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Abstract

Despite the numerous lives that have been saved since the first successful procedure in 1954, organ 

transplant has several shortcomings which prevent it from becoming a more comprehensive 

solution for medical care than it is today. There is a considerable shortage of organ donors, leading 

to patient death in many cases. In addition, patients require lifelong immunosuppression to prevent 

graft rejection postoperatively. With such issues in mind, recent research has focused on possible 

solutions for the lack of access to donor organs and rejections, with the possibility of using the 

patient’s own cells and tissues for treatment showing enormous potential. Three-dimensional (3D) 

bioprinting is a rapidly emerging technology, which holds great promise for fabrication of 

functional tissues and organs. Bioprinting offers the means of utilizing a patient’s cells to design 

and fabricate constructs for replacement of diseased tissues and organs. It enables the precise 

positioning of cells and biologics in an automated and high throughput manner. Several studies 

have shown the promise of 3D bioprinting. However, many problems must be overcome before the 

generation of functional tissues with biologically-relevant scale is possible. Specific focus on the 

functionality of bioprinted tissues is required prior to clinical translation. In this perspective, this 
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paper discusses the challenges of functionalization of bioprinted tissue under eight dimensions: 

biomimicry, cell density, vascularization, innervation, heterogeneity, engraftment, mechanics, and 

tissue-specific function, and strives to inform the reader with directions in bioprinting complex and 

volumetric tissues.
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1. BIOPRINTING: FROM A RESEARCH TOOL TOWARDS A TISSUE 

FABRICATION PROCESS

Three-dimensional (3D) printing has its root in polymer printing, which began with the 

invention of stereolithography by Charles Hull in 1986 [1]. Polymer printing gave rise to 

several branches of 3D printing, including metal printing and bioprinting [2]. In 1988, Klebe 

used cytoscribing technology for two-dimensional (2D) micropositioning of proteins to 

create 2D patterns [3]. By the late 1990s, scientists began to develop 2D bioprinting 

techniques with living cells using such micro-positioning techniques, which made complex 

tissue fabrication possible. A major breakthrough in this regard was seen in 2000 when 

Thomas Boland modified an inkjet printer to bioprint cells into a Petri dish, giving rise to the 

first bioprinter [4][5]. Anthony Atala of the Wake Forest Institute for Regenerative Medicine 

provided the first case of a fully printed organ, with the miniature kidney in 2002 [6]. The 

concept of tissue spheroids was later discovered in 2008, paving the way for rapid tissue and 

organ generation by implanting spheroids in scaffolds [7]. In the same year, Objet 

Geometries Ltd. developed multilateral printing, which further increased the potential 

developments in bioprinting [8]. In 2009, the first commercial bioprinter was Novogen 

MMX developed by Organovo [9], and scaffold-free vascular constructs were created [3]. 

Since then, various different bioprinters have been developed to bioprint a wide array of 

tissues from cartilage and bone to muscle and liver [10][11]. Such advances are targeted 

towards a common goal, which is to combine cells and biomaterials to fabricate tissue 

constructs. This allows for the accurate deposition of cells with high resolution and is, 

therefore, a promising tool for organ-on-a-chip drug screening systems and tissue fabrication 

for regenerative medicine [11][12]. Bioprinting can be combined with computer-aided 

design/computer-aided manufacturing (CAD/CAM) technologies [13][14], which allows the 
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use of patient-specific images to develop anatomically correct tissues or organs with 

appropriate volumetric measurements. Thus, the wide diversity of knowledge is required in 

the field of bioprinting, with a variety of concepts pertaining to mechanical design, machine 

fabrication, and regenerative medicine coming together to find an answer for the current 

shortage of transplant organs and their side-effects.

In order to execute bioprinting, three major components are essential, namely a bioink, an 

appropriate bioprinting process (modality), and a bioprinter (Figure 1). Any of the 

bioprinting modalities (extrusion, droplet, and laser-based bioprinting), alone or in 

combination, can be used for tissue fabrication [9].

1.1. Extrusion-based Bioprinting

Extrusion-based bioprinting (EBB) deposits bioink from a syringe or nozzle-based system 

onto a build platform based on a CAD design of the structure being printed. Based on the 

design, the software is able to determine the locations on the build platform where the bioink 

must be extruded onto, in order to generate the desired 3D structure. The extrusion is 

performed in the form of cylindrical depositions of the material, using pneumatic, 

mechanical, or solenoid driven, as shown in Figure 1 [15]. The deposition system is selected 

based on the sensitivity of the bioink, with the aim of gradually pushing it down without 

damaging cells present in the ink. Compared to other processes, it offers greater printing 

speed, and a large variety of bioinks are able to be used including scaffold-free inks (such as 

tissue spheroids and strands) or scaffold-based inks (such as hydrogels) [15]. Additionally, it 

provides better structural integrity due to the continuous deposition of filaments and easily 

incorporates with CAD software [9]. Post-printing cell viability is usually between 40% to 

80% [16][17]. With the optimization of printing parameters such as deposition rate, 

pressure, and temperature, cell viability can be as high as 97% in the case of materials such 

as cell-laden gelatin methacrylamide constructs [18]. This technique has been derived from 

the material extrusion process from conventional additive manufacturing, and research has 

found EBB to be the most suitable method for the creation of large-scale constructs, 

primarily due to the aforementioned structural integrity. However, large constructs tend to 

affect cell viability, as the cells are exposed to dehydration and lack of nutrients during the 

long printing duration [15]. The technology also has a relatively poor resolution, with 

100µm as the optimal [19][20]. EBB also requires the user to understand the rheology of the 

biomaterial, as shear stress on the wall of the nozzle tip and other areas of the printer may 

damage the living cells and alter the fluid properties, depending on its shear thinning 

capabilities [16].

1.2. Droplet-based Bioprinting

Droplet-based bioprinting (DBB) manipulates bioink stored in a cartridge to form droplets 

utilizing gravity, atmospheric pressure, and fluid mechanics, in order to form constructs by 

controlling fluid properties such as surface tension and viscosity [21]. DBB originates from 

traditional paper printing, with Klebe’s research in 1987 exhibiting the possibility of printing 

cells for the first time [3]. Four different methods for droplet formation can be utilized for 

this purpose, including inkjet [5][22], electrohydrodynamic jet [23][24][25], acoustic-

droplet-ejection [26], and micro-valve [27]. Among these, inkjet bioprinting has been the 

Leberfinger et al. Page 3

Acta Biomater. Author manuscript; available in PMC 2020 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



most common process, due to its simplistic principle of utilizing fluid mechanics, 

atmospheric pressure and gravity to generate droplets [21]. Additionally, DBB offers many 

advantages from the perspective of biomaterials that can be used in this process, such as 

alginate, collagen, gelatin, and fibrin, along with providing the conditions needed for each 

material’s crosslinking mechanism and cell viability [9][21][28]. The aforementioned issue 

of resolution seen in EBB is much more complex in the case of DBB, which is dependent on 

the process being used [29]. However, DBB has attracted interest in researchers due to its 

simplicity and low cost, and the possibility of rapid deposition using multiple nozzles [21]. 

DBB has cell viability of greater than 85% in some cases and good control over deposition 

rate and bioink volume [5][30]. However, there is a tendency of the orifice to clog easily, and 

the types of bioinks able to be used are very limited compared to EBB, considering the 

rheological properties needed for this process [21].

1.3. Laser-based Bioprinting

Laser-based bioprinting (LBB) utilizes a laser pulse directed via mirrors onto a bioink layer 

above the substrate. This induces a high-pressure bubble to be formed by the ensuing heat, 

displacing some of the ink and spurring cell-laden droplets to be deposited on the substrate. 

