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Preface

Over the past decade, additive manufacturing technologies have emerged as one of the
most wonderful fabrication methods in the field of tissue engineering and regenerative
medicine due to their precise control and 3D printing of architectures as per tissue-
specific or organ-specific demands using digital models based on medical imaging
data. Among them, extrusion-based three-dimensional (3D) printing/bioprinting is
a commonly used technique in tissue engineering areas. Various gel-inks or bio-
inks have been developed and utilized for 3D printing by including natural and
synthetic polymers, bioceramics, bioactive glasses, and glass-ceramics. Significant
research has been performed in this area, but several challenges are remaining
to be overcome in terms of data imaging, additive manufacturing technique, and
design of biomaterial-inks (i.e. gel-inks or bio-inks) with their good printability and
post-printing shape fidelity, 3D printing of curved and complex architectures, etc.
Therefore, it is very important to understand the significance of 3D printing tech-
niques, especially in tissue engineering applications, where healthcare issues are
major concerns for human beings. A concise understanding and an overview of the
chemistry and processing of biomaterials and 3D printing methods for various tissue
engineering applications are provided in this book for the readers. Valuable knowl-
edge is updated and organized according to various current studies worldwide in the
field of tissue engineering.

This book provides an overview and discusses the chemistry, processing, and
tissue engineering applications of the biomaterials that have been used for synthe-
sizing 3D-printable gel-inks. This authoritative book provides the necessary funda-
mentals and background for researchers and research professionals who intend to
work in the field of 3D bioprinting in tissue engineering. In 3D bioprinting, the design
and development of the biomaterial-inks/bio-inks is a major challenge in providing
a 3D microenvironment specifically to the anatomical and architectural demand of
native tissues. Therefore, the main purpose of this book is to provide the basic chem-
istry of the biomaterials, their current processing developments and challenges, and
recent advancements in tissue-specific 3D printing/bioprinting. The topics comprise
mainly (1) biomaterial types, their synthesis and/or modifications, and processing for
the particular 3D printing method, (2) characterization methods before printing and
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post-printing as well as in vitro and in vivo analyses, and (3) their applications and
uses in various tissue engineering applications. This book serves as a go-to reference
on bioprinting and is ideal for students, researchers, and professionals, including
those in academia, government, the medical industry, and health care.

Chapter 1 provides the introduction to 3D printing technology for biomedical
applications, describing the progress and development of printing technology to
create organs or tissues including limitations. Chapter 2 presents the characteriza-
tion of bio-inks for 3D printing applications by explaining numerous characterization
methods. Chapter 3 discusses the 3D printing of hydrogel constructs toward targeted
development in tissue engineering. Chapter 4 presents and discusses 3D-printable
self-healing scaffolds for tissue engineering applications. Chapter 5 focuses on gel-
inks for 3D printing in corneal tissue engineering applications. Chapter 6 intro-
duces the current state of 3D-printable gel-inks utilized for skin wound treatments,
whereas Chap. 7 presents biofunctional inks for 3D printing in skin tissue engineering
applications. Chapter 8 explores the possibilities of using starch gels combined
with different bioceramics for additive manufacturing and alternative fabrication
methods for developing biomimetic implants for filling large bone defects, while
Chap. 9 focuses on additive manufacturing of bioceramic scaffolds for bone tissue
engineering applications by emphasizing stereolithographic processing. Chapter 10
is concerned with 3D-printable gel-inks for microbes and microbial structures to
study microbes and microbe-host interactions, biofilm formation, antibiotic resis-
tance, and microbiome through 3D modeling of microbes and infections for under-
standing diseases in a broader sense. Chapter 11 describes the methods of polysaccha-
ride crosslinking, specifically future crosslinking methods of alginate hydrogels for
3D printing for biomedical applications, including tissue engineering areas. Lastly,
Chap. 12 discusses the future perspectives for gel-inks for 3D printing in tissue
engineering by considering precursors and other specific challenges.

At last, but most importantly, we would like to thank and acknowledge the authors
who contributed to this book. In addition, we thank all reviewers for giving their
valuable time to provide their reviews timely to improve the quality of this book.

Gyeongsan, South Korea Anuj Kumar
Bucharest, Romania Stefan Ioan Voicu
Dumfries, UK Vijay Kumar Thakur



About This Book

1. Provides the background for 3D printing and tissue engineering and their
challenges.

2. Provides the chemistry, functionalization, and processing of biomaterials.

3. Describes the pre-printing and post-printing processes for biomaterials
according to particular 3D printing methods.

4. Discusses the efficacy of gel-inks for various tissue engineering applications.

5. Discusses the futuristic perspective in terms of 3D, 4D, and 5D
printing/bioprinting technology.
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Chapter 1 ®)
Introduction to 3D Printing Technology Guca i
for Biomedical Applications

Satish Kumar, Ramaraju Bendi, and Vipin Kumar

Abstract The progress in tissue engineering and regenerative medicines has made
organ replacement or regeneration easier, and its demand has increased rapidly in
recent years. Bio-printing of human organs or tissues has become possible only
because of the successful development of the bio-ink used in three-dimensional (3D)
printing technology. Owing to the unique attributes of 3D printing, it can create an
object of any complexity, including tissues with highly customized requirements
for the subject (i.e., patient) specific applications. Development in smart materials,
such as thermoplastics, powdered plastics, and photopolymers, enabled 3D printing
to create objects with customized mechanical properties to mimic human organ
models accurately. It brings new possibilities to create bionic tissues or organs, and
it becomes even more desirable where the donor shortage is a severe problem. Despite
cell printing, the effort remains to be made to accomplish the higher objectives of the
in-vitro manufacturing of tissues or organs. This chapter sheds light on the progress
and development of 3D printing technology to create organs or tissues. Also, the
current state-of-the-art of the materials that can be processed, designed, is discussed
comprehensively. The potential and major limitations of 3D printing technology in
the field of bio-printing and related medical applications are discussed in brief.
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1 Introduction

With the revolution in medical technology, healthcare facilities have been increased
seamlessly in recent years [1]. However, transplantation of organs or tissues required
for lesions and defects has remained a crucial problem and is the subject of further
investigations [2]. The existing techniques, such as auto-transplantation, xeno-
transplantation, and artificial mechanical organ implantation found ineffective in
improving the quality of transplant and the patient’s life [3, 4]. For example, auto-
transplantation, which exhibits satisfactory outcomes, but at the cost of antilogous-
health-organization. It may cause various difficulties and inevitable side-effects [5].
Xeno-transplantation or heterologous transplant allows living cells, organs, and
tissues to be transplanted from one species to another is readily used for end-
stage organ failure [6]. This approach invites various potential challenges such as
immunological rejection and viral transmission [7]. The implantable artificial organ
in medical treatments is a quite successful approach and has significantly improved
patient life [8]. The most developed artificial organs include the heart and kidney,
while the pacemakers and cochlear implants are the most developed medical compo-
nents [9, 10]. The implantable organs become mandatory when an organ in a person’s
body is damaged due to injury or disease. The crucial requirement of implantable
artificial organs or prosthetics is to imitate the function of the original organ. Precise
control over the physical and mechanical properties is essential for artificial biolog-
ical organs [11]. Three-dimensional (3D) printing (3D printing) technology, which is
known for its extreme controllability, is primarily employed in medical applications
[12]. Owing to the unique attributes of 3D-printing technologies, which include high
precession and speed, it is expected to overcome the crucial challenges encountered
while using congenital methods/tools.

In addition to industrial, commercial applications, 3D printing technology, also
known as the additive-manufacturing (AM) technique, is widely adopted by the
medical industry [13]. This technique’s working principle is based on the layered
construction of the materials that are overlapped layer-by-layer [13]. In constructing
an object with any complexity, the process involves well-optimized virtual-design
objects using computer-aided designs (CAD). The optimization of CAD, appropriate
selection of 3D printers and materials, plays a crucial role in producing a 3D object.
These files serve as the guiding principle for the subsequent printing steps. The typical
process steps are schematically illustrated in Fig. 1, which include the following steps:
(a) CAD-assisted design of the object that contains the entire geometric information
about the 3D objects; (b) steps-wise construction of 3D object through slicing the
information into different 2D subsets; (c) periodic drying or curing of 2D subsets,
(d) controlled movement of the stage along the z-direction, (e) repeat the steps (b)
and (c) as per the printing duration. The process steps show that 3D printing involves
the continuous addition of the materials on top of a previously cured or dry 2D layer.
3D printing technology opens a broad spectrum of vital opportunities for medical
applications to create more specific human organs or tissues [14].
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Fig. 1 Schematic illustration of the process steps involved during the development of a 3D printed
object

Today, 3D printing technology has significantly developed the necessary research
as well as skills for the new generation of surgeons [14]. Presently, the research on 3D
printing technology for medical applications can be categorized into the following
four primary areas of interest: (a) design and development of pathological organ
models to help pre-operative planning and implant analysis [15], (b) personalized
non-bioactive implants; (c) localized bio-active and bio-degradable supports or scaf-
folds, and (d) complete life-function of directly printed tissues or organs [16, 17].
Though the research focus remains far from the widespread medical applications
due to various scientific and technical challenges, there are numerous printing tech-
niques and materials available to give better results for tissue or organ designing.
Nonetheless, some of the printing materials (i.e., printable biomaterials) are rigid
and not suitable to meet the criteria of desirable flexibility and elasticity, progress in
developing smart materials is made recently to fill the gap [18, 19].

2 Printing Mechanism: Classification of 3D Printing
Techniques

Based on the printing mechanism, 3D printing can be classified into different cate-
gories. The commonly known printing mechanisms are given as follows; selective
layer sintering (SLS), stereolithography (SLA), fused deposition modeling (FDM),
and ink-jet printing. These mechanisms have their type of printable materials and
advantages over others, see Table 1.

The strengths and limitations of each mechanism are described briefly in the
following sections.

2.1 Selective Laser Sintering

This technique makes use of a high-power CO; laser, which is used to selectively
fabricate the models in different steps. For example, 2D-slice data are generated



Table 1 Materials for different types of 3D printing techniques

S. Kumar et al.

Feature SLS SLA FDM Ink-jet

Materials Metal (titanium, Polymer Nylon, PLA, Ceramic, plaster,
aluminide, (light-sensitive) PVA, PC, plastic
stainless steel) and | resin ceramic wax | wood-like, etc.,
polymer powder

Material’s Not-easily Easily available Easily available | Easily available

availability | available

Process Chamber powder | Build plate basin | Build plate Chamber powder
layer exposure extrusion layer layer bonding
polymerization bonding

Material cost | > $ 530/kg > $ 700/kg > $ 70/kg > $ 350/kg

during the first step, which is put into the SLS machine that guides the laser’s beam
pathway. This laser beam scans the path on the powder surface, and this process
heats it to sintering temperature, which makes it bond powder on the scanned path.
After making the first fuse layer, the build layer descends, and the subsequent layer
of powder can be put down and sintered. This procedure is repeated until the desired
shape is accomplished. The un-fused powder on each layer serves as a supporting
structure. During the sintering and cooling process, shrinkage and warpage become
significant issues in the SLS method. These problems can be mitigated by using
small-sized particle powder and airflow temperature within the sintering temperature
window [20]. The advantage of this technique is that the product built by SLS can
be reused even after being crushed into small pieces [21]. The schematics of SLS is
shown in Fig. 2a.

2.2 Stereolithography

Stereolithography was originally known as the first 3D printing system and was
invented in the 1980s. This technique’s origin is based on photolithography, which is
used to make a 2D pattern on the sample surface with high resolution. This technique
is used to scan the UV light to cure the photo-resin with the desired pattern. After
the UV exposure step, the resin tub moves up for a small distance in the z-direction
to fill a new layer of resin on top or beneath the previous layer. The fill of the new
layer by resin depends on the printer’s configuration. Then, this newly filled resin
layer will be again cured by UV light to make another pattern. This process repeats
again and again until the complete 3D object is printed. The cost of this printer has
reduced significantly because of the expiration of its significant patents in 2012. The
high printing resolution in all x,y,z directions is the most remarkable advantage of
the stereolithography technique. The shortcomings include lack of multi-material
printing capability, small building dimensions, and it only works for photosensitive
materials [22]. The schematics of the stereolithography is shown in Fig. 2b.
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Fig. 2 Schematic illustration of the typical 3D printing mechanisms. a Selective layer sintering,
b Stereolithography, ¢ Fused deposition modeling (FDM), and d Ink-jet printing reproduced with
permission [24]. Copyright @ 2018 Wiley—VCH Verlag GmbH & Co. KGaA, Weinheim

2.3 Fused Deposition Modeling

This method is another class of 3D printing mechanism in which the materials are
extruded from the nozzle [23]. The jet is associated with a x—y driving system. The
Xx—y motor system drives the nozzle to draw the pattern according to the layer infor-
mation generated by the slicing software of the 3D printer. After finishing the pattern
formation for one layer, the stage goes down to a certain distance, and the printer starts
to follow the next layer’s similar process. This is the most popular method for 3D
printing. The expiration of patents made the printers affordable for the general public,
and it is similar to stereolithography. This technique has better resolution (~300 pm)
than that of the stereolithography, large building volume, low cost (less than 1 k
USD), and multi-material printing capabilities that make it attractive for public and
R & D activities. Nowadays, this method is widely used for bio-printing (3D printing
biomaterial with or without cells). The schematics of the fused deposition machine
is shown in Fig. 2c.
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2.4 Ink-Jet Printing

The ink-jet 3D printing technique is similar to a desktop 2D ink-jet printer. Both
methods have an array of the nozzle that is used to dispense tiny droplets of ink
onto the substrate surface. In the next step, UV exposure is used to scan the entire
layer to cure the droplets. After printing the first layer, a similar mechanism is used
for another layer. The stage goes down to some distance, and the printing process
repeats until finishing the whole object. This technique’s resolution can be controlled
by the droplet size, which is higher than that of the FDM printer; however, it is worse
than the stereolithographic printer. The multi-material deposition is also feasible by
dispensing different droplet types at the desired locations similar to that of the 2D
color ink-jet printer. Typically, such printers are much more expensive (over 30 k
USD) compared with the other contemporaries. The schematics of ink-jet printing
machine is shown in Fig. 3d.

3 Evolution of 3D-Printed Medical Objects—Then
and Now

Among 3D printing medical objects, bio-printing is the most recent and one of the
attractive methods compared with many other technological developments. In the
beginning, this research area was made extraordinary advances in some of the fields,
and remained relatively stationary in others. There were limitations and technical
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Fig. 3 Evolution and examples of bio-printing platforms. a-e Typical steps involved in the devel-
opment of a human organ 3D-printed model, reproduced with permission [38]. Copyright @ 1969
Elsevier, f 3D-printed cardioid structure, reproduced with permission [37]. Copyright @ 2018
Wiley—VCH Verlag GmbH & Co. KGaA, Weinheim
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challenges that are required to overcome before scaling-up this technique to the
manufacturing level.

3D bio-printing moves up from the multidisciplinary combination of several other
relatively cutting-edge technologies, for example, additive manufacturing, and cell
patterning. Additive manufacturing technology is used for many other applications
such as fabricating devices, components, and parts from materials such as metals and
plastics. However, cell patterning and substrate patterning were related technologies
used in R&D laboratories for probing cell-protein interactions. These techniques
have been tried in combination to build a 3D living structure that could perhaps
be used to replace the tissues and organs in a human patient [25-27]. The coined
term was known as ‘organ printing,” the precursor to ‘bio-printing,” which we have
accepted widely.

