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Abstract
Bioprinting is a very useful tool that has a huge application potential in different fields 
of science and biotechnology. In medicine, advances in bioprinting are focused on 
the printing of cells and tissues for skin regeneration and the manufacture of viable 
human organs, such as hearts, kidneys, and bones. This review provides a chronological 
overview of some of the most relevant developments of bioprinting technique and 
its current status. A search was carried out in SCOPUS, Web of Science, and PubMed 
databases, and a total of 31,603 papers were found, of which 122 were finally chosen 
for analysis. These articles cover the most important advances in this technique at the 
medical level, its applications, and current possibilities. Finally, the paper ends with 
conclusions about the use of bioprinting and our expectations of this technique. This 
paper presents a review on the tremendous progress of bioprinting from 1998 to the 
present day, with many promising results indicating that our society is getting closer 
to achieving the total reconstruction of damaged tissues and organs and thus solving 
many healthcare-related problems, including the shortage of organ and tissue donors.

Keywords: Bioprinting; 3D printing; Tissue engineering; Organ culture; Tissue 
regeneration

1. Introduction
Three-dimensional (3D) bioprinting, which can be defined as a technique used to print 
living cells in a pre-designed pattern[1], is an innovative technology that is still in its 
infancy. Bioprinting has a huge application potential in many disciplines of science and 
biotechnology. Particularly, in the field medicine, bioprinting is utilized to print cells and 
tissues for the purposes of skin regeneration and manufacture of viable human organs, 
including hearts, kidneys, and bones.

Bioprinting has undergone an enormous evolution within the recent decade, and it 
is expected to bring about revolution to the modern medicine. Specifically, bioprinting 
can be applied to develop new therapies in the form of newly generated organs for 
autologous transplants in patients.

In this review, we aim to present a chronological overview of the most relevant 
developments of bioprinting technique and its current status after a thorough search of 
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papers in SCOPUS, Web of Science (WOS), and PubMed 
databases and the subsequent analysis. The achievements 
of bioprinting spanning more than two decades, from 1998 
to the present day, have been tremendous, with promising 
results that help steer the world toward achieving the total 
reconstruction of damaged tissues and organs, thereby 
addressing the long-standing issues of organ and tissue 
donor shortage.

2. Methodology
Before carrying out the article search and analysis, access 
to the main bibliographic databases and scientific journals 
such as SCOPUS, WOS, and PubMed was obtained. The 
articles required for this review were retrieved from these 
databases.

A global search was carried out in the three databases 
using the following criteria: (i) publications in English 
(only publications in English were selected); (ii) papers 
related to 3D bioprinting; (iii) papers related to materials 
for 3D bioprinting; and (iv) papers related to bioprinting 
techniques. A total of 31,603 results were obtained, leaving 
17,603 after duplicates were removed. A total of 8244 
articles were excluded and 4863 articles were discarded 
because they dealt with other reviews or belonged to fields 
of study unrelated to bioprinting. Finally, a total of 853 
articles were obtained, from which 122 were selected for 
the analysis required for this review (Figure 1).

3. Results
Of the 122 publications selected, 120 are articles. A simple 
analysis of these publications categorized by year shows 
that a high number of papers pertaining to the application 
of bioprinting in medicine were published in 2004, 2009, 
2016, and 2018. From 2019 onward, there has been a 
decrease in the number of articles that are suitable for this 
review due to the fact that no relevant discoveries were 
made. Furthermore, due to the COVID-19 pandemic 
caused by SARS-CoV-2, there has been a significant 
decrease in the publication of research articles and a 
considerable increase in review articles since 2020.

Despite this, Figure 2 shows a general upward trend in 
the number of important publications.

3.1. Geography of bioprinting research
The analysis of the articles according to the place of 
publication shows that most of the studies were carried out 
in the United States, followed by China, Germany, and the 
United Kingdom.

This section shows that the researchers from the most 
developed countries are leading research in the important 
field of bioprinting (Figure 3).

