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Abstract Three-dimensional (3D) bioprinting, consisting of computer-controlled
deposition of scaffolds and cells into designed patterns, is an innovative and
promising biofabrication strategy for creating artificial tissues and organs. Bioprinted
skin has the potential for clinical transplantation, drug testing, cosmetic assaying as
well as fundamental researches. Remarkable advancements have been done over
the past decades in the improvement of engineered substitutes that mimic skin by
applying the advances in polymer engineering, bioengineering, and nanomedicine.
Prior to the printing stage, the pre-design of the process, selection of cell, and biofunc-
tional inks are significant steps for the successful fabrication of 3D bioprinted skin
constructs. It is crucial to seek and decide on an appropriate source of biofunctional
ink capable of stimulating and supporting printed cells for tissue development. Based
on this perspective, this chapter deals with the skin and wound structure, skin tissue
engineering, the performance and properties of a broad range of biofunctional inks
available for 3D bioprinting technologies to produce skin structures. Besides, the
current challenges and advances in designing and developing biofunctional inks
with desired properties are overviewed.
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Graphıcal Abstract

1 Introduction

Skin is one of the most significant part of the human body, acting as a barrier with
protective, sensorial, and immunologic functions. Kind of external interventions on
the skin tissue may result in various wounds [142]. As one of the most common
injuries, skin wounds affect millions of people worldwide [10, 36, 72]. Due to the
increment of diabetes and venous/arterial insufficiencies, the cases suffering from
chronic wounds have been rising dramatically [101]. Indirect results of skin defects
frequently cause bacterial infections, dehydration, and some serious complications
which target the homeostasis and thereby the integrity of the skin [30].

To preserve the immediate reactions of the skin, wounds should be recovered
or regenerated right after the injury as soon as possible [167]. Tissue engineering
approaches suggest many promising treatments to overcome the devastating injuries
via combining therapeutic agents, cells, and biomaterials in several methods [26, 40,
121]. As one of the eminent techniques, biofabrication, has emerged as a powerful
and novel strategy to develop complex three-dimensional (3D) structures mimicking
injured organs and tissues in the skin tissue engineering or outputs used as the basis for
regenerative medicine [46, 77]. 3D bioprinting is an advanced biofabrication process
that benefits from the computer-controlled deposition of biocompatible materials to
produce living and functional 3D tissue constructs. To regenerate or substitute one
of the body components, these constructs can be used in the body [23, 83]. 3D
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printing technology has paved the way for patient treatment plans that can best fit
individual needs [191]. It has numerous advantages including the ability to design
different kinds of porous natures [33], complex structures [195], combine growth
factors [33], and multiple cells [99] mimicking native tissues. Bioink is the most
critical parameter to reach the desired goals in mimicking the skin tissue. Depending
on the technique used under biofabrication, bioinks can vary and deserves broad
research. Applications of 3D printing are limited by the type of utilized bioinks.
Numerous researchers have improved new bioinks to provide their utilization for
characteristic 3D bioprinting [83].

Bioinks are themain building blocks for 3Dbioprinted constructs [122, 197]. They
are termed as cell-laden liquid materials that can include additional components like
growth factors and/or signaling molecules in addition to the specific cells, to fabri-
cate native-like structures [196]. To design and fabricate complex biofunctional inks,
the bioinks should have critical features, like biodegradability, mechanical durability,
biocompatibility, viscoelasticity, non-immunogenicity, and nontoxicity [20]. In addi-
tion, for maintaining cell viability, and induce/prevent cellular response, biofunc-
tional ink materials have to be determined based on their mechanical, chemical,
biological, and rheological features with best fitting one of the bioprinting techniques
[136, 165].

In this chapter, a comprehensive overview of appropriate biofunctional inks
utilized in 3D bioprinting for skin tissue engineering is provided. Finally, current
challenges and advances in the development of biofunctional inks are also outlined.

2 The Structure and Function of Skin

The skin tissue covers 15% of body weight and 1.8 m2 of the body area [3, 171].
It performs primarily as a barrier protecting the inner organs from the outer effects
such as ultraviolet radiation, abrasion, and pathogens, also fulfills some functions
like sensation, vitamin D synthesis, temperature/fluid homeostasis, immune protec-
tion, and self-healing [45, 98]. From outer to inner, the skin is composed of three
main layers: epidermis, dermis, and hypodermis [6] (Fig. 1). The dermis is largely
comprised of elastic and collagen fibrils found in a glycosaminoglycan structure,
while the epidermis contains numerous cells [145]. The epidermis layer essentially
consists of keratinocytes (95%) and also includes melanocytes, Merkel cells, and
antigen-presenting dendritic Langerhans cells. The keratinocytes grow rapidly to
transport urea and water throughout aquaporins, repair wounds, and play role in
immunity via antimicrobial peptide secretion of the Langerhans cells. Also, they
acquire skin color pigment, melanin, from melanocytes to filter out ultraviolet radi-
ation from sunlight [21, 22, 175]. The epidermis has no intrinsic vascular network;
therefore, it is nourished from microvascular networks of the dermal layer [6,
117]. The structures localized in the epidermis from the bottom to top are stratum
basale (SB), stratum spinosum (SS), stratum granulosum (SG), stratum lucidum
(SL), and the stratum corneum (SC) [145]. Generally, the differentiated cubic basal



232 E. Ilhan et al.

Fig. 1 The schematic structure of skin tissue

keratinocytes migrate from the bottom layer through the apical layers every 28 days
[179]. Thus, they progressively get an ovoid shape, lose their nuclei, and ulti-
mately detach from the epidermis [57]. During this process, lipids and keratin ensue
which then undergoes terminal differentiation to constitute the upper layer (SC) [2].
This layer prevents the entry of foreign objects and microorganisms into the body
[22]. This structure has two separate layers, consisting of the upper part, stratum
disjunctum, and the lower part, stratum compactum [47, 51]. The latter layer is
composed of 4–6 cell layers of the SC and includes solid components that provides
a diffusion barrier. The more loosely structured upper part consists of ca. 8–15 cell
layerswith only lateral cell–cell junctions. Both of these sublayersmaintain the cohe-
sion of the stratum corneum [29, 53]. SB includes phospholipids while the upper
epidermal layers are rich in lipid lamellae [55]. As a non-cellular layer, stratum
basale includes fibrils, proteoglycans, and glycoproteins like laminin, collagen type
IV, and VII. Under this structure, a reticular lamina including high concentrations of
collagen type III is present [15]. Besides, the epidermis has various invaginations,
including hair follicles connected to sweat glands and sebaceous glands (piloseba-
ceous units). The epithelial stem cells, changing into basal keratinocytes, are present
in this pilosebaceous unit [21]. Then, as keratinocytes move towards the skin surface,
they differentiate and mature. The keratinized cell layer on the skin contributes to
the barrier function of the skin [22].

