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3D bioprinting consists in the printing of synthetic 3D structures used as biomaterials, along with cells, 
growth factors, and other components necessary to create a new functional organ. This technology can be 
applied to regenerative medicine and tissue engineering to treat diseases, test pharmaceuticals, and study the 
mechanisms underlying diseases. Currently, there are three basic types of 3D bioprinting technologies: laser, 
droplet, and extrusion. Laser-based bioprinters (LBP) use laser energy to induce the bioink transfer. Droplet-
based bioprinters (DBP) expel the bioink dropwise throughout a nozzle. Inkjet-based bioprinters are the DBP 
commonly used for biological proposes, it is also a non-contact approach that releases controlled volumes 
of bioink drops in a continuous (CIJ) or under demand way (DOD). The extrusion-based bioprinters (EBB) 
also use pressure to force out the bioink, but consists of a syringe containing the material with a pneumatic 
or mechanical mechanism as dispensing system. Comparing to the other bioprinting technologies, extrusion 
printing is the most versatile and is indicated for bioprinting of scaffold prosthetic implants. The bioinks used in 
3D bioprinting are composed of a solution with a biomaterial mixture, usually encapsulating cells. Biomaterials 
are essential components of 3D bioprinting technologies because they provide scaffolds as supporting physical 
structures for cells to attach, grow, differentiate, and develop into tissues. Numerous cell types have been used in 
3D bioprinting to build cardiovascular, musculoskeletal, neural, hepatic, adipose and skin tissues. Bioprinting is 
an emerging technology that has the ability to revolutionize the way we address many health issues.
Keywords: Laser. Droplet. Extrusion. Bioprinters. Bioinks. 
Abbreviations: CAD/CAM: computer-aided design or manufacturing; LBP: Laser-based bioprinter; DBP: 
droplet-based bioprinter; EBB: extrusion-based; CIJ: continuous inkjet; DOD: drop-on-demand; iPSC: 
induced pluripotent stem cell.  

Introduction

The advance of the printing technology 
from 2D to 3D has been continuously changing 
research in many fields, including health sciences. 
The advent of 3D bioprinting brought a new 
universe of possibilities. 3D bioprinting consists 
in the printing of synthetic 3D structures used as 
biomaterials, along with cells, growth factors, and 
other components necessary, at least in theory, to 
create a new functional organ [1].

The first 3D printing was performed in 1986 
by creating thin layers of materials in rheological 

conditions of appropriate viscosity that were 
solidified by a process of cure with ultraviolet light 
[2]. This former method was not yet appropriate 
for use in biological creations since it used solvents 
and reagents that did not grant cell viability. After 
some decades, the process was improved, and 
biomaterials were created and used in solvent-free 
processes, generating structures for biomedical 
applications, until bioprinting was created [1, 3].

3D bioprinting has been used to fill the gaps 
in the current techniques, in which the models 
of interest have complex geometries, in order to 
achieve a faster and more scalable production 
[4]. This apparatus uses the so-called bioinks, 
components composed of biomaterials with certain 
properties, biochemical factors, and cells printed 
in a layer-by-layer process. They go through a 
final curing step, in which the structure turns solid 
with the support properties of interest [1, 4].

The first bioprinting methods were limited to 
scaffolds only with support properties. However, 
the development of the method, along with the 
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increasing interest in tissue engineering and 
regenerative medicine, led to new models and 
proposals, aiming the creation of tissues and organs 
for drug screening, cancer models, regeneration of 
damaged tissue, organ and tissue transplantation, 
among other conditions [5]. Research advanced 
to improve the printing technique by building 
scaffolds with increasingly anatomical fitness and 
properties similar to the original tissues, enabling 
a certain biomimetic degree to the native tissues in 
heterocellular environments [6].

Those tissue engineering approaches can be 
performed in many ways, varying in printing 
method, matrix material, cell type, and other 
factors that can constitute the bioink, which come 

with advantages, disadvantages, and challenges. 
As summarized in Figure 1, in this review we aim 
to establish the 3D bioprinting technology.

Although bioprinting is generally performed 
by controlled depositions of layers of bioink, the 
principle used by the printing technology can vary. 
Currently, there are three basic types of bioink 
deposition: laser, droplet, and extrusion. These 
techniques vary among themselves, not only by 
the rinciple used to release the ink, but also in 
the resolution of the results obtained. Therefore, 
it is important to review their limitations before 
selecting the proper technology [4].  Regardless of 
the method used, they all need a computer model 
to be followed during printing, usually generated 

Figure 1. Overview of the 3D bioprinting technology. The bioink includes cells and biomaterials under 
certain parameters and is used by the bioprinter technology to construct 3D scaffold structures by layer-
by-layer deposition, following a design made in the computer. After a curing step, the engineered organ 
or tissue have several useful biomedical applications.



www.jbth.com.br

JBTH 2021; (June) 65Fundamentals of 3D Bioprinting Technology

through tools such as computer-aided design or 
manufacturing (CAD/CAM) [7].