3.2. Timeline of bioprinting research
3.2.1. Beginning phase of bioprinting research
The first attempts to achieve cell growth on a pre-fabricated, 
biodegradable, and survivable 3D surface began in 1998, 
when the surface of biodegradable polylactic acid (PLA) 
polymers was modified using polyethylene oxide (PEO) 
and polypropylene oxide (PPO) to achieve adhesion of 
liver cells and fibroblasts to their surface[2].

In the same year, survival and function of hepatocytes 
in a new 3D synthetic biodegradable polymer scaffold with 
an intrinsic network of interconnected channels under 
continuous flow conditions that allowed for adequate 
oxygen diffusion were studied[3]. It was in 1999 that 
the idea of replacing damaged or diseased organs with 
artificial tissues from a combination of living cells and 
biocompatible scaffolds began to be considered, thanks to 
the multidisciplinary efforts and the increasing availability 
of tools to study the control of cell behavior[4]. In 2000, 
printing methodologies based on high-precision 3D 
micropositioning with syringes that can deposit volumes 
of up to nanoliters were already being developed[5].

In 2001, the importance of determining the spatial 
organization of the surface of polymers when they were to 
be modified for use as scaffolds[6], as well as the influence of 
porosity and pore size on these scaffolds for proper fabric 
formation[7] was demonstrated. From 2002 onward, studies 
related to cell-to-cell fabrication of living tissue using low-
energy laser pulses to achieve the construction of complex 
3D tissues, such as living mammalian cells, active proteins, 
extracellular matrix materials, or materials for semi-rigid 
scaffolds[8], began to emerge.

3.2.2. Take-off phase of bioprinting research
In 2003, the first article unifying the concepts of printing 
cells layer by layer on a thermo-reversible gel to form 3D 
organs was published, proposing this method as a possible 
solution to the organ shortage crisis[9]. Afterward, the 
possibility of using thermo-sensitive 3D gels to generate 
sequential layers for cell printing was proposed by the 
same researchers[10].

The concept of bioprinting first appeared in 2004, 
when a system of 12 piezoelectric ejectors capable of 
printing biological materials by droplet ejection on an 
XY platform was developed, allowing the printing of any 
desired pattern[11]. Numerous articles on different 3D 
printing techniques applied to biological materials were 
also released that year[12-17]. Thereafter, it was realized that 
viable cells could be printed using something as simple as 
commercial inkjet printers, where multiple nozzles would 
be able to create arbitrary structures made up of mixed 
cell types[18]. It was at this time that bioprinting became an 
increasingly important research target, to the point that the 
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Figure 1. PRISMA flow diagram depicting literature search, exclusion process, eligibility criteria, and final included papers. One hundred and nineteen 
papers were included in this review without publication date restriction.
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first International Workshop on Bioprinting, Biodesign, 
and Bioassembly was held at the Medical University of 
South Carolina, with its second workshop held in 2005[19]. 
Several studies were also carried out for the realization of 
biocompatible scaffolds for bone tissue regeneration[20,21].

The first print associated with the encapsulation of cells 
in hydrogels was produced in 2006 by bioprinting liver 
cells for an in vitro model for pharmacokinetic studies[22]. 
In the same year, a growing demand for assembling 
different relevant biological materials into prescribed 

Figure 2. Number of publications (of the 122 selected articles) by year of publication.

Figure 3. Representative map of the number of publications (of 122 selected articles) per country/region. The actual counts are as follows: United States 
(53), China (11), Germany (9), United Kingdom (9), Netherlands (8), South Korea (6), Japan (5), India (3), Israel (2), Beirut (1), South Africa (1), Canada 
(1), Qatar (1), Russia (1), Australia (1), Sweden (1), Belgium (1), France (1), Ireland (1), Italy (1), Thailand (1), Taiwan (1), Latvia (1), Turkey (1), and 
Iran (1).
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3D hierarchical organizations with the aim of recreating 
multicellular tissues and organs was observed, and new 
developments in material transfer processes at micrometer 
and nanometer scales were seen[23]. In addition, the key 
message from the First Annual Charleston Bioprinting 
Symposium, organized by the Medical University of South 
Carolina’s Bioprinting Research Center, demonstrated that 
despite many technological challenges, bioprinting which 
was a rapidly evolving technology at that time is a feasible 
solution to organ shortage[24].