On the other hand, as the thickest layer, the dermis is located beneath the epidermis.
It is a connective tissue including extracellular matrix (ECM), vascular endothelial
cells, fibroblasts, hair follicles, sebaceous glands, sweat glands, nerve endings, and
blood vessels [22]. The loose connective tissue layer is positioned under the epithe-
lium. It harbors scarce cells with a high amount of the matrix material. Just beneath
this layer, the dense connective layer is present. It includes collagen in high concen-
trations and sparse cells, typically single type-fibroblasts [145]. Fibroblasts are the
most abundant cells in this layer and synthesize the ECM [6]. It is made of intercon-
nected protein structures (elastin, fibronectin, collagen, and laminin), proteoglycans
(chondroitin sulfate, heparan sulfate, and keratan sulfate), and glycosaminoglycans
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[128]. The ECM is like a scaffold providing flexibility and physical strength to
the skin via extracellular structural proteins and glycosaminoglycans. In addition, it
plays role in the hydration of tissue due to the high water-binding capacity of the
hyaluronic acid component [3, 6, 166]. The lymphatic system in the dermal layer
has various functions such as pressure maintenance in tissue by removal of inter-
stitial fluid, waste byproducts, and also the regulation of immune responses [4, 56,
70, 80, 153]. On the other hand, the blood vessels are responsible for transferring
oxygen and nutrients to the skin cells [8, 143]. The thin collagen fibers on the surface
(superficial/papillary dermis) and much thicker collagen fibers in the deep (reticular
dermis) provide mechanical strength to the skin [18]. Hair follicle stem cells are
anticipated to be fundamental for the repairment of skin and regeneration of hair
follicles, including specification into several types of hair follicle epithelial cells,
epidermal cells, and sebaceous gland cells [109]. Moreover, sweat glands contribute
to skin repair and are responsible for the thermo-regulation of the body [201].

The innermost layer of the skin is the hypodermis, underlying the reticular dermis
[6]. The hypodermis consists of loose connective tissues and lipids, which provides
insulation from cold and heat as a thermo-regulator. It also has several endocrine
functions involved in inflammation, angiogenesis, food intake, glucose homeostasis,
and lipid metabolism [45, 163].

3 Wound Types and Wound Healing Process

Damage or loss of integrity in skin layers can be caused by wounds. The wounds
that resulted from blood circulation problems, burns, aging, surgical processes, or
mechanical trauma, may disrupt the several functions of the skin [45]. They are
grouped into chronic or acute wounds related to their underlying consequences and
causes [92]. Skin damages often result in acute skinwounds.Acutewounds are healed
through an organized repair process, and restoration of anatomical and functional
integrity is provided to the tissue [50]. However, depending on the increment of
the depth and size of a wound, the healing process may not complete properly,
causing improper or delayedwound closure [157]. Thewoundswhich do not progress
through appropriate reparation of functional and structural integrity frequently result
in chronic wounds [190]. Some factors like the presence of autoimmune/metabolic
diseases, ongoing drug therapies, and patient age may influence the wound healing
process and cause chronic wounds [106]. To restore the skin functions properly, rapid
and exact wound healing are crucial.

The wound healing process includes closure of the wound to prevent infection,
suppress pain, and recover the functionality of the skin. The epidermis has the capa-
bility for self-healing due to the presence of stem cells. However, in severe injuries,
the healingmechanism is not adequate, thus resulting in a chronicwound [190].Based
on the injury’s depth, the wounds are categorized into four main groups consisting of
epidermal, superficial partial-thickness (lose a part of the epidermis), deep partial-
thickness (damage in deeper dermal layers and epidermis), and full-thickness skin
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wounds (damage in deeper tissue and subcutaneous fat) [135, 167]. The first two
types are generally restored via self-healing processes. However, in the rest of the
wound types, self-healing cannot be performed due to the destruction of the epithe-
lial regenerative elements [152]. The healing process is a complex cascade system
consisting of individual but overlapping stages. These are inflammation, hemostasis,
proliferation, and remodeling (maturation) phases [25, 171] (Fig. 2). These dynamic
and continuous processes are performed by various cellular components and molec-
ular pathways and include the interactions of cells, ECM components, cytokines,
and growth factors involved in repairing the wound [164]. The hemostasis phase
reveals in a few seconds or minutes after the skin injury and is essentially mediated
by platelets [145]. In this stage, the intravascular platelets are exposed to the suben-
dothelial collagenby the skin injury, and thrombin is produced [177]. Then, in average
patient profiles, fibrinogens are converted into fibrin fibers to prevent blood loss and
form a fibrous scaffold for clotting blood. This blood plug temporarily prevents
the loss of fluid and entry of pathogens [145, 190]. Besides, some cytokines and
growth factors, such as epidermal growth factor (EGF), platelet-derived growth factor
(PDGF), heparin-binding EGF-like growth factor, vascular endothelial growth factor
(VEGF), insulin-like growth factor-1 (IGF-1), transforming growth factor, alpha
(TGF-α) and beta (TGF-β), are produced by activated platelets [16, 41, 105]. Then,
the above-mentioned growth factors and cytokines diffuse into surrounding tissues
and induce themigration of neutrophils andmonocytes into thewound,within thefirst
24 h after the injury. Neutrophiles produce proteases and antimicrobial compounds
[73, 145]. The monocytes differentiate into macrophages, and then the macrophages
and also lymphocytes are attracted to the damaged layers to begin the inflammation