Laser-based Bioprinters 

As the name says, the laser-based bioprinter 
(LBP) uses laser energy to induce the bioink transfer 
(Figure 2). It is the most unusual technology, but 
it has been gaining ground in tissue engineering 
[4]. The main components are a laser radiation 
highly focused with a monochromatic base, which 
can be pulsed or continuous, a laser transparent 
print ribbon carrying the bioink, and a collecting 
plate on a controlled movement platform [7]. The 
ribbon has a laser-absorbing layer that receives the 
irradiation, forming a high-pressure environment 
where bubbles of the bioink are generated and 
expelled to the collector [4].

be individually printed in droplets, increasing cell 
densities, and consequently increasing resolution 
[9].

Although the cells do not suffer damages by 
passing the needle, the interaction with the laser 
and the substrate can alter its integrity, reinforcing 
the importance of a suitable cell density to create 
a viable scaffold [10]. Cell density is one of the 
factors that alters the bionic viscosity, a parameter 
that is decisive for cell viability in printers that use 
needles. Since LBP does not use one, it can work 
with different ranges of viscosity, increasing the 
ability to carry more cells per mL [11].

The resolution of 3D bioprinting using LPB 
can be adjusted by several factors. Altering 
parameters such as surface tension, wettability 
of the substrate, bioink viscosity, among others, 
interfere with the resolution [9]. By adjusting 
these factors, the technique allows the creation of 
high-resolution models in micrometric rates with 
different cell type environments [12]. However, in 
order to mimic a complex model, the bioink needs 
to solidify rapidly in the desired shape, limiting 
the viscosity [4].

LBP has some disadvantages beyond the 
laser-cell interaction and high cost. Some LBP 
bioprinters use metal layers to absorb laser energy, 
generating nanoparticles in the process, which may 
be cytotoxic. To use multiple cell types, different 
ribbons must be prepared since cellular position 
is not so accurate, and scaling is still a problem 
[4]. The alternatives to overcome these issues are 
time-consuming, onerous, and still not practical; 
therefore, the technique is recommended for 
simpler and smaller scaffolds, even for diseases 
and drug studies [7].

Droplet-based Bioprinters
 

Droplet-based bioprinters (DBP) expel the 
bioink dropwise throughout a nozzle. It is possible 
to classify them according to the mechanism used 
to dispense the material. These printers can use 
pressure, thermal, piezoelectric, electrostatic, 
electrohydrodynamic, or even acoustic forces 

Figure 2. Laser-based bioprinter primary 
construction. Demonstration of basic items and 
bioink deposition by the laser irradiation pressure.

LBP makes a direct impression on the 
collecting surface, without the need for a needle 
to intermediate it, decreasing the impacts on the 
cells, since the passage of cells immersed in a 
substrate of a certain viscosity is one of the main 
causes of reduction in cell viability [8]. In addition 
to bypassing the problems resulting from shear 
stress, this contactless approach abolishes the 
chances of undue clotting, and allows the cells to 
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as motors. Regardless the method, they all have 
similar structures. They are composed of a nozzle 
submitted to the push where goes the bioink, and a 
collecting plate [7].

Inkjet-based bioprinters, among DBP, are the 
most used for regular 3D printing and bioprinting. 
It is also a non-contact approach that releases 
controlled volumes of bioink drops in a continuous 
(CIJ) or under demand way (DOD). The CIJ 
method uses a pressure instability to release the 
material, hampering the control of the printing 
process, and is unadvised for bioprinting [11].

The inkjet bioprinters can print scaffolds 
with different cell gradients, also allowing the 
input customization of biochemical factors in 
the scaffold structure, which better mimicks the 
cellular environment of interest, in addition to 
being a high-speed method [13,14]. Nonetheless, 
it is a versatile method that can be used in 
combination with more than one technique, such 
as electrospinning [15]

The drop-on-demand method only releases 
the material when requested. The trigger can be 
thermal, piezoelectric or electrostatic (Figure 3). 
Thermal DODs use the temperature rise to create 
different pressure points, forming a vapor blister 
that compells out the droplet when it bursts [16].
Piezoelectric crystals can be placed into the nozzle 

head, where they are submitted to a voltage pulse, 
causing a crystal contraction or dilation, resulting 
in a pressure difference inside the nozzle that 
releases the droplet onto the substrate. Electrostatic 
approaches use the change in the volume of the 
bioink container, created by the application of 
high voltage in the system, which is composed of 
electrodes and deflection plates to eject the ink [17].