In 2007, articles concerning the huge potential of 
bioprinting and its possibilities in tissue engineering 
began to surface[25,26], and new symposia were held on the 
subject[27]. In 2008, owing to the emergence of new studies 
connecting bioprinting and bone regeneration and studies 
on the use of hydroxyapatite in scaffolds, the importance of 
exploring the use of bioprinting in bone regeneration was 
repeatedly highlighted[28-33].

In 2009, a multi-drug implant containing isoniazid and 
timed-release rifampicin was developed using 3D printing 
to treat bone tuberculosis, implying another important 
potential application of this technique[34]. Direct printing 
of living cells in alginate gel was also performed with an 
inkjet printing system[35], and the recreation of skin grafts 
was achieved by printing collagen hydrogel precursors, 
fibroblasts, and keratinocytes[36]. Besides, the introduction 
of light-curing inks[37,38] and the successful bioprinting of 
microvasculature[39] and also vascular tissue without the 
use of scaffolds[40] had catapulted bioprinting technique to 
a new height.

Throughout 2010, there was a continuous development 
of high-performance laser printing of cells and 
biomaterials[41], and the hydrogels were established as 
the materials of choice for the future development of 
direct biofabrication techniques[42,43]. In addition, a 3D 
microscale liver tissue analog was biofabricated to evaluate 
pharmacokinetic profiles[44]. In 2011, a bioprinter that was 
quite similar to the current inkjet printers was developed; 
its mechanism was based on the layer-by-layer deposition 
of customized ink in adherence to complex image data, 
increasing the printer’s ability to mimic the conformation 
of tissue structures[45].

In 2012, the possibility of using amniotic fluid-
derived cells in bioprinting was studied, with very 
positive results in the treatment of wounds, in which the 
rate of angiogenesis was higher than that of the single 
application of mesenchymal cells or fibrocollagen gel[46]. 
The great importance of endowing 3D engineered tissues 
with perfused vascular channels is also demonstrated, 
which solved the problem of nuclear necrosis to which 
densely populated tissues lacking such channels were 

subjected[47]. The importance of dopants in hydrogels, 
such as silica and zinc oxide in tricalcium phosphate 
scaffolds, was also uncovered, and the dopants allowed 
faster cell proliferation compared to pure tricalcium 
phosphate scaffolds[48]. In addition, printing of 
cardiac tissue with a combination of biomaterials and 
cardiomyocyte progenitor cells[49], as well as the 3D 
printing of an aortic valve[49], was tested, and good results 
were obtained.

3.2.3. Early achievements in bioprinting
In 2013, a bioabsorbable airway splint was created to 
treat tracheobronchomalacia, a condition that makes 
some newborns difficult to breathe[50]. Apart from that, 
the feasibility of manufacturing complex heterogeneous 
tissue constructs containing multiple cell types was also 
demonstrated using inkjet printing technologies[51], and 
with regard to laser-assisted bioprinting, successful 3D 
printing of a cellular construct with subsequent in vivo 
tissue formation was achieved for the creation of a skin-like 
tissue consisting of different cell types forming a complex 
pattern[52].

A very important milestone was represented 
by the bioprinting of a heterogeneous aortic valve 
using alginate-gelatin hydrogels, demonstrating that 
anatomically complex and heterogeneously encapsulated 
aortic valve hydrogel conduits could be fabricated 
with 3D bioprinting[53]. The time most people saw 
the budding, real potential of hydrogels in the field of 
bioprinting is when the use of methacrylated gelatine 
(GelMA) started to gain traction; upon exposure to 
ultraviolet light, GelMA is able to increase its stiffness 
and swelling properties, which are the mechanical 
properties conducive for bioprinting[54]. Another 
breakthrough in the development of bionic tissues and 
organs is represented by the reproduction of a human ear 
that was achieved by 3D-printing a cell-seeded hydrogel 
matrix with an inductive coil antenna inside, which 
provides radiofrequency reception capability[55].