Bio-printing hardware consists of various parts and is shown in Fig. 3. Early
bio-printers were based on custom-built, hacked, and ink-jet printers [29]. There are
very few labs that are working in these areas to build their hardware. However, these
custom devices were often incredibly difficult to operate because of full of soft-
ware bugs and featured impossible user interfaces. Those lucky people who receive
sufficient funding could utilize other 3D printing devices that were commercially
available. Therefore, these devices were not engineered to print biological materials.
The high cost for a single operational piece of hardware is around $ 100-200 k [30].

Meanwhile, the additive manufacturing technology continued to advance specifi-
cally in the open-source world, resulting in inexpensive but still buggy. Those printers
were responsible for bio-printing only after substantial tinkering. Because of these
limitations, bio-printing technology becomes more difficult but not impossible.

With time, the technology continued to evolve and bifurcate, as the terminology
associated with other bio-printing facets. This progress was related to tissue liquidity
and tissue fusion and developed a platform in which cell aggregates or tissue
spheroids were deposited into a hydrogel biomaterial substrate. Both cell-cell and
cell matrix-based interactions would fuse in a controllable manner and construct into a
more extensive bioengineered tissue [29-38]. The aggregation of the cell was termed
as bio-ink and bio-paper related to the hydrogel biomaterial component. However,
bio-ink encompasses cells, biomaterials, and a combination thereof. More recently,
a fully personalized, non-supplemented materials as bio-inks are demonstrated for
printing of human organs (i.e., heart) [37]. The bio-inks consist of a fatty tissue,
which is taken out from a patient and the bio-inks were processed from cellular
and a-cellular materials. The potential of 3D-bio-printing technology to engineer
vascularized cardiac patches is highlighted.

4 3D Printable Materials for Medical Applications

The specific materials that are used in 3D printing are allowed to transform to abide
by the limitation of a specific model. The process can be executed in different steps;
(i) materials’ distortion by melting of a stiff filament; (ii) solidification of the melt
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in the desired form or construction of the structure; and (iii) solidification of the
power. To allow these processes to occur, a filler or supporting or additive material
is required, which is often accommodated in the lattice forms to mitigate distortion
of the model during the curing step. These supporting materials or fillers can easily
be removed or disintegrate from the parent structure by simply using hands or with
a specified cutting tool. However, risk of leaving an impression on the surface is
always there, and therefore it requires an additional polishing step to get-rid-of the
marks. Though polishing is essential to obtain a good quality printing, this step may
increase the risk of deformation of the structure, may lose fine details, and breaking
of the geometry [39].

The selection of the material depends upon printing technique, printer technical
specifications, and requirements of the model. The mechanical/elastic properties of
the materials are chosen based on the structure of interest, for example, the anatomical
structures are highly sensitive toward the mechanical/elastic attributes of the printed
materials [40]. The key distinction between different materials that characterize the
human body includes a combination of rigid tissues and soft materials. For instance,
bones and ligaments (i.e., articular cartilage) represent rigid tissues and soft materials,
respectively. The bones are the easiest and simplest biological tissue that is ever been
produced by 3D printing technique with the majority of rigid materials. There are
examples in 3D printing to model bone construction, such as acrylonitrile butadiene
styrene (ABS) [39], powder of plaster [41], and hydroquinone [40].

However, 3D printing of the soft tissues is in infancy, and further development is
the need of the hour to harness the full potential of the techniques. There is a need to
conduct a depth research to fill the vacuum among a 3D-printed anatomical model and
a true structure of human organ or tissue. Most of the 3D printing materials severely
lack realism to mimic or duplicate a soft biological tissue, and an additional step,
i.e., post-processing is necessary to soften the printed structures. There are some
examples of the reproduction of cartilaginous tissues [42], arteries of practicing
valve replacement [43], hepatic segment [44], and hearts [45]. Besides that, there
is an interesting example in the development of 3D-printed brain aneurysm using
a flexible TangoPlus™ photopolymer, which is a useful tool for the treatment of
congenital heart disease [46]. There are several 3D printing processes that work on
different operating principles and significantly vary in terms of technologies and
materials’ selection and niche area of applications. Also, it is worth mentioning that
3D printing seamlessly allows the development of the reproduction of implantable
custom devices. However, there is a long way to go to adopt 3D-printed critical
organs (e.g., heart) for implantations, and more profound research is still needed to
examine the difference between traditional and additive manufacturing in mechanical
and structural properties [47].



1 Introduction to 3D Printing Technology ... 9

5 Significance of 3D-Printed Objects in the Medical Field

In many areas of medical field, 3D printing technology is indispensable in modern
medical technology. Every year, this technology offers many healthcare field appli-
cations that help to save and improve our lives. Indeed, 3D printing has a wide range
of applications in the field of healthcare, for example, cardiology [43], cardiothoracic
surgery [47], gastroenterology [48], neurosurgery [49], oral and maxillofacial surgery
[50], ophthalmology [51], otolaryngology [52], plastic surgery [53], podiatry [54],
pulmonology [55], radiation oncology [56], transplant surgery [57], urology [58],
and vascular surgery [59]. 3D printing technology deserves to be recognized at large
scale in the field of healthcare and medical due to its ease of availability and opera-
tion. The leading direct applications of 3D printing in the medical and clinical fields
are discussed comprehensively in the following sections.

6 Applications of 3D Printing

3D printing has retained a great passion and invention to the modern medical science.
It is now promising and virtually effortless to offer modified health care solutions
to help to medicinal practitioners and patients alike. It is projected that 3D printing
technology will be worth over $3.5bn by 2025 in the medical field, compared with
$713.3 m in 2016. The industry’s compound annual growth rate is supposed to
reach around 17.7% between the years 2017 and 2025. As one might witness the
journey of 3D printing technology has enabled customization in medicine, proto-
typing, manufacturing, and academic research activities. 3D printing has many func-
tions in medical sciences, for instance, this technology could be successfully applied
to transplantation of human organs, expediting surgical process, low-cost produc-
tion of surgical tools for surgery process, and may significantly improve the lives
of those reliant on prosthetic limbs. As one might expect, the area of applications
is quite broad, which extends from surgical to dental to implant tissue regeneration.
The following are the specific application areas;

Printing of surgical preparation

Custom-made prosthetics

Dental

3D printing of tissues, organoids, and tissue regeneration
Medication dosage and pharmacology

Manufacturing of surgical tools and medical metal materials
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6.1 3D Printing of Surgical Preparation

In the human body, the individual variances and complexities are significantly great
and 3D-printed models could be ideal for surgical preparation, as the printed tools
can be customized to a great extent. For controlled and precise model development,
the imaging techniques are essential for 3D printing technology. Besides surgical,
3D printing is equally revolutionizing medicine. 3D printing is being used to mimic
patient-specific organs that are used for practice purposes to fix well before the actual
complicated operations take place. The application becomes much better and more
accurate if examines the results with X-rays, CT scans, and MRIs. Ultimately, this
technique of surgical preparation has proven to pick up speedy procedures and mini-
mizes the possibility of patient injury. Dissections often compromised with the proper
pathology, so they offer an additional lesson in anatomy than a surgical patient’s
representation. Across the globe, research organizations, healthcare professionals,
and hospitals are using 3D-printed anatomical frameworks as reference tools for
pre-operative planning, intraoperative visualization, and sizing or pre-fitting medical
equipment for both highly complex and routine procedures.

By using 3D-printed technology, we can produce sterile surgical instruments such
as forceps, hemostats, scalpel handles, and clamps. 3D printing techniques not only
produce sterile tools but some are also can be made very small and precise origami
with ancient Japanese technology for practice. These tools can be used to work on
microscopic areas without causing extra harm to the patient. The key advantage of
using 3D printing over the traditional manufacturing methods is the low cost and
speedy nature of the process to produce surgical tools.

3D-printed models could be incredibly useful to neurosurgeons by idiomatic
expressions of the complex structures of the organs in the human body (Fig. 4).
The radiographic 2D images are sometimes difficult to concealed right connections
among cranial nerves, cerebral structures, vessels, and skull construction. Even a
small mistake in navigating this complex anatomy can have potentially devastating
consequences to both patient and the operating personnel. A realistic 3D model
of skull helps better to speculate or predict the relationship between a scratch and
typical brain structures. It can also help determine the protected surgical corridor and
could be equally important for the neurosurgeon to practice critical operations. For
example, 3D-printed models have recently been used to study complicated spinal
deformities.

3D-printed models have been utilized in numerous situations to gain a deeper
understanding of patient’s specific anatomy before conducting an actual operation.
Biotexture Wet Model [60] was developed by a Japanese company Fasotec, bought
by Stratasys, to realistically mimicking real organs, for instance lungs, which are
used to practice by both the surgeons and students prior to perform the actual oper-
ation in the operation theater. Nowadays, 3D-printed models are widely helpful for
planning complicated surgery procedures, and commercially available in the market
and common places. It has assisted full face transplants [61], the first adult-to-child
kidney transplant [62], removal of a kidney [63], or liver tumor [64] in hospital and
acetabular reconstructive surgery [65].
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Japan’s Kobe University Hospital, pioneering surgeons planned to liver trans-
plantations with 3D-printed models. They used 3D-printed models of a patient’s
organs to understand the best possible ways to carve a donor’s liver with negligible
tissue damage to fit perfectly to the receiver’s abdominal crater. For such applica-
tions, 3D-printed models are required to be partially transparent and prepared with
very low-cost materials, for example, acrylic-resin or polyvinyl-alcohol (PVA) with
excess water content. The texture of these models mimics living tissues, which gives
an advantage to the surgeons, and allowing them to experience a live penetration by
the surgical knife edges [66].

3D-printed model does not cost more than a custom made models by other tech-
niques, however, the processing time is way lesser than the previously reported
techniques [67]. Recently, a 3D-printed polypeptide chain model was developed
and allowed to wrinkle into subordinate structures until it reaches a limit of bond
rotation barrier and degrees of freedom [23]. Such models could be useful to gain
insight into the other similar types of biological or biochemical structures (see Fig. 5).
Several studies have been conducted on such origami structures and identified that
the students could conceptualize the molecular structures better when demonstrate
with the help of such models.

Fig. 4 a. Anatomical model of a hand, including the ‘skin’ made out of an elastic 3D printing
material. b. Researchers at the National Library of Medicine generate digital files from clinical
data, such as CT scans, that are used to make custom 3D-printed surgical and medical models. c,
d. 3D model used for surgical planning by neurosurgeons at the Walter Reed National Military
Medical Center. Source The Guardian (NIH 3D Printing Exchange)
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Fig. 5 An influenza hemagglutinin trimer 3D-printed model. Source The Guardian (NIH 3D
Printing Exchange)

6.2 Custom-Made Prosthetics

3D printing has widely been used in the field of healthcare to model both normal
and made-to-order prosthetic medical objects such as limbs and surgical implants
[68-70]. This methodology has been used to construct dental, backbone, and hip
transplants [68]. Earlier, surgeons had to execute bone-implant operations or use
scalpels and drills to adjust implants by shaving pieces of metal and plastic to the
anticipated shape/form, size, and fit, which is very time-consuming, and might not
sound safe from patient’s perspective. On the other hand, 3D printing has the ability to
produce custom implants quickly. Prostheses solve an evident and persistent problem
in orthopedics, where standard implants are often not sufficient/compatible with
some patients, particularly in complex cases. A similar explanation is equally valid
in neurosurgery. Due to irregular shapes and sizes of the skulls, it is very immensely
challenging to regulate a cranial implant. The sufferers of skull wound, where the
bone is discharged to give room to swell brain, the cranial plate that is later tailored
must be unconditionally seamless. Although some of them are milled, more and
more are developed using state-of-the art 3D printers, making it much stress-free
to tailor, apt, and re-design, if required [70]. There have been many other viable
and scientific accomplishments in the field of 3D printing of prostheses and trans-
plants [23, 66, 68]. Researchers at BIOMED Research Institute in Belgium precisely
implanted mandibular prosthesis of titanium (Ti) through 3D-printing technique [66].
The transplant was through a high-power laser to melt down thin layers of Ti-powder
and developed the framework successively.

3D printing had a transformative effect on hearing aid production also. Today,
99% of hearing aids that suitably fit into the ear are custom-made by using any of
3D printing technologies. Each person’s ear canal is shaped differently from others,
and the use of 3D printing technology allows custom-shaped devices to be produced
efficiently with low cost and no time [68]. 3D-printed modified hearing-aids to the
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market were facilitated because Class I medical devices for external use are subject to
fewer regulatory restrictions. Envisaging braces are another successful commercial
use of 3D printing, with 50,000 printed every day [70]. These clear, removable, 3D-
printed orthodontic braces are custom-made and unique to each user. This product
provides an excellent example of how 3D printing can efficiently and profitably make
single, customized, intricate items at a relatively low cost and less time [70].

3D printing technologies have made researchers and industries to make highly
customized prosthetic design and produce limbs at incredibly more affordable price
for those who are lacking money and direct reach to the big cities. At present in the
market prosthetics cost you a huge chunk of money. In the US market, it may cost a
family anywhere from 5000 to 50000 dollars, causing a significant financial burden.
Moreover, prosthetics need to be custom fit to the individual requirements, which
demands additional production time of a few weeks to a few months. The ease of
availability and operation of 3D printers offers the ability to a person to design and
print customized parts, all of which have made prosthetics radically more affordable
and accessible to the required people around the globe. Manmade hands and arms
are some of the most commonly accepted 3D-printed prosthetics. Ivan Owen was
designed a bionic hand in 2011 and he shared his experience and made the files open
for others to print and distribute the same. His efforts and experience led to creating
the e-NABLE Community through volunteers from a global network of 3D printing
to develop in printing and designing prosthetic hands. These hands tend to cost only
$50 compared with thousands of dollars which these individuals would have to pay.
More technically challenging, Limitless Solutions has begun clinical trials for their
3D-printed prosthetic arms. These arms use muscle-flexing in the remaining portion
of the arm, detected by leads attached to the skin, to guide the prosthetic movement.
These arms are cost around $1000, which is a tenth of the typical $10,000 price point
[71] (see Fig. 6).

6.3 Dental

The first few engineering applications of 3D printing were in the arenas of quick-
tooling and instant-prototyping (see Fig. 7). Thus, its use in dentistry, where partic-
ular, custom-made objects were mass-produced, was an obvious next step in the flight
of 3D printing technology. 3D printing applications in dentistry have helped in various
ways, from orthodontics to general dentistry. Various dental areas integrating 3D
printing technology are producing customized and accurate braces, castable crowns,
dental restorations, dental bridges, denture frameworks, and bases. 3D printing tech-
nologies in the field of medicine had helped the dental health field to offer convenient
chair-side care with a cheaper controlled treatment plan. It also reduces the waiting
time due to avoiding molding step and the feature with high resolution can be printed
directly. Another important aspect of 3D printing in dentistry is its easy adoption into
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Fig. 6 14-year-old Sudanese Daniel Omar is fitted with a 3D-printed prosthetic. Source The
Guardian [71]

Fig. 7 3D-printed teeth in a
reference model. ( Source
https://dental.formlabs.com)

a clinic, laboratory, or dental office. Speedy and accurately designed and developed
solutions are critical to this application, and 3D printing in medicine does just what
it requires.