This process is repeated several times in a layer-wise fashion to fabricate the final construct 

[31][32]. LBB consists of two types, including processes based on photopolymerization (i.e., 

stereolithography and its modifications) and processes based on cell transfer (i.e., laser-

induced forward transfer) [20]. The processes based on cell transfer use a laser pulse to 

create a bubble at the interface of a donor layer and ribbon layer which propels the bioink to 

create a jet [33]. They have high initial cell viability at greater than 95%. However, this tends 

to decrease with time, and become less than extrusion- and droplet-based printing [34]. On 

the other hand, processes based on photopolymerization use an ultraviolet (UV) laser to cure 

photocrosslinkable hydrogels in a vat. Compared to EBB and DBB, LBB is a complex 

process, requiring complex machinery and extensive process control. The complexity 

associated with the use of a laser affects cell viability and material properties [35]. In 

addition, the process also requires the biomaterial to be compatible over several criteria, 

from fluid mechanics to rapid crosslinking after printing, introducing greater limitation for 

materials than DBB [32]. However, such complexity offers several benefits. For example, 

LBB has the highest resolution and precision among all three methods [32]. A unique 

advantage of LBB is to print multiple materials with good cell density, introducing the 

possibility of printing multiple cell types [36], which may provide the key for printing 

complex organs and tissues. However, the needs of using LBB to prepare the construct with 

high resolution (< 50µm) and cell density has to be considered, as LBB requires a highly 

intricate setup, making it the most expensive modality, and the long-term effect of laser 

exposure on the cells is still unknown [32][33].

Apart from laser, other light sources have been used as well, such as ultraviolet (UV) lamp 

and light-emitting diode (LED) sources A common example would be digital light projector 

(DLP), with the use of selective UV radiation to create layer-wise solid that builds from 

liquid photopolymer. However, the use of UV radiation induces the creation of free radicals 

that can cause cell damage and death [37]. Several studies have experimented on utilizing 

cell suspension in prepolymer solutions, and employed masks for inducing UV exposure 
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only in the desired areas for the purpose of dimensional accuracy and formation of 

vasculature [38][39]. Several parameters and material combinations have to be controlled 

here for effective tissue printing and adequate cell viability. Despite the added complexities, 

porous hydrogel structure fabricated by this process show narrow pore size distributions, 

good pore interconnectivity, and enhanced mechanical properties, with certain materials 

showcasing superior cell adhesion and proliferation [37].

Although there have been many bioprinting successes, including but not limited to skin [40]

[41], bone [42][43][44][45], cartilage [42][46][47][48], liver [27][49][50], and heart [51][52]

[53][54], many challenges must be overcome before human-scale organs become a reality. It 

is necessary to understand the advantages and limitations of each method of bioprinting in 

order to select the correct one for a given tissue and/or application. Table 1 summarizes the 

different aspects that should be considered for this purpose. A major issue at this stage is 

functionality, with printed organs only offering a fraction of the functionality of its natural 

counterpart [17]. Most printed tissues have only one dimension of functionality, but native-

like tissue should be bioprinted in a way that they will address most of the dimensions at the 

same time. In this perspective, the functionality of the bioprinted tissue is categorized into 

seven dimensions including cell density, vascularization, innervation, heterogeneity, 

engraftment, mechanics, and tissue-specific function.

2. DIMENSIONS OF BIOPRINTED TISSUE FUNCTIONALITY

2.1. Biomimicry

Organisms have evolved over millions of years to be composed of tissues and organs with 

ideal functional designs, and human beings are no exceptions. Researchers consider such 

evolutionary changes to the body, which are meant to better adapt to the environment, as 

critical factors for functional design, giving rise to biologically inspired engineering, or 

biomimicry. Application of biomimicry can be seen over vastly different fields, such as 

aeronautical engineering [43], civil engineering [55] and material science [44]. Biomimicry 

in bioprinting is targeted towards gaining functional accuracy in the printed tissues and 

organs. This is especially critical for replicating heterogenous tissue with complex internal 

vasculature, circulatory, and neural structures (Figure 2A). Several other noncellular factors 

must be considered for tissue sustenance and viability, such as cell arrangement, ECM 

composition, micronutrient requirements and the surrounding environment [17]. 

Understanding the properties, advantages, and disadvantages of these factors are critical for 

successful attachment, and the subsequent functions such as migration, proliferation, and 

differentiation, culminating in stability and adequate functionality of the tissue or organ 

(Figure 2B). The surrounding environment and biomaterials being used for the construct do 

play a vital role in determining the cell size and shape (Figure 2C) [56][57]. Another 

example of biomimicry would be the addition of surface ligands with the aim of improving 

cell attachment and proliferation [58]. The surface finish of constructs also plays a major 

role in attachment and proliferation of cells on polymers and metals, and surface features 

such as groves and notches should be used to improve attachment (Figure 2D) [59].

Furthermore, biomimicry factors that can be manipulated to yield better results go beyond 

the cellular scale, with several proteins (collagens, proteoglycans, and glycoproteins) (Figure 
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2E) and nanoscale factors influencing cell motility, space filling, intracellular signaling, gene 

expression and transcriptional activity [60]. Tissue decellularization is also a key feature in 

studying the composition and functions of extracellular matrix (ECM), enabling researchers 

to isolate the components needed and eliminate components that may cause toxicity for an 

improved output (Figure 2F) [17]. Figure 2 highlights several strategies in practice that use 

biomimicry in tissue engineering. Another aspect of biomimicry being explored is scaffold-

free bioprinting, as scaffolds do not occur in nature, and are used for structural purposes in 

bioprinting (Figure 2G). With research on biomaterials advancing fast in recent years, 

researches are able to better harness their potential to eliminate scaffold, by fabricating 

degradable scaffolds, controlling the ECM mechanisms of bioprinted cells, and facilitating 

better removal of their byproducts [17].

2.2. Cell density

Organs are complex and made up of multiple cell types in varying densities. Each organ has 

a specific number of cells often in high density. The liver, for example, has 1.3×108 cells per 

gram of tissue [61]. These densities need to be replicated during bioprinting. However, they 

are dependent on the bioprinting modality and bioink being used. Extrusion bioprinters can 

print constructs with high cell density (e.g., cell aggregates) whereas inkjet printers deal with 

the lowest cell density (<106 cells/mL) [62][63]. Two main categories of bioinks include 

scaffold-based and scaffold-free bioinks [64]. Scaffold-based bioinks consist of cells within 

a decellularized ECM components or hydrogels, where both natural and synthetic hydrogels 

can be used [33]. Scaffold-free bioinks contain a high concentration of cells without a 

supporting exogenous material, including tissue strands, cell pellets, and spheroids, where 

the cells generate their own ECM [15][65][66]. Cell density in scaffold-based bioprinting is 

generally less than 107 cells/mL, whereas density in scaffold-free bioprinting is much higher 

[67]. For example, tissue spheroids and strands contain tens of thousands of cells per several 

hundred micrometers [68] and 15 million cells per centimeter length [48], respectively.

Cell content varies in different printing modalities with EBB allowing the highest densities 

(e.g., tissue spheroids with ~8,000 cells in ~300 µm diameter) and DBB the lowest (<106 

cells/mL) [4]. Higher cell content allows for better cell-cell interactions and faster tissue 

formation but can affect viscosity and printability of the bioink [62], since increased cell 

concentrations tend to increase the viscosity. Higher viscosity bioinks keep cells in a more 

precise location, and viscosity can be altered with changes in both temperature and gelation 

concentration [62]. However, decreased printability may result from high viscosity, which 

induces an increase in the shear stress experienced during bioprinting when dispensing cells 

through a nozzle (EBB and DBB) or transferring cells from a donor slide to a receiver slide 

(LBB).

Printability is influenced by several parameters including viscosity, gelation, shear thinning, 

yield stress, and shear recovery, with the onus on being able to achieve a balance between 

these parameters which makes printing with the material feasible. Improvements in one area 

often lead to a reduction of another making this a complex process. Furthermore, these 

parameters are directly linked to print fidelity and mechanical strength [69][70][71]. A good 

biomaterial for printing is one that stays in liquid form during printing in order to avoid 
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jamming in the printer, especially in the nozzle, and becomes solid once it is deposited on 

the construct in order to maintain its shape. Thus, viscosity is a factor that should be 

adjustable in biomaterials [72]. Shear stress also negatively affects the cell viability and is 

dependent on the bioprinting modality. For example, EBB can print viscous bioinks [73] 

with very high cell density [74] and without affecting viability, whereas DBB requires the 

lowest viscosity and cell density [75]. Even if a material looks promising printable 

biomaterial, it is necessary to test the range of values for these parameters to determine 

whether the properties make it readily printable, repeatable, and economical.