In 2014, a printing method was developed to build 
vascular channels inside the printed structures, which 
allows cell viability to be maintained in thicker tissues, 
allowing the cells to grow and mature after printing[56-58]. 
Tumor recreations were also carried out for study. For 
instance, HeLa cells were 3D-printed to generate an 
in vitro cervical tumor model[59], and it was shown that the 
pressure and shape of the needle used in bioprinting could 
affect cell viability[60]. Furthermore, due to the complexity 
of the composition of the extracellular matrix and its 
important role in cell development and survival, bioinks 
made of decellularized extracellular matrix were created 
and became more tissue-specific[61].
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3.2.4. Progression toward four-dimensional (4D) 
bioprinting
During 2015, it was demonstrated that the tissue 
construct made of soft hydrogels reinforced with high-
porosity microfiber networks had stiffness and elasticity 
comparable to that of articular cartilage tissue, providing 
a basis for reproducing tissue constructs with biological 
and mechanical compatibility[62]. Besides, the composition 
of a bioink containing graphene was manipulated to 
alter a range of parameters such as adhesion, viability, 
proliferation, and differentiation of mesenchymal cells to 
neurological tissue due to its high conductivity[63].

The use of alginate bioink with nanocellulose, which 
has excellent shear-thinning properties, as a matrix for the 
printing of cartilage tissue, was seen as a possibility[64], and 
another bioink composed of polyethylene glycol, sodium 
alginate, and nanoclay with high cell strength and viability 
was also developed for the printing of cartilage tissue[65]. A 
major breakthrough was the bioprinting of encapsulated 
primary neural cells into brain-like structures using 
gellan gum as bioink[66], and hydrogels with adjustable 
mechanical properties through light irradiation were 
becoming increasingly important[67].

During 2016, an integrated organ and tissue printer 
was developed, capable of manufacturing stable human-
scale tissue constructs of any shape by printing cell-loaded 
hydrogels together with biodegradable polymers[68], 
and in general, the printing of complex tissues with 
good vascularization was increasingly perfected[69,70]. 
The combination of different hydrogels to optimize the 
properties of the printed structure as much as possible was 
also gaining importance[71].

A 3D biomimetic liver model that mimics the 
characteristic morphological organization of liver cells 
for use in disease replication and early drug detection 
was successfully developed[72]. A bioprinting method to 
create 3D human renal proximal tubules in vitro that are 
completely embedded within extracellular matrix and 
housed in perfusable tissue chips was also developed; 
the viability of these bioprinted tubules was successfully 
maintained for more than 2 months[73,74].

The use of sound waves as “acoustic tweezers” has been 
explored for precise and non-invasive manipulation of 
single and whole cells to create two-dimensional (2D) and 
3D structures[75]. In vivo monitoring of bioprinted tissues 
using sensors, such as non-invasive electronic readout of 
contractile stresses and drug responses of cardiac tissues, 
was first started in 2017[76].

The impression quality of cardiac tissue was improved 
by pre-vascularizing it prior to implantation, achieving 

rapid vascularization after patch application to the affected 
tissue, and enabling repair of infarcted areas[77].

A technique that allows the creation of scaffolds 
morphologically and structurally similar to the extracellular 
matrix by thermally induced autoagglomeration of 
nanofibers and electro-spinning PLA and polycaprolactone 
(PCL) nanofibers was developed[78]. Furthermore, the 
importance of pore geometry and the effect it has on cell 
behavior and function have been demonstrated, with 30° 
and 60° scaffolds restoring ovarian tissue in sterilized mice, 
which were able to produce offspring by natural mating[79]. 
The possibility of printing functional living components 
with bacteria signifies the possibility of obtaining materials 
that can perform different functions, as in the case of 
the 3D printing of bioinks with Acetobacter xylinum and 
Pseudomonas putida, capable of producing cellulose for 
medical use and degrading pollutants, respectively, at the 
same time[80]. Separately, the development of a functional 
mouse thyroid gland capable of normalizing thyroxine 
levels in the blood and regulating body temperature after 
engraftment is another noteworthy achievement[81].

