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Abstract 

Regenerative medicine aims to restore, regenerate, or replace tissues or organs 
affected by disease, trauma, or congenital disabilities. Tissue engineering is one 
approach used to accomplish these objectives. Tissue engineering is commonly 
associated with the use of cells placed on tissue scaffolds in developing new 
living tissue for medicinal purposes, but it is not limited to cell and tissue scaffold 
applications. It is the procedure of designing tissues in the body in a laboratory 
and implanting them in patients. Tissue engineering currently plays a minor role 
in clinical outcomes. People with the disease have extra bladders, tendons, skin 
grafts, and tiny aorta, as well as an entire bronchial tube transplant, but the 
therapies are experimental and costly. Regarding this, three-dimensional 
(3D) and 4D bioprinting methods are beneficial for the production of scaffolds 
with different shapes, high accuracy, high speed, and control over the size and 
also porosity. In this chapter, the principal and most popularly used types of 3D 
bioprinting methods are explained, as well as a summary of bioink compositions 
in 3D and 4D bioprinting. Eventually, current problems and changing demands 
are highlighted. Furthermore, the most recent applications in organ and tissue 
bioprinting are discussed. Lastly, current issues, future requirements, and the 
potential of bioprinting are reviewed. 
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9.1 Introduction 

Initially, 3D printing technology was primarily utilized in manufacturing metals and 
ceramics. With the rapid progress of 3D fabrication, it has wide application in the 
electronic and optoelectronic military and automotive industry and also, most 
recently, in biofabrication. The process of organizing cellular and noncellular 
ingredients in space to imitate the formation, form, and function of human tissue is 
known as biofabrication. Three-dimensional (3D)-printed materials typically have 
suitable mechanical performance and resolution. Appropriate biomaterials offer 
optimization microenvironments for implanted cells, resulting in enhanced viable 
cells and functionality. The high resolution of the process permits cells/matrix/ 
biomolecules and biomaterials to be accurately distributed to simulate native tissue 
architecture (Huang et al. 2017; Jana and Lerman 2015). Biomaterials to be used in 
tissue engineering applications can be fabricated through many traditional methods, 
such as chemical/gas foaming, solvent casting, emulsion templating, particle/ 
porogen leaching, electrospinning, freeze-drying, phase separation, and also 3D 
bioprinting. The bulk properties can be managed, while the pore size, shape, 
topology, and architecture cannot be determined with other techniques except 3D 
bioprinting. Moreover, 3D bioprinting enables concise and specific placement of 
biological materials, biochemicals, and living cells by layer-by-layer deposition 
(Huang et al. 2017; Zhu et al. 2016). 

The opportunity for additive manufacturing (AM), also defined as three-
dimensional (3D) printing for the production of biomaterials in 3D tissue engineer-
ing applications, has increased with rapid innovations in computer-aided design/ 
computer-aided manufacturing (CAD/CAM) systems. In 1986, Charles W. Hull 
presented 3D printing for the first time. Hull’s stereolithography (SLA) method 
benefits from ultraviolet (UV) light to cure thin layers of material on top of existing 
layers, resulting in a 3D pattern. Three-dimensional bioprinting is a multidisciplinary 
concept with roots in engineering, biology, and also material sciences, which is to 
manufacture 3D organ structures that protect, reestablish, and/or enhance tissue 
activity (Seyedmahmoud et al. 2020, 2015; Kruth et al. 1998; Langer and Vacanti 
1993; Hull 1986). 

The growth of such 3D in vitro applications has gained the interest of medicine. It 
is mainly based on two requirements: a scarcity of organs (Huang et al. 2008) and a 
desire for much less costly drug testing concepts (Shafiee and Atala 2016). The 
popularity of regenerative medicine has risen dramatically in the past years. The 
number of people on the organ transplant list of the next ones in the United States 
nearly doubled from 95,000 between 2006 and 2016. The significant increase in the 
list shows the need for current living donor remedies (Seyedmahmoud et al. 2020; 
Abouna 2008). Three-dimensional bioprinting methodologies for orthopedic tissue 
design are illustrated in Fig. 9.1. Moreover, the central concept of 3D bioprinting is 
depicted in Fig. 9.2.
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Fig. 9.1 Three-dimensional bioprinting of biomimetic functional tissue constructs and transla-
tional applications in orthopedic tissue engineering and regenerative medicine (Chae and Cho 2022) 

9.2 Prebioprinting 

The encompassing objective of this process is to produce a 3D vital point tissue 
scaffold model, which could be formed using clinical imaging techniques or 
computer-aided design (CAD). The most widely known imaging technology tools 
used to obtain data on the anatomical structure of a tissue or organ are magnetic 
resonance imaging (MRI), X-ray, and computed tomography (CT) (Seyedmahmoud 
et al. 2020; Murphy and Atala 2014; Mironov et al. 2008). 

9.3 3D Bioprinting Technology 

Three-dimensional bioprinting is a new form of technology used in tissue engineer-
ing and regenerative medicine to create complex tissue structures that mimic organs 
and tissues. This 3D bioprinting technology involves a layer-by-layer deposition of 
cell-loaded biomaterials in a predetermined structural architecture to create func-
tional tissues or organs. To create complex structures, this technique integrates 
biomaterials, living cells, and controlled motor systems. It can produce more 
advanced structures than some other existing methods, such as electrospinning, 
emulsion templating, and freeze-drying. Computer-aided design can be used to 
create complex 3D tissue scaffolds (CAD) (Izbudak 2021; Chen and Shi 2013; Liu 
et al. 2005). The use of 3D printers enables the fabrication of scaffolds, devices, and 
also highly complex tissue models. Three-dimensional printers can also be utilized 
in medical imaging developed through computerized design. Some important 
features, such as patient-specific design, production on demand, obtaining high
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Fig. 9.2 Schematic diagram showing the three main steps in 3D bioprinting: preprocessing, 
processing, and postprocessing (Bejoy et al. 2021)



structural complexes, low cost, and high efficiency affect the use of 3D printers in 
the medical field (Yüce Erarslan 2021; Guvendiren et al. 2016; Guillemot et al. 
2010).
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Fig. 9.3 The different 3D bioprinting techniques: (a) extrusion-based bioprinting, (b) inkjet-based 
bioprinting, (c) laser-based bioprinting, and (d) stereolithography (Bejoy et al. 2021) 

Three-dimensional bioprinting systems have opened up new valuable 
applications and are currently progressing as a game-changing technology in the 
sense of the future of human health, with studies such as artificial organ printing in 
the healthcare system, the repair of lacking bone parts, and the manufacturing of 
private implants (Ozbolat 2016; Topuz et al. 2018). Furthermore, 3D bioprinters 
enable the utilization of direct copies of patient architectural results attained through 
various scanning systems, such as X-ray CT (Topuz et al. 2018; Hockaday et al. 
2012; Inzana et al. 2014) and MR, and they generate biomimetic 3D biological tissue 
with good precision (Topuz et al. 2018; Yanagawa et al. 2016). Bioprinting is 
composed of many types (see Fig. 9.3). 
Advantages of 3D Bioprinting
• It is faster and mostly more concise than conventional hand-built organ strategies.
• Organs are rarely to be dismissed concerning transplantation.
• Organ trafficking has been lowered.
• Human error is decreased, and scientists will find it less complicated.
• The final products are not dependent on biomaterials or scaffolding that are not 

present in native tissues.
• Without human subjects, the impact of illnesses or drugs may be noted more 

precisely.
• Tissue reproducibility is guaranteed through strict control of both composition 

and shape; minimized changes.
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• Tissue-specific functions can be improved with well-organized and various cell 
forms (https://sites.google.com/site/gsse2014b2/pros-cons). 

Disadvantages of 3D Bioprinting
• When a printed object fails, liability problems occur.
• There are several moral considerations.
• It involves high pricing.
• A lot of energy is consumed.
• Some harmful particles are emitted into the atmosphere.
• There are challenges in regulating cellular media causing the death of cells in a 

large number of cases. 

9.3.1 3D Bioprinting in Tissue Engineering 

The traditional technique for developing an engineered-tissue product is associated 
with the first manufacturing of a unique native tissue design, usually accompanied 
by the supply of cells and biomolecules. Nevertheless, this strategy can play a part in 
two major disadvantages: restriction in cell transmission and a decrease in cell 
growth because of low density at the core zone (Chowdhury et al. 2020; 
Derakhshanfar et al. 2018). The tissue engineering innovation has influenced the 
present framework via computer-aided layered manufacturing, also known as 3D 
bioprinting. In summary, 3D bioprinting is combining the main components 
identified as “bioink” that serves as a biological template and numerous types of 
cells with the presence of chemical factors and biologically active compounds to 
construct a solid and functional in situ 3D living structure (Chowdhury et al. 2020; 
Guvendiren et al. 2016). 

