaches that used 

temperature as an external stimulus have been reported by several research groups.207–209

Humidity-responsive materials to actuate the deformation by up-taking or releasing the 

moisture were used for 4D printing.206, 210 Initially, 3D objects printed from inks composed 

of rigid polymers and humidity-responsive materials were demonstrated by Raviv et al.211 

Upon changing the moisture level, the volume of the printed object was extended and folded 

by 200% from its original state. However, the obtained object was relatively fragile against 

the repeated motion of folding and unfolding. Mao et al.212 printed a structure with the 

anisotropic swelling properties by confining the hydrogels in one direction using stiff 

materials. Gladman et al.213 demonstrated a 4D printed structure with four times higher 

transverse swelling strain characteristics than that of the longitudinal strain using a hydrogel 

ink, which includes cellulose fibrils. The cellulose fibrils in the hydrogel ink were aligned by 

the shear forces generated from the contact between the ink and the print bed. Mulakkal et 

al.214 also fabricated humidity-responsive natural hydrogel constructs using carboxymethyl 

cellulose hydrocolloids. Zhang et al.215 designed a hydrogel construct with quick response 

properties by using hydrophobic thin films derived from cellulose stearoyl esters (CSEs). 

Their actuation properties could control the changes in the temperature of the surrounding 

aqueous environment. Other research groups have also developed soft actuators, humidity-

responsive sensors, and drug delivery systems by using humidity-responsive hydrogels (e.g., 

PEGDA) and biodegradable elastomers (e.g., poly(glycerol sebacate)).216, 217–219

The use of light-responsive materials offers a basis to develop novel stimuli-responsive 

constructs and printing techniques because light as a stimulus has the ability to focus the 

energy only on the desired area, enabling a rapid and local control or switching of the light-

responsive materials. The photoresponsive material is locally heated by the absorbing light. 
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Yang et al.220 demonstrated light-responsive sunflower-like 3D objects composed of carbon 

black and PU-based SMP with sequential bud-to-bloom deformation driven by heat 

generated from absorbed light. On this mechanism, light was utilized for the deformation of 

various self-folding structures.221, 222,223 Wu et al.224 demonstrated the versatility of the 

light sources as external stimuli for patterning the bent 4D printed constructs. The drug 

delivery system has also been developed using the poly(lactic-co-glycolic) acid capsule 

loaded with plasmonic gold nanorods.225 In this system, the capsule is ruptured by laser 

irradiation with the resonance wavelength of the gold nanorods.

Electric and magnetic fields can also be used in 4D printing as heat sources. A soft artificial 

muscle made from a mixture of silicone elastomer and ethanol was reported by Miriyev et 

al. 226 They used a phase shift characteristic from the liquid state to the gas state in ethanol 

under the applied current to control the volume of the silicon elastomer matrix. Okuzaki et 

al.227 used polypyrrole (PPy) films to create an origami microrobot, which can be controlled 

by changing the water absorption or the desorption state through an on/off current. 

Incorporation of magnetic nanoparticles into a hydrogel-based microgripper successfully 

allowed them to control the microrobot remotely by applying magnetic fields.216 Kim et al.
228 demonstrated the fabrication of silicon rubber-neodymium-iron-boron (NdFeB) hybrid 

3D structures with programmed ferromagnetic domains by applying a magnetic field during 

printing. They also showed a shape change by magnetic actuation. Apart from the physical 

stimuli such as temperature and light, chemical stimuli (pH and ionic concentration) and 

biological stimuli (glucose and enzymes) have also attracted much interest for the 

advancement of 4D printing and their related materials and opened a path for constructing 

new biomedical devices.229

As described above, 4D printed constructs have the capability of changing their shape and 

functionality with time. This time-dependent shape-change ability can provide tremendous 

potential applications for use in biomedical actuators such as self-bending/tightening valves, 

staples, and stents, biomedical microrobots to deliver and release drugs upon external 

stimulation for targeted therapy, and biosensors for medical diagnostics. Another intriguing 

application is the fabrication of scaffolds for tissue regeneration, which allows the scaffolds 

to mimic the complexity of human tissues that possess a dynamic change in their tissue 

conformations during the tissue regeneration process. 4D printed tissue constructs with a 

response to fluctuations in the external environment and geometry change can offer a 

favourable dynamic microenvironment for tissue regeneration that could not be precisely 

mimicked in conventional 3D printed tissue constructs.