Fig. 2 Timeline for skin wound healing
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phase [137, 145]. They digest the remaining matrix, cellular debris, and microor-
ganisms to prevent infections (after about 48 h of injury) [21]. The blood circulation
and expression of several pro-inflammatory factors, like colony-stimulating factor-
1 (CSF-1) and tumor necrosis factor (TNF), are stimulated by these inflammatory
cells. Thesemolecules trigger the proliferation andmigration of smoothmuscle cells,
keratinocytes, endothelial cells, and fibroblasts [146]. During this stage, collagen
production is induced by the latter cells, and dead cells are surrounded by phago-
cytes [49, 104, 156]. The inflammatory phase prepares the damaged tissue for healing
through restoring homeostasis and providing a barrier against pathogens [61, 114].
Production of novel tissue and angiogenesis (formation of blood vessels) begin with
the third stage, namely, the proliferation phase. In this stage, due to the proliferation
of the keratinocytes, re-epithelialization of the injured tissue occurs. Also, increased
VEGF induces angiogenesis to generate the vascularized tissue [21]. The quantity
of inflammatory cells is reduced during this stage, and PDGF and TGF-β chemotac-
tically attract fibroblasts into the wound site [192]. Fibroblast growth factor (FGF)
is continuously released by macrophages, and it induces the proliferation and acti-
vation of fibroblasts. ECM is produced by the latter cells [162]. Some proliferated
fibroblasts produce type III collagen and glycosaminoglycans, like chondroitin-4-
sulfate, heparin sulfate, dermatan sulfate, and hyaluronic acid [21, 168], which form
a gel in which collagen fibers are deposited. The ECM is essential for the formation
of novel tissue and formed by collagen and fibronectin [69]. Also, some fibroblasts
change into myofibroblasts. The latter cells with their contractile function, reduce
the wound size, and finally, contribute to the wound closure process [189]. In the
final phase, the maturation (remodeling) stage, the ECM composition is changed by
the reconstruction of collagen fibers type III to I. These changes and direction of
fibers provide mechanical durability of the skin [67]. Besides, to reduce the blood
vessel density and dermal cellularity, most of the cells that come from the previous
stage encounter apoptosis. After all of these stages, by healing, the tissue gets its
final appearance [21]. This phase is longer than the others, and generally begins 3
weeks post-injury and may continue for 2 years [145].

This native healing process gets severely destroyed in some pathophysiological
cases. Because such critical cases result in loss of the skin tissue and this result in the
interruption of wound healing [155]. Clinical treatments can be used in such situa-
tions to provide wound repair, and regeneration includes skin substitutes, allografts,
autografts, cell therapy, and cytokine therapy [5, 17, 43, 133, 159]. Nevertheless,
these conventional techniques are usually impeded by a small repair range, the avail-
ability of donor skin for grafting, high treatment cost, immune rejection, secondary
injuries, and long healing time [59, 68]. Such situations can be overcomewith current
biofabrication techniques.
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4 Skin Tissue Engineering

Damage to the function of skin integrity due to injuries and diseases represents
a significant imbalance of physiological processes leading to disability. Common
causes of skin damage include acute trauma, burns, chronic wounds, infections,
genetic disorders, and surgical interventions [13]. Damages on the skin can be cate-
gorized according to their different thickness. These can be classified as epidermal,
superficial partial-thickness, deep partial-thickness, and full-thickness skin wounds.
The epidermis has an enormous wound healing capacity. However, there are situa-
tions where normal regeneration is insufficient and large areas of the epidermis need
to be replaced. The regeneration capacity of the dermis is very low. The scar tissue
formed in the absence of the dermis lacks the flexibility, elasticity, and strength of
the natural dermis, also causes pain, limits movement, and is esthetically poor. There
is a need for the development of engineering applications that mimic human skin
for use as graft material after damage and wound, to restore skin function and facil-
itate wound healing [188]. Autologous grafts (autografts) taken from the patient’s
own body are used to return the skin barrier to its normal function, facilitate wound
healing after damage or injury, and prevent immune rejection. Unfortunately, auto-
grafts are insufficient for healing and wound closure of large and severe wounds or
burns [111, 134, 158]. Skin tissue engineering develops applications to meet this
need and to produce artificial skin using in vitro methods. The major important aim
of skin tissue engineering is to regenerate the normal physiology and anatomy of
natural skin [11]. Also, in skin tissue engineering, it is necessary to achieve effective
recovery and full simulation of physiological skin, close to natural mechanical prop-
erties, without immune rejection or host toxicity. Artificial skin produced for skin
regeneration should have a structural architecture to reinstitute the skin pigmentation,
nerve, vascular plexus, and adnexa [89]. In recent years, researches have increased
in skin tissue engineering applications, with the latest studies in materials science
and the demand for artificial skin. The primary objective of skin tissue engineering
is to produce a structure that provides skin regeneration and wound healing using
various tissue engineering methods using suitable cells and biomaterials. Scaffolds
that are produced for skin should have important properties such as biocompatibility,
biodegradability, and non-toxic nature, and suitable mechanical properties [118].
Besides, skin tissue engineering scaffolds should be cost-effective and elicit minimal
scarring andminimal inflammatory response [193]. Artificial skin, which is expected
to replace and completely mimic the natural skin, is tried to be produced with many
tissue engineering applications, including the three-dimensional bioprinting method.

5 Overview of 3D Bioprinting

The main aim of tissue engineering is to design cell-laden 3D structures that mimic
natural tissue. So, designing and building biomaterial-based scaffolds is one of the
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most crucial parameters in tissue engineering [113]. Three-dimensional bioprinting
(3D bioprinting), also known as additive manufacturing, steers novelties in many
fields like engineering,manufacturing,medicine, art, and education. 3Dbioprinting is
an advanced manufacturing platform that enables the predefined deposition of living
cells, biomaterials, and growth factors to manufacture customizable scaffolds via a
layer-by-layer printing process using computer-aided design (CAD) [125]. The three-
dimensional bioprinting technique has arisen as an alternative and easily applicable
technique, especially in tissue engineering applications. With its broader definition,
three-dimensional bioprinting can be defined as the computer-aided layer-by-layer
modeling of bioinks, known as cells, DNA, drugs, growth factors, and biomaterials.
This approach also includes toxicology studies and drug screening for the clinical
use of artificial tissues created by the 3D printing method [119, 140].

Three-dimensional bioprinting can be described as a state-of-the-art product that
aims to produce structures that are used for biological tissues with suitable and ideal
hierarchical architecture. Living and functional tissues, which are much needed in
tissue and organ transplantation, can be developed artificially. From this perspective,
printing technologies are overwhelmingly accepted by researchers around the world
as an alternative option to improve the lives of patients suffering from a disease
[113]. Macro-scale architectures that can be achieved with bioprinting technology
can perfectly mimic the natural extracellular matrix (ECM). Thus, it allows multiple
cell types to bind and multiply at the same time [66]. Structures obtained by 3D
printing method also have advantages such as adjustment of desired dimensional
properties, mechanical strength, and simple drug loading [81]. The exact shapes and
complex geometries of the desired tissues can be mimicked with the 3D bioprinting
technology [178].