When printing tissue or organs, this bioink generally contains living cells; 
however, when printing scaffolds, this bioink does not involve living cells. Aside 
from cells, the bioink is composed of a variety of polymer compositions that the cells 
are suspended. Polymers serve as the organs’ basic framework, helping to promote 
cell adhesion, proliferation, and growth (Munaz et al. 2016). They can exist as 
specific hydrogels or polymers or as a mixture of them. Moreover, bioinks 
containing bioceramic compounds (tricalcium phosphate and hydroxyapatite) are 
also used (Mukherjee et al. 2019; Pekkanen et al. 2017; Dávila et al. 2016; Jose et al. 
2016). Among the different biomaterials, hydrogels are the most superior materials 
used as bioinks in 3D bioprinting. The main reason for this is their ability to retain 
living cells, their changeable chemical structure, their adjustable mechanical and 
biological degradation properties, and the fact that they can provide good resolution 
during printing (Izbudak 2021; Topuz et al. 2018). Over the last several decades, 
three-dimensional (3D) printing (rapid manufacturing or additive manufacturing) 
technologies have become increasingly popular in a variety of industries (Gu et al. 
2018). However, some critical properties must be regarded in these applications 
(Chan and Leong 2008). First of all, the tissue scaffold to be produced must be 
biocompatible. The 3D scaffolds should be biodegradable or bioabsorbable, and the

https://sites.google.com/site/gsse2014b2/pros-cons


tissue must be able to completely substitute the scaffold. The mechanical properties 
that are suitable for the tissue to be implanted should be present. Moreover, the 3D 
scaffold should be easily fabricated in a wide range of forms and sizes (Gu et al. 
2018). 
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Bioprinting has mainly three methodologies: imaging, computer-aided design of 
the tissue to be printed, and printing itself, the formation of bioink through the 
selection of appropriate materials, the choice of a proper bioprinter based on the 
product desired, for the manufacturing of scaffolds and/or tissues (Hacıoglu et al. 
2018). Numerous techniques for producing 3D scaffolds from synthetic and natural 
polymers have been developed, such as emulsion templating, freeze-drying, solvent 
casting, gas foaming, phase separation, electrospinning, and melt molding (Gu et al. 
2013; Kim et al. 2016a, b; Ma and Xue 2015; Oh et al. 2003). Fabrication techniques 
do not allow for effective control of porosity, pore size, scaffold shape, and 
interconnected pore morphology within the scaffold. Furthermore, the capability to 
make scaffolds from cells has drawbacks (Gu et al. 2018). Inkjet printing, extrusion-
based methods, light-induced (photopolymerization) methods, and particle-fusion-
based methods are the four techniques used in 3D bioprinting. 

In the past few years, the 3D printing system has progressed quickly in the tissue 
engineering and regenerative medicine field (Topuz et al. 2018; Cornelissen et al. 
2017). At the end of 2022, the global 3D bioprinting market is expected to reach 
nearly $1.82 billion (Topuz et al. 2018). Considering the future potential of 
bioprinting and reconstructive surgery and its objectives, it is indisputable that 3D 
bioprinting technology will emerge in plastic surgery (Jessop et al. 2017). Therefore, 
current studies will focus on improving novel bio-based materials in the 3D 
bioprinting sector for tissue engineering, emphasizing printable biomaterials (e.g., 
bioink) (Topuz et al. 2018). 

9.3.2 Bioinks for 3D Bioprinting 

The choice of biomaterial suitable for a bioink is a critical step in achieving a 
promising bioprinting product, as well as other fabrication processes. When 
polymers are chosen as bioinks, it is essential to know how polymer properties 
affect printing efficiency and cytocompatibility. These bioinks are anticipated to 
provide mechanical stability for the printed product due to their use during the 
process. In this scope, many natural polymers (gelatin, chitosan, cellulose, collagen, 
etc.) and some synthetic polymers, like polycaprolactone (PCL), polylactic acid 
(PLA), and poly(lactic acid-co-glycolic acid) (PLGA), are commonly utilized in 
tissue engineering applications (Hacıoglu et al. 2018). 

9.3.2.1 Natural Polymers 

Sodium Alginate 
Sodium alginate is a polysaccharide sourced from brown algae. It is extensively used 
in 3D bioprinting due to its biocompatibility, low cost, and rapid gel formation



(Du 2018). According to recent studies, sodium alginate is often blended with other 
polymers that are easy to mold and have a preferable biological nature, and it is a 
dominant material in drug and cell transport and cell encapsulation (Ozbolat et al. 
2014). Despite all these advantages, alginate has low cell adhesion compared to 
other natural biomaterials (Yüce Erarslan 2021; Ahn et al. 2012). Furthermore, 
low-concentration sodium alginate has poor mechanical capacity and yet is helpful 
in increasing cell viability and proliferation (Du 2018). 
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Gelatin 
Gelatin is a natural protein that is formed by hydrolyzing collagen. It also has 
amphoteric properties due to alkaline and acidic amino acid functional groups. It 
can be obtained through the extraction of other sources (such as bones, skin, or 
tissues of various animals). (Yüce Erarslan 2021; Chiou et al. 2008). Gelatin has 
good cell adherence, high biocompatibility, and complete biodegradability 
properties in vivo conditions without immunogenic, which has increased interest 
(Du 2018; Kuijpers et al. 2015). Gelatin chains have helical structures at low 
temperatures, which combine on their own to form a gel-like structure. On the 
other hand, this physical formation reverts to a random helical structure at high 
temperatures. Therefore, gelatin is a kind of thermoreversible gel. Some studies 
indicated that it dissolves when incubated at 37 °C for a long time. To overcome this 
issue, chemical cross-linking is carried out under UV light in the presence of a 
photoinitiator by adding unsaturated groups to the main chain of gelatin. The 
unsaturated groups are usually provided by methacrylic anhydride, and such gelatin 
derivatives are called methacrylated gelatin “GelMA” (Yüce Erarslan 2021; Sakai 
et al. 2009). Aldana et al. (2021) designed GelMA-alginate-based biomaterials via 
3D bioprinting. In this study, the biomaterials contained sheep-adipose-derived stem 
cells, and the biomaterials in different blend concentrations were cultivated in vitro 
for 24 h before being tested for bioactivity in 3D-bioprinted structures (Fig. 9.4). 

Silk Fibroin 
Fibrinogen is a protein-based polymer formed in a living body, used as a sealant and 
adhesive in surgery, for cartilage treatment in tissue engineering, and in wound 
healing applications (Fontes and Marcomini 2020; Skardal et al. 2012; Ahmed et al. 
2008). Fibrinogen is required for effective blood coagulation and is utilized as a type 
of 3D bioink. Fibrin, like other natural polymers, has high biocompatibility, 
allowing for numerous high affinitie for cell adherence and growth (Tao et al. 
2012; Schacht et al. 2015). However, with the fast degradation of fibrin, it is not 
proper for prolonged culture media to be formed in vivo tests, and low viscosity 
complicates processability as well (Das et al. 2013). Consequently, several studies 
have pointed out that fibrin can mix with other natural polymers, such as gelatin, 
alginate, and collagen (Yu et al. 2020; Schacht et al. 2015). 