Nowadays, by connecting oral-scanning, CAM/CAD design, and printing proce-
dure, dental labs can rapidly and accurately yield various appliances, like pinnacles,
connections, bandage/pebble models. In addition to that variety of orthodontic utiliza-
tions for instance, medical guides and aligners have been developed. In the place of
painful imitations, a 3D scan is taken instead, later this 3D scan converted into a 3D
prototypical and sent to a 3D printer to get the final print. 3D-printed prototypical
can be used to generate a variety of orthodontic applications, distribution and posi-
tioning salvers, clear aligners, and retainers. Interestingly, the printed models can be
conveniently stored digitally in the form of CAD (computer-assisted design) files.
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This technique allows one to digitize the entire workflow, radically accelerating the
construction time and considerably increasing the manufacturing capacity. Besides
that, it allows one to eradicate the necessity of physical impressions and storing of
replicas.

Today, there are various 3D printers are accessible in the market for both research
and commercial purposes of dental and orthodontics. Besides 3D printing giant
Stratasys (i.e., Stratasys for the 3D world [72]), there are various smaller companies
or ventures available in the market such as Zenith 3D Printing Systems [73],
Envision [74], AXSYS, Valplast, and many more. It is worth mentioning that the
first FDA-certified 3D-printing material [75] and a new material (i.e., bio-ink) that
kills bacteria [77] have been developed in recent years. 3D printed surgical-guides
find their potential applications in dental practice, but remained unnoticed [79]. To
highlight numerous low-cost printer for small, medium, and more extensive dental
labs and clinics with unique accessible operation have been developed for both
demonstration and serious medical facilities. The new materials that secure complete
applications of 3D printing in dentistry need to be developed for constant growth
of the field and applications. These 3D printers are in trend across the USA and will
undoubtedly be followed by rest of the countries around the globe. Interestingly, the
first, to the best of our knowledge, liability case concerning 3D printing (of dental
aligners) has been submitted to a court in California [80].

6.4 3D Printing of Tissues, Organoids, and Tissue
Regeneration

Manufacturing humanoid tissue by 3D printing is an exciting yet relatively untapped,
flourishing area of potential applications [§1-84]. 3D bio-printing envisages to reduce
the shortage of supply of the critical organs in the donor market. This is incredibly
applicable and exciting to the field of transplantation, as it solves any ethical and
moral issues that may be tied to traditional transplant methods. It also increases
acceptance as customized organ development utilizes the patient’s cells. Skin tissue
reconstruction and repair, kidney transplantation, heart transplantation, and limb
replacement among others are being successfully attained through 3D printing tech-
nology in recent years. Bone and muscle repairs also have been possible with 3D
printing in medicine with orthopedic implants. Being able to 3D print tissue cells
and organs has promoted research work for diseases, like cancer to study how tumors
grow and develop, with the intent to find a cure.

The critical application of lab-on-a-chip, i.e., exVive3D Liver, is a high-yield 3D-
bioprinted tissue prototypical tool for scientific exploration, medicine finding, and
toxicology [85], which has proposed in recent years. In recent times, the possibility of
bio-printing using stem cells has unlocked new possibilities in this realm [84]. The
very-first bio-ink [86] is offered by the Swedish startup company CELL-Ink [87]
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and the American stem-cell company Rooster Bio [88]. Reasonable and consistent
ingredients such as cell-friendly biomaterials are the fundamental requirements for
a structure to be 3D printed. Uniform tissues, for instance, skin cells (printing skin
cells on burn wounds), muffled and intricate solid organs, for example, a liver [90],
have been printed through 3D printers using suitable bio-materials. Researchers
from Chinese academy reported 3D bio-printing of the kidney (How do they 3D
print kidney in China [91]), ears, and livers [92]. Although much progress is still
required to make them implantation ready, preliminary studies on bio-printing of hard
tissues such as bones (CT-Bone®: actual bone produced through 3D Printer [93]) and
soft tissues such as cartilage and muscles [94] and other tissues have consistently
been conducted to better understand their printing behaviors. Also, there is a novel
thrilling substance, called self-healing bio-glass, that can be 3D printed and be used
a cartilage replacement [95]. Recently, Atala and co-workers stated that the building
of a combined tissue—organ printer (ITOP) can construct stable, human-scale tissue
constructs of desired shape/size. The competencies of the ITOP are demonstrated by
constructing jawbone and calvarial bone, cartilage, and skeletal muscle [96].

Plenty of 3D bio-printers introduced in the past decade, a low-cost bio-printer,
by the Swedish startup CELL-Ink was displayed, which costs about 5000 $ for the
less expensive model, and about 9000 $ for the more sophisticated version [97].
This printer allowed CELL-Ink to achieve remarkable outcomes, and it comprises
of about 98% of alive cells when using their bio-ink in 3D printer. Not precisely
a bio-printer but a tool called Bio-pen allowed surgeons to mending spoiled bone
and cartilage by “sketch” new cells directly onto bone. This procedure could be
conducted in the middle of a surgical process (see Fig. 8) (BioPen to redraft ortho-
pedic implants surgery [98]). 3D-printed organs for replacements are still far away to
grasp. Researchers from China, Xu Mingen, developer of the “Regenovo” bioprinter,
projected that completely serviceable 3D-printed human organs are likely to develop
in the time span of 20 years [99].

3D bio-printing has evolved as an effective tool to develop implants that accel-
erate bone regeneration under both in-vitro and in-vivo conditions [100-102]. The
unmatchable attributes and technical capability of 3D printing create high resolution,
repeat, and ordered porous scaffolds from a wide variety of materials (which include
most of the metals, ceramics, and polymers). Studies have identified that a porous
network could be an effective promoter of bone ingrowth. Through a traditional bone
filling process, it is immensely difficult to manage critical-size bone defects, which, in
most of the instances, leads to significant morbidity. A traditional bone filling method
might not be effective to ensure a perfect bone integration, as a coherent blood supply
to the graft is critical and essential, which is difficult to achieve through traditional
filling methods. Though a coherent blood supply can be maintained under vascular-
ization, this process requires a bone to be operated multiple times, which may lead
to increase the possibility of morbidity.
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Fig. 8 Carrying a special healing bio-ink, a Bio-pen being used on a bone model. ( Source credit:
University of Wollongong, Australia)

6.5 Medication Dosage and Pharmacology

3D printing in the field of drug delivery can possibly streamline pharmacology and
drug administration. A modest explanation for patients with manifold disorders is
made possible with a 3D-printed capsule that accommodates numerous drugs at
once, each with a specific release time. An exemplary idea called ‘Polypill’ has been
tested for diabetic patients. This application deals with the medication dosage and also
solves issues of a diverse drug interaction. For the patient, it removes comprehensive
24-h care of medicine intake when their medications have different schedules. 3D-
printed medicines in the Polypill concept can be very cost-effective. This makes the
technology available to poor, developing countries and applicable to health programs
at an affordable price.

Researchers at University College London have fabricated topical drug delivery
systems using 3D bio-printing [103]. They investigated fused deposition modeling
(FDM) and stereolithography (SLA) for the fabrication of devices to be worn on the
nose and deliver salicylic acid for the treatment of acne. The salicylic acid is loaded
into commercial polymer filaments using hot-melt extrusion. 3D printing lends itself
to this process, as scanned images of the patient’s anatomy can be used to create
devices that fit precisely, maximizing contact and delivering an even dose of the
drug. They found that while both methods created suitable devices, the SLA method
was more convenient as a fabrication process. The dosage can also be varied when
the filaments used for printing are prepared.

To demonstrate 3D printing capacity to produce drug tablets of sufficient quality
for prescriptions, Khaled et al. at the University of Nottingham attempted to print
Guaifenesin Bilayer tablets (Mucinex) using a desktop 3D printer bought for under
$1,000 [107]. They compared the drug release profiles for their designs and found
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Fig.9 Cube, pyramid, cylinder, sphere, and torus paracetamol tablets. Reproduced with permission
[108]. Copyright © 2015 Elsevier B.V. All rights reserved

that one of them showed a cumulative drug release profile that remained within 10%
of the release profile of the commercial drug over a 14-h dosage cycle. They also
evaluated the weight variation, hardness, thickness, and friability of the tablets they
had produced. Given the new design freedom that 3D printing in pharmaceuticals
provides, Goyanes et al. investigated the effect of tablets’ different shapes on drug-
release profiles [108]. They investigated torus, pyramid, cube, sphere, and cylinder
shapes using an FDM process to print paracetamol-loaded filaments of PVA. Their
printed tablets are shown in Fig. 9. They first demonstrated that the stability of the
drug was unaffected by the printing process. They then investigated the amount of
the drug that was released in each tablet and showed, as expected, a clear dependence
on the surface area to volume ratio. They state that these complex geometries would
be impossible to fabricate using traditional powder compaction methods and better
control drug-release profiles.

A precise control over the amount of drug release is important for transdermal
applications, as a high dose might perforate the skin tissues or may lead to skin infec-
tion. The natural distribution network of skin serves as a medium for the sustained
release of a multitude of transdermal drugs molecules [104]. Presently, transdermal
drugs are delivered through patches, which cover a large area of skin to enhance
the effectiveness of the drug. A continuous drug delivery through patches can be
provided to the upper layer of epidermis. On the other hand, a micro-needle array
penetrates the upper layer of skin without affecting its integrity is effective and
promising approach. In the context of transdermal drug delivery, 3D printing can offer
an advantage in developing simple and complex patches or micro-needle arrays struc-
tures. The complex structure of patches or arrays is designed to allow drug release
at different rates [105]. 3D printing techniques, for instance, SLA, have previously
been employed to print micro-needle arrays with a high degree of precision with a
wide variety of materials [106].
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6.6 Manufacturing of Surgical Tools and Medical Metal
Materials

Biomedical materials, hard metals (e.g., Ti), various kinds of materials, such as
thermoplastic, elastomeric polymers, for instance polystyrene, PLGA and PDMS,
hydrogel, and oxide materials, have been largely employed to generate permanent
transplants or accepted as matrix substrates in 3D-printing technologies [109]. Metal
materials that are used in medical field are mostly used to develop fixed implants,
for instance, orthopedic or dental implants that are made of several metal alloys. For
example, stainless steel, cobalt—chromium alloy, titanium alloy, and tantalum alloy.
These alloys in diverse chemical compositions exhibit good bio-compatibility and
meet most of the medical standards.

Various surgical devices and medical tools can be created with 3D-printed tech-
nology, where mainly metal or metal alloys are employed as the base materials.
3D-printing tools include forceps, scalpel handles, sterile tools, clamps, hemostats,
and many more. 3D-printed products are having high purity with low cost (almost
1/10 times) than that of stainless steel tool equivalents. This technology is explicitly
fascinating to design specific tools in a unique size and shape as needed.

Biomedical metal materials that are produced using 3D-printed technology have
many benefits over conventional implants. 3D-printed biomedical metal transplants
are known to have enhanced mechanical attributes with small grains over other non-
metallic materials. Moreover, an extremely organized printing environment ensures
a good quality of the printed portions, thus preserving the required attributes of
the printing materials. In addition to that, the design complication of 3D-printed
custom-made products can be reduced, permitting customization of implants with
mechanical performances that are akin to those of natural bone. Several surface treat-
ments techniques, such as chemical alteration, electrochemical plating, and alkali-
metal heat treatment, are generally carried out to augment the bio-activity of the
metal implants. As a part of the biomedical metal 3D-printing value chain, the heat
treatment can concomitantly tailor both biocompatibility and mechanical properties
of the implant. A highly hydrophobic, rough surface is generally obtained through
SLM (selective laser melting) and to acquire an extremely consistent surface heat-
treatment process is much essential. Surface feature analysis unveiled that the hard-
ness and Young’s modulus are the prerequisite to resisting cracking and fatigue of
the implant. Besides that, the biocompatibility of the implant improved significantly
after heat treatment, as revealed by cell proliferation analysis, where an enhanced
cell adhesion and even spreading was observed after heat treatment [110]. Thus, 3D-
printed biomedical materials (i.e., metal implants) with successive thermal treatment
is a useful process for attaining desirable physicochemical properties with low cost
and improved cyto-compatibility. Countless biomaterials have been developed for
medical applications because of the cytotoxic properties of aluminum or vanadium
or a combination thereof (e.g., TigAl4 V) in common porous scaffolds. For instance,
the metal alloys (e.g., titanium-niobium metal alloy) are more valuable materials for
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biomedical applications owing to their very low Young’s modulus, exceptional bio-
compatibility, high-strength, and low-cytotoxic element content [111]. To further
decrease the elastic modulus and to minimize stress shielding’s adverse impact,
tantalum can be added as a stabilizing element in the scaffold of titanium [112]. The
composites of titanium—tantalum that is made via selective laser melt exhibit a higher
strength and lower elastic modulus than that of titanium—aluminum alloys. Sing et al.
developed a regression analysis method to prove the feasibility of titanium—tantalum
cellular lattice structures in laser-manufactured porous scaffolds [113]. The process
parameters are pivotal and can greatly affect the dimensional precision and mechan-
ical properties of titanium—tantalum alloy lattice structures. Researchers also used
the SLM technology to solve the problem of processing complicated constructions,
while maintaining titanium—tantalum alloys’ key properties, i.e., superelasticity and
shape memory [114]. A special Ni—Ti unit cell shows compression properties within
the range of cortical and trabecular bone and shows improved fatigue life. Owing to
its relatively low corrosion potential, magnesium (Mg) metal has also been examined
as an excellent option for implants. Owing to its ability to entirely degrade in the
body and its Young’s modulus, which is also similar to the natural bone Mg, it mini-
mizes the stress-shielding effect [115]. Mg is one of the most vital components of the
human body, it helps to enhance bone cells’ proliferation and differentiation. Since
copper has a well-known antimicrobial activity and promotes metabolism, other
novel antibacterial alloys of copper (e.g., Co-Cr-W-Cu) with intriguing mechan-
ical properties and biocompatibility have been further designed to solve bacterial
infection or inflammations. Lu et al. [116] investigated the role of copper metal
to influence the properties of cobalt—chromium-based alloys, which are extensively
used in orthopedics and dentistry.

7 Potential and Major Limitations

3D printing for biomaterials and tissue engineering applications is a relatively new
aspect and it has opened tremendous possibilities of biomimicry and tissue regener-
ation. Biomimicry plays a vital role in screening drugs, regenerative medicine, and
understanding pathology [118]. 3D-printed biomimetic microfluidic chips have a
great potential to conduct drug screening tests instead of conducting animal studies.
Each of the 3D printing techniques has a different requirement for the bio-ink
and has their own limitations. For example, inkjet-printing technique offers high-
resolution and accurate cell positioning. However, it compromises with the structural
integrity due to the requirement of a relatively low concentration of bio-ink. Yet, inkjet
printing has shown great success in developing skin and neural tissues [121].
Current research demonstrates that the combination of more than one technique
could be a feasible and efficient solution to the complex manufacturing and printing
processes [119]. For instance, a combination of ink-jet and laser-assisted 3D printing
technique could provide the desirable combination for producing a scaffold, which
consists of both physiologically relevant proportions as well as supports viable cells.
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A new aspect of 3D printing for biomedical applications is its potential to prevas-
cularization (which recently emerged as a promising concept in tissue engineering
to perform microvasculature in tissue constructs prior to their implantation) [120].
Prevascularization is important to mitigate the possibilities of necrotic failure of the
implants. 3D printing of bio-materials shows a great potential in constructing neural
networks within large structures [121].