Generally, the 3D bioprinting process is separated into three main stages; pre-
bioprinting (modeling), bioprinting, and post-bioprinting. Pre-bioprinting modeling
is the process of designing the desired 3Dmodel in a digital platform. It also includes
the selection of bioink and biomaterials according to the desired tissue to be created
and the type of 3D bioprinting model. Collecting complex tomography that will
mimic natural tissue architecture is precisely composed using CAD software and
stored as stereolithography (stl) files [147]. The designs of the printers are different
from each other. In some printers, the 3Dmaterial file can be uploaded directly to the
device, while in some printers, it is transferred to the printer after being converted into
G-Code in the slicing program. The slicing program divides the shape into a stack of
cross-sections and creates it by integrating it with the programmed fill pattern. After
the printer reads the stl file, it deposits a layer of material to create the 3Dmodel [34].
The bioprinting stage is the process of creating the desired structure with the desired
features after making the necessary adjustments of many parameters. For tissue
engineering applications, the printing process is divided according to two different
procedures, with and without incorporated living cells. Printing with 3D printers is
divided into three main categories according to their working strategies: extrusion-
based, droplet-based, and laser-assisted bioprinting (mentioned in Sect. 5.2) [204].
Finally, post-printing is an important step in improving the mechanical support and
biological functionality of generated structures [120]. Evenmore importantly, in vitro
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culture (inside in a bioreactor), in vivo implantation, and even in situ bioprinting
can be used to improve the structure; hence, transform the formed structures into
functional tissues [131].

5.1 3D Bioprinting Technologies

Scaffolds used in tissue engineering can be prepared according to two different
approaches: bottom-up or top-down. Depending on the basic working principles for
fabricating tissue structures, there are many different bioprinting strategies, such as
inkjet bioprinting, laser-assisted bioprinting, pressure-supported (extrusion)-based
bioprinting, acoustic bioprinting, stereolithography-based bioprinting, and magnetic
bioprinting. These bioprintingmethods can be appliedwith different combinations or
alone, depending on the production goal [116]. Nowadays, in 3D bioprinters, three
major methods are applied mostly: extrusion, droplet, and laser-based bioprinting
(Fig. 3). The technique should be preferred depending on the characteristics of the
cells and biomaterials to be used, the required sensitivity and speed, or the size and
properties of the tissue to be printed.

5.1.1 Extrusion-Based 3D Bioprinting

The extrusion-based bioprinting technique is the most widespread application, espe-
cially due to its ability to produce greater extent 3D structures. This is the basis of all
bioprinting techniques. The extrusion-based bioprinting technique is a combination
of the fluid dispensing system and robotic system for bioprinting. Biological printing
is distributed by the deposition system with the help of computer control. It results in
precise deposition of encapsulated cells within cylindrical filaments of desired 3D-
shaped structures. Thanks to this technique, the filaments are constantly deposited,
which provides structural integrity [132]. During bioprinting, the dispensing head is
moved along the X and Y axes to place the bioink onto a stage. As specified in CAD
models, it is moved up and down along the Z-axis to create the scaffold by accumu-
lating different layers [186]. Biological materials are extruded from the dispenser
by pneumatic, mechanical (piston or screw assisted), or solenoid-based dispensing
techniques [141]. Extrusion-based bioprinting is a suitable method for high viscosity
materials that provide mechanical support, and low viscosity materials that support
cellular bioactivity. This technique can print a very large class of biomaterials and
cells, including both natural and synthetic hydrogel polymers, cell aggregates, and
decellularized extracellular matrices. Compared to other bioprinting methods, it
is more possible to deposit biomaterials with physiological cell density with the
extrusion-based bioprinting technique. It can be preferred to produce large-scale
scaffolds because it provides fast deposition speed [127]. Apart from the advantages
provided by the extrusion-based bioprinting method, there are also some negative
aspects. As higher pressures and smaller diameter nozzles are used in extrusion-based
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Fig. 3 Schematic illustration of different bioprinting techniques; a Extrusion-based bioprinting.
b Inject bioprinting. c Laser-based bioprinting

bioprinting, a decrease in cell viability has been observed due to process-induced
stress [173]. In this technique, nozzle clogging caused by biomaterial solidification
can completely interrupt the integrity of the created structure compared to nozzle-
less techniques [127]. The other disadvantages are the lower resolution (≥100 μm)
and less accuracy than other techniques [35].

5.1.2 Droplet-Based 3D Bioprinting

The droplet-based bioprinter was first presented in 1980s as the foundation of
biological printing technologies [94]. The core of the droplet-based bioprinter is
inkjet technology (also known as drop-on-demand printers). Inkjet printing is a
technology derived from traditional 2D desktop inkjet printers. Inkjet printers that
deliver controlled volumes of fluid to predefined locations are the widely preferred
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type of printer for non-biological and biological processes [182]. This non-contact
bioprinting process relies on the formation and exact positioning of droplets on a
computer-controlled substrate [151]. It has the same mechanism as the extrusion-
based bioprinting technique [107]. The accumulated droplets create 3D scaffolds
with the help of different chemical and physical cross-linking agents like pH, ultra-
violet (UV) radiation, and cross-binding agents. With this method, cell viability is at
least 70%, and this rate can be further increased by applying various procedures [64].
In inkjet bioprinters, drops created by heat and mechanical compression are often
smaller than 30 μm, resulting in high resolution. Inkjet bioprinting sprays droplets
onto the substrate using thermal, piezo, or acoustic forces.