Agarose 
Agarose is mainly a seaweed-derived marine polysaccharide. Because of its gelation, 
biocompatibility, and rheological properties, it is widely used in biological



applications (Jakus et al. 2016a, b; Fontes and Marcomini 2020). Agarose gelling is 
caused by the formation of intermolecular hydrogen bonds on cooling, which results 
in the agglomeration of the helical structure. Although it has excellent biological and 
mechanical features, its ability to enable cellular proliferation is restricted (Fontes 
and Marcomini 2020; Hospodiuk et al. 2017). Therefore, the use of agarose alone 
means that it is inappropriate for the production of cell-loaded biomaterials. Further-
more, it shows a thermo-reversible feature with a sol-gel transition between 32 and 
47 °C (Du 2018; Yu et al. 2020; Medina-Esquivel et al. 2008). 
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Fig. 9.4 Fluorescence microscopy images of live (green)/dead (Zhang et al. 2018) cells in (a) 
G6A5, (b) G6A7, and (c) G8A7 hydrogels at 24 h. (d) Image of printed G8A7 hydrogel construct. 
(e) Cell viability in gelMA-alginate constructs. Printing of stripe-patterned hydrogels: biaxial 
mechanical testing (Aldana et al. 2021) 

Pullulan 
Pullulan is a type of polysaccharide that is typically made from the yeast 
Aureobasidium pullulans (Saroia et al. 2018). It is generated on the surface of 
bacteria-infected cells. For the first time, studies on the physicochemical structure 
of pullulan began to be conducted by Bernier in 1958. It is insoluble in either organic 
or inorganic solvents, except water. Therefore, pullulan is preferred in food packag-
ing and biomedical applications (Singh and Saini 2008). Additionally, pullulan can 
be obtained via fermentation, thanks to various types of waste (Saroia et al. 2018; 
Singh et al. 2009; Thirumavalavan et al. 2009). Studies have been conducted on 
extracting pullulan and dextran, which help the rapid development of endothelial



cells. Pullulan and derived materials with osteo-communication properties were 
utilized in tissue engineering. The mechanical strength of pullulan was enhanced 
via the mixing and cross-linking of pullulan and dextran (Saroia et al. 2018; 
Aschenbrenner et al. 2013). 
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Hyaluronic Acid 
Hyaluronic acid is a polysaccharide with a high molecular weight, which is one of 
the main components of the extracellular matrix (ECM) (Yüce Erarslan 2021; 
Mobaraki et al. 2020; Falcone et al. 2006). It is generally used in surgeries as a 
skin filler and joint lubricant (Du 2018; Sharif et al. 1995). Cell viability is extremely 
high in 3D-printed hyaluronic acid hydrogel sealed in cartilage tissue than in 
collagen hydrogel. Nevertheless, hyaluronic acid has weak mechanical stability 
that changes with the rate of degradation; it must be modified to allow for the control 
of the rate of degradation. For this reason, hyaluronic acid is not proper for 3D 
bioprinting. The obtained 3D hyaluronic acid hydrogel structures have low stability 
due to the rapid solubility of unmodified hyaluronic acid in water (Pescosolido et al. 
2011). Many studies focused on the functional treatment of hyaluronic acid polysac-
charide chains with hydrophobic groups and/or by photo-cross-linking methyl 
acrylate (MA) (Du 2018; Yüce Erarslan 2021). 

Chitosan 
Chitosan is a linear amino polysaccharide derived from chitin and its derivatives, 
consisting of (1–4)-linked D-glucosamine structures and N-acetyl-glucosamine 
groups that are randomly located (Vega-Cázarez et al. 2018). It cannot be dissolved 
in aqueous media with a pH greater than neutral due to its semi-crystalline structure. 
Thanks to its biodegradability, biocompatibility, and antimicrobial structure, it is 
prevalently preferred in many fields, such as bone, skin, and cartilage regeneration; 
the formation of sponge scaffolds; and wound dressings. Because chitosan has a 
slow gelation rate (10 min after injection) and low mechanical strength, just stents 
with a high viscosity can maintain their form for hours (Du 2018). Chitosan is 
applied to 3D bioprinting to develop different stents and microflow channels. 

Collagen 
Collagen is the most frequently known and utilized protein in tissue engineering due 
to its triple helix structures with self-aggregating properties via covalent and hydro-
gen bonds (Saroia et al. 2018). It is the principal protein constituent of ECM in real 
tissues/organs (Peppas et al. 2006), and collagen sources include rat and pig tendon 
materials (Yu et al. 2020; Osidak et al. 2019; Diamantides et al. 2019). Collagen 
offers excellent growth conditions for cell growth, adhesion, and function due to its 
abundance of integrin-binding areas (Yu et al. 2020). It can make a variety of 
artificial tissues, including skin, cartilage, heart valves, reconstructed breast, vocal 
cord, and spinal cord (Saroia et al. 2018; Tangsadthakun et al. 2017; DeLustro et al. 
1986; Taylor et al. 2006; Hahn et al. 2006; Slaughter et al. 2009; Cavallo et al. 2015). 
Collagen can produce various types of gels, sponges, and other materials because of 
changes in collagen strands and the induction of cross-linking (Saroia et al. 2018). At



low temperatures, collagen is in the shape of a pre-gel, and it may be cross-linked 
thermally at 37 °C. Moreover, it is cross-linked with UV, glutaraldehyde, 
carbodiimide, and genipin and is vulnerable to collagenase degradation. Despite its 
advantages, the low viscosity of collagen requires its mixing with other polymers for 
bioprinting (Yu et al. 2020; Weadock et al. 1995; Harriger et al. 1997; Powell and 
Boyce 2006; Kim et al. 2016a, b). The suitability of collagen for 3D bioprinting is 
determined by the concentration of collagen in a solution. Only increased collagen 
concentrations (higher than 20 mg/mL) in single-component collagen bioinks enable 
higher printing reliability (Osidak et al. 2020). Figure 9.5 shows collagen-based 3D 
biomaterials produced for chondral tissue engineering in a study. 
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Fig. 9.5 A cylindrical CAD model (a) was 3D bioprinted using a chondrocyte-laden type II 
collagen bioink (b). The scaffolds were cultured for 3 weeks before harvesting to analyze 
chondrogenic ECM deposition and gene expression (c, d). (Reprinted from Ren et al. (2016) 
under Creative Commons CC BY license (Chartrain et al. 2022)) 

Fig. 9.6 (a) 3D scaffold designed in SolidWorks and (b) scaffold printing via a 3D bioprinter with 
the insight of scaffold postprinting (Kakarla et al. 2022) 

Kakarla et al. (2022) designed a hydrogel based on gelatin, alginate, and boron 
nitride nanotubes via an extrusion 3D bioprinting method. The scaffold model was 
created in SolidWorks and has dimensions of 10 × 10 × 1 mm, a layer thickness of 
0.17 mm (three layers), and a pore size of 0.5 mm (Fig. 9.6). 

9.3.2.2 Synthetic Polymers 
Synthetic polymers have superior mechanical and chemical properties compared to 
natural polymers. Nevertheless, synthetic polymers offer few or no cell niches 
performance. Generally, polycaprolactone (PCL), polylactic acid (PLA), poly(ethyl-
ene) glycol (PEG), polyvinyl alcohol (PVA), and polyglycolic acid (PGA) are used 
in 3D bioprinting. PLA, PGA, and PCL have outstanding biodegradability,



biocompatibility, and mechanical properties (Huang et al. 2017; Mota et al. 2015). 
These polymers were given in detail in this section. 
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Polyvinyl Alcohol (PVA) 
PVA is a water-soluble synthetic, one that is both biocompatible and biodegradable, 
and also it is confirmed by the Food and Drug Administration (FDA, USA) (Aslam 
et al. 2018; Marin et al. 2014). This polymer is usually blended with natural ones 
(gelatin, alginate, and/or chitosan) due to low cell affinity and has undergone 
physical modification (Yu et al. 2020). 

Polyethylene Glycol (PEG) 
PEG is a convenient polymer for designing 3D scaffolds, owing to its high hydro-
philic nature, higher tensile strength than natural-based polymers, and good biocom-
patibility (Yu et al. 2020; Alcantar et al. 2000). It can be tailored by combining 
alginate and collagen to meet specific needs (Fontes and Marcomini 2020). Further, 
to increase the diacrylate (DA) or methacrylate (MA) mechanical properties, it can 
be modified with other polymers (Yu et al. 2020; Aduba et al. 2019; Cheng and Chen 
2017). Many acrylate-based PEG, such as PEG-DA and PEG-MA hydrogels, can be 
printed on almost all bioprinters, e.g., extrusion-based, laser-based, and droplet-
based bioprinting. 

Polycaprolactone (PCL) 
PCL is classified into polyesters that are biodegradable, are hydrophobic, and also 
has semi-crystalline features approved by the FDA (Saroia et al. 2018; Bhavsar and 
Amiji 2008). The incorporation of bioactive glasses and Ca3(PO4)2-based particles 
into PCL in bone tissue engineering increases its many properties, especially its 
mechanical strength (Hajiali et al. 2018). A study showed that PCL has excellent 
biocompatibility with periosteal cell culture systems and human fibroblasts (Salgado 
et al. 2012). The mixture of PCL with other polymers or bioactive agents to develop 
a more appropriate media for protein progression. In many studies, PCL mixed with 
heparin and curdlan sulfate enhances the response of cultivated tissues and increases 
the protein ability of the mixture (Saroia et al. 2018). Similarly, various composites, 
including ceramic particles, such as calcium phosphate (CaP) and hydroxyapatite, 
were produced for bone regeneration (Huang et al. 2017). 