Additionally, cell density will affect cell proliferation and interaction post-bioprinting. Cells 

require ECM to provide a supportive environment, which is provided by the bioink. 

Researchers have shown that a higher cell seeding density accelerates ECM remodeling [76]

[77]. It has been found that utilizing autonomous self-assembly results in higher final cell 

density, improved cell interactions, and improved long-term function [48][78]. However, it is 

difficult to control the outcome during this process. Spatial placement of high cell density is 

also important as organs contain groups of cells in various locations [79]. For example, the 

pancreas has a high density of beta cells which form islets, and these are surrounded by 

other cells in a much lower density [80]. Spatial placement can be affected by printer 

resolution. LBB has the highest resolution (20 µm), whereas EBB has the lowest (> 100 

µm), and DBB is in between (50–100 µm) [33]. Cells should be bioprinted in high densities, 

but considering that each organ has differing densities, they may still need to proliferate after 

bioprinting to achieve the densities seen in native organs. Temperature, gelation 

concentration, initial cell density, and time elapsed from the initial cell suspension have all 

been shown to affect final density and spatiotemporal location of cells [79]. Adjusting these 

parameters will ultimately allow for the creation of a construct that most closely matches 

native organs. For example, hydrogels printed at a higher temperature may be more fluid and 

therefore the initial placement will be more altered after bioprinting. Conversely, a more 

solid bioink would keep the cells in their initial positions. More research is still needed on 

the redistribution of cells post-bioprinting and creation of highly viscous hydrogels [62].

2.3. Heterogeneity

3D bioprinted tissues and organs could be designed to mimic the cellular density of native 

biological structures, with proper consideration given for cellular components, ECM, and 3D 

spatial orientation. The main constraint in this regard is the heterogeneously complex nature 

of most organs, with the presence of many different cell types. While the majority of 

bioprinting research has focused on homogeneous constructs, some groups have printed 

composite tissues (Figure 3) [81][82][83]. One of the major advantages of some bioprinters 

is the ability to deposit more than one cell types, making the construct a closer match for the 

natural architectural arrangement [84]. Recent studies have started focusing on 

heterogeneous tissue development in bioprinting. For instance, Butcher et al. printed aortic 

valve heterogeneous cells using EBB (Figure 3A) [19][85], whereas others have used human 

mesenchymal stem cells combined with endothelial progenitors to bioprint multicellular 

constructs using EBB [11][86]. In general, the DBB modality is more suitable for generating 

heterogeneous cellular structures with higher spatial resolution compared to other modalities 

(EBB and LBB) due to its ability to bioprint multiple cell types in the form of a droplet < 
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100µm in size [21]. Figure 3B shows droplet-based bioprinted heterogeneous constructs, 

where cells labeled in different colors were precisely deposited in pre-defined patterns [87].

The bioink itself can also be a heterogeneous mixture. Even a small change in component 

concentration can significantly affect the construct [88]. Researchers have developed 

complex and biomimetic bioinks for various tissues to provide physical, chemical, and 

biological cues, as well as structural support [89]. Many biocompatible hydrogels lack 

structural integrity, and therefore combining components to maximize the advantages of 

each is a promising strategy. Often, a firm substance is used for its mechanical properties 

and combined with a softer substance which is biocompatible [34]. Rheological properties 

and change in state over a temperature range also play a vital role in certain biomaterials, 

and the advantages they offer are harnessed to reach the desired results. For example, several 

biomaterials are liquid at a higher temperature, making it more fluid and easier to deposit. 

However, if the said material is deposited on a platform cooled to below the solidification 

temperature, good structural integrity can be obtained for the construct being prepared [90]. 

Several such methods exist that are used to manipulate the properties of biomaterials. New 

components are always being evaluated to optimize bioink properties. For example, Gao et 

al. inkjet-bioprinted hydroxyapatite to increase compressive modulus for bone bioprinting 

[42]. Others have combined nano-fibrillated cellulose with alginate to increase the structural 

fidelity of bioprinted constructs (Figure 3C) [91]. Synthetic nano-silicates have also been 

used to increase mechanical properties [92]. Ouyang et al utilized dual-crosslinking to print 

a hydrogel bioink on hyaluronic acid, which showed no loss of mechanical properties over a 

one month period [93]. Such studies showcase the potential for altering the desired 

properties of the biomaterial via changes in material composition. However, this may affect 

the factors discussed previously, especially printability, and may necessitate additional 

experimentation to be established if significant changes have been made to such factors [94].

Bioinks should be designed based on their specific application/desired tissue, with several 

examples seen in literature. Graphene has been used in nerve bioprinting for its excellent 

electrical and thermal properties [95]. Bioactive glass has been used for bone tissue and 

showed enhanced bone formation in a study performed by Qi et al. (Figure 3D) [96]. Gold 

nanorod bioinks have been shown to enhance cardiac cell function due to their bioelectric 

properties [88]. Additionally, crosslinking bioink with alginate just prior to deposition has 

been shown to increase resolution and viability (Figure 3E) [97]. ECM-based bioinks use 

naturally derived materials from human tissue that more closely mimics the native 

environment, and can help with tissue phenotype regulation and functionality [98]. Self-

assembling peptides are a simple biomaterial approach to provide both elements of the ECM 

[99], which can improve structural complexity and bioactivity. Recently, self-assembling 

peptides have been used to create a tunable nano-fibrous bioink which allows for 

manipulation of important gel features (Figure 3F) [89]. Such studies showcase the potential 

for materials that are not traditionally categorized as biomaterials to be used for Bioprinting 

applications. Such investigation provides the opportunity to integrate molecular self-

assembly and bioprinting and can instigate a huge advancement in the field.
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2.4. Vascularization

Vascularization is a critical factor for volumetric tissue biofabrication [100]. A vascular 

network must be incorporated early to prevent tissue death [34], and thus remains a major 

impediment, not only in bioprinting but also in tissue engineering and regenerative medicine. 

Novel techniques in bioprinting will likely solve this problem as vasculature can be printed 

in tandem with other tissue components to fabricate complex vascularized structures. 

Additionally, constructs can be printed from patient-specific medical images, which will 

allow the fabrication of anatomically-correct tissues. The current problem with vasculature 

is the heterogeneity that it introduces in constructs, the limitations for which have been 

discussed in the previous section. Constructs thicker than 200 µm require vascularization for 

transporting oxygen and nutrients to the cells and waste away from them [17]. After 

implantation, bioprinted tissues can slowly vascularize via angiogenesis. However, they 

require immediate perfusion [101]. Studies have shown that angiogenesis in gels takes up to 

14 days for cells to migrate from perfused vessels and form intervening capillaries [102]

[103][104]. In these studies, collagen or fibrin gels were created with channels on both sides 

of the gel. The channels were then lined with endothelial cells in order to create an 

endothelium. Angiogenesis occurs quicker with shorter distances and the addition of 

promoting agents. Therefore, obtaining functional vasculature during construct fabrication is 

essential for tissue survival.

Various methods have been used for the creation of bioprinted vasculature. Channels can be 

printed by EBB using fugitive inks and later endothelialized [84][105]. Another alternative 

is using direct bioprinting to print channels. Dolati et al. developed a coaxial nozzle system 

using EBB to print vascular conduits, which were perfuseable [106]. These conduits were 

around 600–700 µm which are much larger than native capillaries. The advantage of this 

technology is that the conduits can be incorporated into larger constructs [107]. Other 

researchers have directly printed interconnected channels although architectural complexity 

is limited [108][109]. Several researchers have taken advantage of the high precision of LBB 

to successfully print microvasculature including bifurcations in vessel constructs [110][111]. 

