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A B S T R A C T   

3D-bioprinting has become a valid technique for tissue and organ regeneration, as the printing of living cells is 
allowed while the hydrogel-based ink material provides them mechanical and structural support. Self-healing 
shear-thinning hydrogel inks can be considered most promising ink materials for extrusion-based bioprinting 
(EBB), because the ink can be extruded due to the decrease in viscosity under shear, and self-healed after 
removing the shear, which ensures safe printing of cells and shape fidelity after bioprinting. To achieve the best 
final bioprinting result, some printing technique, ink material and biological aspects of bioprinting need to be 
considered. In addition, the versatile characterization of pre- and post-printing properties of the inks helps to 
improve the final bioprinted constructs. However, despite the great advances in 3D-bioprinting, ink related 
challenges such as opposing characteristics, and lack of controllable micro-environment, or technological chal
lenges such as the need to increase printing speed and print resolution must be resolved. In terms of ink char
acterization, more standardization is also needed. In addition, the computational modeling would help to 
improve the performance of the bioprinted construct. Thus, the future of 3D-bioprinting is going towards larger 
multifunctional tissue/organ constructs with multi-scale vascularization and innervation. Multiple printing 
techniques are probably combined, but also completely new techniques are needed. Further, multimaterial 
printing would enable heterogeneity and gradients to the construct. On the other hand, using 4D-bioprinting, the 
dynamic nature of complex organs could be added to the construct. By combining bioprinting with micro
physiological platforms (tissue- or organ-on-a-chip systems) the development of functional tissues and organs 
intended for implantation would go forward. The translation of EBB into clinical practice is still in the early 
stages, but EBB has a great potential in regenerative medicine after the challenges, such as biomimicry, repro
ducibility or up-scaling related issues have been overcome. In this review, the design aspects related to extrusion- 
based bioprinting technique, the property requirements for ideal bioink, the biological aspects of 3D-bioprinting, 
and the characterization of the pre- and post-printing properties of bioinks are presented. Also, the challenges 
and future prospects of 3D-bioprinting are discussed.   

1. Introduction 

Aging population and prolonged life expectancy have led to 
increasing demand of tissue and organ transplants, which have led to a 
continuous lack of them [1,2]. Further, death of patients and possible 
post-operative graft rejections have led to need of alternative solutions 
[3]. Synthetic biomaterials, possibly together with patient’s own cells, 
are potential solutions for the problem [3]. Despite the great advances in 
tissue engineering already, it has been noticed that the regeneration of 
soft tissue i.e. creation of its three dimensional (3D) structure, is difficult 
due to its viscosity, flexibility and high elasticity [2,4]. Conventional 

techniques such as electrospinning or injection molding have limited 
control over the scaffold composition, architecture or pore shape 
causing a demand for alternative techniques [2]. 3D-(bio)printing has 
became an eligible technique to overcome those limitations [4]. Pa
tient’s own cells can be used for construction of tissues and organs with 
the help of computer-aided design (CAD) (pre-processing) and 
computer-aided manufacturing creating 3D structures in a 
layer-by-layer fashion (processing) [3,5]. The transplantation of the 
construct can be done after a period of in vitro maturation, or the 
construct is used for in vitro analysis (post-processing) [6]. 

Four printing techniques, i.e. extrusion-based, inkjet-based, laser 
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assisted and stereolithography are widely used for bioprinting [7]. Also, 
bioprinting techniques can be divided according to the need: sacrificial 
bioprinting (produces vascular network simulating interconnected hol
low channels), embedded bioprinting (3D structures are directly prin
ted) and multi-material bioprinting (produces complex tissues 
containing multiple cell types, ECMs, and/or gradients) [8]. The bio
printing types on the other hand can be divided into five types (Table 1) 
[9,10]: direct bioprinting, in-process crosslinking, post-processing 
crosslinking, indirect bioprinting, and hybrid bioprinting. 

Bioink refers to specialized cells (e.g. stem cells), and hydrogel-based 
“biopaper” that provides them mechanical and structural support [11]. 
More precisely, bioink is a material (ink formulation) that is printed 
allowing the printing of living cells [2]. Hydrogels are suitable materials 
for 3D-bioprinting due to their similarity to ECM [12]. Hydrogels can 
facilitate cell adhesion and migration and matrix remodeling in 3D 
environment, which is needed for the normal development of functional 
tissues [1]. Self-healing hydrogels, inspired by the healing ability of 
body in vivo (e.g. wound healing), are even more eligibly than traditional 
hydrogels [12], because unlike traditional hydrogels, they are able to 
recover the broken bonds of the network after damage (e.g. extrusion), i. 
e. their initial structure, properties and functionality can be restored 
from micro-to macroscale, ideally rapidly and repeatedly [12–14]. 
Further, shear-thinning property of some hydrogels makes them suitable 
materials for 3D-(bio)printing applications, i.e. the preformed hydrogel 
can be injected by applying a shear stress during printing which lowers 
the viscosity of gel and makes it flow (under shear), and after removing 
the shear the hydrogel quickly self-heals and restores its rigidity 
[15–17]. 

For 3D-bioprinting of tissue constructs printable, elastic and high- 
strength hydrogel materials would be ideal inks, since many conven
tional hydrogels cannot meet the handling and soft/elastic tissue re
quirements due to their mechanical weakness and brittleness [18]. 

Injectability of the material is also important, since the injection pa
rameters affect to the stability and resolution of the printed structure. 
Therefore materials intended for printing need to be characterized well 
using both quantitative and qualitative techniques. [15] In addition to 
injectability, printability and mechanical properties, characterization of 
the bioink’s flow, degradation and swelling properties will give infor
mation about its performance and about the created 3D structure in 
physiological conditions [19]. 

This review article presents some design aspects and characterization 
of 3D-bioprintable hydrogels for extrusion-based bioprinting. In short, 
some bioprinting technique related design aspects, hydrogel property 
requirements for ideal bioink, and biological aspects of 3D-bioprinting 
of hydrogels are presented, followed by the characterization of pre- 
and post-printing properties of bioinks. Last, the challenges and future 
prospects of 3D-bioprinting are discussed. 

2. 3D-bioprinting techniques and technique related design 
aspects 

2.1. 3D-bioprinting techniques 

Bioprinting techniques that are suitable for cell delivery are 
extrusion-based (EBB), droplet-based (DBB) and laser-assisted (LBB) 
bioprinting and stereolitography [20–23]. The focus of this article is on 
EBB, but also other techniques are shortly presented. Different bio
printing techniques are also compared in Table 2. 

In EBB, based on the CAD design, the bioink’s controlled extrusion 
(from syringe or nozzle) is done by using mechanical compression 
(pushing a piston or rotation of a screw) or pneumatic pressure in the 
form of cylindrical layer-by layer depositions [3,5,6,24,25]. The bioink 
is continuously extruded as a filament with size of approximately 
150–300 μm in diameter on a receiving substrate [19,26]. Due to fila
ment’s continuous deposition, better structural integrity can be ach
ieved, which also makes extrusion the most suitable for creating 
large-scale constructs [3]. The piston-driven system may give more 
direct control of bioink flow, whereas screw-based system can provide 
better spatial control and capability to dispense higher viscosity bioinks, 
although there are larger pressure drops harmful to suspended cells [3, 
6]. Pneumatic systems can also be used to print high-viscosity inks [6]. 
In general, suitable viscosity range for extrusion printers is from 30 
mPa/s to >6 × 107 mPa/s [6]. The cell viability is usually between 40% 
and 80%, but could be even 97% if printing parameters (e.g. tempera
ture, pressure, deposition rate) are optimized [3,27]. In EBB, the cell 
viability may be affected more by the dispensing pressure than the 
nozzle diameter [6]. The EBB is simple and flexible, medium cost 
method capable to handle large amount of bioink and encapsulate high 
cell densities (also spheroids), and it can be used to create multi-material 
devices with multiple cell types and complex constructs [6,23–25,28]. 
The downsides are, however, relatively low printing speeds, relatively 
poor resolution (>100 μm) and potential nozzle clogging [3,22,24,29]. 
EBB can also cause cell damage and death, as well as cell aggregation 
and sedimentation due to shear stress and small nozzle’s orifice diameter 
[28]. In general, EBB has the lowest survival of cells reported among the 
techniques [23]. 

Inkjet-based bioprinting, a type of DBB, is a noncontact printing 
method (between the nozzle and the substrate) that forms multilayered 
droplets and leads to small-scale 3D constructs [3,22,25,31]. From two 
function modes, continuous (CIJ) and drop-on-demand (DOD), DOD is 
the more commonly used with two different types, piezo and thermal 
inkjet printing, i.e. the actuator creates pulses leading to individual 
droplet (predefined ink volume) ejection through thermal or piezo
electric heads [1,20,25]. In thermal inkjet printing, despite the heating 
element’s high temperature (300 ◦C), the cells are not affected by it due 
to short exposure time (2 μs) [26]. Droplets form if bioink’s surface 
charges are weaker than surface tension. The material properties and 
droplet velocity (typically 5–10 m s− 1) will determine whether the drop 

Table 1 
Bioprinting types [9,10].  

# Type Properties 

1 Direct bioprinting Materials are directly printed in a layer-by-layer or 
point-by-point manner to generate 3D structures with 
pre-determined configurations and shapes. Multiple 
cell types and materials can be deposited in order to 
create constructs with in vivo mimicking heterogeneity 
and improved reproducibility. 

2 In-process 
crosslinking 

Rapid gelation mechanisms of hydrogels are used. The 
hydrogel precursor can be deposited into crosslinker 
path, or the hydrogel precursor and crosslinker can be 
coaxially extruded with modified extrusion head. Third 
option is to design the toolpath of printer for the 
sequential deposition of hydrogel precursor and 
crosslinker. 

3 Post-processing 
crosslinking 

Multiple crosslinking mechanisms with mixture of 
hydrogels are used. In the mixture, primary material is 
for the improvement of shape fidelity and printability 
during printing, whereas secondary material provides 
structural fidelity by undergoing crosslinking after 
printing. 

4 Indirect bioprinting Build/support configuration is used, i.e. build materials 
are the intended tissue components (cells and 
hydrogels), whereas support materials create a 
negative sacrificial mold and hold the structure by 
giving mechanical strength. Support materials are 
either relatively deposited with build material or exists 
as a support bath. The sacrificial support material will 
usually be removed post processing. Shape fidelity 
(while the bath is removed) can be enhanced by 
incorporating crosslinker into the bath. Support 
hydrogel material is usually fabricated using reversible 
crosslinking mechanism. 

5 Hybrid bioprinting Bioprinting is integrated with other fabrication 
processes, for example, multiscale parts can be build by 
integrating inkjet or extrusion bioprinter with 
electrospinning or melt-plotting apparatus.  
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Table 2 
Comparison of printing techniques suitable for bioprinting. Figures reprinted with permission from Jeong et al. (2020) [30] Copyright ⓒ 2020 MDBI.  

Technique Extrusion [3,6,19,22,24,26,29] Inkjet [3,5,6,21–24,26,28,29] Laser [3,22,24,26,29] Stereolitography [22,23,29]  

Filament/droplet* Filament Droplet Droplet Droplet 
Size of * 150–300 μm diameter 10–50 μm diameter (1–100 pL) 20–80 μm diameter 50–100 μm diameter 
Resolution Medium High High High 
Viscosity range 30 mPa/s to >6 × 107 mPa/s 3.5–12 mPa/s 1–300 mPa/s 100-10 000 mPa/s (no limits) 
Printing speed Slow Fast (up to 10 000 drops/s) Medium Fast 
Cell density High (~108 cells mL− 1) Low (106 cells mL− 1) Medium-high (~108 cells mL− 1) Medium 
Cell viability 40%–80% >85% >95% >90% 
Cost Medium Low High Low  

J. Karvinen and M
. Kellom
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will keep its shape or splash [31]. Small droplet size may lead to weak 
mechanical properties of printed tissue and increased processing time 
[22]. DBB is a simple method, with possibility of rapid deposition using 
multiple nozzles allowing simultaneous printing of multiple material 
and cell types [3,5,6,21–24,28,29]. High accuracy and resolution con
structs can be printed, since the deposition rate and droplet size are 
highly controllable [32]. However, even though DBB can provide ac
curate positioning of cells and high resolution, bioink should have low 
concentration and relatively low viscosity to enable the formation of a 
droplet leading to inefficient encapsulation of cells and poor structural 
integrity (at the droplets’ interfaces), as well as low cell concen
tration/density [22–24,29]. Downsides are also the risk to expose ma
terials and cells to mechanical and thermal stress, nonuniform droplet 
size, low droplet directionality and possible clogging of the orifice [3,6, 
21,28]. With piezo inkjet printing, uniform droplet size and ejection 
directionality can be controlled, but also pressure and heat stressors are 
avoided [6]. Compared with EBB, there are less useable bioink types in 
DBB, as well as no ability to print a filament under continuous flow, or 
more complex constructs with clinically relevant sizes [3,5,29]. Also, 
there are no readily available inkjet bioprinters [2]. The frequencies 
(15–25 kHz) used also leave some concerns relating to possible cell 
damage [6]. 