Polylactic Acid (PLA) and Polyglycolic Acid (PGA) 
PLA and PGA are also included in the polyester class, as is PCL. However, PLA and 
PGA, by themselves or in combination with other bio-based polymers, offer an 
excellent physiological media for cell growth because their hydrophobic nature can 
confine cell attachment (Saroia et al. 2018; Bee et al. 2018; Gentile et al. 2014). PLA 
and PGA are preferred for fabricating artificial vascular grafts, owing to their 
excellent mechanical strength (Parın and Terzioğlu 2022). Therefore, some modifi-
cation techniques, such as plasma treatment and/or surface coating, can be applied to 
printed PLA and PLGA to form 3D cell culture media for the growth of different 
tissues (Deng et al. 2020).
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Fig. 9.7 Production of BFO-doped PLA scaffold by a modified 3D printer (a), BFO-doped PLA 
scaffold (infill 70%) (b), SEM images of BFO-doped PLA scaffold (infill 70%) (c, d) (Bedir et al. 
2020) 

Bismuth ferrite (BFO)-nanoparticle-loaded PLA scaffolds were fabricated by 
Bedir et al. (2020). It is clearly seen in Fig. 9.7 that the BFO is agglomerated in 
the neural tissue scaffolds. 

9.3.3 3D Bioprinting in Tissue Engineering Applications 

9.3.3.1 Bone Tissue Engineering 
Bone tissue supports the mechanical strength of tissues and organs and movement in 
the human body. It is essential for homeostasis and blood pH regulation because it 
acts as a mineral store with a complicated hierarchical structure (Yilmaz et al. 2019; 
Sowjanya et al. 2013). Bone is comprised mainly of collagen, other proteins, water, 
and mineral phase. As a result, 3D-printed forms should preferably have similar 
properties. In this situation, composite materials, such as collagen mixed with



various types of bioceramics, are being assertively utilized to enhance 3D-bioprinted 
structures (Yu et al. 2020; Osidak et al. 2020; Yilmaz et al. 2019). 
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Biomaterials and tissue-engineered structures have grown in importance over the 
past few decades. Bone is the second-most commonly implanted tissue in the world, 
with over four million operations conducted annually to heal damaged tissue using 
bone grafts. The development of printing processes and the improvement of suitable 
ink materials are the primary concerns of 3D bioprinting in bone tissue design. To 
produce new alternatives to conventional bone grafts, different materials have been 
designed to be used in bioprinting. Hydrogels, ceramics, and also polymers alone 
cannot completely simulate the properties of bone when used alone. Synthetic and 
natural polymers are usually mixed with osteogenic components, such as tricalcium 
phosphate (TCP), hydroxyapatite (HAP), silica, nano calcium phosphates, and 
bioactive glass particles to enhance bioactivity (Ashammakhi and Kaarela 2017). 
Furthermore, some growth factors have also been added to the polymer matrix. The 
major problem in 3D bioprinting is the synchronous incorporation of living cells and 
biostructural materials. The capability of creating cell-free scaffolds utilizing a 
variety of 3D-printed materials makes this method desirable for bone tissue engi-
neering applications (Yilmaz et al. 2019). 3D bioprinted tissue structures were 
produced of by Matrigel TM and alginate-based hydrogels were produced by 
Fedorovich et al. (2008). In another study, Phillippi et al. (2008) showed the 
myogenic differentiation of patterned BMP-2 on fibrin-coated lamellar by inkjet 
bioprinting. The osteogenic and chondrogenic activities of PEGDMA-GelMA 
bioinks were examined in a study (Gao et al. 2014). The obtained 3D-bioprinted 
constructs indicated both good cell proliferation (>80%) and an increased degree of 
differentiation in comparison with pure PGDMA (Ozbolat et al. 2016). The mechan-
ical strength and cell viability of alginate and bone-derivatived methacrylated ECM 
with hASC cell-loaded mesh structures were investigated by Lee et al. (2020). 
Furthermore, bioprinted bone-like tissue fabricated from gelatin and alginate hybrid 
matrix (Zhang et al. 2020). To enhance the mechanical features, photocrosslinkable 
glycosaminoglycan hyaluronic acid scaffolds were fabricated by (Poldervaart et al. 
2014). Skardal et al. (2012) designed bioprinted materials containing fibrous colla-
gen gels with bone marrow mesenchymal stem cells for wound healing, and they 
analyzed wound closure and epithelial restoration. It demonstrated that the the in 
vivo bone regeneration impact was studied in a critical-size calvarial defect model of 
rats (Fig. 9.8). 

9.3.3.2 Neural Tissue Engineering 
Neural cords have been suggested as a successful neural recovery matrix that 
supports and helps neuron cells utilize tissue engineering strategies in the therapies 
of peripheral nerve and spine injuries. Bioprinting is a newer technique for 
fabricating manageable 3D scaffolds for neural tissues with various cellular 
categories and complex micro/nanoscopic functions. The main considerations for 
the layout of nerve guide conduits are ensuring mechanical strength while also 
optimizing the proximal and distal nerve ends and restricting nerve compression. 
Extrusion printing is one of the most widely used printing processes in nerve conduit



designing because gels can be deposited quickly and easily. Nevertheless, laser-
based bioprinting, like stereolithography and inkjet printing, enables higher print 
resolution, which is important for imitating the anisotropic design of nerve tissue. 
Because neural cells are comparatively more susceptible to their extracellular envi-
ronment, the choice of bioink has a substantial influence on neural recovery. 
Generally, collagen is preferred in nerve regeneration. In collagen hydrogels pro-
duced with moderately concentrated collagen solutions, neurite outgrowth is much 
more noticeable. Furthermore, Hsieh et al. (2015) have bioprinted thermoresponsive 
polyurethane (PU) (37 °C) hydrogel with adjustable gelling ability and hardness 
without any cross-linker. In the study, neural stem-cell-loaded bioink has been 
found to benefit neural injuries. Interestingly, the bioink recovered the function of 
the damaged nervous system in less than 1 week. Some researchers found that 
alginate bioinks with the use of cell adhesion factors enhanced cell compatibility. 
In a study on this, the efficacy of RGD or YIGSR peptide in alginate increased 
cytocompatibility (Sarker et al. 2019). The scaffolds designed via an extrusion-based 
3D bioink method had more cells than pure alginate scaffolds after 9 days in culture 
media (Sarker et al. 2019; Yilmaz et al. 2019). To assess biocompatibility for 
in vitro/in vivo tests, gelatin-alginate-based 3D biostructures were created by Wu 
et al. (2020). More than 90% of Schwann cells lived after 24 h and remained viable 
for 7 days (Yu et al. 2020). Meanwhile, rat PC-12 cells were investigated by Ngo 
et al. (2020), who found that by adjusting important characteristics of the bioink 
design, 3D-printed hydrogels based on hyaluronic acid methacrylate (HAMA) might 
increase cell survival and aid in peripheral nerve repair (Fig. 9.9). 

9 3D and 4D Bioprinting Technology for Tissue Engineering Applications 227

GBa b 

c d  e  f  

G B-R G-3PR GB-3PR Defective Bone Tissue 

Fig. 9.8 Construction of a bone defect model and demonstration of the scaffold implant operation 
process. (a) 5 mm diameter implanted bioprinted scaffolds. (b) 5 mm diameter defective cranial 
tissue. (c) Isolating surrounding soft tissue to expose the skull and creating a 5 mm diameter defect 
in rat critical-size calvarial model. (d) Inserting scaffolds into a calvarial defect. (e) and (f) Suturing 
subcutaneous tissue and skin wounds (Shen et al. 2022)
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Hyaluronic Acid Bioinks for Extrusion-based Bioprinting to Create Neural Test Beds 

Competitive Stimuli Test Bed 

Growth factor 1 Chamber Growth factor 2 Chamber 
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Fig. 9.9 A schematic of the 3D-bioprinted in vitro test bed design, consisting of a base printing 
with the main bioink and two chambers that can be loaded with different growth factors (Ngo et al. 
2020). (Copyright 2020, American Chemical Society (Ding et al. 2022)) 