The apparent advantages of 3D printing technology enabled the researchers to
improve the existing medical tools/techniques and allowed them to explore new
material systems that are incompatible with traditional printing processes. This tech-
nology has already been reached a significant and exciting level; however, the revo-
lutionary application, such as bio/organ printing [122], demands more time and
extensive research and development to evolve. In the field of medical or bio-printing
applications, 3D printing technology is severely challenged by a number of limita-
tions, for example, high cost, incompatibility with most of the common materials,
slow printing speed, not environmental benign, excessive dependence on the plastic
materials. Another fundamental issue with 3D-printed bio-materials is the vascula-
ture of the printed tissues. 3D-printed tissue requires a constantly supply of oxygen
and nutrients to sustain. Diffusion of oxygen and nutrients by itself will only occur up
to a thickness of 150 pm, above this thickness, the tissue will not develop uniformly.
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Chapter 2 ®)
Characterization of Bioinks for 3D G
Bioprinting

Sayandeep Saha and Pallab Datta

Abstract 3D bioprinting is progressing at arapid pace in the discipline of biomedical
engineering due mainly to its ability to simultaneously process cells and biomaterials
as per a pre-designed arrangement for the generation of 3D tissue constructs. Bioma-
terials and cells comprise the bioinks, which may contain other biologics. Ideally, a
bioink should possess functionality resembling the natural tissues. Presently, there is
an imperative need for high-quality bioinks, which are biocompatible and bioprint-
able while concurrently providing bioactives to ensure that the cells differentiate and
grow uniformly. Essentially, the retention of the structural design by the 3D-printed
constructs is governed by the nature and constituents of the bioink. Achieving high
fidelity in the process of conversion from design to final construct depends primarily
upon the thorough understanding of the rheological characteristics and biofunction-
ality of the bioinks. Further optimization and characterization of the bioinks for
specialized tissues depend on multiple assays and image-based assessments. While
the biomaterials utilized in the present era may be broadly classified into synthetic
and natural, there are many other aspects to be considered before selecting compat-
ible materials for a bioink. Here, in this chapter, we have considered the numerous
existing methods of characterization of bioinks along with a brief discussion on a
persistent scope for optimization.

1 Bioink Definition, Related Terms

In the modern era of tissue engineering, 3D bioprinting continues to leap towards
becoming increasingly relevant. The primary reason being its virtue of ex-vivo
production of definite biomimetic tissue constructs resembling the complex multi-
cellular arrangement of specific organs, and more so because it offers a renewed
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opportunity for producing patient-specific tissues and organs without having the
requirement of external donors. Though originally intended for tissue fabrication,
the tool of bioprinting finds its application in the understanding of disease biology
or screening of drugs against many diseases, viz., tumour and congenital diseases [1,
2]. With its increasing global market value, more and more sophisticated approaches
are being consistently taken towards shaping this technology into achieving higher
translational value. A key differentiator in the outcome of a bioprinting technology
is the selection of materials for forming compositions, which act as biological ‘inks’,
or simply ‘bioinks’ to print constructs, which require meeting the tissue-specific
characteristics.

Initially introduced alongside ‘biopaper’, a term used to refer bioprinted hydro-
gels, the concept of bioink has evolved through time. Earlier, the living cells and
the cellular aggregates had to be separately added to a printed biopaper, and there-
fore, the definition of a bioink was only restricted to being the supplementary cellular
components in a three-dimensional bioprinted hydrogel. However, with an increasing
number of superior 3D bioprinting techniques, bioprinting has enabled simultaneous
printing of biomaterial-based scaffolds and cells, thereby allowing complete control
over several aspects of the tissue constructs such as cell distribution, resolution and
scalability. Currently, bioink can be rightly defined as a formulation of cells mixed
with biomaterials, typically with a biopolymer-based hydrogel, tailored precisely to
provide an ideal microenvironment for cell growth, with or without the incorporation
of other biologics, processed altogether under an automated biofabrication system
[3]. In the majority of studies, hydrogel precursors have been used for the bioink
formulation, which are either semi-cross-linked prior to the fabrication process or
are ultimately cross-linked to form hydrogels in the post-fabrication process [4].
The cellular constituents may include single cells, cellular rods, aggregated cells
that form spheroids, cells arranged to form minute tissues along organoids, which
are material-coated cells. Depending on the application of the bioprinted constructs,
additional components like nucleic acids, cytokines, growth factors, growth media
or serum may be included [3].

The components of bioinks are needed to be precisely optimized to suit the param-
eters of the corresponding bioprinting technology as well as to achieve high print
fidelity and functionality. The properties of these said bioinks are essential for the
maintenance of integrity of cells in the post-printed constructs. The material proper-
ties of a bioink, its printability, its degradation profile along with rheological param-
eters of viscosity, elasticity and gelation kinetics influence the overall characteristics
of a bioink formulation [3, 5]. This chapter provides an insight into the quantification
of the various aspects, which help in characterizing the nature of a bioink and how
it can influence its overall behaviour.
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2 Properties of Bioinks

A bioink is usually chosen in accordance with the employed bioprinting modality,
and more importantly, a bioink’s characteristics are required to conform to the cell
biology of the target tissue. Finding the most optimum bioprinting conditions often
prove to be quite challenging, as it requires tuning of the bioprinting parameters
and the bioink properties consistently. Bioinks might be produced using common
or engineered biomaterials alone, or a blend of two or more biomaterials. From
the perspective of compatibility, an ideal bioink has to satisfy both the biological
requirements of the chosen cell type and the physical parameters involved in the
process of printing itself. Physically, it should bear characteristics like that of a
gel or be aptly viscous for being dispensed as an independent thread or a droplet,
without requiring additional support. However, too strong a gel strength may compel
the use of larger shear forces, which can primarily result in gel fracture or cause cell
death inadvertently [6]. A few common physiochemical parameters upon which the
character of a bioink is dependent can be generalized as:

Rheological parameters (viscosity, shear stress, shear strain, recovery rate)
Strength of the biomaterial(s) for shape fidelity

Material biocompatibility and biodegradability

Miscibility of biomaterial blends for composite bioinks

Permeability for nutrients, oxygen and wastes

Maintenance of suspended cells and cellular aggregates

Homogeneity in distribution of cells and cellular components

Gelation mechanics for shape consistency (cross-linking mechanism)
Chemical modifications of biomaterial structure for tissue-specific needs
Reproducibility of composition for large-scale production

For the three primary types of bioprinting modalities, namely, extrusion-based
bioprinting (EBB), laser-based bioprinting (LBB) and droplet-based bioprinting
(DBB), the 3D constructs are designed in a computer system using CAD-CAM
(computer-aided design—computer-aided manufacturing). Since the modalities are
majorly different in their mode of action, the characteristic properties of a bioink are
adjusted accordingly.

2.1 Bioink for Extrusion-Based Bioprinting

EBB is the most commonly employed bioprinting technique for tissue engineering,
which can accommodate various print sets with different biomaterials in its compo-
sition, thereby permitting bioprinting with a wide range of biomaterials and cells.
In EBB, a typical bioink is a blend of cells, cross-linking agents and biopolymers,
which are extruded by means of a nozzle or multiple nozzles (multiple head depo-
sition systems (MHDS)) [7]. In this process, hydrogels appear to be suitable, due
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to their high-water retention and cell suspension capacity [8]. Naturally occurring
hydrogels (e.g. gelatin, agarose, alginate, chitosan, fibrinogen, dextran, hyaluronic
acid (HA), gellan gum (GQ)) share structural similarities with extracellular matrix
(ECM) containing signalling molecules, which facilitate cell adhesion. Syntheti-
cally derived hydrogels [e.g. polyacrylamide, poly(2-hydroxyethyl methacrylate)
(pHEMA), poly(ethylene glycol) (PEG)] are also used for their high stiffness along
with decreased variation when produced in multiple batches. Since cross-linking is
extremely crucial in dictating the construct stability, both the strategies of pre-cross-
linking or cross-linking the post-printed construct are necessary. This can be achieved
by enzymatic cross-linking, ionic cross-linking, photochemical reactions, guest—host
interactions or by altering the pH and temperature conditions [9-12]. Hereof, the
cross-linking ability of both naturally occurring and synthetically derived hydro-
gels can be improved upon the addition of certain functional groups. For example,
norbornene, tyramine, thiols, aldehydes, vinyl sulfone and methacrylate groups can
alter gelatin and HA stability [13]. For the constructs to achieve high-shape fidelity,
the window of the cross-linking action must also take place within a definite time
span.

Bioinks for EBB are ought to be shear-thinning for convenient deposition. For this,
solutions containing the building components for hydrogels, i.e. precursor gels or
pregels are employed, which have lower viscosities compared with the final hydrogel
obtained through the process of gelation. Due to hydrophobic, hydrogen or ionic inter-
actions between polymeric chains, pregels help to create various meshed networks.
For example, gelatin and methylcellulose rheology are determined by hydrophobic
bonds [14] and alginate-based bioinks employ ionic cross-linking in the presence of
Ca?*, wherein the Ca2* concentration modulates the viscoelasticity of the bioink [15].
Since the manufacturing of common hydrogels is less expensive, it leaves room for
improvement of bioactivity through ubiquitous experimentation on modifications,
i.e. tunable debasement and characteristic adjustment of mechanical attributes. The
biggest hindrance to this technique, however, is that the cells experience high shear
forces during extrusion and therefore enduring the resisting force may cause dimin-
ished construct functionality and cell viability. Another aspect is that EBB essentially
generates filaments, limiting fabrication of intricate constructs with out-of-plane
attributes [16].

Hydrogel selection on the basis of a specific function involves numerous consid-
erations like gelation time, biocompatibility, cross-linkers, bioactivity, degradation
profile and mechanical behaviour. Precise geometries are required to be bioprinted,
particularly for tissues, which require bearing loads (articular ligament, muscle), the
“fixable” inserts (platforms supplanting infarcts, expelled tumours, injury), and those
with a specialized pliable capacity (ear, skin). Construct fidelity is an important char-
acteristic that determines the capacity of any bioink to keep up the retained structure
upon extrusion for subsequent application.
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2.2 Bioink for Laser-Based Bioprinting

LBB uses nanosecond (ns) lasers under a fixed wavelength (UV or close to UV)
as a means of depositing the bioink over a substrate. The bioink chosen for the
large spectrum of LBB-based modalities (LIFT (laser-induced forward transfer),
LGDW (laser-guidance direct writing), AFA-LIFT (absorbing film-assisted laser-
induced forward transfer), MAPLE-DW (matrix-assisted pulsed laser evaporation
direct writing), BioLP (biological laser processing)) should have high homogeneity
and permeability [17]. The biggest advantage of LBB is that the bioprinting can be
carried out without the requirement of a nozzle, which means that shear stress of
a nozzle is not a limiting factor for the chosen components. Thus, delicate bioinks,
for example, collagen and nanohydroxyapatite mixtures containing live cells can
be employed for bone construct development [18]. Biomaterials like HA are major
choices for this method, enabling fabrication with high resolution and maintaining
high cell viability while printing at the speed of million cells per second [19].

As a major prerequisite for this technique, the bioink must meet the fundamental
properties of biocompatibility and nontoxicity. Bioinks used for LBB are usually
cells suspended in a mixture of sol, and the gelling of the viscous sol is desired
only in the post-printing phase. For maintenance of nontoxicity and cell survival, pH
value nearing neutral (ideally 7-7.4) under a cell-friendly range of temperature is
warranted. As shown by Koch et al. [20], the basic mixture of bioink prepared for
LBB consists of four major components. The first constituent should offer a fitting
environment alongside providing proper nutrients for cell growth (e.g. addition of
blood plasma). The second component optimizes the viscosity of the bioink. The
third component involves the addition of growth factors for providing the required
stimulus to the cells, and the fourth component involves the addition of a cross-linker,
which can be added with the second component or sprayed after the bioink is printed.
Using bioinks containing collagen, alginate and HA, various LBB bioprints have been
produced alongside printing cells such as bovine pulmonary artery endothelial cells
(BPAECs), human dermal fibroblasts (HDFs), mouse C2C12 myoblasts, rat neural
stem cells and breast cancer (MCF-7) [20-25].

The bioink should also be compatible with the wavelength used in LBB. Most
research groups employ ultraviolet rays with pulse spanning from 3 to 30 ns and the
wavelengths used are 193, 248, 266, 337 nm or 355 nm [26]. These are favourable for
polymers capable of absorption, since an individual UV photon embodies sufficient
energy for promoting chemical reactions. Therefore, it disassembles solid polymers,
subsequently scattering them as gases. Under the condition of the UV wavelength
being below 300 nm, there is, however, a likelihood that the cells may get damaged.
Visible light has been employed as photoinitiators for digital light processing (DLP)
bioprinting. For example, Wang et al. [27] used eosin Y to photo-cross-link polyethy-
lene glycol diacrylate (PEGDA) and gelatin methacrylate (GelMA), thus generating
constructs with 50 wm resolution and more than 85% viability. Lim et al. [28] also
employed GelMA to generate constructs with 90% viability, while Bernal et al.
[29] showed the feasibility of photo-cross-linking to generate large constructs like
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bone tissue models. Therefore, through a combinatorial manoeuvring of wavelength,
viscosity and cell environment, the bioink for LBB can be carefully optimized.

2.3 Bioink for Droplet-Based Bioink

DBB is one of the simplest and versatile methods of bioprinting, which can dispense
cell-laden droplets through a nozzle using thermal, sonic or pneumatic actuation.
DBB allows for control over volume of deposition at pre-defined spots thus providing
an opportunity to fabricate heterocellular constructs encouraging structural hetero-
cellular builds. DBB is originated from inkjet printing, which predates as early as the
1950s. Elmgqvist, one of the pioneers of the innovative inkjet printing, had licensed
this technology from Siemens in 1951, which was later picked up by Sweet who
was associated with Stanford University at the time, and henceforth in the 1960s, the
improvement of consistent and standardized print framework of inkjet methodology
was initiated. In 1987, the first instance of producing printed biologics was presented
by Klebe where he had utilized an industrially accessible Hewlett Packard (HP) warm
DOD (drop-on-demand) inkjet printer with fibronectin and collagen bioinks [30]. A
short time later, in 2000, the first ‘actual’ 3D bioprinter based on inkjet technology
was created by Objet Geometries. Later in 2003, Boland used a DOD printer to
handle living cells within a proper scaffold, and this process ushered a new method
of inkjet printing [31].