In LBB, a focused laser beam illuminates a ribbon carrying a bioink 
layer at the bottom and photoabsorbing layer on top side [3,24,26]. The 
positions where the laser hits endures localized heating leading to for
mation of bubbles and propelling the bioink droplets towards the stage 
moving along z-axis [24]. To fabricate the final construct, the process 
will be repeated in a layer-wise fashion several times [3]. The cost of LBB 
is, however, higher than with other methods [24,26]. Since LBB is a 
nozzle-free method, there is no clogging or shear stress problem [20,26]. 
LBB is also a very complex process compared with EBB (and DBB), for 
example relating to the use of laser which affects to viability of cells 
(long-term effects are also unknown) and material properties (more 
limitations for materials than with DBB) [3]. LBB has also a limited 
scalability (used to form small scale constructs) and low stability [21,23, 
25]. On the other hand, LBB has the highest precision and resolution 
compared with EBB (and DBB) [3,29]. It is also possible to print multiple 
materials and cell types with LBB [3]. Rapid gelation kinetics is required 
for high resolution in order to achieve high shape fidelity [28]. Factors, 
such as the bioink layer’s viscosity and thickness, the air gap between 
the collector platform and donor substrate, or the laser parameters will 
affect to LBB [26]. LBB has two types, photopolymerization (i.e., ster
eolithography) and cell transfer (i.e., laser-induced forward transfer) 
[3]. 

Stereolithography (SLA) is a nozzle-free system that uses light for the 
polymerization of light-sensitive inks in a layer-by-layer deposition [2, 
22,29]. The printhead moves in only one direction [22]. SLA is a low 
cost method that uses short printing time (<1 h) and results high reso
lution [22,29]. Large viscosity inks can be printed [29]. High cell via
bilities can be achieved despite the possible cell damaging effect of UV 
light used in photocuring [22,29]. SLA lacks the affect of shear stress and 
does not have viscosity limitations for bioinks [23]. The limited choice 
of photosensitive biomaterials however limits its use [23]. 

2.2. Bioprinting technique related design considerations 

Selection of suitable printing technique is important, since it affects, 
for example, to the selection of bioink and their printability as well as to 
the properties of the printed construct. In general, requirements for the 
printer are user friendliness, affordability, full automation capability, 
easy of sterilization, sufficient build speed, compactness and versatility 
[22]. More precisely, if considerable mechanical strength is needed, 
extrusion based printing is usually used. This can be done by using so 
called support materials i.e. extruding the gel into a secondary support 
gel. [3] Mechanical properties can also be enhanced by using secondary 
light- or UV-induced crosslinking after extrusion [3,33]. However, the 

possible cytotoxicity of photoinitiators and the damaging effect of 
UV-irradiation should be considered in the case of UV-crosslinking [14, 
23]. By using visible light instead, these risks can be overcome and the 
light can actually penetrate to a greater depth. Better shape fidelity and 
cell compatibility can also be achieved. [33–35] Also, the viscosity and 
surface tension of bioink should be considered, i.e. low viscosity mate
rials are suitable for jetting techniques, whereas with EBB using high 
viscous material the gelation mechanism and viscosity will be limiting 
factors [6,9,26]. EBB also requires shear-thinning properties, since 
withstanding of high shear forces and rapid recovery (self-healing) after 
are needed for protection and better viability of cells [6,19,26]. 

Bioprinting speed, biofabrication time, nozzle diameter, extrusion 
pressure and dispensing speed are the major bioprinting parameters, 
that should be optimized in order to get optimal outputs such as diam
eter, precise placement, uniformity or filaments’ spacing distance during 
the printing and encapsulated cells’ viability post-printing [1]. The 
feeding rate, printing speed and pressure and the distance between the 
printer substrate and nozzle need to match [36]. Nozzle diameter de
termines the required deposition time of material to form the 3D 
structure. For example, DBB requires fast crosslinking time, whereas 
with EBB final crosslinking happens after fabrication since viscous ma
terials can maintain the 3D shape after deposition. [6,26] However, 
since nozzle diameter is directly related to resolution, it might restrict 
the viscosity of material and affect to shear stress [26]. Further, the 
smallest material unit formed and layer thickness will determine the 
printed construct’s accuracy and resolution. For example, in DBB the 
smallest unit is droplet, whereas in EBB they are strands and droplets. In 
stereolitography, the spot size or beam area of laser will determine the 
cured photopolymer’s resolution. Different resolutions have been 
collected by Lee et al. [9]. In terms of layer thickness, other printing 
parameters such as nozzle diameters, path space and path height can 
affect to it. [9] Biofabrication time, on the other hand, is the time 
embedded cells are exposed to bioprinting i.e. cell viability will be 
reduced if the printing time is too long [1]. Sterilization can also be 
considered as a parameter that affects to construct’s resolution, struc
tural integrity and anisotropy. Tissue scaffold’s sterilization can be done 
either before the printing leading to sterile scaffolds or following the 
formation of scaffold using traditional sterilization methods. [37] 

In biological point of view, the printing system needs to be suitable 
for the cells that need to survive the process. With nozzle-based tech
niques (DBB and EBB) the varying size of different cell types (single cells 
10–30 μm, cell spheroids 150–500 μm) determines the size of the nozzle. 
[9,22] In DBB, bioink’s material components can alter the droplet 
integrity. The droplet splashes or spreads if the integrity is lost and 
therefore the structure may fail or cells may be deposited from their 
position. [22] For DBB the critical feature is the fluid mechanics. The 
surface tension is inversely proportional to the bioink’s cell concentra
tion as more cells can be absorbed to the liquid-gas interface. Also, low 
cell densities (<106 cells mL− 1) are needed for DBB. [3] For efficient 
exchange of nutrients and oxygen, optimal pore size would be about 100 
μm, however, for example, for EBB it is problematic to extrude cell-laden 
hydrogel through such size of a fine nozzle [5]. The bioprinter should 
enable the printing of different cell types together with biomaterials and 
result high resolution structure (depends on the accuracy of printer) 
[22]. Also, material choice influences to material’s ability to protect 
cells during the process, for example, thermal inkjet printing contains 
localized heating of material affecting to cells that can be prevented by 
using materials with low thermal conductivity or “cushioning” ability 
[6]. In terms of stem cell differentiation triggered by shear and me
chanical stress, DBB could be considered much gentler process 
compared with EBB. However, EBB could be modified by optimizing the 
back pressure or by including shear thinning materials. Also, when using 
EBB (or DBB), stem cell multipotency can be retained by using hydrogel 
bioink that have limited cellular interaction. [20] Because stem cells are 
sensitive to external stimuli, the bioprinting process should not trigger 
them in unwanted manner. With this in mind, the printing process can 
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be either neutral or stimulatory. In neutral, the differentiation of stem 
cells is triggered by the culture conditions, whereas in stimulatory 
approach the properties of substrate and environment can stimulate. 
[20] 

Panwar et al. [38] have nicely collected a figure (Fig. 1) showing the 
relationship between bioink consistency, printing parameters and cell 
laden bioink. Printing conditions include: printing speed, dispensing 
pressure, nozzle diameter and temperature and chamber temperature. 
Bioink consistency includes: viscosity, viscoleastic properties, hydro
philicity, shear-thinning properties, molecular weight, type and extent 
of crosslinking, and gelation point. The optimization of these parameters 
will lead to better resolution and cell viability. Cell viability will be 
affected by the nozzle diameter, dispensing pressure and bioink con
sistency since they determine the shear force experienced by the 
encapsulated cells (Fig. 2 (a) and (b)). For example, with increased 
nozzle diameter, cell viability is increased as shear stress will be 
decreased, but the resolution gets compromised. [38] This is important, 
since if short-term high level shear stress is experienced during the 
printing it has been shown to affect to cell viability but also there might 
be some long-term alterations in proliferation as well as in the func
tionality of survived cells. In fact there may exist a threshold of shear 
stress for certain cell types. [10] The printing parameters should also be 
chosen according to particular cell type and bioink composition. 
Further, the development of bioink based on different cell types is 
needed. Bioink’s concentration also affects to cell viability, i.e. as con
centration increases the viability decreases as cell migration and diffu
sion are prevented due to entangled network. [38] Further, by 
optimizing parameters, like cell concentration, time of printing, tem
perature (reduced temperature preferred) and oxygen diffusion, prob
lems such as diffusion-limited cell seeding or cell gradients can be 
avoided [37]. 

3. Design aspects of bioink and tissue construct 

3.1. Ideal bioink 

Bioink, by definition from Groll et al. [39], is “a formulation of cells 
suitable for processing by an automated biofabrication technology that 
may also contain biologically active components and biomaterials”. 
Hydrogels are the most outstanding biomaterials, whereas biologically 
active components can be, for example, adhesive peptides, growth 

factors, DNA etc. Cells can be, for example, human, animal or plant 
based cells, alone or as a combination. [1,38] There are five types of 
biomaterial bioinks (i.e. hydrogel-based biomaterial & encapsulated 
cells) that can give characteristic properties (Table 3) [1]: single 
component hydrogel, supramolecular hydrogels, interpenetrating poly
mer network (IPN) hydrogels, nanocomposite hydrogels, and multi
material inks. 

Despite similarities to injectable hydrogels, the requirements for 
ideal 3D-(bio)printable hydrogel inks are more strict. Ideal bioink 
should be extrudable, printable and easily manipulated by the printer, 
have controllable chemical, physical, functional, material and biological 
properties, have suitable viscosity and rheological properties, contain 
sterile and endotoxin free starting materials, be stable during printing 
procedure, enable homogeneous distribution of cells, and consider 
manufacture impact on cell viability (i.e. chemical cytotoxicity, 
pressure-induced apoptotic effect etc.). [1,3,6,22,23,29,31,40–42] 

So called biofabrication window can be used when designing bioinks. 
It is a multiple parameter analysis that visualizes parameter interplay. 
[43] For example, Fig. 3 shows how the printability of bioink (i.e. 
suitability for fabrication) can be optimized while maintaining the 
cellular activity [11,19,44,45]. Traditionally more crosslinked, stiff 
materials result high shape fidelity, but have reduced biological per
formance (e.g. cell differentiation, proliferation etc.). More novel and 
advanced approaches can expand the biofabrication window and enable 
printing of lower stiffness materials, yet resulting high shape fidelity. 
[43] 

3.2. Ideal 3D-bioprinted tissue construct and biological aspects of 
bioprinting 

There are different requirements for ideal 3D-bioprinted tissue 
construct: it should mimic the aimed tissue as much as possible, have 
quick (re)gelation after printing (ensures shape stability), have self- 
supporting structure (no post-processing stabilization needed), have 
structure that tolerates dynamic mechanical load and biochemical & 
mechanical stimulation and shape & size flexibility, have minor or no 
swelling, and have structure that promotes nutrient and metabolic waste 
product transportation, support (fast) vascularization, and promote cell 
(in)growth and proliferation and cell signaling [1,3,6,22,23,29,31, 
40–42]. Different biological aspects are especially important. Next, 
some functionalities of native-like bioprinted tissue that should be 
addressed are shortly discussed. 