9.3.3.3 Vascular Tissue Engineering 
Artificial blood vessels play a crucial role in linking metabolically demanding 
organs, allowing nutrients to be delivered while separating waste (Yu et al. 2020). 
Nutrients and oxygen are easygoing in a 2D cell culture with a cell population 
thickness of around 20–30 μm (Gu et al. 2018; Colton 1995). Various bioprinting 
methodologies, including extrusion, droplet, and laser-based bioprinting, have been 
used to design vascular tissue (Ozbolat et al. 2016). Accordingly, 3D bioprinting 
methodologies which design objects of the preferred shape utilizing various bioinks 
and kinds of cells have occurred as intelligent techniques to for designing vessels 
with small diameters (Gu et al. 2018). Cui and Boland (2009) designed fibrin 
microchannels via an inkjet-based bioprinting technique. They revealed that when 
they bioprinted human microvascular endothelial cells (HMVEC) laden with fibrin 
hydrogel, the cells tailored themselves inside these fibrin networks and reproduced. 
Consequently, bioprinting both cells and the scaffold at the same time promotes 
HMVEC proliferation and microvessel generation. Consequently, bioprinting both 
cells and the scaffold at the same time promotes HMVEC proliferation and 
microvessel generation was supported by the cells. Human neonatal dermal 
fibroblasts and human umbilical vein endothelial cells (HUVEC) grew significantly 
with time, according to the researchers (Gu et al. 2018).
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9.3.3.4 Skin Tissue Engineering 
Skin is the largest, most complex and outermost organ that acts as a barrier to 
infections and irritants, antioxidants, environmental factors, and any other externally 
harmful agents (Askari et al. 2021). In terms of wound size, extent, and depth, 
researchers have developed a variety of wound dressings or natural-based skin 
substitutes (Yilmaz et al. 2019; Sheridan 2009). Chronic, nonhealing wounds caused 
by burns, trauma, or diseases are clinically significant since they place a great deal of 
pressure on both the patient and the medical system. Biocompatible wound 
dressings, designed skin grafts, and split-thickness skin grafting from autologous 
skin are currently used to treat chronic wounds. Though quite efficient, these skin 
substitutes are generally expensive, have poor adhesiveness, are susceptible to 
infection, or rely on skin health donation presence. Furthermore, the majority of 
present clinical practice-utilized skin substitutes are made entirely of dermal 
fibroblasts and keratinocytes and do not enhance vasculature (Gu et al. 2018; 
Church et al. 2006). 

Consequently, skin damage is a significant issue having in-depth impacts on other 
tissues (Jean et al. 2011; Metcalfe and Ferguson 2007). During skin damage, 
autologous grafts sourced from a patient are frequently utilized to prevent immune 
reactions and regulate skin activity and wound repair. However, autologous grafts do 
not properly mend skin damage injuries encompassing a big region or having a 
serious depth (Andreassi et al. 2005). Therefore, there is an urgent need to develop 
artificial skin replacements employing methodologies for tissue repair. The studies 
have resulted in complex tissue regeneration that connects with body tissue after-
ward in vitro regeneration and transplantation (Gu et al. 2018). Bioprinting allows 
the simultaneous accumulation of multiple kinds of skin cells. Also, 3D bioprinting 
enables the accurate placement of various types of cells and extremities within a 
structure (Yilmaz et al. 2019; Ng et al. 2016). 

Chronic ulcers can be caused by skin damage, infections, or other genetic or 
physical conditions. Electrospinning, solvent casting, and freeze-drying are mem-
brane preparation techniques that have long been used for skin graft development. 
Skin bioprinting is gaining popularity, owing to its intelligent and managed 
manufacturing qualities, which are difficult to attain with the traditional skin graft 
manufacturing process (Yilmaz et al. 2019). Droplet-based and laser-based 
bioprinting techniques are used for skin tissue substitution biofabrication. 
Bioprinting of skin tissue with a bioprinter with an eight-channel valve, in which a 
13-layer tissue is bioprinted using collagen, was performed by Lee et al. (2013). Kim 
et al. (2019) explored a perfusable and preferable vascularized full-thickness skin 
equal made up of epidermis, dermis, and hypodermis for enhanced vascularization 
and effective epidermal progress. The printed HUVECs were found to be covered on 
the exterior of the vascular stream, forming endothelium that resembled tissue. In 
another study, Koch et al. (2012) used laser-assisted bioprinting to deposit 20 layers 
of fibroblasts (mouse NIH-3T3) and 20 layers of keratinocytes (human HaCaT) 
integrated into collagen gel onto a layer of decellularized dermal matrix to design 
dermis and epidermis layers, respectively (Yilmaz et al. 2019). Gholami et al. (2017) 
developed patches for wound healing, which include a 16% alginate solution (w/v)



and 4% (w/v) gelatin (Yilmaz et al. 2019). In addition, Michael et al. (2013) used 
3D-laser-based bioprinting to generate artificial skin. In this study, fibroblasts and 
keratinocytes were used to construct the skin substitutes. According to the in vivo 
test, the bioprinted keratinocytes obtained a multilayered epidermis with initial 
differentiation and stratum corneum at the end of 11 days in culture media. 
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Fig. 9.10 Fabrication of a bilayer cell-laden skin-like structure model (Zhou et al. 2021). (Copy-
right 2022, IOP Publishing (Ding et al. 2022)) 

Currently, nanoparticles are increasing in popularity in the field of transdermal 
delivery systems. Surface chemistry and form determine how well they penetrate 
skin tissue. In this regard, Hou et al. created an easy artificial skin model for the rapid 
screening of nanoparticles in terms of their transdermal penetration ability with 3D 
bioprinting methods. Fibroblasts were printed on the structure with collagen hydro-
gel and silica nanoparticles. The obtained 3D scaffolds were investigated via 
penetrating ability. As a result, positively charged nanoparticles penetrated deeper 
(Gu et al. 2018; Cubo et al. 2017). 3D bioink hydrogels consisting of two different 
layers of catechol-hyaluronic acid (HACA)/alginate and gelatin/horseradish peroxi-
dase (HRP) were produced to mimic the structure of the skin in full thickness 
(Fig. 9.10). 

9.3.3.5 Cartilage Tissue Engineering 
Cartilaginous tissue is an avascular and aneural structure with low chondrogenic 
density and high water content (70%) (Askari et al. 2021; Sophia Fox et al. 2009). It 
has a functional and heterogeneous texture designed to provide a low-friction, wear-
resistant, load-bearing surface for effective joint movement (Askari et al. 2021; You 
et al. 2017). Even if it is just a few millimeters thick, it prevents friction between the 
joints and provides excessive load stresses during body activities (Gu et al. 2018;



Arkel and Amis 2013). Many researches have been performed try to convey bone 
marrow stromal cells in alginate hydrogels for extrusion bioprinting bone and 
cartilage regeneration (Tan et al. 2021; Fedorovich et al. 2008). 
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Gruene et al. (2010) designed laser-based bioprinting of stem-cell-differentiated 
chondrocytes, employing a computer-aided fabrication method with the aid of LIFT. 
The designed material skillfully printed porcine-bone-marrow-derived mesenchymal 
stem cells (MSCs) with high availability. The cells retained their features and ability 
to differentiate into osteogenic and chondrogenic bloodlines (Ozbolat et al. 2016). 
To restore cartilage deficiencies, cartilage tissue has been created through inkjet-
based bioprinting. The human chondrocytes integrated into PEGDMA hydrogel was 
bioprinted an adjusted HP desktop printer (Cui et al. 2012a, b). The mechanical and 
biochemical composition of the created structures were almost similar to native 
cartilage (Ozbolat et al. 2016). Sodium alginate has been broadly utilized to create 
bioprinted cartilage tissue. The hybrid bioprinting of chondrocytes loaded on printed 
alginate filaments in combination with the bioprinting of chondrocyte spheroids to 
enhance cell density are demonstrated by Ozbolat et al. (2016) and Ozbolat 
et al. (2014). 

9.3.4 Other Requirements for Effective Scaffold Design 

The achievement of the manufactured scaffold is strongly affected by the bioink 
used and the 3D bioprinting technique (Salah et al. 2020). It also is dependent on 
other variables to ensure the scaffold’s achievement, which is as described in the 
following. 