Every motive force applied has its ups and 
downs that need to be taken into consideration 
when applied in DBP [16]. The thermal method 
is the most simple and cost-effective but creates 
uneven drops. Because this technique uses 
temperatures to create the perturbation, the cells 
are exposed to some adverse conditions. Even if 
the increase in temperature does not directly affect 
the cells, the shear stress does [17].

The piezoelectrical generates more uniform 
droplets released in a more controlled manner, 
without variation in temperature, allowing the use 
of a system with a wider nozzle and decreasing 
the risks of clotting and shear stress [4]. The major 
issue with this technique lies in the possible cell 
damage caused by the frequency used to print and 
in the necessary refinement of the matrix [18].

Electrostatic DOD has in its nozzle an electrode 
and a high voltage deflection plate in place of 
the piezoelectrical crystal. A voltage pulse flows 

Figure 3. Types of DOD bioprinters. Components of the thermal, piezoelectric, and electrostatic DODs.
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through the structure, altering the local pressure, 
dislocating the ink and causing the droplet 
deposition in the substrate [7]. Regardless of the 
principle, inkjet bioprinters function only for 
bioinks with limited viscosity, thus influencing the 
final cell concentration printed per mL, to prevent 
clogging and reduce shear stress [19]. 

In bioinks with low viscosity, the use of some 
post-print gelation is a key point in which a 
widely used option is the cross-linkers. Although 
necessary, must be used carefully because some 
chemical changes can occur in the material in order 
to gelatinize the final scaffold, altering its structure 
and properties beyond possible cytotoxicity [4].

Extrusion-based Bioprinters

The extrusion-based bioprinters (EBB) are 
printers that also use pressure to force out the 
bioink, but in this case, the system consists of a 
syringe containing the material to be printed, which 
can use a pneumatic or mechanical mechanism as 
dispensing system (Figure 4) [12]. It is the most 
common bioprinter due to its ease to scale up the 
production, allowing the construction of larger 
scaffolds, and is available both in simpler models 

for research applications, or more robust models 
for industrial production [7, 20].

Beyond the multiple plastic syringe system for 
liquid output, the newest EBB bioprinters contain 
at least extruders for pellet deposition, to enable the 
use of a wider range of materials, a mobile collecting 
table, and photocuring systems. It is also possible 
to combine with other deposition techniques, such 
as electrospinning, in the same printer, favoring the 
synthesis of hybrid scaffolds [21]. 

Differently from the other methods, extrusion 
has a continuous deposition while in contact with 
the collector substrate. This approach makes it 
possible to control the temperature (both in the 
container and on the table), the pressure applied, 
the extrusion speed, and other parameters such as 
table type and position [12]. 

Mechanically controlled extrusion offers a better 
direct and spatial control of the dispensing system 
of the material; therefore, they are recommended 
for more viscous fluids [22]. Although the 
pneumatic approach has a delay between the gas 
compression and the material release, it could also 
be used to print viscous materials by adjusting the 
pressure and pressure time, which is limited only 
by the amount of compressed air endured by the 
system [23].

Thanks to the possibility to use more viscous 
fluids, extrusion bioprinters can use bioinks with 
higher cell density, generating tissues with greater 
similarity to the native tissue. Moreover, some 
studies have used EBB with more than one cell 
type printed simultaneously in the same scaffold, 
and biochemical compounds, including even DNA 
and RNA molecules [15, 24–27].

Extrusion bioprinting, however, has 
disadvantages. This technique does not withstand 
a bioink with high cell densities. The cell survival 
rate and the pressure that the cells are subjected 
to pass the syringe are lower than in the other 
methods and tends to decrease even more with 
increasing flow viscosity due to the magnification 
of the shear stress [28]. Another frequent issue to 
be address is the nozzle clogging, a consequence of 
this contact technique and its high viscous fluids, 

Figure 4. Types of extrusion-based bioprinters. 
Mechanical or pneumatic dispensing systems use 
pressure to release the bioink.
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leading to misprinted scaffolds and equipment 
problems [29]. 

To bypass clogging and cell damage issues, it is 
possible to use a large nozzle, but it would result in a 
drop of resolution. In order to overcome the inferior 
resolution, some parameters must be adjusted, 
resulting again in a higher pressure and shear stress. 
Therefore, the optimization of printing parameters 
are crucial steps in this method [5, 7, 29]. Comparing 
to the other bioprinting technologies, extrusion 
printing is the most versatile and is indicated for 
bioprinting of scaffold prosthetic implants [12].