A thermal inkjet bioprinter includes a heating element and an ink chamber with a
nozzle. Thermal inkjet printers work by electrically heating the printhead to generate
pressure pulses [24]. The thermal inkjet technique is more preferred because it is effi-
cient, simple, and more economical. However, clogging of the nozzle due to bioink
gelation disrupts the manufacturing of evenly sized drops and smooth printing opera-
tions [58]. Besides, the risk of exposing cells andmaterials to thermal andmechanical
stress, low droplet orientation, non-uniform droplet size, unreliable cell encapsula-
tion are major disadvantages [125]. In another technique, piezoelectric inkjet, the
pressure pulse is produced by mechanically actuating piezoelectric crystals. Internal
vibrations press the bioink droplet out of the nozzle. The pressure required to eject
the droplets from the nozzle is achieved by using a voltage to the piezoelectric
material, causing a quick change in structure [58]. Other inkjet printers can spray
liquid droplets with the aid of the acoustic radiation force found in the ultrasound
field. Acoustic inkjet printers have the advantages of generating and controlling a
uniform droplet size and ejection directionality, as well as preventing cells from
being exposed to heat and pressure stressors [150]. The main advantages of inkjet
bioprinting are better resolution, affordable price, and the ability to easily model
complex geometries. The main disadvantages are the lower viscosity range, longer
printing time, which limits the bioink composition. Additionally, the technique used
by the actuator to generate the drops can affect cell viability, especially the thermal
mode [188].

5.1.3 Laser-Based 3D Bioprinting

Laser-based bioprinters are also called laser-assisted printers and laser direct printers.
Although laser-based bioprinting systems are less popular compared to other printer
techniques, over time they have been used more and more in tissue engineering
applications. Laser-based printers have an ultraviolet (UV) laser, a hydrogel focusing
principle that is made light-sensitive by the addition of a photoinitiator [95].With the
energy provided by the UV laser, covalent bonds are formed between neighboring
polymer chains and allow the liquid to solidify [115]. This technology that is based on
conventional laser-induced forward transfer is a nozzle-free technique. Laser-based
printers include a pulsed laser beam, focusing system, donor slide, and collector
substrate slide. The donor slide is covered with a laser-absorbing layer and bioink
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layer containing thebiomaterials and cells to be transferred.The collector slide,which
acts as the printing bed, is placed at distances ranging frommillimeters tomicrometer.
Several lasers can be used in this technique to increase the printing speed. The main
advantage of this method is that it has high sensitivity. The laser-based bioprinting
technique allows more printing on small tissue surfaces and operates with lower
viscosities (1–300mega pascal-second [mPa · s]) than extrusion-based prints [65, 97,
154]. Because laser-assisted printers are a nozzle-free technique, it eliminates the risk
of nozzle clogging and contamination, verywidespread difficultieswith nozzle-based
bioprinting techniques [198]. Thanks to laser-based printers, high-resolution 2D and
3D patterns can be designed and different cell lines can be combined [163]. The
most important advantage of laser-based printers is that cell encapsulated hydrogels
accumulate high cell density (1 × 108 cells/ml) and high cell viability (>90%) at
high print resolutions (80–140mm) [96]. The desired mechanical performance in the
produced structures is achievedby applyingprocesses such as heatingor photo-curing
to fabricated parts. In laser-based printers, the thickness of each layer varies according
to the exposure time to light energy. However, the laser-based printing technique is
somewhat slow and costly compared to other techniques. The curing process and
reaction kinetics are more complex. Besides, limited material types can be used in
printing with this technique [12]. The use of metallic laser energy-absorbing layer
in laser-based printers poses a high risk of metallic particle contamination. It is less
efficient compared to other printing applications, and therefore the adaptation of this
technique to the fabrication scale is limited [110].

6 3D Skin Bioprinting

It has now become possible to imitate and manufacture the skin, which is the body’s
most complex, largest, and multi-layered organ, with 3D bioprinting applications.
Tissue-engineered 3D skin structures have great potential as a graft for burnt skin
replacement, in vitro human skin models, and wound healing for drug analysis
[31]. Many researches so far have explored skin bioprinting methods to recon-
struct functional skin tissue. The advantages of manufacturing skin structures with
3D bioprinting method are more than other traditional tissue engineering strate-
gies. Especially with the skin bioprinting method, automation, standardization, and
high sensitivity in the accumulation of cells can be achieved for clinical applica-
tion. Although traditional tissue engineering applications, such as culturing cells
in a scaffold and maturing in a bioreactor, achieve bioprinting-like results, there
are many trends of the skin that require improvement in the manufacturing methods,
including long production times to achieve larger areas. In situ bioprinting and in vitro
bioprinting are twodifferent strategies for how to apply print skin inwound treatments
[187].

In situ bioprinting is the process of directly printing pre-cultured cells onto the
wound site for wound healing. It is a mobile skin bioprinting system that includes a
hand-held 3D scanner to determine the size and topography of the wound. The use
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of in situ bioprinting for wound regeneration allows for the precise accumulation of
cells on the wound [131, 194]. In in vitro bioprinting, a skin structure (usually the
dermis and epidermis) is made in vitro. The printed skin structure is then kept in
a bioreactor for maturation. It is then transferred to the wound area of the patient
or experimental animal [14]. The schematic illustration of 3D skin bioprinting is
demonstrated in Fig. 4.

Fig. 4 The basic representation of the 3D bioprinter, fabrication of 3D bioprinted scaffold, and
skin tissue engineering application
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6.1 Design Considerations for Skin Bioprinting

6.1.1 Bio-Ink Development

The selection of bioink is an important parameter in skin bioprinting because it
should provide the spectrum of biochemical (i.e., adhesion factors, growth factors,
or signaling proteins, chemokines) and physical (i.e., interstitial flow, mechanical
and structural properties of extracellular matrix) cues [63].

The bioink to be used must match the printability, biocompatibility, and mechan-
ical strength properties of natural skin. The biomaterial to be used must have a fast
gelation time for good quality bioprinting. The biomaterial to be used must have a
fast gelation time for high throughput bioprinting. The complexity of natural ECM
needs to be mimicked well enough to support cellular binding and proliferation. In
addition, the deposition of thin bioink layers (1–2mm) simplifies significant cell–cell
interactions between adjacent printed cell layers. It is a considerable point in reducing
cell sedimentation (Fung and Skalak 1982; [78]). There are different categories in
the selection of bioink: cellular/non-cellular biomaterials as printing ink (functional
scaffold bioprinting) and using only cells as printing ink (scaffold-free bioprinting)
[125]. The produced biomaterial structures act as the extracellular matrix (ECM)
that regulates tissue reconstruction. Other basic factors such as porosity, intercon-
nection, pore sizes, and biological degradation kinetics are also taken into account
in scaffolding [34].

