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초록: 3차원(3D) 바이오프린팅은 세포를 함유한 생물학적 구조물의 입체적 조형에 사용되는 적층제작술이다. 특히,           

CAD(computer-aided design)와 3축 출력기구 및 세포를 함유한 최적의 물리화학적 바이오잉크를 사용하여 정확하           

고 균일한 구조의 맞춤형 인공조직(뼈/연골, 피부/근육, 혈관, 장기 시스템)을 제작할 수 있다. 바이오프린팅의 주요             

절차는 모델링, 고체 자유형상 제작 및 후성숙의 세 단계로 진행된다. 본 리뷰에서는 3D 바이오프린팅의 기본원리,              

구성요소 및 잠재력 있는 연구사례들을 소개하고 실제적인 조직공학 및 의료적 응용분야에서의 도전과제를 요약하            

였다.

Abstract: Three-dimensional (3D) bioprinting is an additive manufacturing technique used for the 3D modeling of bio-

logical constructs containing cells. In particular, customized artificial tissues (bone/cartilage, skin/muscle, blood vessels, 

organs system) with precise and uniform structures can be created using computer-aided design, 3-axis plotting instru-

ment, and optimum physicochemical cell-laden bioinks. The main bioprinting procedures are three stages of modeling, 

solid freeform fabrication, and post-maturation. This review introduced the basic principles and components of 3D bio-

printing and potential research cases to summarize the challenging agenda in practical tissue engineering and medical 

applications.
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Introduction

Additive manufacturing (AM) or three-dimensional (3D) 

printing are fabrication techniques of 3D objects by layering 

materials using computer-aided design (CAD) or digital com-

puted tomography (CT) scanned image models.1 In AM or 3D 

printing, a 3D object is built up using numerous computer-con-

trolled processes that deposit, fuse, and solidify materials. 

Materials such as ceramics, metals, thermoplastics, gels in liq-

uids, and powder grains can be used in AM. Charles W. Hull 

first introduced the concept of 3D printing technology in 

1986.2 Since then, 3D printing techniques have gained prom-

inence over the past few decades because of their beneficial 

attributes such as high precision, complex part construction, 

and customized object fabrication, relatively fast processing, 

and use of cost-effective materials and simple instruments.1-8

The essential features of 3D printing are 3D modeling soft-

ware, mechanical plotting equipment, and layering materials.6

After the 3D modeling design, the 3D printing equipment 

reads the data from the 3D stereolithography (STL) file and 

fabricates a 3D object.5 

The fabrication approaches referred to as 3D printing tech-

nology based on the ISO/ASTM52900-15 standard can be 

classified into seven process categories (Table 1).2 In brief, vat 

photopolymerizable 3D printing has a container of photo-

curable resin, which is cured with ultraviolet (UV) light or 

other similar power sources. The most used techniques for this 

process are stereolithography apparatus (SLA) and digital light 

processing (DLP). This method passes a UV laser through a 

liquid photopolymer resin to fabricate 3D structures. The struc-
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ture is then fabricated layer-by-layer and later cured using UV 

light.

Meanwhile, material jetting feeds the material through a 

small-diameter nozzle during the material injection process, 

which works like a general inkjet printer. Multi-jet modeling 

(MJM) is an inkjet printing process that uses print head tech-

nology to deposit photocurable plastic resin or cast wax mate-

rial layer by layer. The most used technique in material 

extrusion processes is fused deposition modeling (FDM). 

During the material injection process, the material is fed 

through a small-diameter nozzle, and the operation behavior is 

similar to that of a typical inkjet printer. A representative 

method of FDM is fused filament fabrication (FFF), which is 

the most common and simple 3D printing method. In FFF, a 

thermoplastic filament is used as a printing material. The 3D 

print head melts the filament by applying heat and then depos-

iting its layers over each other to create a 3D structure. The 

binder jetting process uses a liquid binder and a powder mate-

rial. The print head drops a liquid binder selectively onto a 

powdered material to obtain a 3D structure. And, this method 

could print a various materials such as polymers metals and 

ceramics. Selective laser sintering/melting (SLS/M) is a com-

monly used technique in powder bed fusion processes.8 During 

the SLS process, small particles (powders) of polymers, glass, 

or ceramics are fused by a high-power laser to fabricate a 3D 

structure. Direct energy deposition has a printing unit con-

sisting of a multi-axis robotic arm with nozzles, an energy 

source and a substrate for depositing molten material. During 

SLS, a powdered material deposited on a substrate through a 

nozzle is melted by an energy source and then cured to create 

a 3D structure. Sheet lamination technology uses an external 

force to incorporate other materials into a sheet. Sheets can be 

made of metals, polymers, hydrogels, ceramics, paper, and fab-

rics. In the sheet lamination process, sheets are laminated 

together by heat and pressure and cut into desired shapes using 

a laser or blade. Inductive energy deposition processes are 

mainly used in the advanced metal industry and rapid man-

ufacturing applications.

As described above, most 3D printing methods have been 

recently applied in tissue engineering.9-11 The goal of tissue 

engineering is the regeneration, restoration, or replacement of 

defective or damaged functional living organs and tissues. To 

achieve this purpose, biomedical scaffolds have been used in 

tissue engineering applications.9 The primary focus of this 

approach is to functionally and structurally replace or regen-

erate defected tissues.10 The scaffolds generally used as tissues 

and organs must provide internal pathways for cell adhesion 

and migration. Scaffolds must also deliver various growth fac-

tors and waste products and perform several essential functions 

that maintain their shape during cell growth and appropriate 

Table 1. Terminology of Additive Manufacturing Technologies with Material Types (ISO/ASTM52900-15)2

Process categories Terminology (acronyms) Material types

Vat photopolymerization Stereolithography apparatus (SLA) Liquid resin (photopolymer, ceramic)

Digital light processing (DLP) Liquid resin (photopolymer, ceramic)

Material jetting Multi-jet modeling (MJM) Liquid droplet (photopolymer, wax)

Material extrusion Fused deposition modeling (FDM) Solid/hydrogels strand

Fused filament fabrication (FFF) Solid filament

Fused layer modeling (FLM) Solid filament

Binder jetting Powder bed and inkjet head 3D printing (PBIH) Solid powder/liquid droplet

Plaster-based 3D printing (PP) Solid powder

Powder bed fusion Electron beam melting (EBM) Solid powder

Selective laser sintering/melting (SLS/M) Solid powder

Selective heat sintering (SHS) Solid powder

Direct metal laser sintering (DMLS) Solid powder

Directed energy deposition Laser metal deposition (LMD) Solid powder

Sheet lamination Laminated object manufacturing (LOM) Solid sheet

Layer laminated manufacturing (LLM) Solid sheet

Ultrasonic consolidation (UC) Solid sheet
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mechanical properties.10 To secure these functions, scaffolds 

for tissue engineering require porous 3D structures that allow 

cell affinities such as proliferation, migration, adhesion, and 

differentiation, as well as nutrient and oxygen transport.11

Therefore, 3D printing technology is one of the most suitable 

methods to fabricate 3D structures for use as medical scaffolds, 

tissues, and organs. Scaffold 3D printing is a technology that 

controls cell patterns to maintain cell function and viability 

within the printed 3D structures. Many researchers have 

already studied the development of an appropriate scaffold 

using 3D printing in tissue engineering.9-21 Recent advances 

introduced by 3D printing have significantly improved the 

ability to control the pore dimension distribution, volume, and 

interconnectivity of scaffolds.9-11 In addition, 3D printing has 

been recognized for significant advances in tissue engineering, 

especially in studying biomaterials. The development of bio-

materials for 3D printing is an essential prerequisite that 

directly affects cell growth.