9.3.4.1 Pore Size 
Porosity, pore size, and interconnected pore morphology represent critical 
parameters for scaffold production. All three properties allow cellular penetration, 
vascularization, adequate diffusion of nutrients and oxygen into the cells within the 
structure, and the new-formed extracellular matrix that ensures cell viability. In 
particular, pore size is an essential parameter for scaffold efficiency (Bružauskaitė 
et al. 2016). Actually, the pores must be large enough to allow cells to penetrate and 
migrate within the scaffold structure but small enough to allow a critical number of 
cells to connect (Izbudak 2021; Hutmacher 2000). A pore size that ranges from 
100 m to more than 300 m is required for bone tissue engineering because it offers a 
hypoxic situation that improves both osteogenesis and angiogenesis for proper bone 
growth (Salah et al. 2020; Karageorgiou and Kaplan 2005). The effect of scaffold 
pore sizes on MSC differentiation by creating a gradient of oxygen required and 
more in the periphery and hypoxic in the center was studied by Di Luca et al. (2016). 
All scaffolds used for tissue engineering as a function of the host tissue type must 
have a specific pore size. In particular, a pore size of 20 μm is required for hepatocyte 
and fibroblast growth, while a pore size of around 20–150 μm is needed for soft-
tissue healing. The researchers also propose a pore size between 200 and 400 μm for 
bone tissue engineering (Yu et al. 2015). Materials with pore sizes of 250 μm  or



higher are appropriate for forming blood vessels, as compared to those of smaller 
size (Yu et al. 2015; Babensee et al. 1998; An et al. 2015; Mukherjee et al. 2018). 
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A porous structure is required due to the tissue formation, vascularization, and 
tissue joining after implantation in an ideal tissue scaffold. In this case, the obtained 
scaffold must have an optimal pore structure for the intercellular nutrient and 
metabolic transmission to occur without adversely affecting its mechanical 
properties and stability. The scaffold should have pores that connect to permit cell 
and nutrient infiltration and waste removal (Bružauskaitė et al. 2016). The size of the 
pores influences cellular proliferation and attachment along the scaffold to substitute 
it. Small pore sizes inhibit waste removal and nutrient diffusion, whereas larger pore 
sizes inhibit intercellular ligand formation, which is required for cellular prolifera-
tion (Salah et al. 2020). 

9.3.4.2 Surface Area 
The surface area is important for cell reinforcement and proliferation. It is clearly 
regarded that a larger and more available surface area promotes cell and tissue 
connection in scaffolds. It is critical in the context of tissue or organ function 
restoration or replacement because a high surface-to-volume ratio allows more 
cells to be compensated (Mukherjee et al. 2018; Dhandayuthapani et al. 2011; 
Boyan et al. 1996). 

9.3.4.3 Mechanical Properties 
Mechanical property is also an important element in polymers as it affects the 
regeneration potential of hard tissues (Mukherjee et al. 2018; Dhandayuthapani 
et al. 2011). The structural stability of the resulting 3D shapes is influenced by the 
mechanical properties of the bioink. Because the scaffold must endure load and 
stress for new tissues to grow successfully, the rheological properties of polymers, 
such as maximum strain, elastic modulus, and tensile strength, are critical. Pore 
connectedness, orientation, form, size, and density are related elements that affect 
the scaffold’s mechanical behavior and structural stability (Mukherjee et al. 2018). 

The shape stability of the resulting 3D structures is influenced by the mechanical 
properties of the bioink. Natural-based bioinks have poor mechanical properties. To 
solve this drawback, nanoparticle reinforcement, cross-linking, and hybrid 
biomultiplies produced by combining synthetic bioinks are commonly used 
approaches (Yüce Erarslan 2021). The biostability of many scaffolds depends on 
factors such as strength, elasticity, absorption, and chemical degradation at the 
material interface (Nair and Laurencin 2007). Besides, the mechanical properties 
of bioinks are related to their chemical structure and molecular design (Yüce 
Erarslan 2021). 

9.3.4.4 Biodegradability 
The biodegradability of a polymer is critical because it enables the degradation of the 
scaffold after a particular period and substituting itself with new tissues. Separating 
the polymer’s sensitive hydrolytic or enzymatic bonds promotes polymer biodegra-
dation (Katti et al. 2002; Bružauskaitė et al. 2016; Mukherjee et al. 2018). The



biodegradability of polymers is an intrinsic property that is affected by chemical 
composition, molecular weight, crystalline structure, glass transition temperature 
(Tg), and the spectrum of wettability (Mukherjee et al. 2018; Ye et al. 1997). 
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The degradation of 3D structures obtained by printing bioinks during cell culture 
is necessary for ideal cell differentiation. Although the shape stability of 3D 
structures is required for printing, controlled degradation of the structure is also 
vital for tissue regeneration. Microvasculature networks develop alongside tissue to 
form patient-specific organs through cell differentiation. However, sufficient oxygen 
and nutrients must be transported between cells, and metabolic waste must be 
removed from the structure. To successfully manage this process/issue, the cell 
growth rate and the degradation rate of the 3D structure must be compatible (Yüce 
Erarslan 2021). 

9.3.4.5 Biocompatibility 
Biocompatibility refers to the compatibility of a biomaterial with the body (Zhang 
and Zhang 2015). Biomaterials are substances that do not interfere with the expected 
changes in the tissues surrounding them, do not cause undesirable reactions in the 
tissue (inflammation, coagulation, etc.), and do not form. Biocompatibility is 
categorized into structural and surface compatibility. Surface compatibility refers 
to a biomaterial’s physical, chemical, and biological suitability to body tissues. On 
the other hand, structural suitability refers to the material’s optimal compatibility 
with the mechanical behavior of body tissues (Chen et al. 2016). Synthetic polymers 
and some natural polymers, which lack cell-binding structures, can inhibit cell 
adhesion and proliferation. This may cause cell death. To prevent this issue, cell-
binding structures can be introduced to the matrix by blending synthetic polymers 
with natural polymers (Yüce Erarslan 2021). 

9.3.4.6 Viscosity 
Bioink viscosity has been studied extensively in 3D bioprinting and is one of the 
essential factors to consider when developing bioprinting methodologies (Tirella 
et al. 2009). Ceramics, beta-tricalcium phosphate, poly(caprolactone) (PCL), and 
polylactic acid (PLA) have high viscosity and high concentration, which are used in 
general in bone tissue engineering (bioprinting) (Theus et al. 2020). Nevertheless, 
because most thermoplastic materials necessitate an extreme melting temperature 
and do not encourage viable cell printing, hydrogel-based bioinks have become a 
favorable option in recent studies. For bone bioinks produced from hydrogels, 
gelatin methacrylate (GelMA), alginate methacrylate (AlgMA), and hyaluronic 
acid are utilized and supported by some osteogenic minerals and growth factors 
(Theus et al. 2020; Huang et al. 2019; Jakus et al. 2016a, b). In extrusion-based 
bioprinting systems, hydrogel viscosity varies between 30 and 60 × 107 mPa/s, with 
the concentration of the hydrogel affecting the viscosity level (Iordache 2019). 
Natural polymer alginate has low viscosity, and therefore, it is not a suitable 
biomaterial for extrusion-based bioprinters. Its viscosity can be enhanced by blend-
ing with materials such as cellulose, gelatin, and PVA (Iordache 2019).
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Hydrogels used in inkjet-based bioprinting should be of low viscosity because, 
then, they can accurately flow through the piping system and nozzle without 
blockage. Bioink hydrogels must have rheological features that enable viscosity to 
rise once shear is applied. Viscosity ranges between 3.5 and 12 mPa/s based on the 
bioink concentration in the inkjet-based bioprinting system (Iordache 2019; 
Mandrycky et al. 2016). Hydrogel viscosity varies from 1 to 300 mPa/s in 
laser-based bioprinting. To ensure cell stability and mechanical strength, the hydro-
gel must be gelation capable (Iordache 2019). 

In laser-assisted 3D bioprinting, the viscosity should be 1–300 mPa s. 
(Hospodiuk et al. 2017). It is critical that the 3D structure be sufficiently cross-
linked after printing to strengthen mechanical integrity, owing to low viscosity 
values. Photosensitive bioinks are used in stereolithographic processes. The main 
advantage of this printing technique is that it reduces mechanical stresses on more 
viscous hydrogels containing encapsulated cells while maintaining high cell viability 
and functionality (Theus et al. 2020; Li et al. 2016a, b). 

9.3.5 Types of 3D Bioprinting 

3D bioprinting techniques are examined in detail in the following sections. 

9.3.5.1 Inkjet 3D Bioprinting 
Researchers have started 3D bioprinting by modifying standard 2D inkjet printers to 
print bioink in successive layers. Inkjet printers operate by collecting ink droplets at 
specific regions on a substrate. Thermal, piezoelectric, or electromagnetic forces can 
be used to expel droplets from the reservoir nozzle (Xu et al. 2005). Despite the fact 
that these forces produce severe regional conditions, the transient nature of the 
pressure permits the cells to remain viable with low stress. Clogging can occur 
even when using the best bioink for an inkjet printer (Seyedmahmoud et al. 2020; 
Ong et al. 2018). Inkjet bioprinting is one of the oldest printing methods. This 
method, which is based on the noncontact accumulation of biofunctional ink 
droplets, is divided into thermal, piezoelectric, and mechanical. This technique is 
generally preferred due to its compatibility with cells and materials, high printing 
speed, high cell viability, and low cost. High-viscosity materials restrict its applica-
tion (Akkuş et al. 2020; Hacıoglu et al. 2018; Noh et al. 2017). 