6.1.2 Cell Sources and Selection

Theproliferationof bioprinted cells is an important pointwhen creating a3Dstructure
that will mimic the natural tissue most closely. There are two important parameters
for cell selection; the first is how much the physiological state of bio-imprinted cells
overlapwith the cells of the natural tissue. The second is towhat extent cells canmain-
tain or improve their function in the optimized microenvironment [125]. Natural skin
tissue contains multiple types of cells with specific and biological functions. Often
choosing autologous cells minimizes the potential risk of rejection. Primary cells
such as fibroblasts, melanocytes, and keratinocytes can be obtained from biopsies
and can be used in bioprinting applications. The use of stem cells provides advan-
tages in terms of differentiation and adaptation to natural tissue in skin bioprinting
as in different areas [1, 102, 174].
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7 Biofunctional Inks for Bioprinting in Skin Tissue
Engineering

Three-dimension bioprinting is the important latest technology for the produc-
tion of 3D structures for tissue engineering applications and regenerative medicine
[62, 123]. Biofabrication is a powerful tool for developing biologically functional
constructs [123]. The bioprinting consists of layer-by-layer deposition of living cells
using computer-aided transfer processes to generate functional tissues and organs
[62, 180].

The bioink properties are very important for choosing bioprinting techniques.
Bioink formulations are the most important point in bioprinting process in aspect of
rheological and biological properties to reach goodprintability [44].Natural biomate-
rials are widely used in tissue engineering because of biodegradability, tunable prop-
erties, biocompatibility, abundantly available, and minimal inflammatory response
in vivo [44, 87].

7.1 Natural Bioinks

The design and selection of ideal bioinks are important parameters for the bioprinting
process. Bioink is a formulation of cells convenient for processing by an auto-
mated biofabrication technology. Biocompatibility, non-immunogenicity, nontoxi-
city, viscoelasticity, high mechanical integrity, convenient degradability are crucial
parameters for providing ideal bioinks. Alginate, agarose, collagen, extracellular
matrix derived from a special tissue, gelatin, or fibrin can be given as examples of
natural bioinks [129].

7.1.1 Bioinks Based on Alginate

Alginate is an anionic linear copolymer polysaccharide consisting of (1,4)-linked
α-l-guluronic acid (G) and β-d-mannuronic acid (M) residues harvested from Brown
algae [20, 129]. The concentration of polymer, molecular weight, average chain
subunit ratio, molecular weight distribution, pH of solution are critical parameters
in the aspect of the viscosity of alginate [20, 27]. For cell bioprinting applications,
the alginate is a remarkable material because of providing mechanical properties to
the cell, biocompatibility, non-immunogenicity. Beside this, the gelation time is fast,
and it is enable to fast encapsulation of cells and to hold water and other molecules,
providing diffusion throughout the structure [20, 129]. Increasing the concentration
of HMW alginates in bioink to increase structural stiffness is a common approach.
If bioink material is modified with some parameters like viscosity, the concentra-
tion of alginate, and temperature, it will allow the user to optimize this material
during several bioprinting techniques [20]. Despite its advantages, alginate has a
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relatively slow and unpredictable degradation rate [129]. To support cell adhesion
and bioactivity, alginate is widely modified with functional groups, such as Arginyl-
glycylaspartic acid peptides or blended with other polymers, such as collagen due
to its bioinert nature [20]. Alginate was blended with different polymers such as
hydroxyapatite [193], gelatin [193], polycaprolactone [37, 84, 160], and poloaxamer
[7] to obtain different 3D printed structures for tissue engineering applications. For
the first time, induced human pluripotent stem cells and human embryonic stem cells
were bioprinted with alginate as bioink by Faulkner-Jones et al. [52]. In the other
work, the effect of different combinations of HMW and LMW agaroses in creating
3D structures and supporting fibroblast cells was investigated by Park et al. The
results showed that for bioprinting application area, combination of 2:1 ratio high
molecular weight and LMW agarose polymer was good in aspect of its cell viability
and process ability investigations for tissue engineering [138]. Nguyen et al. used
hyaluronate-based nano fibrillated cellulose composite bioink and alginate-based
nano fibrillated cellulose composite bioinks, it is also used to induce pluripotent stem
cells for 3D bioprinting of cartilage tissue construct and compared with each other.
The bioinks based on alginate with nanofibrillated cellulose composite presented
higher cell proliferation [126].

7.1.2 Bioinks Based on Agarose

Agarose is a linear polysaccharide chain. It is obtained from seaweed. It is most
commonly used in the bioprinting process among other natural polymers. Due to
its advantageous gelation properties, it is used in a wide range of bioprinting appli-
cations. Agarose forms a hydrogel through hydrogen bonding, resulting in a gelled
structure that will thermally degrade and cross-link naturally. Because of the gelation
structure, the resulting bioink has high viscosity. This situation is a negative effect
in the aspect of 3D printing. It can be used to lower viscosity bioinks, which are
inherently less mechanically stable to overcome this problem. Agarose can be modi-
fied with, blended with different polymers, or bioactive groups to support biological
activity and cell adhesion [20, 27]. Agarose-based bioink with collagen and agarose-
based bioink with fibrinogen were used by Kreimendahl et al. It was reported that
these agarose-based blendbiomaterialswere able to stable 3Dstructure and to support
fibroblast and endothelial cell growth [100]. Another similar study was from Yang
et al. for cartilage tissue engineering application. They used agarose collagen compo-
sition with sodium alginate as bioink. The results showed that the mechanical prop-
erties of biomaterial improved without affecting the gelling behavior [200]. Because
of the advantageous properties of agarose, such as perfect gelation, biocompatibility,
and rheological properties, it is a promising material for 3D bioprinting applications
[82]. Daly et al. reported chemically modified agorose (carboxylated agarose) as a
bioink for developing mechanically tunable 3D tissue structure. They used human
mesenchymal stem cells for its evaluation. The results showed that the carboxy-
lated agarose constructs yielded remarkable cell viability up to 95% according to
the native agarose gel. The carboxylation degree may be changeable for obtainment
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of different gels with changing mechanical properties [37]. Daly et al. also reported
Agorose was used to compare a range of commonly used hydrogel bioinks such as
alginate, GelMA, and BioINK (loaded with mesenchymal stem cells) for their 3D
printing biocompatibility properties for cartilage tissue engineering [38].