3D printing studies for tissue reconstruction using bioma-

terials are classified into cell-free solid and cell-laden hydrogel 

bioink scaffolds.22 Research related to solid scaffold printing 

has established a technique for producing a precise and repro-

ducible porous scaffold by controlling the characteristics of the 

materials and parameters of the manufacturing process. 

Among the various 3D printing methods for tissue engineer-

ing, 3D bioprinting processes involving living cells and bio-

active molecules in biomaterials (hydrogel state bioink) have 

successfully created 3D structures at room temperature without 

Table 2. Natural Polymer Based Bioinks with 3D Bioprinting Process and Crosslinking Types26,27

Hydrogel bioink materials Adaptable processes Crosslinking types

Alginate Extrusion Physical, Chemical

Agarose Extrusion Thermal

Gelatin Extrusion Chemical

Gelatin methacrylate (GelMA) Extrusion, Jetting Photo

Silk fibroin Extrusion, Jetting Chemical

Silk methacrylate (SilMA) Extrusion, Jetting Photo

Collagen Extrusion, Jetting Chemical

Hyaluronic acid Extrusion, Jetting Chemical

Hyaluronic acid methacrylate (HAMA) Extrusion, Jetting Photo

Chitosan Extrusion Chemical

Cellulose Extrusion Chemical

Fibrin Extrusion, Jetting Physical

Extracellular matrix (ECM) Extrusion Chemical

Table 3. Commercialized Bioinks for 3D Bioprinting26,27

Bioink materials Brand names Manufacturers Applications

Collagen exVive3D™ Human
Liver Models

Organovo Holdings Drug screening

Collagen, Fibrin, Hyaluronic acid BioInk™ RegenHU Soft tissue

Collagen, Calcium phosphate OsteoInk™ RegenHU Hard tissue

Nano-cellulose/alginate mixture CELLINK CELLINK Soft tissue

Pluronic F127
Gelatin methacrylate

Bio127
BioGel

Biobot Soft tissue

Gelatin
Gelatin and conjugated with different growth 
factors

Gel4Cell®

Gel4Cell®-BMP
Gel4Cell®-VEGF
Gel4Cell®-TGF

Bioink Solutions Soft tissue

Acrylonitrile butadiene styrene (ABS) E-Shell series EnvisionTEC GmbH Hearing aid

Light-curable composite E-Dent Series EnvisionTEC GmbH Dental
 Polym. Korea, Vol. 46, No. 3, 2022
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significantly affecting cell viability.22,23 In particular, 3D bio-

printing uses CT data to fabricate precise and uniform bio-

logical cell-laden constructs compared to general solid objects 

with optimum physicochemical bioinks as patient-customized 

artificial tissues (bone/cartilage, skin/muscle, vascular, organ 

systems).22-25 However, studies related to bioprinting using a 

cell-containing bioink have problems that require solutions, 

such as a bioink must have a soft and biocompatible nature for 

the included cells. For applications using 3D bioprinting tech-

nology in tissue engineering, researchers must consider not 

only the 3D structure (design) but also the biomaterial (bioink) 

as well (Tables 2 and 3).26,27 The ideal bioink formulation 

should satisfy the biological requirements of printability, 

mechanical properties, biodegradation, modifiable functional 

groups on the surface, and post-printing maturation. 3D bio-

printing involves fabricating a 3D structure with the desired 

shape by combining living cells and biological materials (Fig-

ure 1). Researchers are developing various methods to fab-

ricate 3D native structures with biological and mechanical 

properties suitable for native tissue regeneration. Hence, this 

review describes several types of 3D bioprinting techniques 

using bioinks to fabricate 3D structures and their applications 

in tissue engineering and regenerative medicine.

As the demand for regenerative medicine increases, tissue 

engineering has become a forward-looking approach to repair-

ing tissues and organs with severe defects that cannot be 

repaired by natural healing and routine treatment. The human 

body is comprised complex tissues, such as skin, fat, muscle, 

Figure 1. The schematic of 3D bioprinting stages with subcategories and typical process on six steps: (i) imaging the injured site/tissue using 

scanning instruments; (ii) image converted to 3D models; (iii) materials based on intended applications; (iv) cell selection based on intended 

applications; (v) bioprinting using bioprinters; (vi) post-processing application in a bioreactor for maturation, in vivo test, implantation at injury 

sites. Reproduced with permission from Ref. 50, S. V. Murphy et al., Nat. Biotechnol., 2014, 32, 773-785.© 2014, Nature America, Inc.
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blood vessels, endothelium, cartilage, ligaments, and bones. 

However, the form and function of regenerated tissue after 

severe damage cannot fully restore the organizational conti-

nuity of the original tissue. Therefore, advanced scaffolds that 

can serve as morphological guides for connecting and growing 

cells are essential. 3D scaffolds for tissue engineering are 

porous, allowing for the increased mass exchange efficiency of 

seeded cells to proliferate and metabolize structures. The com-

bination of scaffold-based tissue engineering and 3D bio-

printing technology could enable new possibilities for intact 

tissue restoration by printing patient-specific biological con-

structs. Here, we review the basic principles, components, and 

potential research cases of 3D bioprinting. Prospective bioinks 

for practical tissue engineering and medical applications are 

also summarized.

Basic Procedures of 3D Bioprinting

3D bioprinting consists of three stages: 3D modeling (pre-

bioprinting), bioprinting, and postmaturation (post-bioprinting) 

(Figure 1).22-25 The three major types of 3D bioprinting are ink-

jet, laser-assisted, and extrusion processes. Inkjet bioprinters 

are primarily used for fast and large-scale products. The drop-

on-demand inkjet allows materials to be deposited in exact 

amounts, minimizing cost and waste. Laser-assisted bioprint-

ing provides high-resolution printing. Extrusion bioprinters 

build cells with hydrogels layer by layer. Among these, the 

extrusion bioprinter process is prominent for fabricating cell-

laden 3D constructs.