Recently, DLP-based printers have also been used for developing vascular structures, 

exhibiting the versatility in process selection for exhibiting vasculature [38][112]. Figure 4 

showcases several cases of fabricated tissues with vasculature which is critical to the 

development of the constituent cells. DBB can also be used to fabricate micron-sized 

channels for vascularization [113][114].

Current strategies produce perfusable channels which do not have native vessel anatomy, and 

these constructs will likely deteriorate in vivo [9]. Large native blood vessels consist of three 

layers, namely the intima, tunica media, and tunica adventitia. On the other hand, capillaries 

with a vessel diameter of 5–10 µm consist only of the endothelial intimal layer [115]. Large 

feeding and draining vessels in the bioprinted constructs must be amenable to surgical 

anastomosis for in vivo implantation. The media and adventitia layers of blood vessels add 

strength that allows for a suturable anastomosis, and therefore should be bioprinted when the 

construct is created, adding an additional challenge. Furthermore, it is not enough to 

generate perfusable non-branched tubes, as organs contain complex vascular networks 

ranging from large arteries and veins down to capillaries. It is difficult to bioprint capillaries 
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in vitro, as most techniques are only able to generate vessels > 100 µm in diameter due to 

limits in bioprinter and bioprinting process resolution [34]. The highest resolution bioprinter, 

the laser-based printer, utilizes a droplet size of 20 µm [116]. Even if resolution improves, 

the process of printing capillaries would take a long time which would decrease cell viability 

[34]. To overcome this limitation, researchers have relied on capillary sprouting via 

angiogenesis after construct fabrication [117][118]. Angiogenic sprouting occurs at a rate of 

approximately 1.0 mm per week in vivo [115]. Endothelial cells can be bioprinted within the 

construct and the microcirculatory system may subsequently develop post-implantation [9]. 

Angiogenesis promoting agents such as vascular endothelial growth factor (VEGF), 

fibroblast growth factor (FGF), platelet-derived growth factor (PDGF), and transforming 

growth factor (TGF) can also be added to promote new vascular development [119]. Various 

cell sources can be utilized for vascularization. Traditionally, human umbilical vein 

endothelial cells (HUVECs) have been utilized for vascular engineering. More recently, 

vascular progenitor cells have been used to stimulate angiogenesis [98].

2.5. Innervation

Some tissues, such as skeletal muscle and those containing smooth muscle (e.g., esophagus, 

stomach and bladder), require innervation to function. Without innervation, muscle tissue 

cannot function effectively and will atrophy. Therefore, they would benefit from pre-

innervation. Even in organs where innervation is not critical for function, the nervous system 

plays important roles in adaptation, regeneration, immune interactions, and sensation [120]. 

Using 3D printing, custom nerve conduits which bifurcate and/or have multiple channels can 

be fabricated. Non-biodegradable conduits can lead to chronic inflammation, thus 

biodegradable materials are advocated [121]. Pateman et al. bioprinted nerve guidance 

conduits with 1 mm in diameter and 5 mm in length, which supported re-innervation across 

a 3 mm gap after 21 days (Figure 5A) [122]. Hu et al. created a nerve bio-conduit which 

supported re-innervation across a 1 cm gap (Figure 5B) [123]. Despite advances in conduit 

technology, elongation of axons for reinnervation is limited to gaps of < 3 to 4 cm [124]. 

Acellular conduits serve only as scaffolds, but the addition of Schwann cells to conduits 

appears to impact regeneration via the release of neurotrophic factors and signals. Schwann 

cells can be differentiated from stem cells. Figure 5 shows several cases of successful 

innervation in fabricated tissues.

Researchers have also been able to print nervous tissue, but this must be combined with 

other components of the organ and vascular tree. Owens et al. have successfully bioprinted a 

fully-cellular nerve graft using a scaffold-free bioink [125], where they combined Schwann 

cells with stem cells to help promote differentiation. Electrically conductive polymers such 

as polypyrrole [126] and poly-3,4-ethylene dioxythiophene [127] have been widely studied 

for neural tissue engineering. Additionally, carbon nanotubules have been used as 

reinforcement due to their enhanced mechanical properties [128]. Recently, graphene has 

attracted interest due to its unique electrical properties [129]. As previously mentioned, 

Wang et al. showed that graphene oxidized grafts facilitated nerve regeneration [130]. Qian 

et al. created a multi-layered scaffold consisting of graphene and polycaprolactone (PCL) 

which also promoted axonal regrowth and functional recovery (Figure 5C) [131].
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These approaches can likely be integrated with organ fabrication to allow for tissue 

innervation. As with vessels, nerves have several components/layers which are required for 

function. In addition, electrical or biochemical stimulation will likely be required for 

integration of bioprinted nerve and tissue. Based on this, Ghasemi-Mobarakeh et al. 

developed conductive scaffolds that can accentuate neurite outgrowth and nerve regeneration 

[132]. Their study focused on different methods for improving cell attachment on conductive 

scaffolds. However, the mechanisms caused by electrically stimulated cells are still not clear 

enough to be replicated via bioprinting, and in vivo studies were not performed [133]. 

Tissue-derived neurotrophic and neural guidance factors, such as nerve growth factor and 

glial cell line-derived neurotrophic factor, drive axon growth during development and may 

help with organ innervation post-transplantation. Kang et al. treated differentiated muscle 

cells with agrin to stimulate acetylcholine receptor expression [134]. Despite such progress, 

further exploration is needed in order to obtain constructs which permit extensive 

innervation and allow researchers to venture towards printing complex organs.

2.6. Engraftment

As with allogenic organ transplantation, the immune response will need to be considered for 

bioprinted organs. Cell sources for bioprinted tissues include embryonic, fetal, amniotic, 

umbilical cord, induced-pluripotent, and adult stem cells [33]. Embryonic stem cells (ESCs) 

are isolated from the inner cell mass of embryos during the blastocyst phase of development 

and cultured on irradiated mouse fibroblasts [135]. The use of viable embryos leads to fierce 

ethical debate, as fetal stem cells are often harvested from aborted fetuses, and therefore 

have less ethical concerns than ESCs [136]. The use of amniotic fluid stem cells and 

umbilical cord stem cells both overcome all of the ethical concerns with the use of fetal 

tissue and are being used more often in current research. Induced-pluripotent stem cells are 

derived from adult fibroblasts which are reprogrammed to have pluripotency. The high risk 

of teratoma formation will limit their clinical translation [137]. Adult stem cells are 

mesenchymal stem cells which come from many sources including, but not limited to, bone 

marrow, adipose, heart, liver, dental pulp, and muscle tissues [63]. They have no ethical 

controversy and when used as an autograft (reinjected into the same person), their risk of 

rejection is essentially none, and therefore their utilization is increasing.

Cell source has been a major issue as many cells in constructs have led to a heightened 

immune response post-implantation [9]. A foreign body response can lead to a fibrous 

capsule around the construct, which leads to constructing failure. Despite this, numerous 

studies have reported successfully engrafted bioprinted bone constructs in a defect-matched 

or custom-designed manner to regenerate bone tissue [133]. However, many animal models 

used for transplant are immunocompromised to prevent rejection. EBB has been used to 

bioprint autologous cartilage scaffolds for auricular reconstruction [138] and cardiac patches 

for implantation in the region of myocardial infarction [51][139]. Recently, blood vessels 

were bioprinted with EBB using a scaffold-free approach and implanted in rat aortae 

resulting in complete remodeling and endothelialization [140]. Additionally, studies have 

shown that adult stem cells have low immunogenicity and immunomodulatory properties 

[141–143]. The use of a patient’s own stem cells (autologous transplant) may avoid the need 

for immunosuppression. Adipose-derived stem cells, in particular, have been shown to 
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inhibit the immune response and exhibit immunosuppressive capabilities [144][145]. Figure 

6 shows several cases of successful implantation of bioprinted constructs in animal models.

In addition to the complexity of the fabricated tissue, the actual procedural handling and 

physical attachment of the tissue to native tissue is another major challenge. Handling 

properties are critical for the possibility of engraftment of bioprinted tissues, and is 

evaluated based on the tissues’ mechanical properties and resistance to deformation and 

damage during handling. In the case of the former, testing pertaining to stiffness is common 

[85][146], with the need for testing seen to be more for tissues using hydrogels, as scaffold-

free constructs are prone to deformation and damage [4,38]. Additionally, it may depend on 

the printing process as well, as LBB has been found to be unsuitable for printing large 

constructs due to problems in handling [32].