In 2018, the refinement of bioprinting materials for 
bone regeneration[82], as well as the study of possible 
combinations of hydrogels and their printing parameters 
to obtain the best possible results continued[83,84]. The 
study of the tumor microenvironment and its role in cell 
communication in cancer development continued, in order 
to recreate this type of tissue as faithfully as possible using 
bioprinting technologies, and thus achieve more specific 
and realistic assays to combat the disease[85].

Bioprinting of a full-thickness human skin model was 
achieved using skin-derived extracellular matrix composite 
bioinks[86]. New studies on the use of graphene in 3D printing 
of neural tissue showed that it promoted axonal growth 
and remyelination after peripheral nerve injury, with great 
potential for preclinical and clinical applications[87]. In 
addition, research on producing transplant-ready corneal 
prostheses has begun; although a suitable final structure 
has not yet been achieved, obtaining bioprinted keratocytes 
with high cell viability was the successful first step toward 
this goal[88]. The bioprinting of oligodendrocytes together 
with precisely and concretely printed spinal neuronal 
progenitor cells also opened the door to the reconstruction 
of functional axonal connections in areas of tissue damage 
in the central nervous system[89].

In 2019, pH-driven gelation control was found to provide 
20-µm filament resolution, a porous microstructure that 
enables rapid cell infiltration and microvascularization, 
and mechanical strength for vasculature fabrication and 
perfusion in cardiac tissue regeneration[90]. The printing of 
cellularized human hearts with a natural architecture was 
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also achieved by reprogramming cells for differentiation 
into cardiomyocytes and endothelial cells[91]. 3D printing 
of central nervous system structures, which is difficult to 
achieve due to the high complexity of the central nervous 
system, was made possible on a small scale using the 
microscale continuous projection printing. With these 
biomimetic scaffolds, regeneration of damaged axons from 
the spinal cord of mice was achieved, which synapse with 
the neural progenitor cells of the scaffold[92].

 “Tumor-on-a-chip,” in which the reconstruction of a 
glioblastoma tumor from patient-derived cells reproduces 
the structure, biochemistry, and biophysical properties of 
the native tumor, was then developed and could be used for 
identifying effective treatments[93]. An in situ skin bioprinter 
was also developed, where skin layers were printed directly 
onto the patient, resulting in rapid wound closure, reduced 
shrinkage, and accelerated re-epithelialization[94].

It has been shown that the imprinting of cartilage 
extracellular matrix scaffolds, GelMA, and mesenchymal 
stem cell-derived exosomes can be an effective treatment for 
osteoarthritis by regulating disease-causing mitochondrial 
function and facilitating cartilage regeneration[95]. In 
addition, the design of biomimetic muscles created by 3D 
printing with tissue-derived cells and bioinks has been 
found to improve the treatment of irrecoverable volumetric 
muscle wasting[96].

The year of 2020 has seen a shortfall of original research 
papers because of the COVID-19 pandemic, and most of 
the articles on this topic were review articles.

The topic of most recent review articles revolves around 
4D bioprinting, which integrates the concept of time as 
the fourth dimension within traditional 3D bioprinting 
technology and facilitates the fabrication of functional and 
complex biological architectures[97]. This is made possible 
by the fact that such 3D-printed structures are able to 
produce changes in their structure after receiving a certain 
stimulus. Apart from that, reviews on bioprinting in the 
study of the complex tumor microenvironment, with a 
better understanding of its functionality and the goal to 
tailor personalized treatment for each patient, also started 
to accumulate[98,99].