7.1.3 Bioinks Based on Collagen

Collagen is widely used for tissue engineering application area. Because its physi-
ological properties of native skin and the main component of Extracellular Matrix
are similar to each other [161, 185]. Besides this, because of its excellent biocom-
patible properties and low immunogenicity [112, 135], it is widely used in 3D
bioprinting applications [62]. The basis of collagen bioink is a collagen hydrogel
which is produced from the protein mass in the connective tissues of mammals
[60, 130]. Collagen can be crosslinked with the change of temperature or changing
of pH value or using vitamin Riboflavin [20, 62]. The mechanical properties of
crosslinked collagen are better than the uncrosslinked one [54, 124]. Moreover, by
adding various amounts of different polymers, for using it in 3D bioprinting, the
mechanical properties of the collagen materials may be improved [62]. Bioink based
on Collagen with sodium alginate was used to develop 3D structure by Yang et al.
According to their report, the mechanical properties of the 3D structure suggest that
alginate-collagen can be chosen for the field of cartilage tissue engineering. [199].
The other works about improving mechanical properties and biological activity were
collagen-based, cell-loading bioink for 3Dbioprinting application. The study showed
increased biological activity and mechanical properties by adding of collagen [202].
Stratesteffen et al. used collagen with gelatin for producing 3D construct. It showed
the ability of this collagen–gelatin combination to obtain stable 3D construct with
good rheological properties and high biological activity [170].

7.1.4 Bioinks Based on Decellularized Extracellular Matrix

Extracellular Matrix (ECM) is a three-dimensional network of extracellular macro-
molecules such as collagen type II, glycosaminoglycans, chondroitin sulfate, elastin,
fibronectin, laminin, tenascin, thrombospondin, vitronectin, fibrillin. Decellularized
extracellular matrix (dECM) is obtained by removing the cells from desired organs
or tissues by a sequential procedure leaving the ECM intact [62, 88]. The obtained
components are pulverized, then dissolved in a suitable buffer solution. Moreover,
several polymeric hydrogels can be added to this solution to improve the printability
of the Decellularized Extracellular Matrix-based bioink [62]. However, there are
some disadvantages about using of DECM for bioprinting applications. Because, the
decellularization step is time-consuming and its use in organs or tissues is limited
[20].Variant polymeric hydrogels can be added to the solution for the increment of the
printability of the Decellularized Extracellular Matrix-Based bioinks. For example,



7 Biofunctional Inks for 3D Printing in Skin Tissue Engineering 247

poly (caprolactone) was used to improve the printability of the Decellularized Extra-
cellular Matrix-Based bioinks obtained from different type of tissues by Pati et al.
The result of this work showed that good functionality of construct and high cell
viability was obtained after the bioprinting [139]. For another work is related to 3D
bioprinting for developing the cell-loading construct of tissue engineering applica-
tions. With controlling of heating and pH of the bioinks, they obtained 3D system
which enable them to obtain the gelling form at 37 °C during 3D bioprinting [19].

7.1.5 Bioinks Based on Hyaluronic Acid

Hyaluronic acid (hyaluronan, HA) is a linear polysaccharide composed of d-
glucuronic acid and N-acetyl-d-glucosamine. Hyaluronic acid is the basic compo-
nent of Extracellular Matrix of cartilage and connective tissues [203]. Hyaluronic
acid has remarkable properties for use in 3D bioprinting applications. These proper-
ties are non-immunogenic, biodegradable, and biocompatible [183, 185]. However,
hyaluronic acid alone is not a viable polymer for 3D printing. Because Hyaluronic
Acid has slow gelation time and its mechanical properties are not good. Because
of this reason, there are a lot of studies in the literature about 3D printing appli-
cation of HA blend-based bioinks. One of the works was to blend methacrylate
with hyaluronic acid to form cross-linkable bioink by photo-crosslinking mecha-
nism to increase mechanical properties and high stability after bioprinting [144]. The
other study was declared by Stichler et al. They used hyaluronic acid with different
synthetic polymers for producing a stable 3D construct with good cell viability. The
ability of the hybrid 3D printed structures to improve chondrogenesis using a thiol-
linked hyaluronic acid and polyglycidols gel with polycaprolactone [169]. There are
a lot of works about the hyaluronic acid combination with synthetic polymers for 3D
biorinting and various tissue engineering applications [74, 176].

7.1.6 Bioinks Based on Fibrin

Fibrin hydrogels are gelled by the enzymatic reaction of thrombin and fibrinogen
[85, 185]. Thrombin and fibrinogen are the key proteins involved in blood clotting. It
is an Extracellular Matrix part of the skin that promotes cell proliferation, vascular-
ization, and differentiation [42]. Fibrin is highly biocompatible, biodegradable, and
has capacity to bind cells, growth factors, and other Extracellular Matrix proteins
[129]. Because of these promising properties, for tissue engineering applications, it is
extensively used in 3D bioprinting. However, it has low viscosity and poor mechan-
ical properties. Because of this reason, fibrin is widely blended with other polymers
like HA, and during blending, the viscosity of bioink increases to provide the ability
of 3D bioprinting [48]. The techniques have been based on the crosslinking of the
other materials such as alginate, gelatin to generate 3D structures [108, 184]. For
skin bioprinting applications, a bioink based on fibrin–gelatin blended hydrogel was
declerated for using of a bio-paper. The results showed that fibrin–gelatin blended
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hydrogel ensures a natural scaffold for fibroblast embedding and culturing [71].
England et al. used fibrin combined with Hyaluronic acid to encapsulate Schwann
cells for the aim of 3D printing. For supporting nerve generation, they researched
both capabilities of bioink and in vitro characterizations [48].

7.1.7 Bioinks Based on Silk

Silk is a naturally derived hydrogel that includes ECM proteins, and it is used exten-
sively to print different tissues. Silk fibroin is obtained from spiders or silkworm.
Because of promising properties, such as tissue integration, biocompatibility, and cell
permeability, it is widely used in tissue engineering applications area. Similar to the
other polymer, fibrin can be often blendedwith other polymers. In the literature, there
are various works about the blending of silk with other polymers. For example, Das
et al. demonstrated a bioink based on silk–gelatin for investigation of 3D bioprinting
application. Mesenchymal progenitor cells were used for the bioink formulation.
The combination of silk and gelatin was crosslinked by sonication and enzymatic
crosslinking methods [39]. Another similar study belongs to Rodriguez et al. They
also used silk–gelatin blend for bioink applicationwith the aim of increasing biocom-
patibility, tissue integration, and cell permeability in soft tissue integration, and in this
work, glycerol was used for physical crosslinker [148]. The other blending method
for silk with a polymer is silk and alginate combination. In this work, silk and algi-
nate were crosslinked, thanks to calcium chloride [28]. Xiong et al. carried out the
mechanism and efficiency of gelatin–silk-based ink to regenerate skin. In this study,
they added fibroblast growth factor-2 in the ink before printing, and it is shown that
there was an increment of the granulation and tissue regeneration in vitro and in vivo
[181].