3D Modeling and Toolpath Programming. The first stage       

of 3D bioprinting is the digital modeling of a 3D object. This 

section describes 3D modeling for printing objects from med-

ical images of the organs or tissues to be bioprinted: CT data 

collected from magnetic resonance imaging (MRI), X-ray, and 

ultrasound. Most 3D image data are obtained from medical 

scans of a patient. The quality and usability of 3D models 

depend on the software and designer proficiency. The first step 

is segmenting the raw image data using image processing soft-

ware. Then, image segmentation creates an STL format using 

a 3D CAD surface model. This surface model approximates 

the outer shape of the construct by using a triangular mesh. 

The surface model is then filled with repeating unit cells to 

generate a complete construct with an internal structure. 

Finally, the software generates a toolpath plan as a G-code file 

from a 3D model object. This software provides the motion 

path for the bioprinter to build up a bioink at the set time with 

the XYZ axis location.

Materials Used for Bioprinting. Bioinks are a liquid mix-     

ture of cells, substrates, and nutrients,  used to produce engi-

neered tissues via 3D printing. These inks are primarily 

composed of the cells that are used. The combination of cells 

and hydrogels is defined as a bioink.26,27 They must meet spe-

cific rheological, mechanical, biofunctional, and biocompat-

ibility properties that ensure reproducibility and precise control 

over the fabricated constructs in automated 3D bioprinting.

Biomaterials constituting bioink are divided into two types: 

natural and synthetic. Some natural biomaterials include sub-

stances present in the extracellular matrix (ECM) such as col-

lagen, gelatin, fibrin, and hyaluronic acid and other natural 

biomaterials such as acellular dermal matrix, agarose, alginate, 

chitosan, cellulose, and silk fibroin (Tables 2 and 3). Natural 

materials have excellent biocompatibility. However, they have 

disadvantages, such as poor mechanical properties and slow 

gelation time. Unlike natural biomaterials, synthetic bioma-

terials have more controllable mechanical and chemical prop-

erties. Polyethylene glycol (PEG) and pluronics (poloxamers) 

are widely used as synthetic bioinks in 3D bioprinting. How-

ever, these materials lack adequate biocompatibility and bio-

degradability, limiting their application in 3D bioprinting. In 

light of this, modified natural bioinks such as gelatin meth-

acrylate (GelMA), silk methacrylate (SilMA), and hyaluronic 

acid methacrylate (HAMA) have been developed to be a com-

promise between natural and synthetic bioinks. The physi-

cochemical properties of hydrogel bioinks are more conducive 

for printability than those of general 3D printing materials. 

Considerations in the printability of bioinks include gelation, 

uniformity in filament diameter, maintenance of shape fidelity 

after printing but before crosslinking, printing pressure, nozzle 

diameter, and printing viscosity.

Bioprinting Parameters. This section describes the second     

stage of 3D bioprinting.22 When a toolpath plan is created from 

a 3D model object as a G-code file, specific cells are isolated 

and proliferated. The cells are then mixed with a particular liq-

uid substance that provides oxygen and other nutrients for sur-

vival. In some processes, cells are encapsulated into cell 

spheroids with a diameter of 500 μm. Such cell aggregation 

does not require a scaffold and is required for placement in 

tubular tissue fusions for processes such as extrusion. In the 

second step of bioprinting, known as bioinks, is placed in a 

printer cartridge and 3D bioprinted on the motion path of the 

G-code file. When bioprinted pre-tissues are transferred to an 

incubator, cell-laden pre-tissues mature into tissues. Artificial 
 Polym. Korea, Vol. 46, No. 3, 2022
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organs, such as the liver and kidneys made with 3D bio-

printing, have been shown to lack the important factors that 

affect the body: working blood vessels, tubules to collect urine, 

and the growth of billions of cells needed for these organs. 

Without these components, the body cannot obtain essential 

nutrients and oxygen from deep inside. All tissues in the body 

are naturally composed of different cell types. Many tech-

niques for printing these cells differ in their ability to ensure 

the stability and viability of cells during manufacturing. Some 

methods used for the 3D bioprinting of cells are photoli-

thography, magnetic 3D bioprinting, stereolithography, and 

direct cell extrusion.22

Postmaturation Process. 3D bioprinting requires a post-      

maturation stage to create a stable structure from biological tis-

sues.28 If this process is not well maintained, the mechanical 

integrity and function of the 3D bioprinted object are at risk. 

Both mechanical and chemical stimuli are required to hold the 

object. These stimuli send signals to the cells to control tissue 

remodeling and growth. Recent developments in bioreactor 

technology have enabled rapid tissue maturation, tissue vas-

cularization, and graft viability. Bioreactors provide convective 

nutrient transport, create a microgravity environment, change 

the pressure that forces a solution to flow through cells, and 

add compression for dynamic or static loading. Each type of 

bioreactor is ideal for different tissue types. For example, com-

pression bioreactors are ideal for cartilage tissues.

Potential Research Cases on Tissue 
Engineering in Utilizing Bioprinting

Bone and Cartilage Tissue. This section describes the       

bone tissue engineering sector based on various 3D bioprinting 

approaches. Bone has highly specialized organic-inorganic 

structures that can be classified into microscopic and nano-

composite structures that are held adjacent to complex cellular 

components.29-34 Researchers have investigated efficient 

approaches to replace lost or defective bone and develop reli-

able bone substitutes.35-42 In general, porous scaffolds are used 

for bone regeneration in surgical operations. The bone exhib-

ited an excellent self-healing ability when the defect was 

minor. However, massive bone loss or critical bone defects 

cannot be fully healed by the innate regenerative system of the 

body. In these cases, surgery for guided bone regeneration is 

necessary to replace defected bones. Researchers have attempted 

to manufacture bone substitutes and develop restoration meth-

ods using 3D bioprinting techniques.35 Bones can be classified 

into two types of structures: the cancellous and cortical bones. 

Cancellous bone (the inner bone) has a spongy structure with 

50-90% porosity. The cortical bone formed a dense outer layer 

with less than 10% porosity. Owing to the differences in the 

internal and external structures of bone, an accurate scaffold 

design is necessary for bone regeneration. Scaffolds can be 

used to promote bone regeneration by delivering biomolecules, 

such as transforming growth factor-β (TGF-β), bone mor-

phogenetic protein (BMP), insulin-like growth factor (IGF), 

fibroblast growth factor (FGF), or vascular endothelial growth 

factor (VEGF).