The bioink used for DBB must comprise of hydrogels or growth media, which
can act as a medium for loading of various biologics, like cells, nucleic acids, growth
factors or drugs along with showcasing characteristics of low viscosity, adequate
biodegradability, material strength and cell adherence. For the different methods
of DBB, the optimization of a DBB bioink varies. For example, the DOD method
forces the biomaterial droplets through a very narrow nozzle, which can result in the
damage of flowing cells, and therefore, cell density needs to be adjusted accordingly
along with the viscosity. The electrohydrodynamic method, on the other hand, uses
an electric field to ensure the smooth flow of the bioink, thus allowing less pressure
and less damage on the live cells present in it. Securing the physical and biochemical
properties of a bioink from the adversities of the bioprinting process is of utmost
importance. The structural integrity, porosity, bonding and the elastic tension should
be maintained and the live cells present should be viable [32]. Satisfying these charac-
teristics has limited the number of truly usable biomaterials for DBB, which include
alginate, fibrin, GelMA, collagen and PEG. These biomaterials can be used to form
hydrogels whose cross-linking mechanisms are compatible with the DBB modalities
and can ease the restraints in the process of ejection of the bioink [33].

Some of the common bioinks developed using naturally derived and synthetically
derived biopolymers during the last decade are being shown in the following table
(Table 1).
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3 Characterization of Bioinks

In view of the bioprinting methods and the applicability of tissue constructs, a bioink
requires satisfying multiple criteria, some of the important characterizations are
discussed here.

3.1 Rheology

Rheology can be best described as the deformation experienced by a material upon
application of force on it, wherein from the perspective of 3D bioprinting, the print-
ability of the construct is governed by the corresponding rheological character of a
bioink. Rheology is related to the bioink viscosity, which is consequently dictated by
its concentration and molecular weight (MW) among other factors. Higher viscosity
causes better print fidelity but requires higher shear stress, causing cell damage. The
impact of cells and cellular components on rheological properties of a bioink are also
important, which is required to be studied both before and after gelation [66]. The
rheological parameters that determine the polymer architecture are shear thinning,
yield stress and yield recovery.

Shear thinning is an important attribute of bioinks, which is essentially a property
of a non-Newtonian fluid, which does not exhibit a linear relation between shear rate
and shear stress. For different forms of bioinks, such as colloidal suspensions, melts
and pregel solutions, the respective mechanism of shear thinning varies. For example,
in colloidal suspensions like nanosilicates and cements of calcium phosphates, the
shear thinning occurs through disruptive interactions between the suspended parti-
cles, wherein the positive interaction is again reinstated when the suspension comes
at rest, i.e. in the post extrusion phase [67, 68]. Whereas, in case of melts or pregels,
the shear thinning occurs with the disentangling of the polymeric chains under shear
stress, which are again reoriented with the secondary cross-linking [69, 70]. Shear
thinning is particularly pertinent to EBB, as for an impactful extrusion phase, the
shear rates and the viscosity are required to be higher and lower respectively, and a
high viscosity is warranted for the post-extrusion phase to add to the shape retention.

By definition, yield stress is the force that is necessary to overcome the threshold
value for deformation. This requires outweighing the surface tension, capillary force
and the force of gravity offered by the weight of the filaments. Yield stress is depen-
dent on the property of viscoelasticity of the bioink, which is again related to the
elastic modulus (responsible for shape retention) and the viscous modulus (respon-
sible for the viscosity of flow), measured through oscillatory rheology. Raising the
value of yield stress improves the formation of filaments, thereby adding to the
rigidity of the printed construct. However, increasing the yield stress should be moni-
tored on the basis of the internal resistance offered by the action of cross-linking of
the filaments present in the bioink so as to avoid permanent deformation and also to
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Fig. 1 Illustration of yield stress and shear thinning behaviour of gelMA/GG bioink, wherein the
GG chains (represented in white) bear gel-like character prior dispensing (i) but during dispensing
through the nozzle, the network between the GG chains becomes aligned and the hence the viscosity
is reduced and (ii) and finally the polymeric network is again reinstated in the printed filament in the
absence of shear stress, thereby solidifying the construct, reproduced with permission from [74].
Copyright John Wiley and Sons

avert cells loss. Some common materials to increase yield stress include GG, polox-
amer 407, and GelMA which interact non-covalently or electrostatically with the
components of the bioink, allowing for shear reversibility and increased viscosity
when at rest [71, 72]. In a study, it was shown that in a PEG-Poloxamer-407-based
hydrogel, an increased concentration of Poloxamer led to increased yield stress and
decreased bending of the construct [73]. In another study, the influence of yield stress
on shear thinning behaviour was shown using GelMA/GG bioink [74], as illustrated
in Fig. 1.

Yield recovery is another aspect that determines the shape retention of the printed
construct, which is again dependent upon the viscosity and the regaining of the
shear modulus when the shear forces are withdrawn [75]. The dominance of either
elastic modulus or the viscous modulus influences the yield recovery, wherein the
prevalence of the former over the later indicates recoverable elastic deformation and
the opposite indicates destructive deformation.

The rheological measurements are significant so as to control the arrangement
of the platform structure. By employing mathematical models to derive data from a
rheometer, the properties of flow behaviour, extent of shear thinning, yield stress and
recovery and its effect on the cell viability of a bioink can be determined. Rheological
studies enable optimization of material properties, which impacts the printability of
the construct and the subsequent time for its fabrication [76].
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3.2 Printability

Printability is a broad term that encompasses multiple parameters involved in the
process of bioprinting to render a bioink “printable”. These involve gelation strate-
gies, time consumed by the printing process, cell feasibility and needle measurements
[3]. The inspection of the significance of printability has led to many different iter-
ations of its interpretation. For example, Atala and Murphy [77] have defined print-
ability to be “the properties that facilitate handling and deposition by the bioprinter”,
while Noh and Gopinathan [78] depict printability to be reliant on, “the different
parameters such as viscosity of the solution, surface tension of the bioink, the ability
to cross-link on its own and surface properties of the printer nozzle”. On the basis
of multiple perspectives, a basic interpretation of printability can be comprehended
as the potential of a biomaterial to produce a satisfactorily 3D-printed scaffold,
depending upon its proper optimization suiting the different conditions of bioprinting.
A wide assortment of tests have been practised by researchers to investigate the
aspects of printability, which are, however, subjective to the type of bioink and their
respective set of printing conditions. Depending upon the bioprinting modality, an
analyst needs to essentially map the framework of the last build to remember for their
distribution and repeat the process with alterations, thereby utilizing grouping frame-
works to achieve conceivable printing outcomes. By characterizing the last construct,
the print fidelity can be regularly improved by regulating the viscous flow and rigidity
of bioink by modulating the degree of cross-linking between the nanofibers in the
framework, which may influence cell growth [79].

There are multiple forums for the evaluation of printability, which encompasses
the examination of the rheology and filament formation and its role in formation of
multi-layered structures adding to the shape fidelity. For instance, in EBB, all the
settings involving bioprinting incorporate feed rate, feed pressure, way plan, needle
length, temperature and numerous other aspects. By providing a quantitative aspect
to printability, it may be drastically impactful in bioink improvement. As shown
by Schwab et al. [80], for rheological evaluation, multiple mathematical models
are being used to empirically derive the shear thinning behaviour, based on the
rheometer-derived data of viscosity under respective shear rates. Since most bioinks
are time-independent, the most popular model is based on the Ostwald-de Waele
equation, more commonly known as the ‘power law’ represented as:

n=ky"! (1)

where 7 represents viscosity, k represents a constant of consistency index, n represents
the behaviour index (shear thinning index) and "y represents shear rate. The behaviour
index is determined by the nature of the fluid. For shear-thinning liquids, the value
of n should ideally range between 0 and 1 (0 < n < 1), whereas for shear thickening
liquids, the value of n should exceed 1 (n > 1) and for Newtonian fluids, the value
of n should ideally be 1 (n = 1). k could be measured when the values of the other
variables are unchanged. The velocity during the process of bioink dischargement
can be calculated using Eq. (2).
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where 7 is calculated from Eq. (1) as the parameter for shear-thinning, t represents
the shear rate, the velocity of the fluid discharge and the needle radius is represented
by v and r, respectively. Due to the proportionality between shear stress, applied
pressure and nozzle radius, the extrusion velocity for a large number of materials
under respective printing conditions can be evaluated through the following (Eq. 3).

1
A ; n n
y= 1 (2P (RTl_rTl) 3)
n+1\2Lk

where Ap represents the change in capillary pressure, L represents capillary distance
of the flow, R represents the radius of the outer needle, r represents the flow radius. For
a range of needle geometries and printing pressures, the average extrusion velocity

can be calculated as
—A P
v= (=22 "R (4)
2Lk 3n+1

Under specific extrusion parameters such as the use of co-axial nozzle as shown
by Yu et al. [81], the mathematical models may become modified, for example, the
shear rate () while using a coaxial nozzle can be represented as:
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where & represents the ratio between r and R, A represents a constant that locates
the spot of maximum velocity of flow whose value depends on the parameter n from
Eq. I and o, defined as ry,;,/R. The value of —AP/L can be obtained by the following
equation:
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where k is derived from Eq. (1) and Q is defined as the volumetric flow rate. Some
of the more derivatives of nozzle-based mathematical models have been delineated
by Koch et al. [42]

Though the power law can be used to simply predict printability, it is limited to a
range of shear rates (10-10* s~!) and produces the most accurate results only under
the ideal conditions of the linear and steady flow of bioink, disregarding the reduced
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viscosity at the inner walls of the nozzle. To rectify this problem, the Herschel—
Bulkley mathematical model is employed which encompasses the regions having
reduced shear rate and is represented as:

T =19+ ky" )

where 7 is represented as shear stress 7 represented as yield stress, k is parameter for
shear rate, and n represents the parameter for shear-thinning from Eq. (1). Besides the
assessment of rheological parameters, printing settings are needed to be continuously
tested to ensure uniformity in the linear extrusion of filaments, where the diameter
of each extruded filament would approximately be the same. This can be estimated
through tan (8) or loss tangent, which correlates to the absorption and dispersion of
energy by a bioink. Higher the value of tan (3), better the uniformity of the filament.
The post-printed deformation of the array of extruded filaments due to gravity and
stresses can be assessed by calculating the deflection angle (6). Derived from the area
and the perimeter of the pore, the quantitative identification of filament circularity
and filament fusion can be done using printability index represented as:

L2

Pr=—
16A

()

where L represents the length of the perimeter of the pore and A represents the area
of the pore. P, = 1 represents ideal square shaped pore geometry whereas P, > 1
and P; < 1 represent a more circular and irregular geometry, respectively. For other
methods like stereolithography (SLA), the printability is significantly based on the
regulation of photo-cross-linking of hydrogels under light irradiation, which adds
to the shape fidelity. Unlike EBB, this modality does not mandate the influence of
shear-thinning behaviour, wherein hydrogel precursors with low viscosity produce
a better print resolution. Here, the printing resolution is dependent on the printing
hardware, the concentration of the material for photo-initiation, absorbance of the
irradiation wavelength, the function of point spread in a multiphoton event, reactive
species diffusivity, depletion of the photo-generated radicals, the curing depth, which
ensures the gelation in-between two successive layers and the presence of cells in the
hydrogel precursors [82—84]. Finally, various imaging methods like 3D computed
tomography (CT) and optical coherence tomography (OCT) are employed for the
volumetric shape assessment of the post-printed constructs and for visualizing the
inner microstructures and the pore volume. For modalities such as LBB and DBB
which use high number of cells, the printability is ensured by the optical behaviour
(refractive index) of a thermosensitive bioink, the distribution of the encapsulated
cells inside the hydrogel and also the volume of the cell media and the concentration
of the receiving substrate on which the drops are focused on. Besides these, laser
radiation must also be precisely controlled as because thermoacoustic phenomenon,
ablation, plasma generation are common occurrences.
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As shown by Zhang et al. [85], for DBB, the dimensionless numbers and the
ratios play a significant role in the formation of droplets. The Z number (jettability)
and the Weber numbers are very important for preparing the graphical presentation
of bioink distribution. The Weber number (W,) is defined as the ratio between the
inertial forces of deformation and the cohesive forces of a fluid given by:

_ 8F, _ 5
We= o = (0V'D)/(©) (10)

where F, is the fluid mechanical force, F is the cohesive force, C,, is the drag
coefficient, L is the characteristic length scale, p represents the density, v represents
the flow rate and o represents the surface tension. The Z number is the reciprocal of
the Ohnesorge numbers (Oy,), which also decides the nature of fibres that are released
by the bioinks. Oy, is represented as:

0, = 1 YW (11)

v polL R,

where p represents the dynamic viscosity of the liquid, p represents the density of
the liquid, o represents the surface tension, L represents the characteristic length
scale (drop diameter), R, represents the Reynolds number (Re = (pUL/u) and W,
represents the Weber number. Higher O), values indicate dominant dissipation of
internal viscous forces, which means that the formation of a droplet is critical and
nearly impossible. On the contrary, the lower the Oy, values, the weaker is the friction
loss due to the viscous forces, which is a result of the conversion of most of the
inserted energy into surface tension, and therefore a droplet can be formed [86].
When used within the range of 0.1 < Oy, < 1, the droplets can be aptly dispersed, and
therefore the jettability (Z) of the bioink must range between 1 and 10 for proper
droplet dispersion. The Weissenberg and Deborah numbers are of similar importance
for non-Newtonian bioinks. The Deborah number (D,) provides an idea of how a
specific biomaterial will perform over a finite period of time, represented by:

D A Ao 1

=7\ (12)
where T is a characteristic time for the process of deformation and X is the time of
relaxation. The Weissenberg number (W;), which is dependent upon the Reynold’s
number (R,), the flow speed (U), the parameters of Eq. 11 and the group ratios of
elastic forces to viscous forces (AU/L), is given by:

Wi =iy 13)
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where 7 is the rate of deformation estimated through L and velocity scales through
U/L. During smaller scale expulsion, the Oldroyd model is used to portray the certain
components of Herschel-Bulkley liquids, which is represented as:

A"
04 = — (14)
kv

nozzle

where v, represents the nozzle printing speed, d represents the outer diameter
of the nozzle, and n, k and 7, are parameters of the Herschel-Bulkley equation,
which characterizes the flow dimensions of Herschel-Bulkley fluids inside the inner
walls of a cylinder. Other than these, the capillary number (C, = "U—U) measures the
relative effects of the forces of viscous drag due to capillary action of bioink and
the elasto-capillary number (E, = ;—‘2) affects the flow of bioink with inconsistent
stretches.