3.2.1. Cell source 
The most commonly used cell sources in bioprinting are the termi

nally differentiated cells due to large quantities, wide availability, well- 
characterized functionalities and ease of maintenance [24]. In general, 
for bioprinting the cell sources should be nonimmunogenic, easily 
expandable in culture, readily available and able to reproduce tissue 
functions [6]. The choice of cell type should be done according to their 
mimicry of in vivo physiological state of cells and how they maintain 
their functions [6,46]. Also, an expanding into sufficient number of cells 
for printing is needed. The in vitro and in vivo cell proliferation control is 
needed, i.e. too little results in loss of viability, and too much in 
apoptosis or hyperpasia. [6] For example, pluripotent stem cells have 
shown a great potential due to ability to generate large number of cells 
[6,47]. Other suitable cell types are mesenchymal stromal cells (MSCs), 
and adult stem cells from fat, bone marrow etc. [48,49]. The cells should 
survive the printing process and once transplanted they should with
stand physiological stresses (e.g. shear stress, pressure, biological 
stressors) [6]. In ideal case, the stem cells would be from the patient 
causing no undesirable local or systemic responses [3]. 

3.2.2. Cell density 
Native organs consist of multiple cell types in varying, often high, 

densities. In order to replicate that in bioprinting, the bioink and bio

Fig. 1. Relationship between printing parameters, bioink properties and cell 
laden bioink. Reprinted with permission from Panwar et al. (2016) [38] 
Copyright ⓒ 2016 MDBI. 
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printing modality should be considered. [3] High density of cells (0.1 
billion cells/mL) without affecting to viability can be achieved by using 
EBB (viscous bioinks), whereas DBB gives lowest density (<106 

cells/mL) and viscosity [50,51]. In general, in scaffold-based bioprinting 
the density is less than 107 cells/mL [3]. Cell density influences to the 
behavior of cells and ECM production, and thus also to the structure and 
function of bioprinted construct. Too low cell density can result insuf
ficient cell-cell interactions and thus construct may not support the tis
sue growth, whereas too high cell density can lead to overcrowding of 
cells leading to cell death or insufficient nutrient supply, and finally to 
tissue necrosis. [52] All in all, better cell-cell interactions and faster 
formation of tissue can be achieved with higher cell content, but the 
viscosity and printability of bioink may be affected [3,26]. For example, 
there are results showing that as cell density increases also the viscosity 
of bioink increases, but there are also opposite results showing that 
viscosity, as well as G′, gelation kinetics and yield stress may decrease 
[27,53–57]. There are also examples about how mechanical, structural 
or functional properties of bioprinted constructs, as well as 
post-bioprinting cell differentiation, proliferation and interaction are 
affected by the cell density [58–62]. ECM remodeling has also been 
shown to be accelerated by the higher cell seeding density [63]. Since 
cell groups are located in various locations in organs, the high cell 
density’s spatial placement is important [64]. The printer resolution 
affects to the spatial placement, for example EBB has lowest resolution 
(>100 μm), DBB in the middle (50–100 μm) and LBB the highest (20 μm) 
[3]. The spatiotemporal location and final density of cells are affected by 
the initial cell density, gelation concentration, temperature and elapsed 
time from initial cell suspension [64]. The cells would be kept in initial 
place better in more solid bioink [3]. 

3.2.3. Heterogeneous cellular structures 
Most organs have complex heterogeneous nature [3]. The engi

neered tissue’s performance can be improved by using heterogenous cell 
population (co-culture system) [9]. Currently some bioprinters are able 
to print heterogeneous cellular structures as they can deposit more cell 
types at once. However, DBB is more suitable for this than EBB (or LBB), 
because the multiple cell types can be bioprinted as a droplet (<100 
μm). [3,65–67] Bioinks can be made heterogeneous mixtures too, for 
example by combining the soft hydrogel component with firm sub
stances, like nano-fibrillated cellulose [68], hydroxyapatite [69], 
dual-crosslinking [70] etc. for better mechanical properties. Other 
properties, such as thermal and electrical properties (adding graphene 
[71]), enhanced bone formation (adding bioactive glass [72]), ECM el
ements (given by self-assembling peptides [73]), or bioelectric proper
ties enhancing cardiac cell function (adding gold nanorods [74]) can be 
achieved too. Chemical (e.g. growth factors [75], cytokines [76] etc.) 
and physical (e.g. stiffness [77], porosity [78], fiber alignment [79] etc.) 
gradients, present in native cellular microenvironment [80], can also be 

added in order to induce certain cellular response. Multi-material 
deposition can be enabled by the bioprinting modular setup with 
increased number of printheads [9]. One example about bioprinting 
heterogeneous gradients is aortic valve, i.e. how to control the material 
placement so that complex, hierarchical structures with spatially vary
ing feature sizes and properties of aortic valve can be achieved so that 
coronary flow, tissue dynamics and efficient blood flow dynamics 
function properly [81–84]. Multimaterial bioprinting is needed due to 
anisotropy in the structural and mechanical requirements as well as cell 
type distribution heterogeneity of native valve [85]. 

3.2.4. Mimicking of functional accuracy 
Biomimicry, more specifically functional accuracy (e.g. complex 

neural structures, internal vasculature and circulation), of printed tissue 
is desired in bioprinting [3]. The cell shape and size will be determined 
by the biomaterial used and surrounding environment. For example, by 
using natural polymers, similar to native ECM, as single or multicom
ponent bioinks, biocompatible, biodegradable and cell growth and 
function supportive structures can be created [86]. Added surface li
gands give also biomimicry by improving the attachment and prolifer
ation of cells on the material substrate. Attachment (and differentiation) 
of cells can also be improved by using nanoscale surface features such as 
notches, ridges, grooves and steps. [3,6,20,87] The construct’s 3D-envi
ronment also affects to differentiation process and cell shape [6]. In 
order to reproduct tissue’s cellullar and extracellular components, the 
vascular tree branching patterns can be mimicked like will be shown in 
the next chapter, or previously presented physiologically accurate gra
dients and types can be manufactured, all in microscale. Therefore 
microenvironment is important to understand. [6] One example 
emphasizing the need of biomimicry is how to mimic the structure of 
kidney’s glomerular basement membrane (GBM) that has different 
chemical, surface and mechanical properties that enable filtering the 
blood i.e. molecular sieving and water retention which a dialysis ma
chine cannot do efficiently [88,89]. Bioprinting functioning kidney 
structures is still a relatively new area of study and a multimaterial 
bioprinting or a combination of printing techniques may be needed to 
build these complex structures [90,91]. Bioprinting has also been used 
together with on-a-chip systems to fabricate and study glomerulus 
models for disease modelling or drug screening, although glomerular 
modelling with this method is still to be fully assessed [92,93]. However, 
even if the construct would contain same materials and have similar 
structure to native organs, some properties might still be different due to 
distinct functions of complex organs, such as hormonal and protein 
secretion, filtration, and protection. This should also be considered 
when designing the construct. [3] Thus, the understanding of the com
plex structures and functions of natural tissues and organs would help to 
design better biomimetic 3D-bioprintable constructs. 

Fig. 2. (a) Effect of dispensing pressure, chamber temperature, nozzle diameter and temperature, printing time, and wall shear stress on viability of cells [38], and 
(b) distribution of cell-laden hydrogels’ shear stress (τ) and velocity (u) inside a nozzle [5]. Reprinted with permission from Panwar et al. (2016) [38] Copyright ⓒ 
2016 MDBI and Li et al. (2018) [5] Copyright ⓒ 2018 Elsevier. 
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3.2.5. Vascularization 
Complex vasculatures of organs in vivo provide a blood flow in order 

to sustain the functionalities and necessary supplies. Thus, vessel-like 
structures are also needed for engineered constructs, i.e. constructs 
with over 200 μm thickness need vascularization in order to transport 
nutrients, oxygen and waste [3,10]. Latest bioprinting techniques enable 
the printing of vasculature at the same time with other components 
leading to complex vascularized structures. The problem is however the 
resulting heterogeneity in construct. [3] One aspect that should be noted 
is the need for different approaches for micro- and macro
vascularization, since in nature they have different structural function 
and composition [94]. Submillimeter-sized capillaries consist of a single 

endothelial layer that enables permeability, whereas larger arteries and 
their smaller branches (arterioles) have a layered wall structure via 
which blood transports to capillary bed (gas and nutrient exchange). 
[94] Macrovessels have been able to biofabricate in vitro although with 
limited mechanical integrity [95,96], whereas microvasculature is still a 
challenge. The bioprinting of small capillarities in vitro is difficult 
because many technique is able to make only >100 μm diameter vessels 
[3]. Therefore, bioinks may need added cues promoting vessel forma
tion. This kind of microvascular network self-assembling can happen 
either by angiogenesis (forming of capillary networks starting from a 
pre-existing vessel, e.g. capillary sprouting [97]) or vasculogenesis (new 
formation of vascular structure/primitive vessel network, typically in 
embryonic development). [94,98] 

Vasculature has been bioprinted in two ways. EBB has been used to 
print channels by using fugitive inks and endothelialization. [3] This 
sacrificial bioprinting used for the formation of hollow vessels consists of 
four steps: (1) solid sacrificial microfibrous bioink is deposited, (2) 
hydrogel embedded with stromal cells are cast over the templating 
micro-fibers, (3) perfusable channels are formed by selectively removing 
the fibers (e.g. temperature-induced phase change, dissolution or me
chanical extraction etc.) under conditions suitable for the cells, and (4) 
functional vessels are build by seeding the endothelial cells in the in
teriors of the microchannels. This method is considered as indirect 
bioprinting. [10,24] In alternative way the channels are printed using 
direct bioprinting [3]. Bioprinting strategies to fabricate vascularization 
can further be divided in four groups [94]: 1) sacrificial bioprinting 
[99], 2) sacrificial writing (e.g. sacrificial writing into functional tissue, 
SWIFT [100]), 3) submerged bioprinting (e.g. freeform reversible 
embedding of susbended hydrogels, FRESH [101]), and 4) coaxial bio
printing [102]. 

Since various cell sources can be used for vascularization, most 
recent studies have used multiple cell lines for vascular tissue formation. 
For example, De Moor et al. [103] combined ECs with fibroblasts and 
adipose tissue-derived mesenchymal stem cells (ASCs) as supporting 
cells to generate prevascularized spheroids. By combining them with a 
photo-crosslinkable methacrylamide-modified gelatin (GelMA) and 
Irgacure 2959, they were able to bioprint small diameter capillary-like 
microvessels. This study showed the potential of triculture 

Table 3 
Biomaterial bioink types [1].  

# Type Components Properties 

1 Single component 
hydrogel 

Single component 
hydrogel +
encapsulated cells 

The printability may be 
approved by increasing 
the polymer 
concentration and 
crosslinking density, 
although it may harm the 
cells as porosity will be 
decreased. 

2 Supramolecular 
hydrogels 

Supramolecular 
hydrogel +
encapsulated cells 

Printability and 
productivity can be 
improved, and they also 
offer tailorable surface 
structures for cell-scaffold 
interactions, favourable 
mechanical properties 
(high mechanical 
strength) and 
biocompatibility, 
modular bioprinting and 
Lego-like assembling (two 
direction printing i.e. 
direct printing of gradient 
constructs, or printing 
different constructs that 
self-assemble into 
complex structures) with 
controlled chemical, 
physical and cellular 
components at higher 
resolutions. 

3 Interpenetrating 
polymer network 
(IPN) hydrogels 

Hydrogels (physically 
interweaved networks 
with each other) +
encapsulated cells 

The printability can be 
improved using both 
physical and chemical 
crosslinking, and the 
construct will have 
improved fracture 
strength and toughness. 

4 Nanocomposite 
hydrogels 

Engineered nano- 
composite hydrogel 
(hydrogel & 
nanoparticles) +
encapsulated cells 

Depending on the type of 
nanoparticles the 
physical, biological and 
chemical properties can 
be dramatically different, 
and functionality, 
printability, usability and 
degradability can be 
regulated. 

5 Multimaterial inks Multiple ink materials 
(at least one is 
hydrogel) + (multiple) 
encapsulated cells 

The hydrogels are 
crosslinked together, and 
can create complex 
gradient constructs with 
desired functionalities, 
morphology, structure, 
mechanical 
characteristics etc. and 
defined geometries. Also, 
the location specificity of 
cells and combination of 
multiple cell types are 
enabled.  