The use of poloxamer composites in bioprinting 
was first proposed due to their bioactivity, temperature-
dependent self-assembly, thermo-reversible behavior, and 
physicochemical properties, which make them promising 
drug carriers and good mimics of various tissue types[100]. 
Also in 2020, the bioprinting of a meniscus that fulfilled the 
necessary characteristics to be implanted was achieved[101].

Throughout 2021 and 2022, reviews and studies on the 
use of decellularized cellular matrix in bioprinting were 

again published in abundance. A large number of articles 
focus on the characterization of hydrogels, impressions of 
small parts of organs that, thanks to all the advances made 
each year, are becoming more functional, and, above all, 
small additions, modifications, or changes in the materials 
to make bioprinted constructs as similar as possible to real 
biological structures. In addition, articles related to robotic-
assisted in situ bioprinting started to emerge, thanks to the 
generation of new robots capable of correctly positioning 
the nozzles for dexterous and precise bioprinting[102]. 
Also, as an example of progress in this field, pancreatic 
islets were bioprinted using extracellular decellularized 
composite bioinks and subsequently implanted in mouse 
models; it was observed that there were no inflammatory 
reactions, and the neovascular processes started in week 8 
of the experiment, and the cell viability was 120%[103].

Many of the aforementioned studies continue to be 
carried out and evolve, leading to the development of new 
protocols with important changes that bring us ever closer 
to the reality of using bioprinting in medicine on a routine 
basis (Figure 4).

4. Main applications of bioprinting
4.1. Tissue regeneration
The worldwide shortage of organ and tissue donors, owing 
the high demand for organs and tissues and the need for using 
immunosuppressants for a long time after implantation, 
is a problem that needs to be addressed[104]. Therefore, 
the use of bioprinting is increasingly being considered a 
possible solution to this problem, whereby transplants are 
created from the patient’s own cells, obviating the need for 
a donor or the use of various immunosuppressants that 
could induce negative side effects. To create tissues using 
bioprinting, three central approaches, namely biomimicry, 
autonomous self-assembly, and microtissue building 
blocks, are considered[105].

	 (i)	 Biomimicry. Biomimicry involves the fabrication 
of identical reproductions of the cellular and 
extracellular components of a tissue or organ[106].

	(ii)	 Autonomous self-assembly. Autonomous self-
assembly relies on the cell as the main driver of 
histogenesis, directing the composition, localization, 
functional, and structural properties of the tissue[107].

	(iii)	 Microtissue building blocks. Microtissue building 
block is defined as the smallest structural and 
functional component of a tissue. There are two 
main strategies: first, self-assembled cell spheres 
(similar to microtissues) are assembled into a 
macrotissue using biologically inspired design and 
organization[108]; second, accurate, high-resolution 
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tissue units are designed and then allowed to self-
assemble into a functional macrotissue. Examples 
of these approaches include the self-assembly of 
vascular building blocks to form branched vascular 
networks[109].

In order to be able to reproduce different tissues or 
organs to be developed, it is essential to have a perfect 
understanding of the organization and interaction of 
their components. Medical imaging technology provides 
information on the 3D structure and its functioning at the 
cellular, tissue, organ, and organism levels. This knowledge 
helps to determine the optimal parameters and conditions 
for bioprinting each type of tissue so that it survives to 
perform its functions, making it increasingly easier to 
recreate and mimic the tissues to perfection so that they 
can be transplanted in organisms.

4.2. Pharmacokinetic studies
The manufacturing process for medicines can be lengthy, 
as there are multiple steps from laboratory-based 
investigations to commercial exploitation that can delay 
marketing a product and make the process more expensive.