Recently, researchers have become interested in 3D bio-

printing, which can generate complex structures using various 

biomaterials and cell-laden bioinks. Kang et al. demonstrated 

the capabilities of an integrated tissue-organ printer (ITOP) by 

fabricating the mandible and calvarial bone, cartilage, and 

skeletal muscle (Figure 2).38 Mandibular bone reconstruction is 

a 3D defect model obtained from the craniofacial CT image 

data, followed by the design of the dispensing paths of cells, 

poly(ε-caprolactone) (PCL), and Pluronic F-127 using self-

developed software. Multiple cartridges used to deliver and 

pattern the ink materials were connected to a microscale noz-

zle, which dispensed the materials according to the design 

during the 3D printing process. PCL was printed as the frame-

work, and the cell-laden hydrogel was dispensed to fill the 

pores, while Pluronic F-127 was used as a sacrificial material. 

The osteogenic potential of the scaffold was confirmed by 

Alizarin Red S staining after culturing in an osteogenic 

medium for 28 days. Dong et al. incorporated PCL and chi-

tosan gels to fabricate a hybrid scaffold for bone regenera-

tion.20 The 3D PCL scaffold was fabricated by the FDM 

bioprinting method. In vitro studies have shown that hybrid 3D 

scaffolds can enhance cell proliferation and improve the osteo-

genicity of rabbit bone marrow mesenchymal stem cells 

(MSCs). The hypothesis is that PCL/chitosan 3D scaffolds 

could improve osteoinductivity and cell seeding efficacy and 

provide superior mechanical properties than PCL or chitosan-

thermogel 3D scaffolds alone. To realize custom scaffolds for 

bone tissue engineering, Corcione et al. developed a solvent-

free process to produce hydroxyapatite and poly(lactic acid) 

(PLA) composites suitable for 3D printing processes using the 

FDM method.17 In their study, they successfully converted 

clinical images of the maxillary sinus obtained by cone-beam 

CT into an appropriate format. They used 3D bioprinting of 

the composite material to fabricate 3D maxillary sinus models. 

Wang et al. explained that cell-laden collagen/alginic acid scaf-
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folds could be supplemented with bioglass particles to fab-

ricate bone replacement scaffolds, increasing material stiffness 

and stimulating cell growth and mineralization.40

Only a few millimeters thick cartilages prevent friction 

between joints and withstand extreme load stress during limb 

movement. Cartilage defects due to trauma, aging, degener-

ative diseases and other factors inevitably lead to joint pain and 

chronic diseases. Despite numerous attempts, artificial carti-

lage that can completely mimic the composition, ECM, and 

mechanical properties of tissues has yet to be developed. 3D 

bioprinting, which can fabricate products with the desired 

shape using various materials and cells, offers excellent oppor-

tunities for cartilage tissue engineering. Kundu et al. fabricated 

cell-laden 3D scaffolds using PCL and chondrocyte-encap-

sulated alginate hydrogels.18 Cell-laden biochemical in vitro

assays were performed to determine the DNA, total collagen 

content, and glycosaminoglycans (GAG) in various alginate/

PCL gel configurations. Alginate/PCL gels containing TGF-β

showed more significant ECM formation. Cell-printed 3D 

alginate/PCL gel scaffolds were implanted into the dorsal sub-

cutaneous space of female nude mice. Immunohistochemical 

analysis showed improved cartilage tissue with collagen type 

II fibril formation in the alginate/PCL gel hybrid scaffolds after 

4 weeks. The Kesti et al. has developed a cartilage-specific 

bioink for 3D bioprinting applications based on a mixture of 

alginate and gellan mixed with cartilage particles.39 They used 

MRI to observe bioprinted scaffolds, compare their 3D shape 

to the original model and evaluate the utility of MRI to detect 

changes in water relaxation time associated with ECM gen-

eration in tissue-engineered grafts. Bioink/BioCartilage discs 

containing cells were cultured in vitro for 8 weeks, with or 

without TGF-β3 supplementation to evaluate chondrogenesis. 

All properties of the 3D bioprinted scaffold were superior to 

those of native articular cartilage. Ren et al. used collagen 

hydrogels as bioinks and 3D cartilage structures.42 Chondro-

cyte density gradients revealed a regional distribution through-

out the ECM. They evaluated the effect of chondrocyte density 

gradients on the formation of regional ECM distributions in 

bioprinted 3D structures. ECM generation was positively cor-

related with cell density in the early stages of culture; the bio-

synthetic capacity of chondrocytes was affected by both the 

cell density and distribution in the bioprinted 3D constructs.

Skin and Muscle Tissues. This section introduces the     

study of human skin models using 3D bioprinting technology. 

The skin is the largest organ in the human body that protects 

other tissues from external stimuli. Skin damage that leads to 

Figure 2. Reconstruction of a human mandible graft with the bioprinted construct: (A) 3D CAD model obtained from CT image data of the 

defected bone; (B) construction of the bone defect 3D architecture using CAM (computer-aided manufacturing) software: the red, blue, and 

green lines indicate the pathways to dispense various bioinks of cell-laden hydrogel, Pluronic F-127, and PCL, respectively; (C) 3D bio-

printing: the enlarged view shows the patterning of the construct layer; (D) image of 3D bioprinted constructs cultured in osteogenic medium 

for 28 days; (E) human amniotic fluid stem cells (hAFSCs) osteogenic differentiation in the bioprinted construct was confirmed by Alizarin 

Red S staining (indicating calcium deposition). Reproduced with permission from Ref. 38, H.-W. Kang et al., Nat. Biotechnol., 2016, 34, 312-

319.© 2016, Nature America, Inc.
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infection or other genetic or physical diseases can cause chronic

ulcers.43,44 Skin damage can expose other tissues to bacteria, 

viruses, and the external environment, interfering with body 

temperature regulation.45 The pathological components of the 

normal skin flora can multiply if there is a damaged skin bar-

rier. Thus, skin damage is a major problem with many effects 

on other tissues and can be fatal in severe cases. Autologous 

grafts obtained directly from patients are often used to avoid 

immune rejection, restore skin function and heal wounds after 

skin damage. Unfortunately, wounds with large areas and sig-

nificant depths of skin damage do not adequately heal using 

autologous transplantation. Therefore, there is a need to pre-

pare artificial dermal substitutes using novel approaches for 

skin regeneration. Many researchers have developed precise 

skin substitutes that interact with human tissue after in vitro

maturation and transplantation.46-60 It has been challenging to 

imitate human skin while accommodating numerous derivative 

structures, such as nerve endings, capillaries, multilayered 3D 

structures, sebaceous glands, sweat glands, and hair follicles. 

Complex skin structures require an accurate signaling system. 

For this reason, 3D bioprinting is an attractive method that can 

mimic the structure of the human skin using various bioinks 

and precise patterning of cells. 