Bioinks

The bioinks used in 3D bioprinting are 
composed of a solution with a biomaterial mixture, 
usually encapsulating cells. During or immediately 
after bioprinting, the bioinks can be cross-linked 
or stabilized to create the tissue constructs. While 
synthetic or natural biomaterials can be combined 
to make hybrid scaffolds, aggregating cells can also 
be used as bioinks without addition of biomaterials. 
To achieve the correct functionalities of the target 
tissues, the bioinks must have proper mechanical, 
rheological, and biological properties [30].

Before, during, and after gelation, the following 
properties of the bioinks are essential for their 
printability: structural resolution, shape fidelity, 
and cell survival. The cross-linking extent and 
charge densities determine the swelling behavior of 
the biomaterials, which eventually influences the 
shape and size of the bioprinted tissue. Cell viability 
can be enhanced while maintaining printability by 
combining biomaterials optimized for cell survival 
with biomaterials that have mechanical stability 
and provides shape fidelity [31].

Biomaterials are essential components of 3D 
bioprinting technologies because they provide 
scaffolds as supporting physical structures for cells 
to attach, grow, differentiate, and develop into 
tissues [32]. Biocompatibility significantly limits 
the number of appropriate materials. They must 
suit both encapsulated cells and host’s body without 
inducing inflammation or rejection. Since hydrogels 

have an elevated water content and low toxicity, 
they are common biomaterials used in tissue 
engineering to construct tissues that better mimic 
their extracellular matrix microenvironments 
[33].

The bioink parameters of viscosity, cell density, 
resolution, fabrication speed, and cell viability 
vary for each bioprinting technology. While DBP 
supports low viscosity and cell density but has 
a fast fabrication speed, LBP supports a higher 
viscosity but medium cell density and fabrication 
speed. EBP has the higher viscosity and cell 
density support but has the lowest fabrication 
speed. Moreover, EBP can achieve the highest 
resolution among all current bioprinters [31, 32].

Ranging from differentiated somatic cells 
to stem and progenitor cells, numerous cell 
types have been used in 3D bioprinting to build 
cardiovascular, musculoskeletal, neural, hepatic, 
adipose, and skin tissues [34]. However, bioinks 
that are both printable and able to convey the 
tissue architecture to restore an organ’s function 
are scarce. In addition, vascularization of the 
bioprinted constructs with integration to the 
host’s vasculature is a major challenge [35].

While embryonic stem cells are pluripotent 
and derived from the inner mass cells of the 
blastocyst stage of an embryo, mesenchymal 
stem cells are multipotent adult cells present 
in various tissues. Induced pluripotent stem 
cells (iPSCs) have promising applications in 
regenerative medicine. iPSCs are somatic cells 
genetically reprogrammed back to a stem cell 
phenotype [36]. They represent an unlimited 
source of patient-specific cells that do not 
trigger host rejection, and they can be applied 
in disease modeling with phenotype variability. 
The 3D bioprinting technologies can employ 
stem cells, which have the ability to progress 
into different cell lineages, progenitor cells (with 
limited capacity to follow other cell lines), or 
somatic cells that have already achieved their last 
differentiation stage [34]. 

Shear stress during the printing process is 
detrimental to stem cells, especially to iPSCs, and 
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it can even affect their gene expression profile. 
Therefore, the bioprinting procedures need to be 
tested beforehand in order to effectively produce 
tissues and organoids for drug testing and disease 
models as well as for the regeneration of damaged 
tissues and treatment of diseases [35].

Conclusions

Bioprinting is an emerging technology that has 
the ability to revolutionize the way we address 
many health issues. It allows the opening of a 
new door to regenerative medicine, where the 
main goal is not simply to replace non-functional 
or damaged tissues by temporary implants with 
side effects. Bioprinting is about creating a system 
in which the body can rebuild itself properly, 
producing new healthy, functional, and long-
lasting tissues [37]. In addition to the applications 
in regenerative medicine, bioprinting has also 
been used in the research of drug mechanisms and 
disease models, pursuing to validate more human-
like models instead of the animal models currently 
used [12]. 

Although bioprinting has many advantages, 
there are some drawbacks that need to be overcome. 
The main one involves the bioink preparation and 
deposition. However, there is also the necessity to 
find proper materials and cell combinations that 
generate suitable bioinks with viscosity ranges 
that allow a printing process with less cellular 
damages and with a final scaffold able to maintain 
the structure’s properties without collisions. 
Because it is a new technology, it has yet to be 
improved to increase post-print scaffold viability 
and functionality and, therefore, it is suitable for 
clinical uses. Finally, long-term tests, in all steps, 
need to be done wherefore new advances can be 
achieved with this promising technique [7, 12].
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