Therefore, to sum up, printability is the overall assessment of the formability of a
bioink, which include tuning the material viscosities and rheology, manoeuvring the
sol-gel conversion and setting up the most optimum printing parameters, so that the
printed construct can maintain its functionality and biocompatibility. The idea is to
provide the cells a natural ECM like environment, which mostly contains specialized
proteins, structural proteins and proteoglycans. Therefore, it seems fitting that the
chosen biomaterial must be inspired from the components of ECM and exhibits func-
tional similarity with it, such that a particular cell can have a similar meshwork to
grow on. For example, a known biomaterial such as HA is employed for bioprinting
of chondrocytes because it is a regular component of cartilages, and therefore it
ensures the biocompatibility and the functionality of the construct. Another factor
that impacts the printability is the nature of the bioink, wherein hydrogels and tissue
spheroids (discussed later in the chapter) provide the best printability among most
due to their capability to provide the most viable cellular microenvironment for
growth and proliferation. The factors influencing the gelation mechanics of different
hydrogels (ion-sensitive, thermosensitive, photosensitive, pH-responsive or enzyme-
sensitive) also have an impact on the printability of the bioink, wherein a handful
of hydrogels made of naturally or synthetically derived biomaterials such as silk
fibroin, alginate, fibrinogen, collagen, chitosan, GeIMA, HA, PEO and PEG have
been used, along with sacrificial hydrogel components such as agarose, gelatin or
pluronics [87-90]. Newer methods of assessment of printability are under works, for
example, machine learning-based strategy for designing printable bioink based on
the rheological parameters has been demonstrated by Lee et al. [91] All in all, the
assessment of the rheology and biocompatibility of newer sets of multicomponent
compositions requires to be balanced with the printing parameters along with appli-
cation of improved mathematical avenues for quantitative assessment of printability,
which can stretch the boundaries of 3D bioprinting.
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3.3 Biofabrication Window

The biofabrication window can be defined as the window of printability, or in other
words, the overall approach for construct fabrication is to achieve the best shape
fidelity for the exhibition of its biological functions. The concept of biofabrication
window is illustrated in Fig. 2.

The biofabrication window acts as a method of characterization of bioinks since
under a definite period of time, the bioink added is required to be optimized to produce
the necessary texture, which essentially refers to obtaining the most favourable
printing conditions to attain the correct shape. This is highly dependent upon some
factors, which range from setting up of the printing parameters such as the velocity,
the collector speed, printing pressures, the nozzle aperture diameter to the evalua-
tion of rheology, the viscosity and the shear-thinning behaviour of the fluid using
mathematical models and also the assessment of cell viability of the corresponding
scaffold structure [80]. For example, in the assessment for the window of biofabrica-
tion, Paxton et al. [92] used the mathematical models for rheological evaluations of
the bioink to demonstrate the dependency of the window upon the n and & (shear thin-
ning coefficients) of the power law (Eq. 1), the shear rate, bioprinting viscosity and
velocity. Through experimentally derived values, needle sizes, and printing pressure
through velocity ranging from 1 to 40 mm s— 1, the biofabrication window of multiple
materials was determined (Fig. 2b), wherein poloxamer 407 (25% wt) displayed a
narrow fabrication window (under printing pressure 1.2-2.8 bar) whereas 8% and
1% alginate showed a wide fabrication window. In this study, it was also shown how
the concentration of a material is pertinent to its feasibility of printing with respect
to the nozzle geometry, the print velocity, the machine operating parameters and the
relation between the theoretical window of biofabrication and the practical printing
conditions.

Biofabrication window also deals with providing the best shape fidelity under
adequate cytocompatible conditions and with the minimum input of material content,
which is a predominant focus in the field of 3D bioprinting. As depicted by Levato
etal. [93], besides rheological evaluation, several strategies of chemical cross-linking
have been studied to regulate the biofabrication window, which is an essential part
of the bioink design. Step-growth reactions are a popularly employed mechanism
of cross-linking where the hydrogel formation is regulated by fast movement of
the active centres in the monomeric double bonds of carbon. Step-growth reac-
tion has been studied in inks containing GelMA, gelatin modified with allyl groups
(e.g. gel AGE), thiol groups (e.g. dithiothreitol DTT) [94], norbornene-functionalized
(Gel-NB) and thiol-chemistry modified gelatin (Gel-SH) [95], modified alginate [96],
or modified HA/ polyglycidols [97], and PEGs [98]. Another mechanism of in-situ
photo-cross-linking causes the bioink to undergo photoinduced reactions to become
cross-linked either during or after the deposition of the bioink. A few examples
include cell-laden bioinks containing GeIMA, PEGDA, norbornene-modified HA
and methacrylated-HA [99]. Another photo-cross-linking mechanism that previ-
ously warranted the use of UV light to generate radicals from photointitators has
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Fig.2 a Illustration of the concept of biofabrication window, which requires the bioinks to possess
a balance between the stiffness (to maintain shape fidelity) and soft hydrogels (to provide optimal
cell growth conditions), reproduced with permission from [74]. Copyright John Wiley and Sons.
b Bioprinting windows of different printable materials, where the red and the blue regions indicate
too high and too low an extrusion velocity to support high print fidelity, and the white region between
indicates the window of printability, reproduced from [92].
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now been rendered functional under visible (near-UV) light through the fabrication of
visible-light sensitive bioinks, which thereby results in improved cell viability. Some
examples include ruthenium (Ru)/sodium persulfate (SPS) (Ru/SPS) [28], eosin
Y [100] and lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) [101]. Pre-
cross-linking strategies have also been found to ensure good rheological attributes
and improve upon construct stability, as seen for horseradish peroxidase (HRP)
and H,0O,-mediated enzymatic cross-linking of tyramine-modified HA, followed
by visible light cross-linking with eosin Y. To further ensure good viscoelastic prop-
erties, imine type low molecular cross-linkers such as hydrazide, semi-carbazide,
alkoxy group have been studied to discard the use of secondary cross-linking alto-
gether for an improved window of biofabrication. Besides cross-linking strategies,
the selection of the material for gelation based on their intermolecular interactions
is crucial to the expansion of the biofabrication window of the bioink. For example,
hydrogels formed from polypeptides and proteins such as silk or silk-based protein
provide good yield recovery during gelation because of the -sheet formation, along
with optimum shear thinning behaviour, biodegradation and improved cellular inter-
action due to the presence of RGD sequence, which thereby indicates the influence
of bioink design on print shape fidelity and cell supportiveness [102].

Swerving through various fabrication mechanisms and by tuning the bioprinting
parameters to the most optimum settings, the different characteristics of a bioink
are observed to crucially impact the biofabrication window, wherein the material
chemistry, its rheology and its interactions with the cross-linking materials attribute
to the multi-layered stacking of a construct. This goes on to determine the cellular
growth and attachment. To further improve upon the biofabrication window, several
studies are being pursued on the incorporation of decellularized ECM particles such
as peptides and other bioactive moieties to improve upon the cellular attachment
with the bioink hydrogel and to form a favourable microenvironment for rapid cell
growth and development [103]. Exact varieties of upgrades should be intended to
prompt proliferation into well-defined and functional tissues.

3.4 Cell Density

Evaluating the optimum cell density prior bioprinting is a fundamental aspect of
bioink characterization as it directly correlates to the viscosity and the rheological
parameters of the bioink, thereby influencing its printability. Though the correlation
between these parameters and cell density is apparent, however, it is fairly ambiguous
and inconsistent, as some studies have indicated an increase in viscosity upon an
increase in cell density in the cell-laden hydrogels, whereas some have shown a loss
of viscosity with an increasing cell density as well as changes in other rheological
parameters such as mechanism of gelation, stiffness and yield stress [104—107]. There
can also be multiple damaging consequences for cell viability of the construct for
having irregularity in cell density of cell-laden hydrogels, as it has been observed
that too less of encapsulated cells can result in poor cell attachment and growth while
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Fig. 3 a Influence of cell density and the concentration of polymers (indicated by dark blue poly-
meric chains) on the distribution and proliferation of viable cells (indicated by red circles), seeded
in biomaterials; b Influence of the shape and diameter of the nozzle on cell density and subsequently
on the cellular interactions, determining the viability of the final construct, reproduced from [109]

too high a number of cells can cause build-up of excess cellular aggregates in the
construct deposition area, leaving no room for growth or proliferation of the cells,
thus hindering tissue development (see Fig. 3a). Moreover, as shown in Fig. 3b,
nozzle dimensions can also influence cell density and viability.

The characterization of cell density warrants repeated rheological evaluation using
multiple cellular concentrations to find the optimum cell density. In an extensive study
carried out by Gillispie et al. [108], the impact of cell density on rheology and the
overall printing outcome has been assessed by using GelMA/GG composite bioink
and MS1 endothelial murine cells wherein multiple cell densities (0, 5, 10, 20 and
40 x 10° cells per mL) were printed under a constant set of printing conditions
(150 mm s~! feed rate, 1.4 mm? flow rate, printing pressure 210240 kPa) followed
by rheological evaluation using mathematical models (Eq. 1) and under fixed values
of parameters of a rheometer. While the shear-thinning behaviour (K and n) proved
to be similar for all cell densities, an increase in both the loss modulus and storage
modulus was observed in comparison to their acellular counterparts with an increase
in cell density ascending from 20 to 40 x 10° cells per mL along with an observed
variation in yield stress, which decreased with increase in cell density. In a separate
study by Diamantides et al. [107], a more pronounced effect of cell density (primary
chondrocytes) was observed on the printability wherein high cell densities (100 x
10% cells per ml) increased the viscosity of a collagen-based bioink and induced a
post-gelation decrease in gelation rate and storage modulus with an increase in cell
density, resulting in a more controlled deposition of cells in the construct. Therefore,
itis safe to say that printability is dependent on cell densities as much as it is dependent
on other parameters of material properties and rheology.
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As a parameter of printability, cell viability is influenced heavily by cell density
(see Fig. 3a), as depicted by Cidonio et al. [109], wherein lower cell density (<1
x 109 cells ml~") can achieve higher chances of cell survival during the process of
printing but may present with lower proliferation rate due to poor distribution of cells.
On one hand, high cell density (>5 x 10° cells ml~') may contribute to destructive
interaction between cells due to increased cell saturation, resulting in lower cell
viability. However, strand deposition is influenced by high cell concentration, which
can either add to the strength or weaken the stiffness of the bioink depending upon the
type of biomaterial used in it. For nozzle-based modalities like EBB, the geometry
of the nozzle is a determinant factor in relation to the cell density assessment and the
corresponding cell viability. It has been observed that cylindrically shaped nozzle
affects cells under high shear stress at the region of luer-lock, which can decrease
the cell viability of the printed construct up to 10 times its original concentration
[106, 110]. In this regard, conical-shaped medium-sized nozzles (250-800 pm) have
been found to provide the most favourable distribution of cells to ensure optimum
cell survival and growth. Nozzle size below 250 wm may cause decreased cellular
interactions, resulting in slow growth, whereas a nozzle size higher than 800 pm
may induce cell hypoxia, apoptosis, and necrosis thereby reducing cell survival. The
by-products of dead cell fragments can also impact the viability of the surrounding
cells [111]. The extrusion pressure also accounts for determining the required initial
cell density in the bioink, and it has a direct impact on the cell viability of the printed
construct. It was shown by Nair et al. [112] that there was a significant reduction
of viable cells (38.75%), which mostly experienced necrosis when the dispensing
pressure rose from 5 to 40 psi. Under these accounts, it is important to choose an
optimum cell density based on the nozzle geometry, dispensing pressure and the
rheological behaviour of the bioink as well as its cell capsulation efficiency.

Therefore, cell density and its relation with rheology and cell viability are an
essential criterion for bioink design whose characterization is crucial in the prepara-
tion of printing protocols and thereby requires more experimentations by tuning the
properties of multiple formulations to be able to produce reproducible results.

3.5 Cytocompatibility and Functionality

In the line of testing for cell viability in pre- and post-printing process, the cyto-
compatibility of a bioink is crucial to its tissue regeneration capacity, as it essen-
tially refers to the parameter for cell survival in both the bioink and the 3D-printed
construct, and therefore decides the extent of cell growth and proliferation within
the construct, which in turn reflects on its applicability. As a determinant parameter
for construct functionality, a quantitative characterization method is warranted for
the evaluation of cytocompatibility, as it is increasingly pertinent towards modern
tissue engineering application where increased cell densities are required to produce
functional mimics of multiple types of tissues. In a study by Dubbin et al. [113], the
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characterization of cytocompatibility of a bioink (containing 3T3 mouse fibroblast
cells) has been executed following a three-staged cell-based study.

In the first stage, the cell sedimentation assay was performed through confocal
microscopy wherein the cells were labelled prior to encapsulation and incubated for
1 h. The resulting images were analyzed for cell counting using imaging software and
the sedimentation coefficient was also determined using the mathematical model:

ye
> c)?
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where 3 represents the sedimentation coefficient (8§ = 1 indicates no sedimentation
and uniform cell density across zones), n represents the zone number and c; being
the density of cells in individual zones. As shown in this study, prevention of cell
sedimentation, either by using thickeners for bioinks in sol phase (e.g. PEGDA) or
gel phase inks (e.g. GeIMA) is a necessary step to ensure good printability, as excess
accumulation cells cause the print head to clog and thereby hamper the printing
process. The second stage involves the calculation of the viability of cells during
the process of printing, which is required to be addressed because the Pouseille
flow during the sol phase accounts for cell death/damage, the fragments of which
congregate to hinder the growth of surrounding cells, thereby resulting in a decreased
cell viability in the final construct [114]. After setting up an optimum range of flow
rate and feed pressure, the cell viability of the print was readily assessed through
live/dead assay (staining-based technique that identifies the live cells through green
fluorescent labelling (calculated as shown in Eq. 16) to quantify the cell membrane
damage, followed by imaging using confocal microscopy.

Cell viability = (number of cells stained green/number of total cells) x 100%
(16)

It is also important to ensure proper hydration of the prints for the cells to stay
viable, and thereby the formulation can be printed on a PBS solution as shown in the
study. The third stage involves calculation of cell viability after curing the bioink,
which serves as the final step in the characterization of bioink cytocompatibility
wherein the cell viability assays from the second stage can be repeated in the post-
printed construct to comparatively evaluate the cell survival in multiple materials used
in the bioink (e.g. PEGDA, GeIMA, RAPID (Recombinant-protein Alginate Platform
for Injectable Dual-cross-linked ink)). It is also important to perform the experiments
in each stage in triplicates or more in order to evaluate the statistical significance
of the accumulated data using statistical tests (e.g. ANOVA with Tukey posthoc
test). By following these three-staged cell-based assays can help in determining the
cytocompatibility of a bioink and also determine the cell density required in the
process of printability.

Besides live/dead assay, MTT assay (colorimetric test based on the principle of
reduction of yellow coloured tetrazolium salt to purple coloured formazan crystals
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by metabolically active/live cells) can also be performed to quantify the cell viability
in a bioink or in the construct, which can be calculated by evaluating the absorbance
values and placing them in the equation:

Cell viability (%) = { 2272 5 100 (17)
€1l viaoill = _— X
Y=\ ac— Ab

where At, Ab and Ac represent the absorbance of tested samples, medium only
and untreated cells, respectively. Identification of apoptosis (activated caspase assay,
Annexin V fluorescent conjugate staining, etc.) and necrosis (lactate dehydrogenase
release assay, DNA binding assay using propidium iodide, etc.) can also provide
a perspective into the cellular activities, which can call for the adjustment of the
machine parameters of printability and material properties of the bioink. For the
prediction of viable cells in relation to the material properties and process parameters
of the bioink (shear forces), a quantitative model has been developed by Nair et al.
[112] from the data generated in the process of bioprinting a number of encapsulated
cells at various printing pressures. By considering D (the nozzle diameter) and P
(dispensing pressure) as independent variables, the model is expressed as:

E(y) = Bo + Bix1 + Brxa + B3xixz + Baxi + Psx3 (18)

where E(y) is the mean value of the expected percentages of viable cells, injured
cells and non-viable cells, and the x; and x, are the variables of nozzle diameter and
pressure. The B, B1, B2, B3, B4 and Bs are constants derived from the data generated
from the live cell, the apoptotic and the necrotic assays across a range of parameters
in the process.