3D printing and high-throughput techniques can 
not only improve the product model, but also reduce 
the manufacturing time, production cost, and time to 
market[110]. This is achieved by including 3D-bioprinted 
tissue models for high-throughput drug testing[111]. Such 
3D-bioprinted tissues allow for the most accurate possible 
recreation of the target organ on which the drugs will act, 
simulating in vitro response to drug administration and 
allowing for faster assessment of the results obtained. 
Through the integration of 3D in vitro cell culture models 
with cell lines, advances such as microfluidic devices 
and tissues and organs on a chip have been launched to 
recapitulate the biological properties and functions of 
native human tissues, organs, and circulation[112].

4.3. Study of infectious diseases
Infectious diseases have traditionally been treated with 
antibiotics, anti-fungals, and anti-virals when the host’s 
immune system is incapable of fighting off the infection 
on its own. Therefore, understanding the host response 
to pathogen entry as well as the different interactions 
that occur between the host and the pathogen is key 

Figure 4. Relevant milestones in the evolution of bioprinting. 1998: cell growth on prefabricated 3D structure. 2000: methodologies based on nanodepositions 
with syringes. 2003: approach of joining cells with hydrogels to form organs. 2004: emergence of the term “bioprinting.” 2006: encapsulation of cells in 
hydrogels. 2009: drug binding and bioprinting. 2012: bioprinting of heart tissue. 2013: bioprinting of human ear with coil. 2014: bioprinting with HeLa 
cells for tumor studies. 2015: bioprinting of brain-like structures with encapsulated primary neurons. 2016: development of integrated organ and tissue 
bioprinter. 2017: bioprinting of functional thyroid gland and ovarian tissue in mice. 2019: bioprinting of biomimetic scaffolds that en able regeneration of 
damaged axons in the spinal cord of mice. 2020: the start of 4D bioprinting, whereby bioprinted elements can change after reacting with the environment.
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to the successful design and development of effective  
drugs.

Traditionally, 2D cultures have been used to 
understand the host–pathogen interaction, but in these 
cultures, the cells are not exposed to the same conditions 
as in the organism, and the studies performed in them, 
although useful and absolutely necessary, do not faithfully 
represent the processes that take place in tissues in vivo[113]. 
Therefore, 3D models may serve as a better platform for 
the development of drugs and vaccines[114], as they mimic 
the microenvironment that occurs in the organism better 
than 2D culture systems.

A succinct example of the usefulness of bioprinting 
against infectious diseases is the recreation of human 
respiratory tissue to study SARS-CoV-2 infection and test 
potential anti-viral drugs[115]. By using lung and colonic 
organoids, it was discovered that not only respiratory tract 
cells, but several types of colon cells also express the ACE2 
receptor, indicating that both kinds of cells are permissive 
for virus entry[116]. Moreover, these models also helped 
to test and verify the usefulness of several existing drugs 
in reducing SARS-CoV-2 infection[115] and were used 
to develop the first drug approved for the treatment of 
COVID-19 at the same time[117].

4.4. Tumor studies
As with pharmacokinetic studies, 3D engineered tissue 
printing can be of great help in the fight against cancer. 
The efficiency of current strategies for studying different 
tumors may be limited, as cells may become inactive 
or even acquire new mutations while growing in the lab 
during in vitro studies[118].

Currently, the preclinical process for drug development 
is carried out by evaluating the toxicity or efficacy of the 
drug to be tested in vitro in a 2D culture, followed by animal 
studies. Such cultures, despite their great value in medical 
research, are not compatible with the 3D architecture of 
tumor tissue in the human body and do not maintain the 
different functions of the multiple cell types that play an 
important role in disease progression[119].

Therefore, the best option for the development of anti-
tumor therapies is the use of 3D bioprinting technology, 
which makes it possible to develop tumor models that 
recapitulate the conditions to which cells in tumors are 
exposed, such as hydrostatic pressure, shear stress, and 
compressive stress and forces, which play important roles 
in the regulation of tissue and cellular behavior[120].

4.5. 4D bioprinting and future directions
One of the huge challenges for bioprinting is to establish 
itself as a routine tool in the field of medicine. Currently, 
the most relevant studies are those related to organ and 

tissue regeneration, and much research is needed to 
study the bioprinting of complete and functional organs 
ready for transplantation in real patients. Bioprinting 
and subsequent implantation of simpler tissues in animal 
models have already been achieved, but more investigations 
are warranted to optimize bioprinting of more complex 
tissues.