Merceron et al. fabricated complex muscle-tendon unit 

(MTU) with polyurethane, PCL and C2C12 and NIH3T3 cell-

laden hydrogel bioinks using a 3D integrated organ printing 

system (Figure 3).57 The MTU was comprised of a hetero-

geneous polymeric scaffold of elastic on the muscle side and 

stiff on the tendon side. The construct could be repeatedly pre-

pared with precise shape fidelity. Cells were printed fair via-

bility with increased gene expression.

The Cubo et al. printed bilayer skin using fibrin bioink con-

taining human primary keratinocytes, fibroblasts, and human 

plasma (Figure 4).58 The function and structure of the 3D bio-

printed skin were analyzed using immunohistochemical meth-

ods after in vitro 3D culture and long-term implantation into 

immunodeficient mice. In above cases, the regenerated skin 

was similar to human skin and was indistinguishable from a 

lab-made bilayer dermal-epidermal equivalent. Meanwhile, 

Koch et al. used a 3D laser-based bioprinting system to create 

a skin model including the dermal and epidermal layers.53,54

They used alginate hydrogels as bioinks and printed fibro-

blasts, keratinocytes, and hMSCs. They evaluated the effect of 

the laser-based bioprinting system on cell proliferation, via-

bility, and apoptotic activity. Alterations in cell surface markers 

and DNA damage were statistically assessed over several days. 

The cells survived the previous procedure with >98% viability. 

All tested cell types retained their proliferative capacity, even 

after 3D bioprinting. A simple skin structure was formed by 

printing collagen bioinks, keratinocytes, and fibroblasts. The 

3D bioprinted cellular structures were evaluated at various 

incubation times using immunohistological methods. The pres-

ence of cell-cell channels indicative of tissue formation has 

been investigated in important 3D structures. The Michael et 

al. produced a skin substitute by 3D laser-based bioprinting.55

The skin replacement was achieved using fibroblasts and kera-

tinocytes. Subsequently, the 3D structures were tested in vivo. 

The bioprinted keratinocytes prepared a multilayered epider-

mis with initial differentiation and stratum corneum after 11 

days of culturing. Proliferation was mainly observed in the 

basal layer. E-cadherin, an indicator of adherent junctions and 

tissue formation, was found in the epidermis both ex vivo and 

in vitro. In mice, some blood vessels have been found to grow 

with bioprinted orientations of cells at the wound edges and 

bottom of the wound.

Lee et al. demonstrated a potential applications of 3D bio-

printing in tissue engineering using a human prototype skin 

model.56 They printed collagen with bioinks, fibroblasts, and 

Figure 3. 3D bioprinted muscle-tendon unit (MTU) construct: (A) 

CAD and tool path of the MTU construct with cells (green, PU; red, 

PCL; blue, C2C12 cells; white, NIH3T3 cells); (B) The MTU con-

struct with PU side on top, PCL side on the bottom, and 10% over-

lap area at the interface in the center. SEM images of the (C) PU 

side; (D) interface region; (E) PCL side. Arrowheads indicate the 

welding areas between the two polymers. Reproduced with permis-

sion from Ref. 57, T. K. Merceron et al., Biofabrication., 2015, 7, 

035003.© 2015, IOP Publishing Ltd.
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keratinocytes as constituent cells to fabricate the dermis and 

epidermis. Immunohistological analysis revealed that the 3D 

bioprinted skin tissue was biologically and morphologically 

representative of the human skin tissue in vivo. These high-

lighted studies showed that 3D bioprinting offers several 

advantages in shape retention and shape, reproducibility, flex-

ibility, and high culture throughput compared to conventional 

skin tissue engineering methods. 

Nanoparticles have recently emerged as transdermal delivery 

systems. Their surface properties and size determine their effi-

cacy and effectiveness in penetrating skin tissues. Hou et al.

generated a simplified artificial skin model for quick screening 

the transdermal penetration ability of nanoparticles using 3D 

bioprinting.60 Collagen hydrogels were used as bioinks to print 

fibroblasts on the structures. The effectiveness of this platform 

was evaluated using a 3D scaffold with one layer of fibroblasts 

sandwiched between two layers of collagen hydrogel to screen 

silica nanoparticles with different surface charges for their pen-

etrating ability. Positively charged nanoparticles showed deeper

penetration, consistent with the observations of previous stud-

ies involving living skin tissues.

Vascular and Neural Tissue. This section describes the     

study of blood vessel formation in 3D tissues using bio-

printing. Vascular network tissues play a critical role in all 3D 

tissues.61-63 Vascular tissues supply nutrients and oxygen to the 

adjacent tissues and remove waste products. Blood vessel for-

mation is an essential consideration for fabricating highly vas-

cularized artificial organs (the liver, kidney, lung, spleen, heart, 

pancreas, and thyroid). Therefore, it is generally agreed that 

reconstructing complex vascular networks is vital in 3D tissue 

engineering. However, this problem remains a significant 

obstacle in generating 3D-engineered constructs with the vol-

ume and complexity of human organs. 3D bioprinting tech-

nology has emerged as an attractive approach for designing 

small-diameter containers. An advantage of the 3D bioprinting 

method is that it allows researchers to produce cellular tissue 

Figure 4. (A) Scheme of skin bioprinting process: The extrusion modules contained four syringes, loaded with (i) hFbs; (ii) plasma; (iii) 

CaCl2; (iv) hKCs; (v) equivalents printed on Transwell inserts that could differentiate at the air-liquid surface for 17 days; (vi) equivalents 

printed on P100 plates that were grafted onto the backs of immunodeficient mice for 8 weeks; (B) in vitro 3D human skin constructs obtained 

after 17 days of differentiation at the air-liquid interface: (i) “handmade” skin equivalent; (ii-iv) bioprinted skin equivalents; (i and ii) HE stain-

ing; (iii and iv) immunostaining using (iii) an anti-K10 antibody; (iv) an anti-human vimentin antibody. Ep and De in (i-iv) denote the epi-

dermal and dermal compartments, respectively; (C) Histological analysis (8 weeks post-grafting) of bioprinted human skin grafted onto 

immunodeficient mice: (i) visual appearance of the grafted human skin; (ii) HE staining of the regenerated human skin; (iii) HE staining of 

the normal human skin. The white dotted lines in (ii) and (iii) indicate the dermo-epidermal junction (basal membrane, BM). Scale bar: 100 

μm. Reproduced with permission from Ref. 58, N. Cubo et al., Biofabrication., 2017, 9, 015006.© 2017, IOP Publishing Ltd.
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constructs with easy control of the cell density. This feature 

provides researchers with a more sophisticated tool to solve 

angiogenesis problems in 3D tissue engineering. These tech-

niques can create biomimetic microenvironments in 3D tissues 

and generate blood vessels with ideal functions and structures.