Thermal-inkjet-based bioprinters spray the bioink drop by drop from the nozzle 
by electrically heating the bioink cartridge. In many studies, it has been reported that 
this local heating has no significant negative effect on the biological molecules in the 
bioink. On the other hand, inkjet 3D bioprinters with piezoelectric systems have a 
piezoelectric crystal in the bioprinter card slot to periodically separate the bioink into 
droplets. When a voltage is applied to this crystal, acoustic waves form, and pressure 
is applied to the cartridge. The biomarker in the cartridge is sprayed from the nozzle 
with this pressure (Vurat 2021).
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9.3.5.2 Microextrusion 3D Bioprinting 
Fused deposition modeling (FDM), also defined as microextrusion-based 3D 
bioprinting, is an additive manufacturing process that rotates from around the 
accumulation of a substance in successive layers to form the ideal three-dimensional 
structure. In comparison to inkjet and laser-assisted bioprinters, microextrusion 
bioprinters can work with a broader range of viscous bioinks (Seyedmahmoud 
et al. 2020; Cui et al. 2012a, b; Chang et al. 2011). 

The most common and low-cost printing techniques, especially nonbiological 
ones, are based on the principle of microextrusion. Microextrusion-based systems 
usually consist of one or more pulley systems that can move along the x, y, and 
z axes; a temperature-controlled material processing and dispensing system; and a 
light (UV) source to illuminate the deposition area or activate the photoinitiator 
(Vurat 2021). Microextrusion bioprinting technology is based on printing ink by 
mechanical force or pneumatically (with gas or pressure). In addition to being 
compatible with high-viscosity materials, this method provides the advantage of 
printing with high cell density. It is low cost and allows easy printing. As the 
viscosity decreases, the increased pressure negatively affects cell viability (Akkuş 
et al. 2020; Hacıoglu et al. 2018). Material cross-linking strategies used in extrusion 
printing are generally classified into three categories: (1) chemical cross-linking, 
such as sodium alga acid and chitosan; (2) photo-cross-linking, such as GelMA; and 
(3) physical cross-linking, such as agarose (Du 2018). 

9.3.5.3 Laser-Assisted 3D Bioprinting 
Laser-assisted bioprinting, simply identified as laser-induced forward transfer, is a 
droplet-based system (LIFT). Laser-based 3D bioprinters (LTB), based on the 
principle of laser excitation, were developed primarily for transferring metals. 
However, peptides have been successfully applied to biological materials, such as 
deoxyribonucleic acid (DNA) and cells in later times. Although LTB is less common 
than inkjet or microextrusion-based bioprinting, it is used increasingly for tissue and 
organ engineering applications. A typical LTB contains a laser-energy-absorbing 
layer, a pulsed laser beam, and a focusing system (Murphy and Atala 2014). Further, 
many factors influence the resolution of the structures produced in LTB, including 
laser fluence (transmitted energy per unit area), the surface tension of the bioink, the 
air gap between the slide and the substrate, and the viscosity of the biological 
substance (Yilmaz et al. 2019; Vurat 2021). 

In LTB-based 3D bioprinters, the principle of operation entails applying a high-
energy pulsed laser to a donor slide coated with the bioink to be printed to ensure the 
local spraying of small droplets. The laser light is mainly focused on a transparent 
laser substrate (such as glass or quartz), which is coated with a thin metal layer, such 
as gold or titanium, that absorbs light energy and promotes bioink transfer. Pressure 
is created at this step, and a small droplet is pushed toward the lower platform. Cells 
are printed using a laser beam, which vibrates at controlled speeds in laser-assisted 
bioprinting (Noh et al. 2017). Unlike inkjet bioprinting, this method can print 
materials with various viscosities. Since there is no nozzle in this method, there is 
no possibility of nozzle blockage, which is one of the problems encountered in other



techniques (Akkuş et al. 2020). As a result, the viscosity on a broad scale, such as 1 
to 300 MPa/s is suitable for printing biomaterials with their values (Vurat 2021; 
Murphy and Atala 2014). Moreover, the systems can also print bioinks with a cell 
density of 108 cells/mL at high resolutions and speeds of up to 1.6 mm/s using a laser 
pulse repetition rate of 5 kHz (Vurat 2021). The disadvantages of this method are 
that it is quite expensive and the gelling speed must be high for high resolution 
(Akkuş et al. 2020). 
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9.3.5.4 Stereolithography (SLA) 
To develop 3D shapes from computer-aided design (CAD) data, a stereolithography 
machine (SLA-250; 3D Systems, Valencia, CA) was developed in the early 1980s. 
Nowadays, many 3D printers and current bioprinters accept STL files as input. Using 
the 3D Systems software, this file is first examined and, if necessary, modified. The 
device utilizes a moving helium-cadmium (HeCd) laser to produce a 250 μm UV  
light spot on top of the polymer vat. An optical scanning system is applied to manage 
the movement of this spot. The laser is permitted to finish 8–10 tracks per layer with 
an intensity of 14–16 mW/cm2 at a wavelength of 365 nm, which allows the 
polymerization of its solution (Dhariwala et al. 2004; Yilmaz et al. 2019). The 
system’s main components are a reservoir filled with a photosensitive polymer 
solution or resin, an x-y-axis controlled laser, and a fabrication stage with z-axis 
control. In summary, stereolithography is a laser-assisted production that 
photopolymerizes the surface of a photosensitive polymer bath using an ultraviolet 
(UV) laser (Yilmaz et al. 2019). 

9.4 Transition from 3D Printing to 4D Printing 

Four-dimensional bioprinting is a cutting-edge additive processing technique that 
has the inherent potential of manufacturing de novo living tissue structures that can 
be designed to alter different mechanical properties (Esworthy et al. 2019). To 
design a range of biological constructs, including bone, blood vessels, liver, and 
also heart tissue, many 3D bioprinting techniques are used. But, 3D bioprinting has a 
key disadvantage in that it just assesses the starting status a printed object and 
regards it to be artificial and immobile. Natural restoration entails complex 3D 
structures, microarchitectures, extracellular matrix compositions, and the formation 
of tissue with specific features obtained due to variations in tissue orientation. The 
majority of orientational formation is attributed to built-in strategies that reply to 
inherent stimuli so that 3D bioprinting cannot simulate (Wan et al. 2020; Arslan-
Yildiz et al. 2016; Yu et al. 2019; Cui et al. 2016). 

The first four-dimensional (4D) printing, capability of multi-material prints with 
over time, was developed at the Massachusetts Institute of Technology (MIT) in 
2014 (Tibbits 2014). The technique has rapidly been practiced in the tissue engi-
neering field, and the theory of time can be incorporated as the fourth dimension 
within 3D bioprinting technology, which led to the invention of 4D bioprinting. 
Four-dimensional bioprinting can be utilized to produce numerous 3D designed



biologically active structures having the capability of robust orientational changes to 
adapt to new favored stimulation over time by using stimuli-responsive materials, 
describing the drawbacks of 3D bioprinting (Wan et al. 2020; Gao et al. 2016; Li  
et al. 2016a, b). The 4D-printed structures can alter over time in response to different 
stimuli and adjust to the native niches of fault fields, opening up new ways for tissue 
engineering, especially bone. To identify existing problems in bone tissue engineer-
ing, a sequence of accelerated 4D approaches has been suggested. In bone tissue 
engineering, shape recovery polymers that respond to different stimuli have been 
extensively researched as potential injectable hydrogels and appropriate scaffolds 
(Saravanan et al. 2019; Senatov et al. 2016; Graham et al. 2019; Wan et al. 2020). 
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The shape-conversion capability of 4D-printed bone tissue structures could 
satisfy the requirement for individualized bone healing, especially in the context of 
random bone fractures. The tensile performance of 4D-printed structures can also be 
regulated via a conditioned cross-linking of stimuli-responsive components (Wan 
et al. 2020; Suo et al. 2018). In bone tissue engineering, different cells, growth 
factors, or inorganic nanoparticles (hydroxyapatite and bioactive glass cement, such 
as calcium phosphate) can serve as support, and a heat-sensitive polysaccharide-
based hydrogel that can be injected has been improved. Hydroxypropyl guar-graft-
poly (N-vinylcaprolactam), hydroxybutyl chitosan, hydroxypropyl methylcellulose, 
such that the modified bio-based polymers, have a lower critical solution temperature 
among optimal room temperature and room temperature and can return into a gel 
state at skin temperature. Poly(N-isopropylacrylamide) (pNIPAM) (a conventional 
thermoresponsive material) has been combined with hyaluronic acid and chitosan to 
construct an injectable hydrogel for bone healing (Wan et al. 2020; Yang et al. 2014; 
Chen et al. 2013). The mechanical properties of injectable hydrogels were enhanced 
by the addition of mineral components like nano-hydroxyapatite, bioactive glass, 
and tricalcium phosphate. Inorganic-organic injectable hydrogels have appropriate 
rheological and in vivo properties and enhanced alkaline enzymatic activity and 
calcium formation in osteoblast cells for support (Wan et al. 2020; Azevedo et al. 
2014; Dessi et al. 2013). PLA/hydroxyapatite porous scaffolds with increased rates 
of shape recovery potential could be employed as self-fitting implantable devices to 
restore minor bone flaws. 