When considering vascular tissues such as blood vessels, the smooth muscles and adventitia 

those present in native vessels for additional mechanical strength are absent in their 

fabricated counterparts, which can induce structural deformation after transplantation. It is 

necessary to strengthen such tissues sufficiently before implantation in order to match the 

ambient mechanical properties [66]. In the case, stronger tissues with a requisite set of 

mechanical properties for functionality, in vitro studies are critical for assessing the 

performance of the tissue after attachment. This can be seen in the study performed by Yu et 

al. for printed cartilage, after tissue implantation, explants were placed in culture in 

chondrogenic medium for to four weeks following which histology and 

immunohistochemistry were used to evaluate cartilage-specific markers expression and 

ECM formation around the implanted tissue [48].

Degradable biomaterials have different dynamics for acceptable attachment, as the strength, 

the construct offers can decrease with time. Thus, it is necessary to evaluate the needs of the 

tissue site and match the properties of the construct for the entire duration of the degradation 

and on-site tissue growth [94]. For this purpose, simulation-based studies and physical 

mechanical testing of the constructs at different stages of development are key for successful 

implantation and functionality [94]. The success of a bioprinted tissue is not evaluated just 

from its fabrication, but its effectiveness and adaptivity to the environment and application it 

has been developed for.

Additionally, bioink components must be cytocompatible, but without causing an immune 

response/inflammation. Some hydrogels such as alginate and polyethylene glycol are 

semipermeable, which may help mitigate the immune response by shielding passage of the 

larger immune cells [147]. Encapsulation of cells can also help protect them from the host 

immune response [148]. Both Vegas et al. [149] and Hiscox et al. [150]. have developed 

encapsulation devices which showed enhanced survival of beta cells after in vivo 
implantation. Levato et al. studied microcarriers for bone tissue engineering and showed 

improved compressive modulus, cell adhesion, and osteogenic differentiation with 

microcarrier-laden bioinks [151]. There is still much debate regarding whether microcarriers 

are needed with the use of adult stem cells for the reasons mentioned above.
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2.7. Mechanics

Besides the need to be biocompatible and biodegradable, a bioink formulation must possess 

suitable physicochemical properties in order to fabricate 3D constructs with high resolution 

and print fidelity [152]. Tissues must be rigid enough to maintain their structure, yet porous 

enough to allow cell growth and vasculature. Native tissue rigidity ranges from 0.2–5 kPa in 

soft tissue such as the brain, to 15,000 kPa in bone [152], and construct shear stiffness values 

range from approximately 100 Pa to 20 kPa [153]. Soft elastic scaffolds (0.1–5 kPa) tend to 

promote neuronal and adipose tissue differentiation, whereas firm scaffolds (8–30 kPa) 

promote differentiation into muscle, cartilage, and bone [154][153]. This represents why it is 

important to recreate the native environment of the desired tissue type. Viscosity, 

crosslinking strength and speed, and yield stress of a defined bioink will directly affect the 

mechanical properties of bioprinted tissue constructs. Different bioprinting processes have 

varied requirements for rheological and mechanical properties, with EBB being used to 

develop stronger and structurally complex scaffolds and DBB using the fluidic properties of 

its biomaterials to fabricate constructs. The supported viscosity of EBB ranges from 3 to 6 × 

108 mPa·s, DBB from 3.5 to 12 mPa·s, and LBB from 1 to 300 mPa·s [155].

Mechanical properties for constructs can vary with time and temperature. For example, a 

bioink needs to be malleable enough for successful printing, and at the same time retains its 

shape post-printing for sufficient mechanical strength and dimensional integrity. However, 

this transition is not instantaneous, and goes through gradual hardening with a certain green 

strength, depending on the porosity of the sample. This transition and change in strength are 

especially critical for load-bearing tissues such as bone, with research showing that the green 

strength of porous 3D-printed samples is heavily influenced by printing parameters [156]. 

Farzadi et al. showed that the appropriate printing orientation and layer thickness are 

necessary for obtaining desired physical and mechanical properties in a bioprinted bone 

tissue [156]. For more flexible load-bearing tissues such as cartilage, directional loading is a 

common phenomenon exhibited to match the ambient loading conditions [157]. To replicate 

this in bioprinted tissues, the introduction of embedded biocompatible fibers in hydrogels in 

the direction of loading can be a favorable option to meet such requirements of mechanical 

properties in bioprinted cartilage [158][159][160]. Overcompensation, however, is not an 

option in such tissues. It can lead to several issues in bone and cartilage repair, such as 

inadequate mobilization in healing fractures, and the formation of wide, unsightly cutaneous 

scars. This is further compounded by the difficulty in quantifying a point at which strength 

becomes excessive [161].

Hydrogels are often unable to display the requisite levels of cell growth and proliferation for 

the construct [162]. They have weak mechanical properties and are highly permeable as they 

swell under physiological conditions [163]. Hydrogels such as chitosan, collagen, fibrin, 

hyaluronic acid, Pluronic, and polyethylene glycol have poor mechanical strength [33], 

while dECM also has poor mechanical strength. Therefore, some groups have bioprinted a 

mechanically superior frame using polymers (e.g., PCL and polylactic-co-glycolic acid) to 

generate strong tissue constructs with a porous architecture utilizing both EBB and DBB 

[10][164][165], where the frame is then infilled with cell-laden bioink. However, these 
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polymers have a very slow degradation rate, which may interfere with tissue regeneration 

and integration [9]. Microcarriers can also provide a mechanically strong scaffold [166].

Biochemical and mechanical factors both have important implications in guiding the 

behavior of cells in vivo, which, however, are rarely considered in the context of tissue 

biofabrication. Mechanical stimulation may be required before transplantation to improve 

construct properties and allow more physiologic cell growth [167]. For example, mechanical 

stretching has been used in the post-printing maturation of cardiac tissue [168]. Additionally, 

tissues such as bone and cartilage are exposed to high mechanical stress in vivo and are not 

uniform throughout the body, which means different locations for bones and cartilages 

showcase different loadbearing capacities [169] and have different nutritional and vascular 

requirements [170]. Thus, simple control of mechanical properties by adjusting material and 

printer variables is not enough, and multilateral capabilities, mechanical stimulation for 

maturity of the tissue and developing tissue designs similar to the native tissue may be 

necessary to fulfill the requirements of the tissue [171]. For the case of clinical trials with 

humans, post-operative procedures such as physiotherapy may also be crucial for tissues that 

are critical for the mobility of the body [172]. This is discussed in further detail for other 

tissue types in the following section.

2.8. Tissue-Specific Function

Organs are complex structures with distinct functions, including hormonal and protein 

secretion, filtration, and protection. Thus, despite similarities in properties such as the 

constituent material(s) and structure, tissues can demonstrate disparate properties. These 

functions have to be considered during designing, fabrication, and testing of constructs. 

Several bioprinted tissues have been subcutaneously implanted into animal models and 

shown some specific functionality. However, most tissues have several different functions. 

Several studies can be found in the literature that have performed in vivo studies to observe 

the functionality of bioprinted constructs. Yanez et al. used DBB for fabricating bilayer skin 

grafts in nude mice, using dermal fibroblasts and epidermal keratinocytes in collagen. It was 

observed that wound contraction improved by up to 10% compared to controls, and the new 

skin had similar architecture to normal skin [173]. Moller et al. showed preserved 

mechanical properties and increased stiffness of bioprinted (LBB) cartilage tissue after 60 

days in vivo [146]. Furthermore, Fedorovich et al. encapsulated human chondrocytes and 

osteogenic progenitors in alginate, bioprinted it using EBB, and showed osteochondral tissue 

formation after 6 weeks of implantation in immunodeficient mice [86]. Gaebel et al. seeded 

HUVECs and mesenchymal stem cells on a polyester urethane urea cardiac patch using 

EBB, which was then transplanted into the infarct zone of rat hearts. These patches showed 

increased vessel formation and significant functional improvement in the infarcted areas. 