The exploration of 4D bioprinting, which creates 
3D structures that are able to respond to a stimulus by 
changing shape, color, function, and so on, has already 
begun. 4D bioprinting is a technique that, thanks to the 
improvement of hydrogels and their printing conditions, 
could increase the functionality of bioprinted tissues by 
allowing changes in them in response to external stimuli. 
This is of particular interest in medicine because these 
structures could form part of smart orthopedic implants, 
targeted drug delivery methods, or smart scaffolds in tissue 
engineering. This is the new line of research direction in 
bioprinting, which will bring breakthroughs in biomedical 
engineering and provide new solutions to the currently 
unsolvable problems.

Stimuli that can help transform 3D-printed structures 
to 4D can be physical (temperature, light, magnetism, 
and electric fields), chemical (pH response and ionic 
concentration), and biological[121]. Other factors that induce 
shape change in 3D-printed parts are the type of material, 
the stimulus exerted on the 3D structure, the mechanism 
by which the transformation of the structure occurs, and 
the theoretical and numerical modeling or software[122]. 
Thus, by understanding the dynamics of human tissues 
and fluids, and the kinetics of smart polymers used in 4D 
printing, it would be possible to monitor tissue remodeling 
for the benefit of organ regeneration[121], or even to 
benefit the production of pharmaceutical products with 
new properties when in contact with various fluids, as in 
the case of Spritam®, the first drug generated using 3D 
technology and developed by Aprecia Pharmaceuticals[123], 
which facilitates the intake of medicines. In light of the 
new advances in this regard and the possibilities of 4D 
printing in organ and tissue regeneration and new drug 
formulations, the concept of 4D printing represents a new 
approach for biomedical applications.

Despite the great advances made, the problems facing 
bioprinting include the long processing time to print and 
generate structures, the need to maintain printed structures 
under very specific conditions to ensure cell survival and 
structural integrity, and the inability to directly create 
dynamic structures that more closely resemble living body 
tissues, which are of great complexities. Such a conundrum 
necessitates continued research into the different hydrogels 
available, new formulations, and the conditions under 
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which each should be used, which is to ensure good 
mechanical properties and high cell viability at the same 
time. In the future, these discoveries will make it possible 
to reduce printing time while increasing cell viability, as 
well as increasing the resemblance of bioprinted tissues to 
real tissues of the organism.

5. Conclusion 
Bioprinting is developing at an exponential rate, with new 
and important discoveries being made every day. With the 
research on bioprinting first published in 1998 when the 
term “bioprinting” had not yet been coined, and with the 
publication of only very few articles in the following years, 
the humble start of bioprinting research has gradually piqued 
the interest of the scientific community, and the tremendous 
exploration of this technique has eventually generated 
more than 1000 publications in each of the last 2 years. It is 
anticipated that, in a matter of a few years, it will undergo 
another round of evolution, accompanied by more impactful 
and beneficial applications. Moreover, it is also expected 
that bioprinting will be applied in medical regeneration, as a 
routine practice in hospitals and laboratories.

Great successes of bioprinting, such as in situ 
reconstruction of tissues on the patient that led to excellent 
outcomes in skin regeneration[94], reconstruction of 
ovarian tissue that allows the gestation of offspring in a 
natural way[79], reconstruction of a thyroid gland capable 
of normalizing thyroxine levels in the blood[81], and 
regeneration of damaged axons of a spinal cord[92], are 
all indicators that the continued evolution of bioprinting 
will eventually aid in the development of new therapies, 
such as the generation of complete organs for autologous 
transplants and the new solutions to currently incurable 
diseases. This also corroborates the fact that bioprinting 
is an impetus to the revolution in modern medicine, 
thanks to current and future advances as well as any new 
applications that are yet to be discovered or conceived.
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