Fig. 3. Biofabrication window. Figure inspired by Malda et al. (2013) [44] and 
Chimene et al. (2016) [45]. 
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prevascularized spheroids as multicellular building blocks. [103] Liu 
et al. [104], on the other hand, bioprinted soft hepatic tissue at centi
meter scale with branched perfusable vascular networks with proper 
vascularization and hepatocytic function in vitro. They used multi
material bioprinting with cell-laden inks (GelMA-fibrin, HUVECs, MSCs, 
HepG2 cells), fugitive inks (10% gelatin-based), and elastic inks (10% 
GelMA or PDMS). Since biofabrication of living tissues/organs depends 
on the integration of vascular networks in vivo, Liu et al. also fabricated 
an inner and external pressure-bearing layer in their structure so that 
multiscale vascular network can survive under physiological blood flow. 
This was the first time a bioprinted multiscale perfusable vascular tree 
within 3D hydrogel was bioprinted. [104] More recently, Liu et al. [105] 
fabricated centimeter-scale 3D-bioprinted cardiac patches with 
well-organized and high-density microvasculature by bioprinting 
spheroids of early vascular cells (EVCs) and cardiomyocytes in ECM 
hydrogel. Self-assembly vascularization of EVC spheroid showed to be 
superior to EVC single cells. [105] Same year, Shen et al. [106] fabri
cated vascularized tissue-engineered bone with biological activity. Large 
bone defects are challenging since newly formed bone tissue lacks 
effective vascularization. Thus, they bioprinted vascular endothelial 
cells with thermosensitive bio-ink in situ on the inner surfaces of bone 
mesenchymal stem cell-laden bioprinted scaffolds’ interconnected 
tubular channels. A more uniform distribution and greater seeding ef
ficiency throughout the channels was exhibited by the endothelial cells, 
which promoted tube formation and vascular network formation 
through culture. In vitro, these vascularized scaffolds also had a coupling 
effect between osteogenesis and angiogenesis. In vivo, in rat calvarial 
critical-sized defect models new bone formation was also promoted. 
[106] 

There are different properties and composition of bioink that can 
influence to vascularization, for example Salg et al. [94] have collected a 
table showing how bioink’s physical properties and construct geometry 
(i.e. porosity/interconnectivity, pore size, architecture), biochemical 
properties (i.e. ECM composition and structural binding motifs in bio
inks, proangiogenic signaling molecules, oxygen-producing bioinks, 
hydrogel concentration), and cellular composition (i.e. ECs, HUVECs, 
Human induced pluripotent stem cells (hiPSCs), Pericytes, smooth 
muscle cells and fibroblasts, Mesenchymal stem cells (MSCs)) affect to 
vascularization. 

3.2.6. Innervation 
A process by which nerves grow and form connections with target 

tissues or organs is called innervation. Innervation promotes the 
development of tissues and organs, but also has a central role as a tool 
for their functional control and modulation [107]. Innervation is 
needed, for example, for the function of cardiac, skeletal or smooth 
muscle containing tissues (e.g. stomach or bladder) [32,107]. Since 
innervation is also needed in tissue engineering for the proper func
tioning and integration of the implanted constructs with the host tissue, 
bioprinted constructs should also have channels for nerve innervation 
[32]. Conduits should be biodegradable since non-degradable can lead 
to inflammation [108]. In order to achieve innervation into the 
construct, growth factors (e.g. neurotrophic factor [109]), electrical 
stimulation [110], physical guidance cues (e.g. microchannels [111]), 
and co-culture with nerve cells [111] have been used. It should also be 
noted, that since many times nerves and blood vessels follow the same 
paths, they are considered functionally coupled, for example, promoting 
innervation can promote angiogenesis due to neuropeptides released by 
autonomic and sensory nerves [107,112]. For example, Kim et al. [111] 
investigated the effects of neural cell integration (by human neural stem 
cells (hNSCs) and human muscle progenitor cells (hMPCs)) into the 
bioprinted skeletal muscle construct (cell-laden 
fibrinogen-gelatin-hyaluronic acid (HA) bioink, sacrificing acellular 
gelatin-HA bioink, and supporting polycaprolactone (PCL) bioink) to 
improve the functional and structural recovery of muscle defect injuries. 
Microchannels were created by removing the bioprinted sacrificial 

patterns. An improved myofiber formation, long-term survival, and 
neuro-muscular junction formation in vitro were achieved. Also, this 
neural cell integration facilitated rapid innervation and construct 
matured into organized muscle tissue, proven by a rodent model. The 
bioprinted muscle constructs were also highly vascularized following 
implantation into the muscle defects. [111] Next year, Ngan et al. [113] 
created matured myofibers in bioprinted constructs with both in vivo 
innervation and vascularization. They delivered primary mouse myo
blasts in a single material bioink (gelatin methacryloyl (GelMA)), and 
implanted that into in vivo chamber in a nude rat model. For the first 
time, myoblast migration through the bioprinted GelMA, leading to 
spontaneously forming fibers on the surface, was demonstrated. Thus, 
without material hindrance, an advanced maturation and the connec
tion between incoming nerve axons and vessels in vivo were enabled. 
[113] 

3.2.7. Mechanical properties 
Suitable rigidness is needed for structure maintenance, whereas 

suitable porosity is needed for cell growth and vasculature. For example, 
the rigidity of soft native tissues (e.g. brain) is around 0.2–5 kPa, 
whereas with hard tissues (e.g. bone) up to 15,000 kPa [114]. Differ
entiation of neuronal and adipose tissue is promoted by soft elastic 
scaffolds (0.1–5 kPa), whereas bone, cartilage and muscle differentia
tion is promoted by firmer scaffolds (8–30 kPa) [115,116]. Construct’s 
mechanical properties will be affected by the bioink’s crosslinking speed 
and strength, viscosity and yield stress, and will vary according to 
temperature and time. Suitable bioink’s malleability is needed for 
printing, but at the same time the shape should be retained post-printing 
in order to get sufficient dimensional integrity and mechanical strength. 
Depending on sample’s porosity, hardening will happen gradually with 
changing strength. [3] This should be considered especially in 
load-bearing tissues, for example, suitable layer thickness and printing 
orientation have shown to be important for achieving desired properties 
[117]. In addition, the cells affect to construct’s mechanical properties, 
i.e. softer hydrogel constructs can be achieved with cell clusters 
(randomly distributed) compared with homogeneously distributed cells 
[26]. Also, hydrogel remodeling has been shown to be accelerated by the 
higher cell seeding density, which also can give higher construct’s 
modulus. Dynamic loading conditions can also result higher modulus. 
[26] Mechanical stimulation (e.g. stretching) of construct can also be 
used before transplantation, for example for post-printing maturation of 
cardiac cells [118]. 

4. Pre- and post-printing properties of bioinks, and their 
characterization 

Since the printed construct should mimic the cellular architecture 
and shape, printability is very important concept in bioprinting [11], in 
fact the most important parameter. Despite the widespread use of the 
term “printability”, there lacks a consensus on when you can call ma
terial “printable”. For example in case of EBB, printability can be 
referred to suitable extrudability, filament formation and shape fidelity 
(Fig. 4). [43] Printability usually involves viscosity, surface tension and 
crosslinking properties (e.g. crosslinking type, gelation kinetics) [2,8, 
19]. In rheological point of view, viscosity, shear-thinning and yield 
stress are important parameters [1]. For example in case of EBB, it is 
important to understand the ink’s rheological properties in all of the 
three stages i.e. (1) extrusion stage (viscosity, shear-thinning, yield 
stress), (2) recovery stage (shear recovery), and (3) self-supporting stage 
(yield stress), in order to understand the printability and 3D structure 
evolution [25]. In addition to previous attributes, also biodegradation 
and biocompatibility, are affecting to printability [19]. 

Characterization of printability can be divided in two sections: pre- 
printing and post-printing. When printing is done with nozzle-based 
system, from a rheological point of view, printing is the flow of mate
rial through a contraction followed by tube flow. After ejection and 
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deposition onto the collector, the material should undergo fast phase 
transition so that shape would be preserved and 3D structure fabricated. 
The process rate is crucial for successful printing, which as a demand is 
also a big difference between injectable and printable hydrogels. [31] 
During the printing process, shape fidelity, printability and cell viability 
are determined by the rheological properties. Bioink’s post-crosslinking, 
on the other hand, determines their physiological stability, mechanical 
integrity, and cell functions and survival. [19] For the end application, 
the matured bioprinted construct’s final properties are crucial. The 
amount of cells in the construct, proliferation, migration and integration 
with the material influence to these properties during the tissue for
mation. The mechanical requirements of printing process should be met, 
but at the same time cell survival within the construct should be 
ensured. [26] Many studies focus on the hydrogel construct’s perfor
mance and properties after implantation, but for successful bioprinting 
of bioinks, their pre-printing properties and behavior are also critical 
and important to know [119]. Only few papers characterize the pre
cursor solution, as they usually only state that the precursor solution of 
hydrogel is injectable based on ability to pass through a syringe needle. 
Gel formation has also been reported only based on a tube tilt test. [119] 

The pre-printing characterization can be divided into: viscosity, yield 
stress, shear performance (shear-thinning property), recovery time (self- 
healing ability) and shape fidelity. Post-printing characterization of 3D- 
bioprinted construct, on the other hand, can contain optical image 
analysis (quality, spreading and printability of bioinks post- 
crosslinking), compressive mechanical analysis (mechanical stability 
and compressive modulus of construct), as well as swelling and degra
dation analysis (bioink’s swelling ratio and degradation characteristics). 
Further, characterization of the effect of printing process on cell viability 
and evaluation of cell-material interactions should also be studied. 
Quantitative analysis of post-printing structures has shown to be diffi
cult. Printability could also be semi-quantified using mathematical 
models or quantified using computational analysis. [11] 

4.1. Viscosity 

Viscosity tells how much the fluid resists the flow under a stress [5]. 
In case of 3D-printing, viscosity describes bioink’s ability to flow 
through a reservoir and nozzle onto the printing surface [19]. Viscosity, 
together with nozzle diameter and printing pressure, can influence to 
shear stress, which further affects to cell biology [11]. High viscosity 
solutions as less flowable can ensure that bioink does not spread or 
droop on the printing surface, and the large structures do not collapse 
and can hold the shape longer post-printing, but on the other hand, need 
higher pressure for flowing (increased shear stress) which can be 
harmful to cells and make the handling and extrusion more difficult and 

fracture the printing filaments, therefore limiting the smallest print size 
[2,18,19,26]. High viscosity hydrogel inks also have reduced porosity 
which may prevent cell spreading and migration [5]. The sedimentation 
of cells caused by unsuitable viscosity leading possible nozzle clogging 
or inhomogeneous distribution of cells through the construct should be 
avoided [31]. Since sufficient viscosity is required to maintain the 
construct’s shape, but high concentrations restrict cell proliferation, it 
would be most logical to use hydrogels with low concentration and high 
viscosity for printing [5]. 

Viscosity depends on the molecular weight and concentration of the 
polymer solution, degree of branching and addition of rheological 
modifiers, as well as temperature [1,19,26]. Across all shear rates, 
increased viscosity will result from increase of those parameters (except 
temperature) [19]. Viscosity affects to efficiency of cell encapsulation (e. 
g. allows cell encapsulation uniformly), but also shape fidelity [1,2,23]. 
If surface tension between the bioink and nozzle diameter is increased, 
the bioink’s ability to shear thin will decrease. Whether the extruded 
material is a droplet, continuous filament or a strand depends on the 
viscosity of bioink, i.e. filaments are formed with higher viscosity, 
whereas low viscosity leads to strands spreading out to receiving plat
form. [19,26] Tirella et al. [120] have nicely developed a 3D phase di
agram (processing window) that illustrates the interrelationship of 
applied pressure, print velocity and bioink’s viscosity [120]. 

Tunable viscosity of bioink is preferred in order to be compatible 
with various printers, i.e. the viscosity is around 10 mPa s for DBB 
printers, 6 to 30 × 107 mPa s for EBB printers and 1–300 mPa s for laser- 
assisted printers [2,42]. If higher viscosity solutions are used for DBB 
and EBB, shear-thinning materials should be used for the compensation 
of high shear stress [2]. 

Viscosity is usually studied in the literature together with printability 
and rheological studies [11]. Oscillatory amplitude or frequency sweep 
are used to determine the storage modulus (G’) and loss modulus (G”) 
from pre-crosslinked or post-crosslinked bioinks, whereas a rotational 
shear rate sweep is used for viscosity (η) determination [19]. 