Renewable bio-smart scaffolds have positive shape memory effects and shape 
recovery at body temperature and they have has been prepared by Miao et al. (2014). 
In the study, PCL and cross-linkers containing predetermined amounts of castor oil 
were used. Meanwhile, the researchers utilized 3D laser printing to produce a 
biomaterial temperature-responsive shape-memory scaffold made of epoxidized 
acrylate materials based on renewable soybean oil. The produced biomaterials 
showed good mechanical strength, shape-memory effect, and biodegradable 
properties (Wan et al. 2020). Magneto-responsive polymer structures are polymer 
networks that have been physically or chemically modified with magnetic 
nanoparticles (MNP) made of nickel (Ni), cobalt (Co), and iron (Fe), and/or their 
oxides, as well. Magneto-responsive materials’ possibilities in the biomedical field 
have been indicated in a variety of specific target pharmaceutical applications, where 
they provide minimally intrusive, regionally efficient, and controlled treatment



activity. In this regard, iron(III)oxide (Fe3O4) nanoparticles involving mesoporous 
bioactive glass/poly(ε-caprolactone (Fe3O4/MBG/PCL) are examples of 3D-printed 
polymeric magneto-responsive structures used in tissue engineering applications 
(Zhang et al. 2014). In addition, PCL/iron-doped hydroxyapatite (PCL/FeHA) 
nanocomposite scaffolds and iron(III)oxide/poly(ethylene glycol diacrylate) 
(PEGDA) magneto scaffolds can also be given as examples (Tamay et al. 2019; 
D’Amora et al. 2017; De Santis et al. 2015). 
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Fig. 9.11 Four-dimensional PED-cell-laden bilayered scaffolds, which transformed into saddle-
like architecture upon NIR stimulation. The scaffolds were fabricated through cell-laden GelMA/ 
alginate-based and PDA/alginate-based layers, and PDA/alginate instigated a shape morphing 
effect upon NIR stimulus (Luo et al. 2019). (Adapted with permission) (Arif et al. 2022) 

Polymers of alkaline monomers act as cationic polymers in pH-responsive 
systems at acidic conditions, while polymers of acidic monomers act as anionic 
polymers at alkaline conditions. Synthetic pH-responsive polymers that are biocom-
patible and biodegradable involve poly(histidine) (PHIS), poly(acrylic acid) (PAA), 
poly(L-glutamic acid) (PGA), and poly(aspartic acid) (PASA), whereas natural 
pH-responsive polymers involve dextran, hyaluronic acid, alginic acid, chitosan, 
and gelatin (Tamay et al. 2019; Dutta and Cohn 2017; Kocak et al. 2017). Humidity 
responsiveness is a natural event with countless examples. Systems made of these 
substances can convert moisture sorption or desorption into driving forces for 
mobility. Some humidity-responsive materials that have been investigated include 
poly(ethylene glycol) diacrylate (PEGDA) cellulose (Mulakkal et al. 2018) and 
polyurethane copolymers (Tamay et al. 2019). A study with GelMA/alginate-
based and poly (dopamine) (PDA)/alginate-based bioinks to create cell-laden 
scaffolds that change shape in response to near-infrared (NIR) stimuli was performed 
(Fig. 9.11). The overview of publications related to 3D and 4D between 2008–2019 
is shown by years in Fig. 9.12.
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Fig. 9.12 Overview of current publications on 4D bioprinting. (a) The search strategy for viewing 
current publications on 4D bioprinting on PubMed, MEDLINE, and Web of Science databases 
(until 30 September 2019). (b) Statistics on the number of publications in recent years (Wan et al. 
2020) 

9.5 Challenges, Future Directions, and Conclusions 

Bioprinting is still in its early stages, but there have been some notable successes in 
the formation of transplanted conceptual structures for a wide range of tissues. One 
of the most challenging aspects of 3D bioprinting is developing bioinks that are 
appropriate for every type of tissue and have adequate physiological, biological, and 
also mechanical features. The advancement and engineering of novel bioinks or 
bio-derived material compositions continue to be significant areas of concern and 
research. Further studies should be performed in developing new matrices and 
designs to assess and monitor the properties and processes of various bioink 
materials for this purpose. Bioprinting endeavors toward improved resolution, 
speed, and biocompatibility. Bioprinting has become popular the variety of suitable 
materials and methods for material accumulation with higher precision 
(Seyedmahmoud et al. 2020; Leberfinger et al. 2017). Vascularization is another 
important limitation in tissue engineering and bioprinting 3D tissues with proper 
functionalities. The presence of proper vascularization in bioprinted structures is 
essential for the long-term functionality of 3D-bioprinted tissues. Cells could die of 
hypoxia and exhibit stagnant growth attributable to waste and contaminant forma-
tion if sufficient cellular perfusion is not provided. The ability to effectively build a 
multiscale perfused vascular network and then promote its vascularization via 
mechanical or chemical activation is the foundation for biofabricating quite bulky 
tissues (Gu et al. 2019; Seyedmahmoud et al. 2020). Classical 3D bioprinting 
systems have mainly been used to develop, engineer 3D bioprinted structures in 
vitro pre—and implantation of the structure into the body. However, in vitro 
bioprinting methodologies could confront some logistical problems in terms of 
clinical applicability, such as the following: (1) 3D bioprinted structures are



frequently sensitive, and inner micro-features could be damaged throughout trans-
port from the fabrication condition to the operating condition; (2) extreme sanitized 
condition is needed; and (3) the bioprinted structure must be modified and trimmed 
before being implanted. This last problem exists when the configuration of the 
bioprinted structure differs from the real size of the defect due to the limited 
resolution ability of the CT and MRI scans used to develop the structure 
(Seyedmahmoud et al. 2020; Campbell and Weiss 2007; Li et al. 2015). Over the 
past decades, substantial development has been made in adjusting 3D bioprinting 
(Osidak et al. 2020). A comprehensive understanding of the effects of system 
parameters, bioink properties, and cellular structures on printing results offers a 
significant aid for the creation of new therapeutic bioinks (Ng et al. 2017; Chua et al. 
2021). Despite considerable advances, bioprinting has many major challenges, such 
as the flexibility and function facilitates of printed biomaterials, and the ideal cell 
sources for innervation, vascularization, and development of printable structures. 
Materials with cell compatibility and appropriate mechanical properties, such as 
suitable modifications, the utilization of reinforced biomaterials, and protein-based 
and other functional group conjugation, must be specifically chosen to enable cell 
seeding and growth. Decellularized ECM could also be a favorable bioprinting 
scaffold. Various perspectives on 3D bioprinting have benefits and drawbacks. To 
resolve the troubles of bioprinting tissues with different properties, bioprinting 
methods with various mechanisms must be integrated. Moreover, appropriate stem 
cells, basic or mature cells, must be seriously evaluated in bioprinting to deliver 
proper functioning of the printable tissue (Huang et al. 2017). 
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Even though 3D printing has been a hot topic for many years, bioprinting is much 
more recent, and this field is growing rapidly. The system shows the ability and 
flexibility to create a variety of living systems with limited or no negative effects. 
This process is adaptable for the fabrication of both vascular and vascular tissues 
with 2D and 3D structures for tissue engineering. Nonetheless, in vivo evaluations of 
the process are now in their early stages, with an incredible deficiency in biological 
and mechanical characteristics to incorporate between printable structures and native 
tissue. But nevertheless, owing to its fast accuracy and continuous repeatability, 
bioprinting has displayed numerous opportunities in pharmaceutical research and 
clinical trials (Huang et al. 2017). Despite all the difficulties, however, bioprinting 
has a significant impact on the industry. To overcome all of the obstacles in this 
strongly interdisciplinary discipline, it is required to hire specialists from diverse 
areas such as material and biological sciences, computer engineering, and 
pharmaceutics. The advancement of bioink-based material applications is changed 
stem cell transplantation, polymer science, and fast manufacturing capabilities 
(Hacıoglu et al. 2018). As a result, 3D bioprinting provides the potential of 
manufacturing organs and, eventually, resolves the emergency of organ donor 
shortfall for transplantation (Huang et al. 2017).
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