The cytocompatibility of a bioink directly correlates to the functionality of the
post-printed construct, which can be defined as the interdependency of multiple
parameters such as cell type, cell density and material properties, to ensure that the
construct possesses the biological properties of any targeted tissue it mimics and
subsequently replaces. The identification of construct functionality deals with detec-
tion of certain cell-specific bioactive molecules or markers, which can confirm the
presence of the respective tissue type in the construct. For instance, in a study by Yu
et al. [81], the functionality of a construct formed using a bioink containing carti-
lage progenitor cells (CPCs) in an alginate solution was demonstrated by identifying
specific genetic markers in CPCs, encoding for chondrocyte specific proteins. By
decellularizing and isolating the RNA from post-printed cells, the expression levels
of collagen type-II (responsible for the function and chondrocyte phenotype), ACAN
(Aggrecan gene, codes for aggrecan found in cartilage ECM) and Sox-9 (transcrip-
tion factor essential for chondrogenic differentiation) were evaluated using RT-PCR,
where a plausible differentiation of CPCs to chondrocytes was confirmed, thereby
deeming the bioink to be functional for printing of 3D constructs for its potential use
as a cartilage replacement. In another study by Skardal et al. [ 115], the functionality of
liver tissue-specific constructs formed by liver spheroid-laden hydrogel (containing
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decellularized ECM components and growth factors) was tested with ELISA and
colorimetric assay to detect and quantify the levels of albumin and urea respectively,
the presence of which would thereby identify the healthy functionality of a construct
mimicking the liver tissue, and therefore can be potentially implemented.

Aside from the identification of tissue-specific cellular activity, the functionality
is also dependent on the level of oxygen and nutrient supply that can reach the cells,
which is a primary need for its growth, proliferation and differentiation (in case of
stem cells), and also on the extent of vascularization in the later stages. Vasculariza-
tion is one of the most important challenges in the translational success of tissue grafts
[116]. Therefore, aspects of material characterization (e.g. porosity, permeability) are
also highly relevant to construct functionality and thereby on the parameters of print-
ability [117]. In a study on the growth of neutral stem cells (NSCs), Banerjee et al.
[118] found that increasing the elastic modulus of hydrogels led to a decrease in
proliferation and also the expression of B-tubulin III (a marker used to identify NSCs
activity by RT-PCR) was found to be the most prominent in the softer hydrogels,
with elastic modulus similar to brain tissues. Therefore, the calibration of both the
rheological and the cellular aspects in a bioink is crucial to the biological perfor-
mance of the printed construct, which can be thereby evaluated through cytotoxicity
assays, biochemical assays, colorimetric assays and biomolecular techniques.

3.6 Bioink Purity

The purity of a bioink refers to the accuracy in the composition of biomaterials and
cells, which are responsible for adequate bioink functionality. Without the presence
of any contamination, the biochemical purity needs to be consistent and with specific
biomaterial blends and cells [119]. Absolute pure blends of biomaterials are not often
desirable for bioprinting due to various reasons, giving rise to the need for bioink
blending [120, 121]. For example, 100% complete collagen scaffold printing is hard
due to its negligible density and rigidity and therefore is unsuitable as a construct
[122]. On the other hand, unadulterated fibrinogen ends up being of low consistency
in the preparation of a colloidal gel [123]. In pure form, gelatin is water soluble
and yields a heat-sensitive colloidal gel, which goes through the process of sol-gel
transition between 25 and 35 °C. Under any other temperature conditions, gelatin
exhibits a poor consistency, rendering it unsuitable for bioprinting applications [124].
In case of silk, the significant impediment of its use in bioprinting is its high viscosity,
which brings about nozzle blockage during bioprinting. Because of the excess shear
effect inside the nozzle in the printing process, the silk § polypeptide chains crys-
tallize inside the nozzle, which further hinders the flow [125]. An endeavour for
improvement of the printing stability of constructs depends on mixing of blends of
other biomaterials (e.g. chitosan with blended with different biopolymers to provide
adequate mechanical strength [126]).

Along with using homogenized blends to obtain bioinks, various developmental
factors such as hormones and activating molecules can be mixed in bioink, which
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can help in cell segregation, differentiation and growth and may justifiably be used
in cell types, tissues, and organs [72]. When all is said and done, certain groups
of hormones follow up on many different morphologies of tissues, for example,
the BMP family activates bone-related physiological cycles through VEGF and is
known to positively influence the vascularization cycle [127, 128]. Hence, these
are broadly utilized in tissue formation, either as immediate release factors or as a
controlled delivery framework (e.g. microspheres). In a few investigations, hormones
and activating factors were being supplemented and utilized to activate the bioprinted
constructs. Bioinks containing insulin-like growth factor II (IGF-II), bone morpho-
genetic protein 2 (BMP-2), and fibroblast growth factor-2 (FGF-2) were imprinted
on surfaces covered with fibrin using an inkjet affidavit framework. On these printed
structures, cultivation of myogenic cells was carried out [129]. Desorption tests
conducted with BMP-2 and IGF-II demonstrated a 10-day commencement of the
development factors to be contained inside the medium containing serum.

3.7 Bioink Degradation

A determinant factor in the characterization of a bioink is the chosen biomaterial’s
ability to go under degradation in the bioprinted construct. Degradation can be defined
as the trait of a biocompatible scaffold/construct to be able to disintegrate in the local
site of implantation, so as to be replaced by the newly regenerated cells followed
by vascularization. Delayed rate of degradation can cause various clinical issues
following cytotoxicity in the body. Under ideal conditions, the degradation rate
should be the same as the regeneration rate of a tissue, indicating the formation
ECM components, which replaces the degenerating bioink material in the construct.
The method of studying degradation involves measuring the dry weight of the scaf-
folds, periodically over a span of time and then the data from multiple timestamps
are used to measure the rate of degradation. The in-vitro degradation in the printed
scaffolds can be measured using the following equation:

W
Weight remaining = (Wl) x 100% 19)
0

where the initial scaffold weight is represented by W, and the remaining scaffold
weight is represented by W, at predetermined timestamps ‘t’.

The degradation rate is dependent upon the material composition of the bioink and
the architecture of the construct (CAD model), which may be modulated through a
varied number of concentrations of the biomaterials involved. For example, through
variations in the compositions of PCL and chitosan in a PCL/Chitosan hybrid scaf-
fold, Dong et al. [130] showed that the degradation rate could be modulated between
15 and 60% within a period of 20 days, as shown in Fig. 4.
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Similarly, in another study by Walker et al. [131], the degradation of
poly(propylene fumarate) (PPF) scaffolds could be driven from 20% to nearly 70%
by varying the architectural styles and the input molecular mass of the polymer. In
this aspect, the molecular mass or the MW of the bioink has also been found to
impact the degradation profile of the construct. This is further expanded in a study
by Freeman et al. [132], where it was shown that 3D-printed alginate scaffolds with
a much higher MW showed little degradation in the culture over a span of 21 days,
whereas alginate scaffolds with low MW showed high degradation from Day 0 to
Day 21. In this study, it was also shown that the choice of cross-linkers in the bioink
also affects the degradability of a scaffold, as in case of alginate scaffolds with lower
MW, which showed higher degradation with CaSO4 and CaCl2 cross-linking than
with CaCOj cross-linking, thus indicating that the mechanism of ionic cross-linking
can also impact the degradation profile. In another study by Gordon et al. [133], the
cross-linking in collagen type II scaffolds by dehydrothermal treatment and ultravi-
olet radiation proved to be in favour of faster degradation due to low cross-linking.
Alongside being regulated by ionic cross-linking, the degradation kinetics of bioinks
can be controlled enzymatically and hydrolytically as well [134]. For example, early
reports by Mann et al. [135] and Lutoff et al. [136] have shown that with the use of
enzymes that are responsible for migration of cells, the PEG-peptide conjugates can
be degraded to promote infiltration of cells. Scaffolds formed from naturally occur-
ring polymers like collagen can also be enzymatically degraded [137]. Hydrolytic
degradation has been well demonstrated by Diniz et al. [138] on Pluronic F-127
hydrogel, which proved to have a fast degradation rate facilitating the growth of
dental pulp stem cells (DPSCs).

A relatively newer avenue for controlled degradation is through designing
composite bioinks, which allows for individual components to interact with specific
enzymes, thereby offering multiple mechanisms for manoeuvring the mechanical
properties of the bioink. This has been well demonstrated by a novel form of bioink
developed by Li et al. [139], which is a conjugate of polypeptides and DNA, wherein
grafting complementary short sequences on the polypeptide backbone cross-links
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the short DNA strands in the bioink. Therefore, the printed structure can be degraded
by the action of both proteases and DNases without compromising the stability of
the structure and can be printed using both the modalities of DBB and EBB. More
interestingly, through a recent study performed by English et al. [140], the promise of
smart bioinks has been shown to lead to programmable degradation of the construct
by cleaving the DNA present in the hydrogels with the action of a CRISPR-Cas12a
system, rendering changes in the material properties, thereby controlling degrada-
tion. Therefore, experimenting with the bioink components and by modulating the
material properties, molecular mass, mechanism of cross-linking and also working
with various architectural models, the design of bioink can be characterized based
on its degradation kinetics. Also, by implementing novel formulations, the rate of
degradation can be steered in line with the growth rate of healthy cells, forming the
tissues for its intended applications. Moreover, micro-computer tomography can be
a useful tool for characterizing the spatial degradation of bioprinted constructs [141].

3.8 Viscosity and Molecular Weight

As described earlier in the chapter, viscosity (measurement of resistance from a
fluid’s flow) of a bioink is a determinant factor of the rheology (yield stress and yield
recovery) and the printability of the bioink that is monitored by its shear thinning
behaviour, viscous modulus and the cell density of the ink, thereby exhibiting a
profound effect on print fidelity and print resolution. The viscosity has an intricate
relation with the MW of the biopolymer, the concentration of its residues, its degree
of branching and the action of cross-linkers [15, 142]. As shown by Schuurman et al.
[143], the addition of biomaterials also influences the viscosity of the bioink. GelMA
solution with low viscosity could produce prints with good shape fidelity upon the
inclusion of HA, as represented in Fig. 5.

Typically, biopolymers with a higher MW present with more viscosity due to
increased chain entanglements [94]. The polymeric viscosity and the average MW
(M) of the biopolymer are given by Mark—Houwink equation:

[n] = K, M (20)

where K, and a represent the parameters of Mark—Houwink equation and [7]
represents the intrinsic viscosity, which can be represented as:

lim 21— Q1)
c—0 cno

where c represents the solute concentration and 7y represents the solvent viscosity.
Since most bioink has a multilateral composition, containing biopolymers whose
polymerization is governed by the action of random interactions, the polymeric
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Fig. 5 20% GelMA formed droplets, aggregated at the tip of the nozzle (a), producing flat and
spread outlines instead of a concrete fibre (¢); addition of 2.4% of HA to GelMA produced strands
(b) which formed fibres producing four layers of construct (d); (5 mm scale bar for A-C, 2 mm
scale bar for D), reproduced with permission from [143] Copyright John Wiley and Sons

mixture develops chains of varying length and therefore a statistical average of the
distribution of MW is required to be calculated instead of calculating the MW of a
single substance. In this regard, the average MW is expressed as viscosity average
MW in the following equation represented as:

= [ o) () )] = (S o), )]
= [( )]

where N; and w; are the total number of molecules and their weight fraction, respec-
tively, with M; being the MW of each molecule, and o being the weighting factor.
Chromatography is acommon means of measuring MW of a polymer (gel permeation
chromatography and high-pressure liquid chromatography).
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For bioinks based on hydrogels, the MW between cross-links is a parameter for
characterization of the involved biomaterials. The extent of polymeric networking
within the hydrogels decides the diffusional properties of the bioink, which is essen-
tially one of the aspects for a complete evaluation of the hydrogel meshwork and
has crucial impact on cell growth, cell migration and tissue permeability. Mathe-
matical models have been developed in order to evaluate the relation between the
cross-linking MW and diffusion of solutes within the gel [ 144—146]. The diffusion of

Mc—Meis

2
solutes is proportional to ( W ) , where M . represents the MW between cross-

n crit

link, M, represents the average MW of the uncross-linked polymer, and M ,;, repre-
sents the MW between cross-links critical for the passage of solute. More studies on
low MW hydrogels based on PEGDA by Jimenez-Vergara et al. [147] have helped to
develop mathematical models to evaluate the MW between cross-links by following
the previous models proposed by Peppas et al. [148], wherein the average MW
between cross-links has been expressed as:

! = 2 \% 23
(M)‘(Mn>+ ‘ )

where M. represents the MW between cross-link, M, represents the average MW of
the biopolymer and V, represents the effective chain number/unit volume. This study
has further delineated the mathematical relation between M. and the cross-linking
density (defined by chain density or segments connecting two parts of a polymer
network, rather than the density of cross-link junctures) expressed as:

1
VM,

where v represents the volume of the biopolymer and p, represents the cross-linking
density. Using molecular size exclusion (MSE) for the individual hydrogel using
the models developed by Watkins et al. [149], this study has also developed a new
correlation between the mesh size and degree of swelling with M,, being a crucial
parameter of the relation. An in-depth comparison between different mesh sizes using
the correlation data and the MSE-generated experimental data proved MSE to be the
most precise approach where the calculations of mesh size using MSE showed better
correlation with changes in tensile modulus of the hydrogel.

There is a positive relation between viscosity and MW, as an increase in MW
leads to an increased viscosity of the biopolymer. For example, preparing alginate
hydrogels with a varied ratio of G (a-L-glucuronic acid) and M (B-D-mannuronic
acid) through acid hydrolysis and gel permeation chromatography, Jiao et al. [150]
showed that this variation in the content ratio changes the MW of the hydrogel, which
significantly alters the rheological properties of the hydrogel, wherein samples with a
high amount of M units and low MW showed higher viscosity compared with the ones
with high amount of G units and high MW. Besides variation in the constituent ratios,
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variation in the ratio of a biopolymer and its cross-linker can also influence the MW
and the viscosity of the bioink. As shown by Freeman et al. [132], to print stable 3D
constructs, a less viscous alginate hydrogel with lower MW of 28 kDa requires 2.5
times the cross-linker compared with the alginate hydrogels with a higher MW of
75 kDa. Another important aspect by which the viscosity of a bioink is influenced
is through the mechanical consistency of the biopolymers, which is governed by
its polydispersity index (PDI). PDI is reliant upon the MW of the biopolymer and
determines the size distribution, wherein low PDI indicates similarity in length of the
polymer thereby indicating consistency in mechanical properties. PDI is represented
as:

PDI = (My/M,) (25)

where M,, and M, represent the weight average and the number average of molar
masses, respectively. Nuclear magnetic resonance (NMR) spectroscopy or attenuated
total reflectance (ATR) can be used to identify biopolymer terminal groups and MW
of the biopolymer.

Therefore, by modulating the viscosity, MW, cross-linking density and gelation
kinetics, the characteristics of a biopolymer meshwork can be controlled to allow
the diffusional properties to be in favour of ample nutrient supplementation, thereby
influencing the cell behaviour. Along with this, the overall bioink printability can be
improved by understanding the interplay between cellular stresses and the material
chemistry of a bioink.