Additionally, there was enhanced capillary density and integration with the murine vascular 

system [52].

In vivo studies are critical for substantiating claims made by bioprinting research that 

involve implantable constructs. A major downside to this is that such studies are time 

intensive and cannot be sped up, as the primary objective is to observe the reaction of the 

body to the implant [174]. However, the benefits of animal studies far outweigh its 
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drawbacks and provide one of the final steps for any bioprinting research to be considered a 

serious contender for human use. This has become especially critical over the last few years, 

with bioprinting research having shed the “novelty research” tag, and researchers have 

moved up from just printing constructs and developing printing techniques to study the 

potential applications and the practicality of their research with relation to human medicine. 

Table 2 provides a comprehensive summary of the considerations that must be made for each 

of these features when designing and fabricating a construct.

3. OTHER CRITICAL EXTERNAL FACTORS FOR TISSUE/ORGAN GROWTH 

AND MATURATION

3.1. Design Considerations for Bioprinting

As mentioned earlier, bioprinting should not only strive towards developing constructs that 

are similar to the tissue which it is aimed at replicating. A critical factor for completing this 

objective is the accuracy of the construct’s design. However, researchers should also focus 

on utilizing design concepts such as design for manufacturing (DfM) and design for additive 

manufacturing (DfAM). DfAM deals with design considerations that must be made for the 

printing process being used. The ideal process for fabricating any product is not devoid of 

limitations, and product design must be able to leverage its advantages while reducing the 

effects of its limitations. Bioprinting has evolved from additive manufacturing and has 

subsequently inherited both its pros and cons. Issues that arise from printing which are not 

seen in conventional processes, such as delamination, reduction in part density, and surface 

roughness must be considered during construct design [175]. An additional design 

consideration which controls surface finish and construct strength is slicing and build 

orientation. Selecting the correct build orientation for a construct is crucial for a successful 

print, with a balance between the following orientation options – maintaining the height as 

the smallest possible part dimension [176], orienting the part such that certain desired 

surface(s) is kept smooth and devoid of any staircase effect due to printing [177], and 

prevent part failure due to delamination by considering the direction of applicable forces 

[178]. Furthermore, certain scaffolds may also need careful post-processing, depending on 

the type of printing process used, part design and constituent material(s) [179]. Thus, 

scaffold design is a critical factor for successfully bioprinting an organ, and being one of the 

earlier steps in the process, it is imperative that researchers understand how to design a 

scaffold in order to achieve the desired structure and functionality from their printed organ.

3.2. Bioink Considerations for Bioprinting

The success of bioprinting and the maturation of a printed construct is dependent on several 

factors pertaining to the bioink in use. Depending on the printing process selected, several 

considerations must be made in order for successful fabrication, starting with selecting the 

right printing method. Extrusion printing usually targets constructs that need considerable 

mechanical strength. For this, bioink being extruded must have adequate mechanical 

properties [62], with the aim of the material being soft enough to extrude, but hardening to 

take shape after deposition. There are several methods employed to achieve this, the most 

common of which is the gel form of bioink. The target of printing bioinks is to make it 
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printable (i.e., feasible to deposit on the build plate), but make it adhere to the desired shape 

as soon as the printing is complete. The support material should be soft enough to have 

adequate fluidity for it to flow through the printer and behave as a printable ink. On the other 

hand, the gel should subsequently solidify within seconds to allow it to sustain the desired 

shape. Gelation methods are the key to this property and can be based on either physical or 

chemical crosslinking. For example, the gel can be extruded into a secondary gel that fulfills 

the role of a support material [62]. Additionally, the gel construct must also be easy to 

extract in post processing without any damage. Several other methods, such as 

photocrosslinking of the material after extrusion, can also be used to enhance its mechanical 

properties [88]. Unlike chemical crosslinking, the network formation of a physical hydrogel 

is reversible and is caused by ionic interactions, high molecular chain entanglements, 

hydrogen bonds and/or hydrophobic interactions [162].

In the case of DBB, fluid mechanics is a critical feature of the process, as the surface tension 

is inversely proportional to the cell concentration in the bioink, which is primarily due to 

more cells are adsorbed to the liquid-gas interface. Thus, the surface tension is lowered with 

the reduction in the total free energy [62]. Additionally, the shear stress characteristic to this 

process can negatively influence the cell viability. As a result, the bioink must exhibit low 

viscosities (< 10 mPa·s) and cell densities (< 106 cells ml−1). For the fabrication of the 

predesigned 3D constructs at high spatial resolution, the bioink must exhibit fast 

crosslinking. Among the suitable cross-linking mechanisms, ionic crosslinking of sodium 

alginate containing bioink is frequently used. On the other hand, temperature-dependent 

gelation of Matrigel or enzymatic driven polymerization of fibrinogen has also been seen 

[62], showing several potential methods to be chosen for a given case.

The use of nanocomposites is another aspect that has been explored to evaluate its effects on 

bioinks and applications in bioprinting. Considering their mechanical strength, 

nanocomposite hydrogels are beginning to be adopted in fields such as optics, sensors, 

actuators, tissue engineering, etc. Compared to their conventional counterparts they 

showcase higher physical strength, conductivity, stiffness, and greater stability [180]. The 

superior nature can be attributed to the combination of hydrogel matrices and nanofillers, 

with the later opening the door to several future inorganic materials that can be incorporated 

with hydrogels for enhanced properties. These inorganic particles enhance the mechanical 

strength, thermal stability, optical properties, magnetic strength, bioactivity, and conductivity 

of hydrogels [180]. With hydrogel nanocomposites being used for detoxification purposes 

and drug delivery in modern medicine, they can now perform functions such as attracting, 

capturing and sensing toxins, using the 3D matrix of the hydrogel as a medium to perform 

such functions [181]. Though the use of nanocomposites provides several potential 

applications, toxicity and other side effects remain a deterrent in its use [180]. Considering 

the growing ambitions of regenerative medicine, such technologies can be the key to the 

fabrication of complex and heterogeneous functional tissues and improve critical properties 

in them.
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3.3. Bioprinter Considerations for Bioprinting

While the selection of the appropriate bioink is primarily based on the application at hand 

and the tissue being fabricated, it is necessary to select a complimentary printing process for 

this biomaterial, with appropriate parameter settings. In the case of an extrusion printer, it is 

necessary to select the right extrusion mechanism, depending on the sensitivity of the bioink. 

A piston-driven system may provide more direct control over the flow of the bioink when 

compared to pneumatic-based systems, which is prone to delays associated with the 

compressed gas volume. Screw-based deposition provides better spatial control and is 

capable of dispensing bioinks exhibiting higher viscosities [33]. However, the larger 

pressure drops generated by this extrusion method can be harmful to the suspended cells due 

to the possible disruption of the cell membranes, resulting in cell death [62]. In general, the 

limitations of each bioprinting technique with their key features must be kept in mind for the 

selection of bioprinting methods (Table 1).

3.4. Bioreactors

Compared with conventional AM, 3D bioprinting involves additional complexities, such as 

the choice of bioink materials, functional cell types, growth and differentiation factors, and 

technical challenges related to the sensitivities of living cells and tissue construction. Both 

adult and stem cells are now being used in printed tissues. Particularly, the bioink selection 

is highly crucial for tissue-specific function as the bioink can be biologically and chemically 

functionalized (e.g., use of RGD peptides, nanoparticles, genes, etc.), or structurally 

modulated for the desired stiffness in order to guide the differentiation of stem cells into 

tissue-specific cell lineage [162].

Specific bioreactors for various organs will likely be required for organ maturation, 

establishing the environmental requirements of fabricating such organs (Figure 7). The 

bioreactor should provide a microenvironment which allows for the development of 

construct similar to native tissues. For example, the bone may require a bioreactor which 

provides a stepwise increase in mechanical stress as tissue coherence increases [115]. 