4.2. Shear-thinning properties 

Shear-thinning materials are non-Newtonian fluids that have shear- 
rate-dependent behavior, i.e. the viscosity decreases when shear rate 
increases [26,31,121]. Shear-thinning is important for printability, 
extrudability and injectability [1]. This is because bioink’s deposition is 
facilitated when viscosity decreases due to applied pressure in the 
nozzle, leading to high shape fidelity [26]. When hydrogel is extruded it 
undergoes shear i.e. physical crosslinks are broken and chains are 
aligned, which reduces the viscosity as extend of entanglements is 
decreasing [5]. The decrease of proportional shear force enables extru
sion even through a small nozzle sizes [119]. The bioink’s viscosity in
creases again as the shear stress is removed. This is also why this 
phenomena is useful for nozzle-based systems. [26] If material does not 
shear thin, it may clog the nozzle [119]. 

For 3D-bioprinting, the material’s shear performance through the 
tube, nozzle or needle is important [119]. Shear-thinning self-healing 
hydrogels would be great materials for 3D-(bio)printing to overcome 
many challenges of it. For example, the printing speeds could be 
increased without construct property deterioration, and the interlayer 
adhesions between weld lines could be improved. Probably the pro
duction of more complex constructs would also be possible by using 
these dynamic inks. [29] Also, shear-thinning hydrogels could possess 
cytoprotectiveness during the injection due to shear banding and 
plug-flow velocity profiles limiting cellular membrane’s disruption 
during shear flow, without the need to compromise in terms of shape 
fidelity or printability [19,40]. Cells can also spread more within the 
dynamic network compared with static counterpart [29]. Additionally, 
there is a pressure drop as the bioink goes from syringe to nozzle whose 
effect can be normalized by using shear-thinning bioinks as bioinks 
chains slide at the junction. Also the resolution is enhanced as 

Fig. 4. (a) Rheological properties that affect to printability and shape fidelity, 
and (b) how to assess printability in EBB. Reprinted with permission from 
Schwab et al. (2020) [43] Copyright ⓒ 2020 ACS Publications. 
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shear-thinning bioink smoothly flows through the nozzle. [38] After 
printing highly shear-thinning hydrogel would provide sufficient me
chanical strength for the extruded filament for maintaining the shape 
and supporting the next layers that are printed [5]. The improvement of 
the interfacial bonding strength between two printed layers may 
enhance the stackability of hydrogel as it prevents delamination within 
multilayer stacks [5,36]. 

Shear-thinning behavior can be characterized using rheology [121]. 
Shear rate sweeps determine the viscosities across a range of shear rates, 
i.e. the bioink’s going through a nozzle can be mimicked by applying 
shear rates from low (<10− 3s− 1) to high (>102s− 1). For extrusion pro
cess, high viscosity at low shear rates and low viscosity at high shear 
rates is necessary. Materials with these characteristics are called 
shear-thinning. [19] Typical viscosity-shear rate graph is presented in 
Fig. 5 (a). 

For comparison, the experimental rheological data should be fitted to 
pre-existing rheological models, such as Herschel-Bulkley (HB) model 

τ = τ0 + kγn, (1)  

where τ0 is yield stress, τ is fluids shear stress, k is consistency index, γ is 
shear rate, and n is flow index, i.e. fluid has solid properties if τ < τ0, 
whereas if τ > τ0, it is shear thinning when n < 1 and shear thickening 
when n > 1 [119]. Another similar model is Power law model 

η = Kγn− 1, (2)  

where η is viscosity, K is the flow consistency index, γ is shear rate and n 
is the shear-thinning index. It is used for materials with no observable 
low or high shear rate viscosity plateau. The degree of shear thinning 
can be described with n, i.e. when n = 1 it is Newtonian, n < 1 it is shear 
thinning, and n > 1 it is shear thickening. It has been shown that if n =
0.3–0.4 the flow profile is appropriate for bioprinting. [19] 

The difference between injectable and 3D-printable materials is that 
injectable materials only have to be shear-thinning, but bioinks for 3D- 
printing need to localize or stabilize at given point. When bioink has 
been extruded from the nozzle there are no or little shear forces exerted. 
It would be important to calculate the shear rates throughout the 

printing process and apply these shear rates in the rheological tests, as 
well as study the recovery of viscosity. [19] Shear rate is important to 
understand during the printing process, because hydrogel is extruded 
through a syringe to a narrow nozzle, which have different inner di
ameters. Based on fluid mechanics, non-Newtonian fluid’s viscosity is a 
function of shear rate. If there is a constant volume flow rate, there is a 
change in the linear flow rate because the cross-sectional area of nozzle 
and syringe changes, leading to change in the shear rate. [5] 

4.3. Shear-thickening and thixotropic properties, and Barus effect 

Non-Newtonian fluids can also have thixotropic properties, which 
are quite similar to shear-thinning properties (viscosity-shear rate-plots 
look very similar), except that thixotropy is time-dependent unlike 
shear-thinning. This can be illustrated by plotting viscosity against time 
with constant shear rate (Peak hold test). Viscosity of thixotropic ma
terials decreases with time, whereas viscosity of shear-thinning mate
rials is constant. [19,31] For printing, this kind of behavior should be 
considered since it might lead to inhomogeneous dispensing and uneven 
distribution of cells or particles [31,32]. Therefore shear thinning ma
terials are ideal because they are not time-dependent [32]. The previ
ously mentioned peak hold test can simulate the printing conditions and 
help to assess printability. Fig. 5 (b) shows that, first the ink experiences 
a constant low shear rate (in the syringe), then endures a high shear rate 
(extrusion), and last relaxes back to a low shear rate (in air). 
Shear-thinning behavior enables the drop of viscosity during extrusion 
and bouncing back after removing shear stress. [122] Another test is a 
thixotropic loops test. After extrusion, the hydrogel’s crosslinks broken 
by shear stress should self-recover, i.e. viscosity should quickly recover 
after shear rate is removed. [5] Rheological measurement where shear 
rate is first increased and then decreased in a set amount of time 
(thixotropic loops) can be used to show the rebuilding time of internal 
structure. If curves overlap, it indicates non-ideal bioink with minimal 
internal structure. If there is a difference in the loading and unloading 
curves, it indicates thixotropic behavior of a certain degree. However, 
the interpretation of this test is difficult and requires special “cup and 
cone” geometries. [19] 

Fig. 5. Pre-printing characterization of bioink: (a) shear-thinning [31], (b) peak-hold test [122], (c) alternate step strain test [123], (d) yield stress (A) 
Herschel-Bulkley model, B) shear stress at the crossover point of G′ and G′′, C) shear stress related to a pre-determined deviation of G′ from linearity (i.e. 85% 
deviation)) [119], (e) filament uniformity test [43], and (f) filament collapse (i) and fusion (ii) tests [43]. Reprinted with permission from Jungst et al. (2016) [31] 
Copyright ⓒ 2016 ACS Publications, Lee et al. (2022) [122] Copyright ⓒ 2022 Wiley Online Library, Ouyang et al. (2016) [123] Copyright ⓒ 2016 ACS Publi
cations, Townsend et al. (2019) [119] Copyright ⓒ 2019 Elsevier, and Schwab et al. (2020) [43] Copyright ⓒ 2020 ACS Publications. 
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Another unfavorable property for 3D-printing is shear thickening, 
which is opposite of shear thinning, meaning that viscosity increases 
when shear rates increase. Like thixotropic is counterpart with shear 
thinning, shear thickening is counterpart with rheopectic which is 
opposite to thixotropic. [31] Shear thickening materials have higher 
viscosity under pressure so they clog the nozzle [32]. 

When designing the ideal bioink so called Barus effect should be 
considered. Barus effect, a phenomenon of extrudate swell, means that 
the jet diameter increases after material flows from the print head 
through the nozzle. This is true for elastic polymeric materials, i.e. 
polymer chains are stretched when material flows through the tube as it 
compresses by the given confinement. After ejection of material it ex
pands because of the chain’s elasticity and partial relaxation leading to 
increase of jet diameter. This phenomenon needs to be taken into ac
count for high-resolution printing, i.e. optimizing process parameters 
(deposition speed) the compensation of the effect can be done to some 
extend. The Barus effect should be small or no effect at all for the 
preservation of resolution. [31] 

4.4. Viscoelasticity and yield stress 

Extrusion-based bioinks have both flow and shape retention prop
erties. Viscoelasticity, meaning that material has both viscous (fluid 
flow) and elastic (elastic shape retention) characteristics when it un
dergoes deformation, can be used to describe this behavior. Two pa
rameters i.e. storage modulus G’ (shape retention) and loss modulus G” 
(viscous flow) can be measured for bioinks using oscillatory rheology. So 
called damping factor tan(δ) = G”/G′ can be used to identify a suitable 
balance between flow and shape retention. [43] Viscoelasticity protects 
cells from shear stress during the printing process [1]. Rheological 
properties, like inadequate G’ of many soft hydrogels may also lead to 
the collapse of structure [25]. 

Shape retention can also be determined using yield stress. Yield 
stress (in fluid mechanics) is defined as the stress that is needed for fluid 
to begin to flow (i.e. stress that is needed for material to begin to deform 
under an applied shear stress). It quantifies the place where fluid is on 
the spectrum of paste to putty behavior. If yield stress is zero, it has 
traditional liquid behavior (flows upon exposure of stress), whereas 
increased yield stress gives paste or putty behavior, i.e. materials with 
lower yield stress easily flow for injection. Since the difference between 
paste and putty is not well defined, Townsend et al. have suggested 
100–2000 Pa for paste and above 2000 Pa for putty materials. Precursor 
solutions with no or low yield stress can be used for injection through 
high gauge needles. [119] Yield stress should not be confused with 
apparent viscosity, meaning that apparent viscosity is related to the 
force needed to continue dispensing from the syringe after flow has 
begun. Yield stress, on the contrary, is contributing to material’s injec
tability/syringeability (to generate flow initial force is required) and 
retention within the defect after placement (in the absence of applied 
force there is no movement). [119] In order to bioink to be printable, it 
must overcome a certain minimum amount of stress (yield stress) to be 
able to flow from barrel onto the printing bed. The weak network in
teractions of hydrogel precursors are interrupted when the applied stress 
is above yield stress. [19] Thus, yield stress gives basically the force that 
is needed for gel extrusion. It also gives indirect information about the 
gel strength since suitable yield stress enables the stacking of layers 
during 3D-printing, i.e. higher yield stress gels can support more stacked 
layers without printing defects compared with low yield stress gels. 
[124] For 3D-bioprinting applications, bioinks that exhibit a yield stress 
but have also shear-thinning behavior and fast recovery time, can resist 
deformation and maintain the printed structure. In order to get high 
shape fidelity, yield stress above 100 Pa is needed for proper layer 
stacking. [119] 

Rheology can be used to study yield stress that tells about hydrogel 
precursor solution’s retention at the defect site. Townsend et al. [119] 
have illustrated three ways to determine yield stress (Fig. 5 (d)), i.e. A) 

theoretical model fitting, e.g. Herschel-Bulkley model, B) shear stress at 
the crossover point of G′ and G′′, or C) shear stress related to a 
pre-determined deviation of G′ from linearity (i.e. 85% deviation). [119] 

4.5. Reversible interactions & recoverability 

Shear-thinning and self-healing hydrogels suit for 3D-bioprinting 
due to liquid behavior during extrusion through nozzle and rapid so
lidification (structural recovery) after deposition [12,29]. Static 
hydrogels, on the other hand, cannot mimic the biological tissue’s hi
erarchical complexity since the microenvironments are uniform and 
static. They also have limited structural complexity, large equilibrium 
volume swelling, and opaque and brittle nature. [29] 