7.2 Bioinks Based on Synthetic Polymers

Natural polymer or hydrogels have many advantages such as the desired microen-
vironment mimicking the native Extracellular Matrix about proliferation and cell
attachment for 3D bioprinting as bioinks. However, the tunable properties of the
natural polymer are poor. Because of this reason, the natural polymer is used with
synthetic or another natural polymer. Synthetic polymers are excellent candidates
used in bioink formulations to improve printability, cross-linking, and mechanical
properties [62].

7.2.1 Poly (Ethylene Glycol) (PEG)

PEG is a linear hydrophilic polyether compound and bioinert polymer. It is most
widely used in 3D bioprinting. Polyethylene glycol may be functionalized with
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dimethacrylate and diacrylate to obtain the photo-cross-linkable Poly (ethylene
glycol) diacrylate (PEGDA) and Poly (ethylene glycol) dimethacrylate (PEGDMA)
[129]. Bioink-based poly(ethylene glycol) is used as polyethylene glycol-diacrylate
and polyethylene glycol methacrylate in extrusion-based 3D bioprinting applications
[32, 79]. Because poly (ethylene glycol) alone does not form a hydrogel [86]. It has
a relatively low viscosity, and because of this reason, it is restricted to bioprint alone.
As natural polymers-based bioinks, PEG can be used with different materials such
as alginate, collagen, etc., for the aim of blending for 3D bioprinting applications to
form different bioinks and to increase mechanical properties [75, 76, 86, 149]. Hock-
aday et al. used a Polyethlene-diacrylate with alginate blend as bioinks for printing
aortic heart valve [75].

7.2.2 Pluronic®

Pluronic® is a block copolymer which consists of poly (ethylene oxide-b-propylene
oxide-b-ethylene oxide). It is a hopeful bioink based on polymer type. Pluronic® is
biocompatible with cells and tissues and is gel form at room temperature, and it is
convenient for extrusion-based 3D bioprinting [86]. Pluronic® does not specifically
support cell viability in long-term cell culture. However, there are some methods to
improve the cell viability of Pluronic®-based bioinks. Khattak et al. reported that in
the situation of Pluronic® with hydrocortisone, glucose, and glycerol as membrane-
stabilizing agents, the viability of cells encapsulated in thematrix was increased [91].
Actually, Pluronic is not a bioink, technically due to their limited cell supporting
capacity. However, it can be used as supporting ink [90].

7.2.3 Poly (N-isopropylacrylamide) (PNIPAAM)

Poly (N-isopropyl acrylamide) canbeused in bioink area. PNIPAAMis a gel structure
and thermoresponsive polymer. Poly (N-isopropyl acrylamide) has poor biodegrad-
ability andbiocompatibility. In 3Dbioprinting applications, PNIPAAMcanbeused in
combination with different biopolymers and bioinks like HA and alginate [93, 172].

8 Current Challenges and Advances in Developing
of Biofunctional Inks in Skin Tissue Engineering

There was a remarkable improvement in 3D bioprinting for the last few years to
produce cellular constructs for skin tissue engineering. In the manufacture of arti-
ficial organs and tissues, the combination of bioinks based on natural or synthetic
polymers and 3D bioprinting has significant potential for tissue engineering. For
3D bioprinting, the selection and design of bioinks are critical steps. Bioinks area



250 E. Ilhan et al.

consists of choosing of special cells and convenientmaterials designed for processing
3D structure. For producing tissue structure easily, 3D bioprintings have the remark-
able properties. Nevertheless, bioinks need further improvement in the aspect of
commercialization of the 3D printed products and developing more complex specific
3D constructs based on specific patients for an urgent medical situation.

In this chapter, different types of bioinks, the various selection parameters for
bioinks, and properties of different bioinks types were discussed. The cell-loading
hydrogels are widely preferred for the improvement of 3D structures during 3D
bioprinting. 3D bioprintingmethods have numerous advantages such as using special
cell types, controlling biodegradation, adjusting mechanical properties, and design
flexibility. For creating complex tissue structures, skin bioprinting has excellent
advantages. It is a very promising alternative method, especially for correcting
complex skin imperfections that are difficult to heal by normal clinical means.

The obtainment of a fully functional skin equivalent is the fundamental aim of 3D
bioprinting, and it is transplanted and anastomosed with native blood circulation [9].
Another exciting development will be the 4D print [44]. Smart materials sensitive to
stimuli can also provide special properties to bioprinted skin structures like triggered
shape memory.

9 Conclusion

The skin, which is the body’s largest organ, has many functions such as protecting
against toxins and microorganisms. There is no artificial skin model that mimics
the natural skin and contains all its features. Therefore, one of the main goals of
tissue engineering is to produce a universal skin substitute for skin damage. Three-
dimension bioprinting is the important latest technology with excellent properties
for the production of 3D structures among all tissue engineering techniques. Bioink
formulations and properties are themost important points in the bioprinting process in
aspects of rheological and biological properties to reach good printability. Bioink can
be classified basically into two parts which are natural and synthetic. Natural bioinks
have some good properties such as biocompatibility, viscoelasticity, highmechanical
integrity, appropriate degradability, nontoxicity, and non-immunogenicity crucial for
providing ideal bioinks. In this chapter, alginate, agarose, collagen, gelatin, decellu-
larized matrix, fibrin-based bioink, hyaluronic acid-based bioink, silk-based bioink
were given as natural types of bioink for skin bioprinting. The tunable properties
of the natural polymer are poor. Because of this reason, the natural polymer is
used with synthetic or another natural polymer. Synthetic polymers are excellent
candidates used in bioink formulations to improve printability, cross-linking, and
mechanical properties. The details of synthetic bioinks of Poly (Ethylene Glycol)
(PEG), Pluronic®, and Poly (N-isopropyl acrylamide) (PNIPAAM) are given. This
chapter deals with reviewing the utilization of bioinks for 3D bioprinting in skin
tissue engineering, and experimental studies in the literature related to bioinks used
for 3D bioprinting in tissue engineering were given.
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