4.5 Electrically controlled 3D printing

Yang et al. made progress for creating 3D hierarchical architectures which mimicked a 

natural nacre by developing a novel electrically assisted 3D printing technique.230, 231 Their 

method enabled the fabrication of complex 3D constructs with superior mechanical and 

electrical properties. They used 3-aminopropyltriethoxysilane grafted graphene nanoplates 

(GNs) whose thickness is ~8 nm, diameter is ~25 μm, and surface area is as large as ~120 to 

150 m2/g, to strengthen the interface with the polymer matrix (epoxy diacrylate and glycol 

diacrylate). The concept of their 3D printing system with electrically assistance is shown in 
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Figure 7a. The electric field of 433 V/cm was applied to align GNs in the polymer matrix 

during the printing process. GNs in a dielectric polymer ink are polarized under the electric 

field and gain higher dipole moment in the parallel direction to the platelet of GN because of 

the shape anisotropy in GN, resulting in the alignment of GNs (Figure 7b). Their superior 

mechanical toughness of 1.59 MPa m1/2 is originating from the synergistic effects of the 

hydrogen bonding and π-π interaction between the GNs and the polymer and the covalent 

Si-O-Si bonding between the aminopropyltriethoxysilane grafts on GNs. This technique is 

promising for designing and creating a lightweight and strong smart object for use in not 

only biomedical applications but also transportation, aerospace, and military applications.

Wang et al. also proposed a novel method for patterning liquid hydrogels with a resolution 

of as low as 100 μm by introducing a capacitor edge effect, called PLEEC. The PLEEC 

system consists of five layers (Figure 7c–f): a pair of silver adhesive electrodes isolated by a 

dielectric polyimide film layer, an insulating bottom acrylate film layer, and a top Teflon 

film layer that acts as an insulator to preserve the liquidous hydrogels on the top of surface 

isolated from the upper electrode.232 The top layer should be hydrophobic to send any liquid 

hydrogels away when the electric field is off. Upon applying the electric field, an 

electrostatic force is generated to trap the liquidous hydrogels on the top of the surface layer 

by the capacitor edge effect.

The printed hydrogel objects could effectively respond to the environment temperature. 

They also demonstrated the fabrication and the operation of the ionic high-integrity hydrogel 

display device. Current 3D printing techniques using hydrogels as ink largely relies on the 

physical and chemical properties of hydrogels that have some constraints on their 

formability. However, their PLEEC system combined the 3D patterning and stacking 

processes of hydrogels to offer great opportunities in rapid fabrication of prototype hydrogel 

constructs with complex geometries and devices with multiple components.

Conclusions

3D printing techniques have been receiving growing attention for use in medical applications 

because of their robust capabilities to produce biomimetic biological structures with ease. 

This review summarized the conventional and recent advances in 3D printing techniques and 

materials in biomedical applications. Current technological challenges for 3D printing 

technologies exist for the strategies to achieve higher resolution, higher printing speed, and 

larger scale while retaining good biocompatibility. Conventional 3D printing techniques 

have already demonstrated success in generating biological constructs such as a cartilage, 

bone, heart, brain, and muscle, but achieving complex, reproducible, large biological 

constructs with vascularized architectures which suitable for biomedical applications has 

proved to be challenging. Recent light-assist based 3D printing techniques, computed axial 

lithography (CAL), showed promising potential for achieving a microscale resolution and a 

speed up to ~1 mm/s. The combination of such projection stereolithography and dye-added 

photopolymerizable hydrogels also enabled the fabrication of a lung-mimicking air sac with 

airways that enable the delivery of oxygen molecules into surrounding blood vessels. The 

constructs containing liver cells are successfully implanted into mice. The recently 

developed, the integrated tissue-organ printer (ITOP) technique also has a potential to 
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produce large-scale biological tissue constructs with a complex geometry, human-scale, and 

high structural integrity. The ITOP was found feasible to create sizable biological constructs 

that mimicked the structure of native living tissues; human ear–shaped tissue constructs 

integrated with cartilage tissues, vascularized functional constructs, and skeletal muscle 

constructs. Embedded 3D printing techniques also have the potential to obtain complex 

tissue-like constructs. There remain some challenges, but these technologies greatly advance 

the field of tissue engineering.

Development of novel biomaterials merged with the desired mechanical properties and high 

cytocompatibilities, which can recapitulate the extracellular environment, is urgent for 3D 

printing in biomedical applications. There are still great limitations on the variety of 

biomaterials can be applicable for conventional 3D printing in biomedical applications. 

Because of the prerequisite parameters on biomaterials to possess the specific features of 

biocompatibility and formability, the hydrogels are commonly used as biomaterials for 

obtaining biological 3D constructs. Therefore, towards the fabrication of complex 3D 

functional tissues or organs using 3D printing techniques, efforts have been made to develop 

multi-functional biomaterials and bioinks that can mimic natural ECM. For mimicking a 

natural ECM, an application of decellularized ECM into 3D printing of biological constructs 

using extrusion-based and light-assisted methods has been studied. The dECM-based 

bioinks have heterogeneous constituents such as cell-binding proteins and growth factors 

presented in the ECM of native tissue compared to natural hydrogels that are highly purified 

forms of single ECM component, which enabled researchers to create patient- and organ-

specific cell-laden constructs possess native ECM-like microenvironments. This strategy is 

useful for developing 3D printed biological tissues and organs because the dECM has the 

potential to modulate biological activities such as cell proliferation, differentiation, 

migration, and maturation. However, there are still problems with the printing shape fidelity 

and ethics for its widespread use in 3D printing. Recently developed, multi-functional 

biomaterials such as stimuli-responsive hydrogels and reversible crosslinking polymers for 