The dynamic inks can be divided into two category according to 
interaction type: via supramolecular interactions (e.g. hydrogen 
bonding, host-guest recognition, ionic interactions, hydrophobic in
teractions, π − π interactions) or via covalent bonds (e.g. Diels-Alder 
reaction, thiol-ene chemistry, photoresponsive cycloadducts, imine, 
acylhydrazone). Depending on the interaction, the physical and me
chanical properties as well as recovery time and recovery percentage 
will range. Currently, EBB, DBB and stereolitography have been used for 
the printing of dynamic inks. [29] EBB is the most commonly used for 
self-healing hydrogels. In EBB, printing the ink should be fluid like when 
going through the nozzle but should have enough structural integrity 
when it is deposited for the support of subsequent layers. Shear-thinning 
nature of these hydrogels enables this reversible action i.e. they can be 
printed after gelation and reform the 3D structure after to circumvent 
the limitations of gelation. [14] Reversible interactions of hydrogel can 
provide desirable mechanical properties (mechanical strength and 
elasticity) as well as enhance the shear-thinning which further improves 
the printability [18]. Shape fidelity can be improved by structure re
covery after extrusion i.e. the sagging of the construct will be reduced 
and more room for post-crosslinking will be provided [25]. In order to 
achieve high resolution bioprinting, fast return to original properties is 
needed [119]. The recovery time and transition process is influenced by 
the interactions between the molecules. For printable systems the so
lidification conditions are more strict than for injectable materials due to 
shorter acceptable gelation time and smaller diameters of nozzle used 
for printing. [31] Recovery time can dictate how easily the cells can be 
incorporated, for example, too quickly recovered materials would result 
heterogeneous cell distribution since the mixing in cells is difficult. Also, 
too slow recovery time would result heterogeneous cell distribution, cell 
sedimentation and poor shape retention. Shape fidelity would be 
improved by using naturally quickly recovered materials. For bio
printing, relatively quick recovery time, i.e. 5-10 s (>85% of G’) are 
recommended. It should be noted that after extrusion and recovery, the 
external forces like weight of stacking layers should be resisted by the 
bioink to prevent poor shape fidelity. [119] 

Due to fabrication conditions of nozzle-based systems, shear thinning 
region and hydrogel recovery after printing should be known and 
therefore characterized [31]. Mechanical testing can be used to quantify 
self-recovery, i.e. cyclic loading/unloading in tension, compression or 
shear can be used. In strain-relaxation experiments (i.e. alternate step 
strain measurements, Fig. 5 (c)) the hydrogel is exposed to a constant 
deformation (strain) in a stepwise manner over a period of time. Thus, 
the viscoelastic response of material to damage (decrease of G′) and 
internal crosslinks’ reversibility (recovery of G’ and G”; percentage of 
recovery) are revealed, as well as the lifetime of the reversible in
teractions (recovery time). There has also been a similar tests tracking 
the viscosity with changes in shear rate. [14] In addition to this, in case 
of dynamic inks, a full characterization of self-healing would be rec
ommended as Karvinen et al. [121] suggest. 

4.6. Filament formation and shape fidelity 

Shape fidelity refers to printing quality which tells how well the 
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bioprinted structure matches the original model [119]. High shape fi
delity and large vertical height are desired characteristics in 3D-bio
printed construct. Shape fidelity is needed for the maintaining of 
extruded filaments’ shape and supporting the printed structure (pores 
and channels). [5] High fidelity of cell-laden printed construct should 
also be ensured by the bioink after and during the bioprinting so that 
resolution, size, structure and shape stability are maintained for a 
desired time (e.g. over a period of cell culture) [1,11]. High shape fi
delity can be achieved by balancing material’s shear-thinning, recov
erability and yield stress properties. Bioink’s swelling behavior, 
determined by the charge densities and extend of crosslinking, is also 
affecting to shape fidelity, i.e. lower swelling ratio with high cross
linking density provides high shape fidelity, although reduces diffusion 
of nutrients and oxygen. [19,26] Good shape fidelity can also be ach
ieved by combining two hydrogel materials, first one providing 
enhanced cell activity and other mechanical stability [19]. Structure 
recovery after extrusion can also improve shape fidelity i.e. the sagging 
of the construct will be reduced and more room for post-crosslinking will 
be provided [25]. Supporting bath system in bioprinting has also been 
found to improve shape fidelity [5]. Further, it has been found that as 
size of the construct reduces, the accuracy decreases. In order to improve 
print resolution and shape fidelity, print paths (height and/or width) 
should be manipulated and controlled. Optimization of the printing 
process can be done by improving the print resolution by using smaller 
nozzle diameters, and using lower extrusion rate. [11] 

In addition to previous pre-printing rheological characterization 
(yield stress, shear-thinning, shear recovery) of bioink to assess their 
flow initiation and extrudability i.e. continuous linear filament forma
tion in air, fiber formation and stacking ability can be used to assess the 
shape fidelity and uniformity of single lines. Uniformity of filament can 
be assessed via image analysis (e.g. light microscopy or micro-computed 
tomography (micro-CT)) and quantified by the loss tangent (tan δ), i.e. 
higher value correlates with better filament uniformity (Fig. 5 (e)). Since 
the printed filaments can also deform under different forces, like gravity 
and surface tension, their ability to counter gravity can be tested by 
printing a filament over a pillar array (increasing distances) and esti
mate it by measuring so called deflection angle θ, or analyze filament 
fusion (due to surface tension) by printing parallel structures/filaments 
with narrowing filament spacing (Fig. 5(f)). [43] 

There are also quantitative tests to study the bioink’s shape fidelity 
during and post-printing. Like Fig. 6 (a) shows, the homogeneity of 
single filaments can be assessed based on the fiber diameter (homoge
neous filament if d1 = d2 = d3) [43]. So called expansion ratio (i.e. 
spreading ratio) 

α = d/D, (3)  

where d is printed filament diameter and D is nozzle diameter, that in
dicates the material’s flowability on the base it is deposited once prin
ted, and uniformity factor 

U =
length ​ of ​ the ​ printed ​ structure
length ​ of ​ the ​ theoretical ​ design

, (4)  

can also be determined [125]. For example, Maiz-Ferna
́
ndez et al. [125] 

showed that the expansion ratio increases when printing speed de
creases and extrusion pressure increases. Further, the uniformity factor 
decreases when printing speed increases, whereas at lower speeds the 
factor is close to 1 giving best precision. [125] 

With planar structures (Fig. 6 (b)), filament diameter and merging 
(intersection/overlay of two filaments) can be evaluated, as well as 
transversal pore geometry. [43] In the last case, ideal filament stacking 
with optimal rectangular pore shape and interconnected channels can be 
obtained with printability index Pr = 1 [11,43]. This is a semi
quantitative evaluation based on the shape fidelity of the pore and 
circularity of printed filaments [43]. Pr can be evaluated by calculating 

Pr =
π
4

1
C
=

L2

16A
, (5)  

where C is the circularity of the print, L is the length, and A is the area. 
Pr<1 means poor fidelity, large and spreading curved corners and under 
gelation. Pr ~1 means print that matches the model design exactly, has 
exact material deposition with smooth prints and precise angles and has 
proper gelation, whereas Pr >1 means bioink has over gelation and has 
become rough or jammed, and print is poorly constructed with cracks 
and ridges. [11,19,126] 

Multilayered constructs’ (Fig. 6 (c)) shape fidelity can be analyzed 
post-printing by adding a visual grid that shows how well the printed 
structure (green) matches with the computer designed shape (black). 
Also, layer stacking (shape retention of circular filaments) can be eval
uated with integrity index, i.e. by comparing the maximal height (h1 and 
h2) reached with the computer designed sample’s height. Integrity 
index = 1 indicates high shape fidelity with optimal layer stacking, 
whereas if integrity index <1 filaments are merging and/or collapsing. 
[43] In addition to these, however, there would be a need to develop an 
approach to study 3D printability [19]. 

4.6.1. Computer simulation and modeling of printability 
As previously stated, printability could also be semi-quantified using 

mathematical models or quantified using computational analysis [11]. 
Some examples are finite element analysis (models to simulate the me
chanical behavior of the printed structures under different loading 
conditions, can predict potential failure modes [127]), computational 
fluid dynamics (simulates the flow of bioinks through the nozzle to 
optimize printing parameters, such as flow rate, pressure, and nozzle 
diameter [128]), or agent-based modeling (models the behavior of in
dividual cells within the printed tissue to optimize the design of the 
printed structures and predicts their behavior in vivo [129]). In addition, 

Fig. 6. During and post-printing characterization of bioink: (a) homogeneity of 
single filaments, (b) top and side views, filament diameter and merging, and 
pore geometry (ideal filament stacking with Pr = 1) of planar structures, and (c) 
top and side views, visual grid (indicating matching of printed structure with 
computer designed shape), and layer stacking (indicating shape retention of 
circular filaments) of multilayered structures. Reprinted with permission from 
Schwab et al. (2020) [43] Copyright ⓒ 2020 ACS Publications. 
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sensory-based real-time monitoring systems and closed-loop feedback 
control algorithms are useable tools. For example, Yang et al. [130] 
quantitatively evaluated and monitored real-time the bioprinting pro
cess using high-speed, wide-field and full-depth imaging technique 
(optical coherence tomography) in association with the extrusion-based 
bioprinter (3D P-OCT). This method provided in situ multi-parameter (e. 
g. layer-to-layer thickness (LT), filament size (FS), and pore size (PS)) 
monitoring, as well as further quality evaluation with multiple volu
metric parameters (e.g. material volume (MV), volume porosity (VP), 
and pore connectivity (PC)). Since this method provides real-time 
monitoring of the printing process and feedback in a timely manner, 
printed constructs with better structural fidelity, functionality, higher 
spatial resolution and design complexity could be achieved. [130] An 
example of the latter, Li et al. [131] proposed a novel closed loop 
feedback control algorithm, by using digital holographic microscopy 
(DHM)-based stiffness imaging feedback, to control the photo
polymerization of hydrogel bioink and hence the mechanical stiffness 
and print fidelity. The adjustment of the photocuring degree and further 
the crosslinking density was allowed by the DHM-based stiffness imag
ing feedback in every grid area, leading to large-span and 
high-resolution modulation of mechanical properties. Thus, complex 
biomimetic structures with modulus gradient can be achieved. [131] In 
conclusion, computational modeling in conjunction with sensory-based 
real-time monitoring systems and closed-loop feedback control algo
rithms can be used to optimize printing conditions and to improve the 
quality of bioprinted constructs. 

4.7. Surface tension 

Bioink’s surface tension influences to resolution, printing quality and 
printed line width. For example, surface tension can affect to print
ability, as it can cause the collapsing of the printed structure. It can also 
lead to nozzle clogging as it can cause the bioink to adhere to inside the 
nozzle. It has been found that printed constructs expand outwards not 
inwards maybe due to preventing action of surface tension on the inner 
walls. It has been actually proposed that constructs should be printed 
thinner compared with target size, so that the size of the final expanded 
construct matches with native model. [11,132] Surface tension can also 
affect to printed cells’ viability as it can cause mechanical stress during 
printing. The surface tension is inversely proportional to the bioink’s cell 
concentration as more cells can be absorbed to the liquid-gas interface 
[3]. Many times, the effect of surface tension of printability has been 
neglected in literature. It is not only important for DBB, but also for EBB. 
[132] 

4.8. Crosslinking properties 

The formation of stable construct structure is determined by the 
crosslinking chemistry (usually secondary crosslinking for stabilization) 
[10,19]. The as-printed filament’s consistency and viscosity should 
allow the quick gelation or restoration once printed in order to keep the 
filament’s outline as a circle (cross-section) [36]. The fixation i.e. 
gelation of hydrogel minimizes the structure collapse by preserving the 
shape for the construct [26]. The rate of gelation, on the other hand, is 
determining the printing speed. However, the gelation kinetics and its 
direct relation to printability and printing speed need more studies. [25] 
Hydrogels can be fabricated through physical and chemical crosslinking. 
Physically crosslinked hydrogels lack good mechanical properties that 
can cause stability issues and difficulties in handling of the construct. 
Therefore chemical crosslinking can be used to stabilize the construct 
after printing. For example, a hydrogel with dynamic supramolecular 
bonding (self-healing), having shear-thinning and supporting properties 
can be stabilized with covalent crosslinking (UV induced), enabling 
direct printing on the ink into self-healable structures (multimaterial 
complex construct). [1] Since physically crosslinked hydrogels are often 
unstable they are more suited to function as fugitive sacrificial templates 

with temporal stability, whereas chemically crosslinked hydrogels with 
longterm stability are suitable for constructive bioprinting [10]. It 
should also be noted that different fabrication strategies are needed for 
different bioink materials due to their different crosslinking mechanisms 
and rheological properties [41]. Additionally, it is also important to 
determine the crosslinking mechanism’s cytocompatibility as cells are 
encapsulated during the process [1]. 