Using the coaxial cell printing technique and vascular tissue-

specific bioink, Ge Gao et al. developed freestanding in vitro

vascular models (VMs) (Figure 5).64 This technique has var-

ious advantages in plotting tubular cell-laden vessels with 

designed patterns. Consequently, the study enhances pump-

driven circulating perfusion, generates the endothelium with-

out EC-seeding, and implements further expansions to study 

vascular pathophysiology. Following the maturation of the 

endothelium, the VMs exhibit representative vascular func-

tions (i.e., selective permeability, antiplatelets/leukocyte adhe-

sion, and vessel remodeling under shear stress). Moreover, 

with the expansion of VMs, directional angiogenesis and 

inflammatory responses are demonstrated by asymmetric dis-

tributions of proangiogenic factors and an airway inflamma-

tory ambiance, respectively. 

Cui et al. fabricated fibrin microchannels using an inkjet-

based bioprinting method.65 When bioprinting fibrin hydrogels 

containing human microvascular endothelial cells (HMVECs), 

they confirmed that the cells self-aligned within the fibrin 

channels and proliferated to fabricate confluent linings. A 3D 

tubular structure was fabricated from the printed pattern. They 

concluded that the simultaneous bioprinting of cells and scaf-

folds promoted HMVEC proliferation and microvasculariza-

tion. Additionally, the Norotte et al. printed small-diameter 

multilayered tubular vascular grafts that easily perfuse for fur-

ther maturation.66 Agarose was used as a bioink for printing 

smooth muscle cells and fibroblasts, which were aggregated 

into individual units such as multicellular spheroids or cyl-

inders of controlled diameter (300-500 μm). The bioprinting 

fusion of individual units resulted in single- and bilayer small-

diameter vessels. Wu et al. used an omnidirectional bioprinting 

method to fabricate a 3D microvascular network embedded 

within a Pluronic F127 hydrogel scaffold.67 They fabricated a 

3D microvessel network using a hierarchical third-generation 

branching topology to form microchannels of 200-600 μm 

diameter, where the two large parental channels were sub-

divided into many smaller microchannels.

Kolesky et al. reported a novel 3D bioprinting method for 

fabricating 3D tissue structures filled with vasculature, ECM, 

and multiple types of cells.68 They confirmed the printability of 

these structures using silicone elastomer and Pluronic F127 

and cell viability using GelMA hydrogel-containing cells. In 

addition, they found that human umbilical vein endothelial 

Figure 5. (A) Bioprinting system for ECM-based bioink with a core of Pluronic and calcium ions and a shell of cell (HUVECs)-laden in algi-

nate chains with ECM components; (B) steps in the fabrication of the vascular model: (i) 3D printing of the poly ethylene-vinyl acetate 

(PEVA) model body; (ii) 3D cell printing; (iii) casting and incision of low melting point agarose; (iv) needle insertion and sealing; and (v) 

perfusion; (C) Perfusion of vessels construct with different designs: (i) straight; (ii) curved; (iii) serpentine; (iv) dual parallel; (v) attached dual-

curves; (vi) discrete dual-curves. Reproduced with permission from Ref. 64, G. Gao et al., Adv. Healthcare. Mater, 2018, 7, 1801102.© 2018 

WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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cells (HUVECs) and human neonatal dermal fibroblasts pro-

liferate over time. Jia et al. developed perfusable vasculature 

with a highly ordered arrangement in a single-step process.69

Direct 3D bioprinting was achieved using a GelMA, 4-arm 

poly(ethylene glycol)-tetra acrylate (PEGTA) and alginate with 

a multilayer coaxial extrusion printing system. The rheological 

properties of the bioink and mechanical strength of the con-

structs were adjusted by PEGTA, which facilitated the accurate 

deposition of complex multilayer 3D perfusable hollow tubes. 

This blended bioink also exhibits beneficial biological prop-

erties that support the proliferation of encapsulated endothelial 

and stem cells within 3D bioprinted structures, leading to 

highly organized, biologically relevant, and perfusable blood 

vessels. Other approaches have integrated perfusionable sys-

tems and 3D bioprinting to achieve 3D tissue vascularization.

The Rodrigo Pimentel C. et al. fabricated thick (1 cm) and 

dense tissue structures using a 3D four-arm branch network 

with stiffness comparable to soft tissue.70 This construct can be 

perfused directly onto a fluid platform for extended periods 

(>14 days). They used poly(vinyl alcohol) (PVA) as the water-

soluble material and PLA as the support structure. They gen-

erated artificial 3D vascular networks that mimicked the stiff-

ness of the liver and encapsulated hepatocellular carcinoma 

(HepG2) cells within the ECM by selectively removing PLA 

and using PVA constructs. These hybrid constructs were 

directly perfused into the medium to induce proliferation and 

formation of HepG2 spheroids. In their study, the highest 

spheroid density was observed with perfusion, but the overall 

tissue composition showed two distinct regions. Therefore, this 

model simulated the tissue gradient within the necrotic tumor 

area.

Organs for Drug Screening and Cancer Models. Apply-       

ing 3D bioprinting techniques to produce artificial organs such 

as the liver, heart, kidney, pancreas, and lungs is one of the ulti-

mate objectives of tissue engineering and regenerative med-

icine. More specifically, we review the use of various 3D 

bioprinting approaches, as well as the performance of current 

3D printed organ constructs in terms of tissue-specific func-

tions, metabolic drug potential, and drug dose-response.71-85

Liver-related diseases are the leading cause of morbidity and 

mortality in the United States. These abnormalities can lead to 

the formation of excessive fibrous tissue. Such formations 

decrease liver-specific and systemic functions, leading to irre-

versible end-stage liver failure. The liver plays an important 

role in xenobiotic metabolism, detoxification, and hepatotox-

icity. Therefore, the investigation of liver function is an essen-

tial component of preclinical drug research. Existing animal 

models are expensive and unreliable to translate into human 

studies, often because of changes in hepatocyte function in 

other species.

Moreover, the progression of liver disease and drug responses

vary among individuals. Failure to predict hepatotoxicity often 

leads to post-market drug withdrawal. Therefore, effective in 

vitro human liver models based on personalized cell types are 

a promising approach to better understand disease mecha-

nisms, serve as drug screening platforms, and potentially treat 

diseases in regenerative medicine.

In the past decades, liver tissue engineering has made sig-

nificant progress in fundamental pathophysiological studies 

and establishing in vitro liver models for drug screening. The 

cell sources used in these in vitro liver models include primary 

hepatocytes, liver cell lines isolated from tumors or liver sec-

tions, and stem cell-derived liver cells. Monolayer culture, 

organoid culture, and co-culture platforms include culture 

plates, commercially available wells, microfluidic perfusion 

chips, dielectrophoretic micropatterning, and additional pho-

topatterning based on physical masks. However, the liver-spe-

cific function of hepatocytes cultured on these platforms 

decreased over several weeks of in vitro culture. Therefore, 

liver constructs that better mimic their natural environment and 

help maintain liver function in vitro are in great demand. 3D 

bioprinting technology provides an excellent tool to achieve 

novel biomimetic in vitro liver models with the potential to 

pattern cells and biomaterials accurately.