Cartilage is subject to constant forces [182] and therefore their bioreactors must induce shear 

stress and compression. Takebe et al. used a rotating wall vessel bioreactor to differentiate 

cartilage progenitor cells to mature chondrocytes [183]. Chang et al. improved this 

technology by creating a double chamber bioreactor to fabricate biphasic osteochondral 

grafts [184]. Nerves and muscle tissue may require electrical stimulation and blood vessels 

may need pulsatile flow. Bioreactors for vasculature and larger tissue constructs must 

contain a circulating loop to supply perfusion to the constructs. Song et al. developed an 

integrated vascular bioreactor system which mimicked the mechanical stimulation and fluid 

flow on arteries in vivo. Their study showed that dynamic culture condition yielded 

significantly better results compared to static culture [185]. More specialized bioreactors 

have been developed for heart valves containing compartments separated by a septum with 

the tissue engineered valve fixed in the middle of the septum to mimic native anatomy. A 

pulsatile pump is used to simulate blood flow bursting through a one-way valve [186]. 

Despite these successes, most bioreactors have low volume output, are extremely time-

consuming, and require considerable time for tissue formation [187]. With continued 

research in this area, it can be expected that a novel bioreactor capable of creating human-
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scale tissues will soon be developed and available for organ maturation. Thus, numerous 

factors need to be considered beyond simply having the best material and printer for the 

application at hand, with Table 3 summarizing the factors discussed in this section and the 

vital roles they play.

4. NEXT DECADE: BIOPRINTING OF VOLUMETRIC COMPOSITE TISSUES

With Boland’s seminal study from more than a decade ago, it was shown that cells could be 

bioprinted in the viable form using a modified thermal inkjet bioprinter [188]. Since then, 

many researchers have shown exemplary work in transplantation of bioprinted tissues. 

Recently, scalable tissues have been bioprinted with native tissue-like properties [48] and 

vascularization [84]. Considering the fast-paced evolution of bioprinting and its promise in 

tissue engineering and regenerative medicine, it can be envisioned that volumetric composite 

tissues will become printable in the next decade.

Success in bioprinting functional tissues will emanate from a collaborative team approach 

including biologists, engineers, and clinicians. The development of faster bioprinters with 

multiple heads and modalities, as well as the higher resolution will likely enable generation 

of complex heterocellular tissues with both multi-scale vascularization and innervation. The 

newly created Integrated Tissue Organ Printer (ITOP) system contains multiple dispensing 

heads and pressure controllers, addressing the issues of size and stability of bioprinted 

constructs [10]. New techniques to develop vasculature are required for these large 

constructs to maintain cell viability [100][84]. The recent development of 4D bioprinting 

technology which allows shape transformation may also be a useful tool for the development 

of functional tissues [58]. The development of new bioinks such as self-assembling peptides 

[99] and the use of components such as graphene [95] will improve mechanical integrity and 

structural stability. In addition, new bioreactor technologies will allow for rapid post-printing 

maturation, providing the crucial mechanical and chemical stimulation to assist in tissue 

remodeling and growth.

Tissues that require minimal or no vascularization (such as skin and cartilage, respectively) 

are expected to be the first transplanted tissues, while those having more complexity (e.g., 

liver, pancreas, and heart) will take significantly longer. Several advances in this aspect have 

already been made, with researchers having bioprinted skin with the characteristics of 

human skin [45]. Conversely, small liver, pancreas, and heart tissues have been bioprinted 

but are far from a replicate of native organs. Prior to implantation in humans, standardized 

regulatory protocols will need to be established [56] including quality assurances, clinical 

trials, and establishing the requisite safety standards.

5. CONCLUSION

With thousands of patients dying each year waiting for an organ transplant, bioprinted 

organs are beginning to show the potential to eliminate this ever-increasing organ shortage 

crisis and save money spent on alternative medical treatments such as dialysis. However, this 

potential can only be realized by better understanding the functionality of the organs that are 

to be replaced and by developing the ability to translate this to the bioprinting 
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methodologies. For this purpose, this paper discusses several factors that are critical for 

printing viable and functional tissues and organs. Accuracy in cellular factors such as cell 

density and heterogeneity is important for embedding and cell proliferation. Heterogeneity 

by itself brings additional complexity in tissues and organs, with most of these being 

volumetric in nature. Volumetric tissues entail the consideration of issues with engraftment, 

and the inclusion of auxiliary systems such as vascular, neural and circulatory. Each of these 

systems must be incorporated for the tissue or organ to be viable. Additionally, construct 

design is a key aspect for obtaining significant functionality, with factors such as mechanics, 

loading conditions and biomaterial rheology becoming critical aspects for selecting the 

appropriate materials for the scaffold, and formulating a competent design. Researchers 

must also consider the significance of characteristics that are specific to the tissue or organ 

being printed, and not just the cells they are composed of. Cellular interaction with 

nanoscale factors, enzymes, ECM, and the concerned proteins has to be considered, in order 

to be consolidated into a cohesive unit and behave as a fully functional tissue or organ. In 

addition to this, construct design must incorporate the design requirements of the selected 

printing process, and biomimicry concepts which have enabled the original tissue or organ to 

perform properly. Integrating the construct and cellular material is another crucial part of the 

process, with bioreactors controlling several variables needed for successful proliferation, 

differentiation, and migration.

The true potential of printed tissues and organs can only be realized after successful animal 

and clinical trials. Although clinical application of bioprinted tissues is still in its early 

stages, the technology has proved useful for non-biologic surgical implants and guides. 

Bioprinting research is well on its way to translate this to a biologic platform with the 

development of advanced bioprinters [4], advances in the design of complex bioinks to allow 

for better mechanical and structural integrity [50, 54], and new methods to create perfusable 

vasculature [55, 61]. However, several existing shortcomings in technology and research 

must be overcome in order to reach this stage. Successful translation of these technologies is 

expected to have a profound effect on patients suffering from organ and tissue dysfunction in 

the years to come, based on the expectations discussed in Table 4. Considering the rate at 

which the field is currently expanding, it is not unreasonable to expect bioprinting to become 

an integral component of regenerative medicine.
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Statement of Significance

With thousands of patients dying each year waiting for an organ transplant, bioprinted 

tissues and organs show the potential to eliminate this ever-increasing organ shortage 

crisis. However, this potential can only be realized by better understanding the 

functionality of the organ and developing the ability to translate this to the bioprinting 

methodologies. Considering the rate at which the field is currently expanding, it is 

reasonable to expect bioprinting to become an integral component of regenerative 

medicine. For this purpose, this paper discusses several factors that are critical for 

printing functional tissues including cell density, vascularization, innervation, 

heterogeneity, engraftment, mechanics, and tissue-specific function, and inform the 

reader with future directions in bioprinting complex and volumetric tissues.
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Figure 1. 
A schematic representation of the major components of bioprinting (Bioprinter concept 

image: courtesy of Christopher Barnatt.
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Figure 2. 
(A-C) Considerations for the biomimicry of bioprinted constructs including but not limited 

to (A) vasculature, innervation; adapted, with permission, from [189], (B) cell proliferation, 

differentiation, migration; adapted from [190] and (C) ECM arrangement; adapted, with 

permission, from [191]. (D-G) Strategies to induce biomimicry of tissue constructs, such as 

(D) modification of surface finish to promote cell attachment; adapted, with permission, 

from [192], (E) graphing of bioactive protein on polymer to enhance cell proliferation; 

adapted from [193], (F) utilization of decellularized tissue to induce cell differentiation; 

adapted, with permission, from [194], and (G) fabrication of scaffold-free constructs to 

imitate cell density of native tissue; adapted from [48].
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Figure 3. 
Examples of heterogeneous constructs generated by bioprinting. (A) 3D printed aortic valve 

conduit with smooth muscle cells and aortic valve leaflet interstitial cells encapsulated; 

adapted, with permission, from [19]. (B) Cell patterning with different fluorescence using 

direct inkjet printing (scale bar=1 mm); adapted from [87]. (C) 3D printed sheep meniscus 

with bioink of nanofibrillated cellulose and alginate (scale bar=2 mm); adapted, with 

permission, from [91]. (D) 3D printed scaffolds of calcium sulfate and mesoporous bioactive 

glass; adapted from [96]. (E) 3D construct with two separated bioinks which simultaneously 

extruded by a microfluidic system; adapted, with permission, from [97]. (F) Self-assembly 

of peptide-protein (peptide amphiphiles and keratin) bioinks after bioprinting; adapted, with 

permission, from [89].
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Figure 4. 
Bioprinting of vascular constructs. (A) A vascular conduit bioprinted by a coaxial nozzle 