4.9. Interconnected pore structure 

Construct with interconnected pore structure is desired. Structure 
parameters, such as mesh size, crosslinking density, pore size and dis
tribution, pore shape and orientation, specific surface area, pore inter
connectivity, etc, should be optimized for cells, transfer of oxygen, waste 
etc., and tissue integration [1,133]. 

4.10. Mechanical properties 

Mechanical integrity and elastic moduli are biomechanical attributes 
of printed construct [19]. For example, suitable stiffness makes sure that 
the construct can self-support, as well as directs and controls the cell 
behavior [2,36]. Reinforcement of hydrogels can be made by adding a 
dissipation mechanism (e.g. reversible crosslinks) into the networks as 
well as with maintenance of high elasticity (e.g. interpenetrating long 
chain networks, crosslinkers with high/hybrid functionality, macro/
meso composites) during deformation. In addition to bioink’s mechan
ical properties the mechanism of reinforcement affects to its strength, 
recovery behavior and flow, and further to printing resolution and 
structural integrity. [25] 

Characterization of mechanical properties using compression or 
tensile test tells whether bioink has a ability to withstand deformation. 
As a note, traditionally, compressive modulus has been determined from 
the slope of the stress-strain curve, which does not account the fact that 
with hydrogels the stress-strain proportionality is not linear and cannot 
be determined this way. One possibility would be to use an alternative 
polynomial-based approach proposed by Karvinen et al. [134]. The 
mechanical properties of printed structures can be compared with bulk 
properties. As expected they are different due to low polymer alignment 
of cast hydrogels compared with layer-by-layer printed hydrogels that 
may have void spaces or aligned polymers. In ideal case, there is a 100% 
layer adhesion and contact with printed sample. It should be noted that 
if circular gauged nozzle is used, geometric mismatch may lead to some 
space where cracks may propagate and thus lead to decreased 
compressive modulus. [19] Like said, interfacial defects in 
layer-by-layer printing can lead to poor stackability and constructs that 
are mechanically weak [5]. The deposited bioink layers should adhere to 
each other in order to form structure that is mechanically rigid. 
Delamination of layers (due to low adhesion) may result a defect leading 
to possible crack propagation and stress concentrators. [19] To char
acterize this, a lap-shear test has been used to study multilayered 
hydrogel structures’ interfacial bonding. Shortly, fractured surfaces are 
created by pulling the samples apart across their surfaces until failure 
are observed. The interfacial failure indicates the interfacial adhesion 
between the two layers in a layered construct. Ultimate shear stress 
(USS), obtained from the lap-shear measurement, can also be used to 
indicate adhesion properties, i.e. how the sample can resist failure in 
shear [5]. To study the multilayered hydrogels after printing, 

Fuentes-Caparro
́
s et al. [135] have introduced a rheological protocol 

(using vane and parallel plate geometries), which allows to measure the 
properties at different depths (each layers), but also determine what is 
the contribution of the neighboring layers, and whether they affect to 

bulk properties of the construct. Fuentes-Caparro
́
s et al. showed that in 

their example case printing process heavily influenced to the hydrogel 
properties. [135] Previously, for example, Nie et al. [136] and Nguyen 
et al. [137] have also studied mechanical properties of multilayered 
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hydrogel constructs, but only focused on individual layers. 

4.11. Swelling 

Swelling happens after bioink crosslinking and placing into cell 
culture media or implanted site. Swelling, as amount of fluid increases, 
can increase the distance between the net points or crosslinks and 
decrease the crosslinking density, and thus also affect to mechanical 
properties of the printed structure. [19] Absorption of fluids and 
contraction can lead to closing of vessels or pores. If multiple materials 
are used with different swelling/contractile behavior, it may lead to 
layer integrity loss or final construct’s deformation. [6] The positive 
thing with swelling is the allowing of therapeutics or waste products 
diffusion [19]. 

4.12. Degradation 

The printed (cell-laden) constructs should be stable under the in vitro 
or in vivo conditions up to a desired time scale in order to give support for 
the cells until they produce their own ECM proteins [2,5]. However, it 
should be noted that at the same time cells’ physiological environment 
changes as the mechanical strength reduces [25]. Bioink’s composition 
and concentration, temperature and cell culture media determine the 
printed constructs degradation rate [2,5]. The degradation rate could be 
modified, for example, by combining hydrophilic and hydrophobic 
polymers [25]. The chose of hydrogel with suitable degradation rate 
should be done based on the intended tissue types [2,5]. Non-toxicity 
(with no inflammatory response) of the degradation products (and 
bioink) is also necessary since it defines the biocompatibility of the 
construct. Toxic byproducts can be either small molecules or proteins, 
but also temperature or non-physiological pH. [2,5,6] Changing tem
perature conditions may influence to printed construct if thermosensi
tive hydrogels are used [5]. 

4.13. Polymer origin 

Hydrogel materials used for 3D-(bio)printing inks are natural and/or 
synthetic based. Natural polymer based (e.g. collagen, alginate, fibrin
ogen, hyaluronic acid etc.) have similarity to human ECM, self- 
assembling ability, and are inherently bioactive and biodegradable. 
Synthetic polymer based (e.g. polyethylene glycol (PEG), poly
acrylamide etc.), on the other hand, are tailorable by their physical 
properties for the application, and stimuli responsive (pH, temperature), 
have robust mechanical properties, photo crosslinking ability, and 
controllable degradation time, however they have poor biocompatibility 
and non-natural/toxic degradation products. [6,22,42,138] In order to 
meet the requirements of ideal ink, modified natural polymers are often 
mixed/modified with synthetic polymers for appropriate shear-thinning 
and viscosity [36]. Further, the materials used for hard and soft tissue 
differ from each other, for example, bone might need additive bioactive 
ceramics (hydroxiapatite etc.), whereas skin would need hydrogel ma
terials, such as hyaluronic acid or collagen [41]. Regardless what 
polymer is used, crosslinking density and molecular weight are the most 
critical characteristics influencing cell behavior. For example, cell pro
liferation, migration and formation of tissue are aided by lower cross
linking density as nutrient diffusion and removal of wastes are 
facilitated. Natural based polymers have high molecular weights 
whereas the molecular weights of synthetic polymers can be customized. 
Stiffer gels can be achieved with higher bloom strength. Molecular 
weight affects how much gel can undergo swelling which affects to 
supplementation of nutrients etc. It also controls flow characteristics of 
bioink as well as the biocompatibility and mechanical properties. 
Printability can be improved by increasing crosslinking density, mo
lecular weight or concentration, although it limits the cell migration and 
reduces nutrient diffusion. Further, if polymer dispersity index (PDI =
molecular weight distribution) is low similar length polymer results in 

consistent mechanical properties. Synthetic polymers are usually less 
polydisperse than natural polymers. Degradation also affects to polymer 
selection. [19] 

4.14. Cellular biocompatibility 

Pre- and post-printing high cell viability together with cytocompat
ibility and biocompatibility are important for ink formulation. Bioac
tivity can be added through functionalization with bioactive molecules, 
although this may change the shear-thinning behavior and mechanical 
properties and need optimization before printing. [2,18] Cellular 
biocompatibility should be estimated in order to understand cell-bioink 
interactions and how bioink can stimulate cells [19]. Also, shear force 
and degradation byproduct effects on the bioprinted system, as well as 
concentration-dependent effects of nanoparticles on cells, and effect of 
printing pressure and polymer crosslinking agents on cell viability 
should be estimated [19,139,140]. Different cytotoxicity and viability 
assays can be used. Drawback of the methods is that they concentrate 
only on cell viability and not for example on differentiation of cells or 
protein secretion. RNA-sequencing could be used although it is 
time-consuming and expensive. [19] Together with viability, also cell 
proliferation, differentiation and adhesion should be studied. The 
measurement of cell-material interactions is usually done by 2D seeding 
cells on the surface of bioink, but 3D cell encapsulation measurements, 
although being more complex, would provide better knowledge since 
they mimic the in vivo microenvironment. Initial cell screenings should 
be done when designing new bioprinting bionks. [19,141] The traction 
force between materials and cells can be studied using traction force 
microscopy (TFM) if bioink is transparent and has flat surface [19,142]. 
Alternatively, vinculing staining can be used to elucidate cell binding 
and see focal adhesion points [19,143]. In 3D TFM, cells do not have to 
be on the exterior of the sample for analysis. It provides information 
about behavior of cells in 3D cultures. However, rheological properties 
of bioink may be altered due to incorporation of fluorescent beads. [19, 
144] Atomic force microscopy (AFM) can be used to quantify how 
strongly cells can adhere to the bioink surface and both cell-matrix and 
cell-cell adhesion forces can be measured [19,145]. However, this 
technique cannot sense fully encapsulated cells unless the printed 
construct is destroyed [19,146]. Cell-matrix interaction can also be 
studied using multiple particle tracking microrheology (MPT) [19,147]. 
The cell behavior can be understood better by quantifying the deposited 
matrix and proteins. This is important in bioprinted constructs since 
they could mimic the native tissues’ 3D architecture. There are different 
methods to quantify different components, for example, collagen can be 
quantified by quantifying sample’s hydroxyproline or using dyes such as 
Sirius Red F3BA. [19] GAGs (hyaluronan, heparan sulfate, chondroitin 
sulfate, dermatan sufate, keratan sulfate) can be quantified by using 
Alcian Blue and Dimethylmethylene Blue (DMMB) assays [19,148]. 

Post-printing incubation of printed cell-laden constructs can be done 
either statically in cell culture, or dynamically in bioreactors which 
provide continuous infiltrating medium flow, and for example 
compressive/tensile load [23]. In later case, rapid post-printing matu
ration is allowed by using new bioreactor techniques that would provide 
mechanical and chemical stimulation that assist tissue remodeling and 
growth [3]. In fact, bioreactors can be used for the maintaining of tissue 
construct’s viability and post-processing functions, and can be combined 
with innervation and angiogenesis promoting factors and with cell 
viability maintaining and preserving factors. In addition, microenvi
ronmental parameters such as pH, temperature and gas and nutrient 
concentrations, but also mechanical stimulation regulation can be 
maintained. [6] 

5. Challenges and future prospects of 3D-bioprinting 

Despite the great advances in 3D-bioprinting already, there still re
mains some challenges to overcome. The selection of scaffold material, 
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formation of printed constructs, biomechanical control, assurance of 
aseptic environments, nutrient transport, blood supply, and long-term 
survival of construct can be considered as general challenges of 3D-bio
printing (and ink materials). [8] In terms of inks, weak interlayer 
adhesion of the printed polymers, increased processing speed triggering 
polymer’s rheological phenomena or using static inks are challenges 
that influence to mechanical properties, printability and shape fidelity 
[29]. Currently, there is still a lack of diversity in biomaterial inks. The 
properties of many printable material are suitable for external applica
tions, but in the case of implantable biomaterials, physiological condi
tions and body interactions make their design more difficult. It has been 
already stated that hydrogels intended for 3D-bioprinting should be 
printable, biocompatible, have suitable mechanical properties and 
degradation kinetics, form safe degradation byproducts, as well as bio
mimic tissue. However, it is known that many of previous characteristics 
are opposing. [138] For example, in case of high-strength hydrogel inks 
the challenges are how to make biocompatible inks with proper de
gradability, ability to integrate with tissues and cell affinity, as well as 
multi-level gradient structures having continuous anisotropy. Further, 
developing of new printing strategies, like combining different printer
s/methods to print high-strength scaffolds with micro/nano-multi-scale 
structures would be needed for more complex tissues/organs. [36] 