Various 3D bioprinting approaches have been used to create 

liver tissue structures. Using rapid prototyping, Wang et al.

prepared a hybrid hierarchical polyurethane-cell/hydrogel for 

regenerative medicine (Figure 6).85 This approach constructed 

a 3D vascular template with synthetic scaffold polymers and 

cell/hydrogel systems. The synthetic PU was used as an exter-

nal scaffold material for mechanical support. And the gelatin/

alginate/fibrinogen hydrogel was used as an internal scaffold 

material for adipose-derived stem cell (ADSC) accommoda-

tion (Figure 6).80 The Faulkner-Jones et al. reported using an 

inkjet-based bioprinter to encapsulate human iPSCs and ESC-

derived hepatocyte-like cells (HLCs) in alginate hydrogels to 

generate 3D ring structures.81 Alginate was selected based on 

good biocompatibility, low immunogenicity, low toxicity, and 

hydrophilicity. Alginate droplets containing cells were exposed 

to calcium chloride solution before incubation in the culture 

medium and barium chloride. The viability and albumin-

secreting function of HLCs were maintained after valve-based 
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bioprinting.

Kang et al. used extrusion-based bioprinting to generate 3D 

liver structures.77 They constructed a five-layer alginate scaf-

fold containing mouse-derived HLCs, each measuring 25 mm 

×25 mm. The expression of albumin, ASGR1, and HNF4a 

gradually increased during in vitro culture. The construct was 

also transplanted in vivo and increased proliferation and albu-

min expression. This study showed that 3D bioprinted liver 

scaffolds are an effective option for liver treatment. Kizawa et 

al. also demonstrated that scaffold-free 3D bioprinting tech-

nology allows the construction of liver tissue capable of stably 

maintaining bile acid secretion and drug, glucose, and lipid 

metabolisms for several weeks.78 This was achieved using a 

3D printer to connect the spheroids of human primary hepato-

cytes. Their work provides insights into the long-term culture 

of 3D bioprinted liver structures in vitro. In particular, the 

expression and activity of the CYP3A4 enzyme were both 

found to be maintained for about 2 months.

To mimic the complex microarchitecture of the liver. Ma et 

al. reported the construction of biomimetic liver tissue at a 

microscale resolution using DLP-based bioprinting technol-

ogy.79 The 3D bioprinted liver construct consisted of a hex-

agonal array of human iPSC-derived liver cells and support 

cells. Hepatocytes cultured in this 3D bioprinted triplicate cul-

ture model showed better liver-specific function and metabolic 

drug potential after CYP induction than those cultured in the 

conventional 2D monolayer and 3D monoculture platforms. 

Direct printing into a microfluidic chamber to build a liver-on-

chip platform has also been demonstrated by Bhise et al.80

Drops of a HepG2 spheroid-GelMA mixture were printed on 

glass slides in the cell culture chamber of the bioreactor, fol-

lowed by immediate UV crosslinking. The engineered liver 

constructs maintained their function during a 30-day culture 

period and showed drug responses similar to published data.

As shown in the examples above, the application of 3D 

printing technology to build in vitro liver models has shown 

great advantages in providing long-term cultures with well-

maintained liver-specific functions and metabolic drug poten-

tial. Nevertheless, maintaining liver cell function for more than 

30 days and achieving a drug response profile comparable to 

a native liver remains a major challenge in the field. Con-

ventional 2D cancer models cultured in vitro have provided 

Figure 6. The 3D-printed complex organs with vascularized liver constructed via a dual nozzle low temperature 3D bioprinter: (A) dual nozzle 

low temperature 3D bioprinter; (B) the principle of an elliptical hybrid hierarchical polyurethane cell/hydrogel structure constructed via a dual 

nozzle low temperature 3D bioprinter; (C) CAD model comprising a branched vascular network; (D) cross-section of the CAD model includ-

ing five sub-branching channels; (E) an oval structure containing both the cell-containing hydrogel and the PU envelope; (F) oval structure 

of the middle section containing a gelatin-based hydrogel containing hepatocytes and a PU envelope; (G) the oval structure of the middle sec-

tion containing the ASCs containing gelatin-based hydrogel and PU outcoat; (H) two composite constructs undergoing pulsatile culture in 

vitro; (I) Hepatocytes encapsulated in a gelatin-based hydrogel; (J) PU and cell/hydrogel layers 2 weeks after transplantation; (K) HE staining 

micrographs of constructs containing ADSCs after 3 days of static culture; (L) HE staining micrographs of gelatin/alginate/fibrinogen hydro-

gels after 12 days of pulsatile culture. Reproduced with permission from Ref. 85, X. Wang et al., Micromachines, 2019, 10, 814.© 2019 MDPI.
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many essential insights into cancer and have led to several 

major therapeutic successes. However, tomographic models 

cannot replicate the unique features of 3D tumor tissues. For 

example, tumor-stromal interaction is increasingly recognized 

as a factor that influences the therapeutic response of tumors to 

various drugs. These effects on tumor drug response include 

substrate-induced drug resistance and synthetic lethality. Drug 

development for cancer has been ongoing for decades, with 

more than 95% of drugs failing during clinical trials. This rep-

resents an urgent requirement for preclinical predictive models. 

Advances in 3D bioprinting technology have resulted in sev-

eral in vitro cancer models that better replicate the tumor 

microenvironment (TME) critical for tumor proliferation, 

metastasis, and drug response.83,84 The following sections focus 

on several aspects of tumor progression, including cancer cell 

migration, proliferation, and function, tumor-stromal interac-

tions, and 3D-printed models built to study these behaviors. 

TMEs are highly complex and heterogeneous. Their functions, 

including mechanical stimuli, biochemical gradients, geomet-

ric cues, tissue structures, and cell-cell/matrix interactions, 

influence metastatic events through numerous interactions with 

cancer cells. Metastatic progression has been found to cause 

90% of cancer-related deaths and is associated with a sig-

nificant decrease in 5-year survival, an important indicator of 

cancer prognosis.

Therefore, a focus of 3D bioprinting has been elucidating 

diverse mechanisms of cancer metastasis. Huang et al. used 

DLP-based bioprinting to create biomimetic chips with inte-

grated vasculature to study the effect of geometric cues on the 

migration rates of tumor cells (HeLa cells) and normal cells 

(10T1/2).86 Poly(ethylene glycol) diacrylate was used to con-

struct structures owing to their tunable mechanical properties 

and biocompatibility. Embedded vessels had three different 

chamber widths (25, 45, and 120 µm), mimicking vessels of 

different sizes in vivo. The results showed that HeLa cells 

migrated at an increased rate in narrower channels, whereas 

the fibroblast migration rate was not affected by the channel 

width. This study introduced a method for modeling the dif-

ferent responses of cancerous and non-cancerous cells to dif-

ferent geometric cues, which could potentially be used to 

screen anti-migration molecules. TME function affects migra-

tion events and cancer cell proliferation, and tumor properties. 