4D printing are also promising for creating programmed 3D constructs with complex 

geometries for biomedical applications and new design systems. The future of biomaterials 

and biomaterials-based 3D/4D printing is bright. Further improvements in biomaterials and 

printing technologies will promise the fabrication and engineering of tailor-made functional 

3D biological constructs with more complex geometries and artificial organs.
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Figure 1. 
Important events in the history of 3D printing.
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Figure 2. 
Schematic illustration for the primary types of 3D printing techniques. (a) inkjet-based 3D 

printing method. (b) extrusion-based 3D printing method. (c) dynamic optical projection 

stereolithography (DOPsL) 3D printing method, (d) two-photon polymerization (TPP) 3D 

printing method.
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Figure 3. 
(a) Underlying concept CAL volumetric fabrication. (b) Schematic of the CAL system. (c) 

Sequential view of the build volume during a CAL printing. (d) The object shown in (c) after 

rinsing away uncured resin. (e) The painted object for clarity from (d). (f) A larger version 

with 40-mm-tall of the same geometry. (g) Opaque version of the geometry in (f). Scale bars 

is 10 mm. Reproduced with permission from [176]. Copyright 2019, AAAS. (h) and (i) 

Entangled vascular networks with vascularized alveolar model topologies. (j) Photograph of 

a printed hydrogel. Scale bar is 1 mm. (k) Engraftment of functional hepatic hydrogel 

carriers. Reproduced with permission from [180]. Copyright 2019, AAAS.
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Figure 4. 
(a) Schematic diagram of the ITOP system. (b) Illustration of basic patterning of 3D 

architecture including multiple cell-laden hydrogels and supporting PCL polyme. (c) 

CAD/CAM process for automated printing of 3D shape imitating target tissue or organ. 

Reproduced with permission from [36]. Copyright 2019, AAAS. (d) Schematic of voxelated 

architectures printed using a single (0D) nozzle (top) and the 1D (middle) and 2D (bottom) 

MM3D printheads. (e) Photographs of the corresponding 0D, 1D and 2D four-material 

MM3D printheads. (f) Schematic of MM3D printhead operation. (g) Voxelated matter 
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produced by MM3D printing using a 4 × 4-nozzle, four- material, 2D printhead. Reproduced 

with permission from [181]. Copyright 2019, Nature Publishing Group.
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Figure 5. 
(a) Schematic illustration of ATPSs. (b) Photographs of double-tornado-shaped, double-

spring-shaped, artery-like tree branched network, and goldfish skeleton structures. 

Reproduced with permission from [188]. Copyright 2019, Wiley VCH. (c) An image 

sequence showing the embedded 3D printing of a branched, hierarchical vascular network 

within a tissue matrix connected to inlet and outlet tubes. Scale bar is 10 mm. (D) Images of 

the perfusable tissue construct after 12 h of perfusion (top image) and fluorescent image of 

live/dead (green/red) cell viability (bottom images). Reproduced with permission from 

[189]. Copyright 2019, AAAS.
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Figure 6. 
(a) Schematic illustration of the direct-writing printing of 4D active shape-changing 

architecture and the chemical structures of inks. (b) SEM images and 4D active shape-

changing behavior of structures printed by c-PLA ink. Reproduced with permission from 

[203]. Copyright 2017, American Chemical Society. (c) and (d) Schematics of multimaterial 

additive manufacture system. (e) The demonstration of the transition between as printed 

shape and temporary shape of multimaterial grippers. Reproduced with permission from 

[204]. Copyright 2016, Nature Publishing Group. (f)-(h) Design and proof of principle of 

drug-eluting theragrippers. Reproduced with permission from [205]. Copyright 2014, Wiley 

VCH. (i-l) Photographs of self-folding of multiple containers and versatility in polyhedral 
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shape, size and precise porosity. Reproduced with permission from [206]. Copyright 2011, 

Springer.
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Figure 7. 
(a) Schematic diagram of the electrically assisted 3D-printing platform for the construction 

of nacre-inspired structures, (b) 3D printed nacre with a GNs and SEM images showing 

surface and cross-section morphology. Reproduced with permission from [230]. Copyright 

2019, AAAS. (c) Principle of PLEEC. (d) Scaffold-structured hydrogel lattice. (e) and (f) 

Polymerized acrylamide (PAAm) and polymerized N-isopropyl acrylamide (PNIPAM) 

hydrogel composites. Reproduced with permission from [232]. Copyright 2019, AAAS.
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