3D-bioprinted construct for soft tissue regeneration should be bio
mimicking, i.e. not only possess complex structure of human organ, but 
also have suitable mechanical properties, porosity, pore distribution and 
interconnectivity, flexibility as well as recovery rate. To meet these 
needs, multilayered structures should be designed and fabricated. [4] 
When designing scaffolds and tissue constructs, it should be noted that 
different cell types behave differently depending on the architecture, for 
example, high porosity is needed for effective media transport in case of 
metabolically active cells like cardiac cells, whereas for cell types with 
hypoxic environment, like chondrocytes, less porous architecture is 
better [41]. There will also be a need for larger tissues and organs. When 
the size of the printed tissue/organ increases, the transportation of 
nutrition and oxygen becomes more important for maintaining cell 
viability and tissue maturation leading to need of successful vasculari
zation [28]. Innervation, on the other hand, is needed for proper func
tion and integration of implanted constructs with the host tissue, and is 
intricately linked to vascularization [107]. However, still many 3D-bio
printing studies focus either on neuronal generation or vascularization, 
but a combination of these features should be considered and studied 
more [149]. One limiting factor has been how to supply an universal 
medium to both vascular cells and neurons (as well as corresponding 
support cells) that can sustain both phenotype development and matu
ration [150]. The challenge of current 3D-bioprinted constructs is the 
lack of controllable micro-environment, i.e. only submicron level reso
lution is possible. Therefore, more heterogeneity with hierarchical or 
functionally-graded properties is needed. Also, using soft materials like 
hydrogels (and cells) as a bioink, the retaining of shape after printing 
may be difficult due to, for example dehydration, swelling or contrac
tion. [41] In case of stem cells, the challenge in bioprinting of them is 
slow fabrication rate, for example currently full human liver would take 
3 days print, which would reduce viability of stem cells. Other challenge 
is the delivery of cell concentration that matches physiological packing 
of tissues, for example currently only up to 107 cells/mL can be printed, 
while 5 to 10 × 108 cells/mL density would be considered suitable for 
sufficient for tissue and organ function. [20] Moreover, the progress 
towards clinical translation is currently hindered by the lack of 
comparability of bioprinting studies, i.e. there exist differences in cell 
culture protocols as well as cell line sources used between studies. For 
example, standardized protocols for biocompatibility quantification of 
cell seeding density or additives influencing on rheological property are 
not well known. If you think about the end application, biocompatibility 
and cytocompatibility are as important as printability. [151] One chal
lenge is also how to ensure that the printed tissue has consistent 
composition, structure and function. Thus, the printing process should 

be optimized, and the printing parameters should be controllable, which 
further ensures required reproducibility. [152] The high cost of the 
printing process and time needed, for example, for model creating 
processes is still also a challenge [152]. Regulatory approval should also 
be considered. It is needed before EBB can be used in clinical applica
tions. Currently, there is a lack of laws and regulations for bioprinting (e. 
g. bioprinted tissues and organs), although, recently US FDA has 
released a guidance on the regulation of 3D-printed medical devices 
[153], which in future may act as a regulation framework for bioprinted 
tissues and organs. It should also be noted that majority of clinical trials 
have been made on animals, which will raise ethical concerns as we 
move to transplantation of tissues to humans [154]. Currently, there are 
no ongoing clinical trials, for example, for bioprinted cell-laden carti
lage, bone, cardiac, central/peripheral nervous systems, skeletal muscle, 
or kidney tissue/organ constructs (ClinicalTrials.gov). However, for 
example in case of skin grafts, there are already some companies (e.g. 
Poietis, Cellink/BICO, ROKIT Healthcare) working on commercializing 
3D-bioprinted functional skin. Anyway, EBB has a great clinical poten
tial since it can be used to create customized tissues and organs for 
specific needs of patients. EBB can print different kinds of cells and 
materials, which could be tailored so that specific biomimicking 
complexity as well as chemical, mechanical and biological properties are 
achieved, which further would ensure proper integration with the host 
tissue. All in all, the translation of EBB into clinical practice is still in a 
beginning due to those challenges mentioned above that need to be 
overcome. Once these challenges are overcome, EBB will have great 
potential in regenerative medicine. For transplantation, patient-specific 
tissues and organs can be created to reduce the need for donor organs or 
the risk of rejection. At that point, the bioink design is no longer about its 
feasibility for bioprinting or to ensure cells’ activity, but about how to 
promote cells’ functionality so that the clinical use of printed tissues and 
organs is possible and tissue damage can be repaired [154]. 

In terms of characterization, for example, even if standardization of 
bioink printability (effect of rheological parameters on final resolution) 
is already in progress currently there are no standardized method to 
define resolution [151]. There are different parameters used to describe 
it, but for the future standardization would be needed in order to 
compare the printing methods better [19,26]. Computational modeling 
in conjunction with sensory-based real-time monitoring systems and 
closed-loop feedback control algorithms, on the other hand, could 
improve the 3D-bioprinted construct design and quality as they allow 
optimization of the printing conditions, as previously shown in Chapter 
4.6.1. For example, by using closed-loop controlled path planning for 
3D-(bio)printing, the requirement of an initial description of part ge
ometry could be avoided as it enables real-time sensing and control of 
nozzle-surface offset [155]. In order to get better simulation results, the 
synergistic response between the materials and cells should also be 
characterized [9,156]. Simulation of product performance can also give 
ideal time point when printed construct should be implanted [9,157]. 

Technological challenges of 3D-printing, like increased compatibility 
with biologically relevant materials, and increased speed and resolution, 
should be overcome by designing new more suitable 3D-bioprinters. 
Thus, the extension of range of compatible materials as well as 
methods how to deposit the cells and materials more precisely and 
specifically would be possible. Fabrication speed must be increased in 
order to fabricate clinically relevant sized constructs. One possibility is 
using miniature functional blocks that can be joined to fabricate macro- 
scaffolds. [6] Also, microvascular multinozzle printing has been pro
posed as a fabrication methods for large-scale constructs with multiple 
components or hollow structures to minimize the fabrication time [24]. 
There are also printing technique specific challenges. For example, in 
case of EBB, additional compensation in the z-axis is needed since many 
hydrogels contract in z-axis during bioprinting. Also, the distance be
tween the printing plane and nozzle tip may increase over time leading 
to imperfections/failures, which could be overcome by using automatic 
adjustment of the distance during printing. To overcome the challenges 
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of using soft hydrogel bioinks can be done by using bioprinting of 
hydrogel into a hydrogel bath described earlier. [41] In case of DBB, the 
challenge is how to control number of cells encapsulated in a droplet, 
and the droplet volume and their placement, in order to print high 
resolution tissues with even amount of cells. Bioink rheological prop
erties should be tuned so that they can protect cells from shearing forces, 
but also nozzle geometry should be altered in order to print sub-micron 
to micrometer resolution with higher viscosity inks as it restricts vis
cosity of bioink and droplet size. Overall, print-heads and nozzles should 
be tuned to overcome their current restrictions. [22] For future appli
cations, inkjet printing needs to be combined with other printing tech
niques due to its limitations related to viscosity or vertical printing [23]. 
The challenge with LAB is the positioning of bioink only onto a pre
fabricated scaffold, but it is also expensive method. On the other hand, 
EBB has fast fabrication time for larger structures, but the cell surviv
ability is poor. Thus, combining these methods together could give 
better constructs with physiologically relevant proportions and support 
of cell viability. [23] In general, printing modalities should be more 
accessible. Also, the cost of bioprinters should be lower so that they 
would be more available for broader users in science. In future also 
development of hybrid bioprinting systems that could dispense multiple 
materials, cell populations and biochemical cues (drugs, growth factors 
and nutrients) are anticipated. [19] 

Thus, the future of 3D-bioprinting is going towards fabrication of 
patient-specific, and larger multifunctional tissue/organ grafts (complex 
heterocellular tissues including also multi-scale vascularization and 
innervation) and drug delivery systems [1,3]. Combination of multiple 
printing techniques together would permit reduction of production 
period and addition of complexity to architecture and function. Of 
course, the development of new printing techniques and instruments 
will advance 3D-bioprinting, for example, if external magnetic, acoustic 
or electric field would be applied during the printing, functional nano
particles within the 3D-bioprinted construct could be assembled, 
distributed, aligned and oriented. Multimaterial 3D-bioprinting, on the 
other hand, could lead to creation of functional constructs with gradient, 
anisotropy, heterogeneity and complicacy. [1] The challenge of 3D-bio
printing considering only the initial state of the printed structure and 
assuming it as static and unchangeable, ie. assuming that printed cells 
form rapidly, assemble tissues and start synthesizing ECMs and thus 
provide/maintain shape and mechanical properties, could be overcome 
by adding time as fourth dimension aka using 4D-bioprinting [158]. 
Time means that the construct could adapt and transform to the new 
micro-environment and a range of physico-chemical cues over time after 
printing [11,158]. The structure can change when exposed to external 
(e.g. heat, light, moisture, magnetic field etc.) or intrinsic (e.g. cell 
forces) stimulus [1,19]. 4D-bioprinting would improve print resolution 
and modify the construct at molecular scale [11]. Basically, by using 
3D-bioprinting one might mimic native tissue’s complex architecture 
and microenvironment, but using 4D-bioprinting also the dynamic 
characteristic of complex organs could be achieved [25]. There are, 
however, challenges in 4D-bioprinting, for example responsiveness of 
stimuli-responsive materials can be affected by the cells, or material 
dynamics may reduce cell viability. Also, current stimuli-responsive 
materials response to only one stimulus, but in the body cellular activ
ities are complicated and multiple stimuli control them. Therefore, 
designing 4D-bioprinted constructs able to respond to multiple physio
logical cues should be done. [7] With this in mind, supramolecular 
hydrogels with reversible crosslinks and stimuli responsive nature are 
one of the most potential candidates to be used as a bioink for 4D-print
ing [2,31,42]. Taylor et al. [14] have actually collected a table of 
possibly 4D-printable self-healing hydrogels based on their formation 
method (crosslinking type and gelation time), injectability, self-healing 
ability and suitability for reactive printing [14]. 

Further, in addition to 3D cell culture and in vitro disease models 
(tissue or organ models, vascularized models) studied already in the 
field of tissue engineering, some microphysiological platforms i.e. 

biomimetic microfluidic devices (tissue-on-a-chip and organ-on-a-chip) 
composed of in vitro 3D cell culture models in controlled perfusable 
microphysiological systems mimicking functions and biological features 
of native human tissues, organs and circulation have also been intro
duced [1]. 3D-bioprinting combined with those microfluidic systems 
would provide even more versatile and diverse designs of 
tissue/organ-on-a-chip systems (3D in vitro disease model), since the 
cells, ECM, biomaterials and growth factors can be spatiotemporaly 
placed within the engineered scaffold in order to mimic the native tissue 
or organ better [1]. Such systems can monitor cell activity as a function 
of time for 3D-bioprinted construct. The cell growth and function 
monitoring would give better understanding of the intra- and intercel
lular phenomenon and how efficiently bioinks can support such in
teractions. Thus, the development of functional tissues and organs for 
implantation would also go further. [38] Drug discovery and testing 
have also a shortage of tissue models [2]. The aforementioned systems 
would also work for the high-throughput drug trial and screening, and 
would replace the current animal and 2D cell culture models (in vitro 
drug testing) [1,22]. 

6. Conclusions 

3D-bioprinting has become a valid technique to regenerate tissues 
and organs, because the printing of living cells is allowed while the 
hydrogel-based ink material provides mechanical and structural support 
to them. Among hydrogel-based inks, self-healing shear thinning 
hydrogels are most promising ink materials for EBB, because the ink can 
be extruded due to the decrease in viscosity under shear, and self-healed 
after removing the shear, which guarantees safe printing of cells and 
shape fidelity after printing. To achieve the best final bioprinting result, 
some printing technique, ink material and biological aspects of bio
printing need to be considered. In addition, the versatile characteriza
tion of pre- and post-printing properties of inks helps to improve the 
final bioprinted constructs. Despite the great advances in EBB and 3D- 
bioprinting in general, ink related challenges such as opposing charac
teristics, and lack of controllable micro-environment, or technological 
challenges such as need to increase printing speed and print resolution 
need to be resolved. In terms of characterization, more standardization 
is also needed. Additional computational modeling would also help to 
enhance the construct performance. Thus, the future of 3D-bioprinting is 
going towards patient-specific and larger multifunctional tissue/organ 
grafts with multi-scale vascularization and innervation. Probably mul
tiple printing techniques need to be combined, but also new types of 
techniques are needed, for example applying of magnetic field during 
printing. Multimaterial bioprinting, on the other hand, would enable 
gradients and heterogeneity to the bioprinted structure. By using 4D- 
bioprinting, the dynamic nature of complex organs could also be 
added to the construct. Further, 3D-bioprinting, combined with micro
physiological platforms, i.e. tissue- or organ-on-a-chip systems, would 
provide more versatile and diverse designs for them, but would also 
bring the development of functional tissues and organs for implantation 
forward. The translation of EBB into clinical practice is still in the early 
stages, but EBB has a great potential in regenerative medicine after the 
challenges, such as biomimicry, reproducibility or up-scaling related 
issues have been overcome. 
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