(A1) with cell media perfused through a meter-long printed conduit (A2); adapted, with 

permission, from [106]. (B) A scaffold-free tubular construct which was built by printing 

and fusing multicellular spheroids with a branched construct; adapted, with permission, from 

[195]. (C) Fluorescent images of a bioprinted vascular channel system, in which HUVECs 

(red) seeded into a printed channel (C1). Laminar flow in the channel was represented by 

green fluorescent beads (C2), and a combined image of green fluorescent beads and seeded 

HUVECs (C3); adapted, with permission, from [196]. (D) Direct cell patterning in collagen 

hydrogels using a near-infrared femtosecond laser, where confocal microscopy images 

showed tube formation at day 14; adapted from [110].
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Figure 5. 
Bioprinting of constructs for innervation. (A) SEM image of a poly(ethylene glycol) (PEG) 

nerve guidance conduits (A1) and the implanted nerve guide showing the organization of 

regenerated axon paths (A2, scale bar = 1.0 mm); adapted, with permission, from [122]. (B) 

3D-engineered cellularized conduits for peripheral nerve regeneration with complex 

geometries, including multichannel (B1), bifurcation (B2) and reconstruction of patient’s 

sciatic nerve (B3); adapted from [123]. (C) SEM image of a nanoporous and multi-layered 

3D structure in graphene-based nanomaterials for peripheral nerve restoration; adapted from 

[131].
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Figure 6. 
Implantation of bioprinted constructs. (A) Image of a 3D cell printed structure using 

polycaprolactone (PCL) and chondrocytes-laden alginate (A1) and the regenerated tissue in 

a rabbit ear (A2); adapted, with permission, from [138]. (B) A printed PEG hydrogel 

construct using DBB, with 4 mm in diameter and 4 mm in height (B1, scale bar=2 mm); 

adapted, with permission, from [197], and gross morphology of implanted scaffold in mice 

subcutaneous pockets for 21 days (B2); adapted, with permission, from [198]. (C) 

Intraoperative bioprinting using a “biopen” for treatment of a full-thickness chondral defect 

in a sheep (C1), and the macroscopic appearance of the treated defect at 8 weeks after 

implantation (C2); adapted, with permission, from [199]. (D) A scaffold-free vascular graft 

was generated from multicellular spheroids using a “Bio-3D printer” with the insert showing 

the computer-designed model (D1), and the graft was used in an end-to-end anastomosis in 

the abdominal aorta of the nude rat (D2); adapted from [140].
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Figure 7. 
Examples of bioreactors. (A) A rotating cell culture system with four station rotator base; 

adapted from [200]. (B) A conventional non-computer-controlled culture system for culture 

of tissue-engineered vascular vessels; adapted from [185]. (C) A pulsatile conditioning 

bioreactor which consisted of a core unit with support, an actuation unit, and a monitoring 

unit; adapted, with permission, from [186]. (D) A bioreactor system for culturing nerve 

conduits, which consisted of (1) petri dish, (2) peristaltic pump, (3) medium reservoir, (4) 

silicone tubes containing aligned microfiber scaffold, (5) closable inlets, (6) closable outlets, 

(7) vent windows with an air permeable film, (8) medium inlets, and (9) medium outlets; 

adapted from [201].
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Table 1:

Differences between several parameters based on the printing methods: extrusion-, droplet- and laser-based 

bioprinting.

Property ╲ Printer Extrusion-based Droplet-based Laser-based References

Material Large variety of biocompatible 
materials

Multicell printing is possible, 
critical for complex organs High gelation speed [162]

Viscosity 30 mPa·s to >6 × 107 mPa·s 3.5–12 mPa·s 1–300 mPa·s [17][72][62]

Gelation Methods Chemical, photocrosslinking, 
shear thinning, temperature Chemical, photocrosslinking Chemical, photo 

crosslinking [17][72]

Mechanical 
Properties High with good structure integrity Low with poor structure 

integrity Low [202][70][73]

Preparation Time Medium Low High [17]

Resolution 5 μm to a few millimeters <1 pl to >300 pl droplets, 50 μm 
wide Cell

Single cell 
manipulation possible [21][17][32][62]

Accuracy Low High, with high throughput High [21][26]

Print Speed Slow (10–50 μm/s) Fast (1–10,000 droplets per 
second)

Medium-fast (200–
1,600 mm/s) [26][17][46][62]

Nozzle Dynamics Shear stress induced by nozzle 
wall and extrusion pressure

Non-contact Nozzle, but nozzle 
can clog Nozzle Free [21][26]

Cell Damage 
Source

Damage due to shearing in the 
nozzle Cell aggregation may occur Damage due to 

generation of heat [21]

Cell Viability 40% – 80% >85% >95% [21][17][73][115]
[46]

Cell Density High, cell spheroids Low, <106 cells/ml Medium, 108 cells/ml [17][62]

Printer Cost Low Medium High [17][63]
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Table 2:

Considerations about the target organ/tissue that are needed before printing, in order to determine ideal 

material and printing properties.

Features Considerations

Biomimicry Inculcating relevant biomimicry concepts in the design may aid to enhance its properties and success rate

Cell Density The density of the target organ/ tissue and the variation seen in it is critical for fabricating the printed part and will 
determine several parameters such as printing method, viscosity, and rheological properties.

Heterogeneity The different types of cells that are present and their composition is critical for determining the complexity of fabricating the 
part, selection of cells and biomaterials, and construct material and design.

Vascularization

Studying how vasculature is present in the target organ/tissue is critical for increasing the viability of the construct

Construct design should be targeted towards accommodating vasculature, and appropriate layer thickness should be 
selected.

Innervation Similar to vasculature, it’s necessary to understand how the nervous system is distributed, especially in tissues where 
stimulation is critical, such as cardiac tissue.

Engraftment Using the patient’s stem cells are key to the body accepting the printed part without undesirable local or systemic responses

Acta Biomater. Author manuscript; available in PMC 2020 September 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Leberfinger et al. Page 42

Table 3:

Considerations in the fabrication process that are critical for successful functionality and appropriate construct 

growth and maturity

Factors Considerations

Printing Process
Selection of the appropriate printing process based on the requirements of the construct, with the aim of using a process 
that complements these requirements with its advantages, while its disadvantages do not create a major hindrance to the 

fabrication

Construct Design A good design for the construct is needed that fulfills the structural, mechanical and vascular requirements of the tissue/
organ while working around the limitations of the printing process selected.

Post Processing Depending on the printing process and the complexity of the design, certain post processing procedures may be necessary

Bioreactors Appropriate environmental conditions must be simulated in a bioreactor to promote cell growth, maturation, and 
differentiation.
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Table 4:

Potential research topics and changes in the future that may be incorporated into the material and printer 

selection and tissue fabrication

Topic Potential Changes

Biomaterials

With several new biomaterials being researched upon currently, additional biomaterials will be available in the future, making 
more tissues printable.

Printability should be further enhanced by advancements in multi-material and complex tissue printing for better properties and 
functionality.

Bioprinters

The current limitations of the different types of bioprinters should diminish further in the future.

Bioprinters should be more compatible with new biomaterials, especially those with properties that cause issues currently.

Improvements in structural and mechanical properties will aid in creating complex constructs.

Improvements in accuracy, resolution, and speed with pushing bioprinting towards scalable production, and be lucrative for the 
industry.

Bioreactors With bioreactors get closer to mimicking real body conditions, the maturation and differentiation of cells will improve, 
boosting the success rate of bioprinted tissues and organs.
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