They constructed a 10×10×2 mm3 gridded cervical tumor 

model using HeLa cells from a hydrogel mixture of gelatin, 

alginate, and fibrinogen. By better replicating heterogeneity 

and mimicking the native microenvironment, the 3D printed 

tumor model exhibited higher proliferation rates than the 2D 

control model, including matrix metalloproteinase protein 

(MMP) expression and chemical resistance to paclitaxel che-

motherapy. It exhibited highly simulated tumor characteristics. 

More biomimetic cell-cell interactions and cell-matrix inter-

actions within the 3D model may cause cell behavior and func-

tion differences.

In studying tumor-stromal interactions, Xu et al. patterned 

human ovarian cancer cells and fibroblasts onto a Matrigel 

stroma using a droplet printing technique.87 The printing sys-

tem consisted of a micron-resolution XYZ stage and a 

nanoscale dispensing valve. A 150 μm diameter nozzle was 

used to dispense droplets. The printed OVCAR-5 human can-

cer cell line with a co-culture of fibroblasts proliferated and 

formed 3D acinar structures similar to ovarian cancer micro-

modules. The results showed that patterning cancer cells with 

normal stromal cells could generate more physiologically rel-

evant tumor models to better understand cancer mechanisms.87 

Figure 7. Overview of the cultured steak by 3D bioprinting tech-

nique. (A) structure of steak: (i, ii) H&E-; (iii) Azan-stained images 

of a piece of steak. All scale bars denote 100 μm; (iv) Schematic of 

a hierarchical structure in muscle; (B) Schematic of the construction 

process for a cultured steak. The first step is cell purification of tis-

sue from cattle to obtain bovine satellite cells (bSCs) and bovine 

adipose-derived stem cells (bADSCs). *SVF; stromal vascular frac-

tion. The second supports bath-assisted printing (SBP) of bSCs and 

bADSCs to fabricate the muscle, fat, and vascular tissues with a 

fibrous structure. The third step is assembly of cell fibers to mimic 

the commercial steak structure. Reproduced with permission from 

Ref. 91, D.-H. Kang et al., Nat. Commun., 2021, 12, 5059.© 2021 

Springer Nature Limited.
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3D printing technology can also build a specialized tumor 

models to evaluate novel formulations in vivo. For example, 

Tang et al. used a 3D printing technique to construct sub-

cutaneous glioblastoma xenografts that mimicked the resected 

tumor cavity.88 They used this tumor model to evaluate the 

effectiveness of a tailored drug-releasing implant in preventing 

postoperative glioblastoma recurrence.

Current 3D printed cancer models are still limited in model 

design to represent cell types and TME in vitro. Future studies 

using patient-specific and primary cancer cells from patients 

will provide more insight into patient-and disease stage-spe-

cific cellular behaviors and cell-cell interactions. Additional 

work is required to develop biomaterials and printing 

approaches for building scaffolds that mimic dynamic bio-

chemical and mechanical environments.89,90

Cosmetic and Food Production. 3D bioprinting tech-      

niques can be utilized in cosmetic and food production. Kang 

et al. prepared engineered a whole-cut meat-like tissue by 

assembling cell fibers using tendon-gel integrated bioprinting 

(Figure 7).91 They demonstrated the in vitro construction of 

engineered steak-like tissue assembled from three types of 

bovine cell fibers (muscle, fat, and vessel). A total of 72 fibers 

comprising 42 muscles, 28 adipose tissues, and 2 blood cap-

illaries were constructed by tendon-gel integrated bioprinting 

and manually assembled to fabricate steak-like meat with a 

diameter of 5 mm and length of 10 mm, inspired by a meat cut.

Future Direction and Challenge 
of 3D Bioprinting

Innovative research in tissue engineering using various 3D 

bioprinting techniques has been consistently challenging. The 

use of 3D bioprinting in tissue engineering to mimic various 

tissues could extend the limitations of traditional research con-

cepts and provide versatile applications. 3D bioprinting allows 

the precise manipulation of biomaterials and living cells to 

reconstruct complex tissue substitutes for disease modeling 

and drug screening of organ-specific functions. In addition, 

bioprinted skin tissues are used in the cosmetic industry instead

of in animal model experiments. Despite recent remarkable 

achievements in this field, challenges remain for printing 

instrument platforms, cells, and bioink materials used to build 

tissue models that have the cellular organization and structural 

complexity comparable to original tissues. 

The technical challenges associated with 3D printing instru-

ment platforms include the need for resolution, printing speed, 

biocompatibility, and scalability. Currently, only light-assisted 

bioprinters can achieve microscale resolution, which depends 

on the type of material used and the cellular concentration of 

the printing mixture. Higher print resolutions are still required 

to fabricate complex cell structures, such as capillaries and 

neural networks. A higher print speed remains a fundamental 

challenge for cell viability, especially for metabolically active 

cell types, such as liver and muscle cells. Also, the viability of 

these cells in the printing solution decreases with delayed 

printing time. The biocompatibility of the 3D printing instru-

ment platform has been reported to be satisfactory in terms of 

cell viability. However, its impact on gene expression and 

functional aspects has rarely been studied. Depending on the 

type of bioprinter used, various mechanical and optical dis-

turbances in the cells are involved. Further studies on the 

mechanical and optical effects of the bioprinting process will 

provide more insights into the biocompatibility of the 3D print-

ing process. 

The biomaterials used in 3D bioprinting also have signif-

icant limitations. The requirement for biomaterials to possess 

certain qualities reduces the number of materials viable for 3D 

bioprinting. Efforts have been made to develop composite bio-

inks for extrusion-based printing. Recently, decellularized 

ECMs have been studied to create printable biomaterials for 

extrusion-based and light-assisted bioprinting platforms. The 

dECM bioinks, which contain heterogeneous components of 

the native ECM, allow researchers to fabricate specific cell-

laden constructs using a customized microenvironment, unlike 

commonly used highly purified forms of ECM components, 

such as gelatin and collagen bioinks. The native cellular ECM 

plays a vital role in regulating biological activities. This chal-

lenging approach has become more critical as we investigate 

the development of bioprinted biomimetic tissues. 

Finally, scaling up bioprinted tissue constructs remains a 

challenge as the current applications are primarily based on 

small sample sizes.92 The continued fabrication of actual vol-

ume tissue models for clinical and commercial applications 

requires further studies to standardize printers, cells, bioink 

materials, and the printing process.
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