3.9 Bioink Homogeneity

As a fundamental criterion for the maintenance of the structural uniformity, in terms
of mechanical property, MW distribution, regularity in viscosity, distribution of cells
and other biologics, the homogeneity of a bioink is warranted, which essentially refers
to the extent to which the components of a bioink are evenly dispensed in it. While the
regularity in mechanical strength can be attained with the aid of various cross-linking
mechanisms, the homogeneity is particularly relevant towards achieving an even
distribution of cells as it is even more crucial that the cells are dispersed uniformly
in the bioink so that it’s functionality can follow suit in the 3D-printed constructs.
For platforms like EBB that requires a constant force for extrusion of the bioink,
homogeneity is a decisive factor to ensure the correct shape fidelity of the construct, as
inhomogeneity caused due to particle aggregation in the bioink can cause fluctuations
in the extrusion force leading to inconsistency in the settled filaments [80]. More
importantly, as we are moving towards printing full-sized organs and large tissues,
the cells are required to stay suspended for a large amount of time within the bioink
due to long hours of print time, and therefore the biomaterial also has to comply well
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with the process of cell encapsulation so as to count for the least possibility of cell
sedimentation and thereby increase the homogeneity in the solution.

To achieve the homogeneity in bioink, the density of a biomaterial must match
the density of the type of cell being employed, wherein the density of both the cells
and the biomaterial must be considered. This has been demonstrated by Lin et al.
[101] where the most efficient suspension of hADSCs in PEGDA-based hydrogel
was achieved with 37.5% Percoll, indicating the most optimum density required
to maintain homogeneity in the bioink. In another study by Jia et al. [142], it was
shown that the finest homogeneous distribution of hADSCs occurs when the cells
are suspended in an oxidized alginate hydrogel with a density of 1.05 gecm~3, as
verified by cell suspension assays through fluorescent labelling. Since density of
a bioink correlates directly to its viscosity, homogenous distribution of cells also
depends on the viscosity the bioink, which has been shown by Rutz et al. [151],
where the cells encapsulated in hydrogels containing a blend of PEG and GeIMA
showed better homogeneous dispersion due to improved viscosity. More recently,
Chen et al. [152] developed a novel method to increase homogenous cell dispersity
by creating liquid interfaces through multi-layered modification to a GelMA-silk
fibroin bioink, which increases interfacial retention and decreases cell sedimentation
through the manipulation of the liquid interfaces.

Besides countering cell sedimentation, mechanical harm can also be caused to the
cells being subjected to brutal mixing conditions during blending. A novel method
for a semi-automated homogeneous mixing process has been suggested by Bhat-
tacharyya et al. [153] using a twin-screw extruder (TSE) head, which can simultane-
ously function in mixing and bioprinting of ionic alginate gel, micro/nanoparticles
of a-TCP (alpha-tricalcium phosphate) and osteoblast cells. This system displayed
a higher cell distribution and lower cell damage due to its real-time nature of mixing
and low sedimentation time.

Cross-linking strategies can also have a positive effect on the homogeneous distri-
bution of a bioink. As shown by Dubbin et al. [154], dual cross-linked alginate hydro-
gels modified with peptide domains (P1) and engineered protein (C7) containing
NIH 3T3s fibroblasts and hADSCs display better dispersion compared with ordinary
alginate due to the protein and peptide-attachment sites being present.

All in all, the characterization of bioink homogeneity requires monitoring a set
of parameters, which include bioink density (for both cell and biomaterial), bioink
viscosity, the forces experienced by the bioink (e.g. gravity, buoyancy, friction),
cross-linking strategies and the working duration of the printing process.

3.10 Solubility

The ability of the biomaterial component in a bioink to dissolve in a compatible
solvent to add consistency to the bioink definition is defined as the solubility of a
bioink. There are several factors that affect the solubility of a bioink, primarily the
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nature of the biomaterial and the nature of the solvent. As water-friendly biopoly-
mers provide better compatibility to the cellular microenvironment, most bioinks
employed are hydrogels as they are capable of retaining high volumes of water
within their structure. Therefore, the water solubility of biomaterials is crucial to the
maintenance of the functionality and the rheological consistency of the bioink. Most
of the naturally occurring biopolymers like HA and silk fibroin are water soluble but
some are soluble under certain conditions. For example, both chitosan and collagen
are only soluble in water under low pH conditions, gelatin is soluble in water only at
a temperature above 35 °C, and the solubility of alginate depends upon its particle
size. However, they also present with low solubility due to their high MW compared
with synthetic water-soluble biomaterials like PVA and PEG [155]. Other synthetic
biopolymers such as PCL and PLGA are soluble in organic solvents. Hence, the solu-
bility is a crucial part of bioink characterization, as many inks use blends of naturally
and synthetically derived polymers or both, and the phases have to be compatible
with each other before attempting to make the rheological adjustments.

Solubility can be guided through monitoring the MW and the material concentra-
tion in the bioink. Along with this, the structural chemistry of a biomaterial including
the number of repeating units and the nature of its polymeric branching also accounts
for achieving the most optimum solubility. External factors for controlled solubility
include maintenance of temperature, regulation of pH of the solvent and the addition
of salts, which impacts the performance of the gel by influencing the cross-linking
chemistry. For example, in the development of multicomponent bioinks based on
alginate solutions, Piras et al. [15] showed that the addition of divalent cations (e.g.
Ca?* from salts such as CaCl,, CaSO, and CaCOs) at room temperature generates
inter-chain ionic bridges, which regulates the solubility and the cross-linking in the
gel. Since cross-linking influences the stiffness of the bioink, different solubilities
also cause varied stiffness in the material. As found in the aforementioned study, a
lower solubility of CaSOj resulted in a much stiffer filament formation and imparted
a more uniform gelation compared with CaCl, and CaSOy, led gelation. This goes
to show that calcium ions with lower solubility render more homogeneous alginate
bioink solution. The influence of temperature and concentration on the solubility of
a bioink has been studied for other biomaterials like agarose where the optimum
sol—gel transition takes place at a temperature of 40 °C, under a fixed concentration
within the aqueous solution [156]. Through manoeuvring of temperature, the defi-
nitions of alginate gels can be adequately thickened with an elevated bulk modulus,
which achieves better consistency and thereby encourages higher print goal/accuracy,
wherein pressure and space testing also influences the solubility by showcasing the
outcomes of modulus expansion in terms of alginate elasticity [157]. Other than this,
the stirring speed and the size of the polymeric particles also influence solubility.
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3.11 Spheroid Characterization

Spheroids are an arrangement of cell clusters in spherical formations, which provide
a closer connectivity between the cells involved in the process of tissue formation,
compared with the free cells suspended in a bioink. These are regarded as the frontiers
of modern organ printing and regeneration as spheroids can truly achieve scaffold-
free constructs, which then supports a higher ECM deposition due to dense packaging
of cells causing elevated cellular interactions, homogeneous distribution and long
hours of cell functionality [158]. However, there are several challenges in the way of
using spheroids in bioinks, which mostly include the maintenance and reproducibility
of spheroid size uniformity when using diverse cell types and also the positioning of
these spheroids [159]. These challenges can be overcome by developing workflows,
which fit the best-suited technique. The steps to forming spheroids are a part of a
time-dependant process, which include compacting high density of cells, letting it
proliferate and then using these multicellular aggregates as the bioink for 3D printing.
Asdelineated by Khoshnood et al. [160], the common methods for spheroid formation
include the following:

1. Magnetic levitation: This employs an outer magnetic field to drive the cells
together into forming spheroids by using biocompatible magnetic labels (e.g.
iron oxide) and paramagnetic agents (e.g. Gadobutrol, Gadodiamide and Gado-
teric acid), which paramagnetizes the cellular environment. For example, forma-
tion of MSC spheroids using Fe304 nanoparticles [161]; formation of spheroids
of NIH 3T3 mouse fibroblasts and HCC827 lung cancer cells using Gadolinium
(IIT) chelates (paramagnetic agents) [162].

2. Hanging drop: This method leverages the contact area of a cell suspension placed
onto a lid and which is then inverted upside down, only to let the gravity and
surface tension of the attached cells result in the formation of spheroids. For
example, fabrication of spheroids using pancreatic cancer cells with the addition
of methylcellulose polymer [163].

3. Hydrogel microwells: This method employs microwells made out of hydro-
gels formed by different biopolymers wherein the cells are dropped into these
microwells, which go on to form spheroids under the influence of gravity. For
example, Agarose microwells are used to produce spheroids of hADSCs [164].

4. Spinner Flask: This method employs the stirring of cell suspension inside a
spinner flask, which then results in the formation of spheroids. The stirring
speed and the time of operation decide the size of the spheroids. For example,
formation of spheroids using rBMSCs, bACs (bovine articular chondrocytes)
[165].

5. Microfluidic systems: This method uses a lab-on-chip device with a limited
number of inlets/outlets whose size can be adjusted to produce high number
of accurately sized spheroids by depositing low amounts of multiple cell types
in a single bulk. Compared with other methods, this method can achieve a
higher printing accuracy within a reduced time of operation and provides more
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protection to the cells, resulting in a better homogeneous aggregation and repro-
ducibility, while also imparting a much higher geometrical accuracy to the
spheroids. For example, microfluidic systems developed to produce spheroids
using hepatoma cells [166].

The use of spheroids in a bioink is becoming increasingly popular, with the
earliest instances dating back to early 2000s. For example, in a study by Jakab
et al. [167], micropipettes were used as cartridges for the preparation, loading and
printing of spheroids and pellets of Chinese hamster ovary cells (CHO). Since then,
the preparation of spheroids and their application as bioinks has evolved through
the developments of various methods as depicted earlier. However, the most promi-
nent method to emerge in recent years is the stainless steel made microneedle-based
method of bioprinting, developed by Nakayama et al. [168]. The “Kenzan” method,
as it is called, helps in the growth and interaction between the cells in the spheroid.
Instead of arbitrary positioning, it ensures that the microneedles are positioned in
such a way that they help to strategically form agglomerates in the areas where it is
needed. During the post-fusion stage of the spheroids, the microneedles are removed
to achieve the 3D construct. In this method, a definite or multiple cell types are
provided with an opportunity to be organized in three dimensions and demonstrate
biologically active functions by also utilizing the extra cell culture after removal of
the Kenzan. Several pieces of research involving the in vitro formation of a repertoire
of tissue constructs using the Kenzan method and their subsequent implantation have
been recorded. These include vascular grafts [169], liver mini-tissues [170], cardiac
patches [171] and many more.

There are certain determinant factors to ensure the optimum functionality of the
spheroids when used in a bioink in 3D bioprinting. The non-attaching setup for
culturing the constituent cells of the spheroids plays a huge part in the process of
forming cellular aggregates from the collective suspension. Besides this, the perfor-
mance of the spheroids is dependent upon the characteristics of its outermost surface
and its external shape, which is determined by the size and the nature of the blend
of different cell types present in the spheroids. The characterization of spheroid
morphology depends upon the method employed. For example, in a study of both
the gravity-induced and centrifuge-induced formation of spheroids from BMSCs
by Aguilar et al. [172], the Regenova 3D bioprinter (Cyfuse Biomedical K.K.,
Japan) was employed to measure the diameter, roundness and the smoothness of
the spheroids. The roundness was evaluated repeatedly using the equation:

Roundness [%] = [100 - (%)] x 100 (26)

where radius R is that of the smallest circle circumscribing the spheroid and radius r
is that of an inscribed circle, which is in concentricity with the central circle, thereby
connecting to the perimeter of the spheroid. The smoothness of the spheroid was
determined through the following equation:
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DA
Smoothness [%] = (S_A) x 100 27

where the DA is the area of the spheroidal parts that deviate from the average value
of maximum and minimum contour, and SA is the total area of the spheroid.

The nature of the cell types also determines the nutrient uptake and the level of
oxygen requirement, which, in turn, requires optimization of the spheroid thickness,
thereby deciding the endurance and the viability of the cells inherent to the spheroids.
Furthermore, the time period for the sustenance of the cells in the culture media for
the formation and arrangement of spheroids also influences the functionality of the
spheroids in the bioprinted construct. The addition of antixodiants has been shown
to reduce shear-induced cell deaths in certain bioprinting process [173].

4 Conclusion and Future Prospects

As of late, dynamic 3D bioprinting strategies accompanied by multifaceted methods
of bioink fabrication are still being studied to design artificial arrangement of local
tissues. At present, manufacturing of multicomponent bioink involves using common
engineered biomaterials, various kinds of cells and dissolvable components. Addi-
tionally, some supplementary nanobiomaterials to bioinks can embellish the process
of imitation of intricate and complex local tissue morphology. A constant progression
in innovation of various bioprinting modalities has empowered research on distinct
materials to create multicomponent bioinks, resulting in ceaseless achievement of
both vast and diminutive goals, thereby providing a quick and accurate remedy to
the mind-boggling engineering of the local tissues. It has been observed that multi-
component bioinks have had an extraordinary impact in advancing biomimetic tissue
engineering for restorative and pharmaceutical applications. However, there still stays
much to be routed to empower the interpretation of the innovation to the facility.

Bioink improvement is hugely progressive in its application. Be that as it may,
numerous difficulties still do stay ahead. For each bioink created, another arrange-
ment of printing boundary must be upgraded separately for sorting of cell lines.
Every cell type needs an exclusive arrangement of bioprinting boundaries, depending
on which the bioink properties are to be modified. Improvement upon cell-explicit
bioinks can be done through examination of the mechanical attributes of various
cell types under printing pressure, which will be beneficial in building up a superior
comprehension for additional upgrades [174]. A few investigations have revealed the
attributes of different cell types carefully observed under atomic force microscopy,
which have indicated a noteworthy assortment of the variety in mechanical qualities
of multiple cell types.

Other than this, designed tissue scaffolds should be produced with a room for
simultaneous detection of intercellular and intracellular network alongside the devel-
opmental design of the bioprinted tissue constructs or organ built. Monitoring the
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capacity of cell development with time will help in building a superior comprehension
of cellular network and adequacy to bolster such connections. This may lead to a road
to foresee the improvement of printed structures for implantation. Maybe the existing
advancements made is to screen cell movement as a component of time, for example,
‘organ-on-a-chip’ has ceaseless perfusion framework, which allows for checking the
framework and be adjusted for 3D bioprinting of subsequent constructs [175, 176].
Additionally, the improvement of biomaterials alongside framework design would
commit to venturing far into 3D bioprinting. There have been some acutely created 4D
printing materials with changes in their shapes and properties formatted in the view
of extrinsic upgrades [177, 178]. Comparative change in properties may also stim-
ulate internal development in cell growth by reinforcing a better microenvironment
and ideal conditions for its growth.

Besides this, the prospect of the printing process to scale up and produce huge
and complex constructions (e.g. transplantation organs and large patches of tissues)
needs experimentation. There are numerous difficulties faced in producing such
structures, which involve adequate mechanical strength, time imperatives following
cell suitability, mechanisms of supplement dissemination and vascularization and
more. Therefore, the possibility of organ bioprinting needs inventive structure and
techniques as well as reasonably equipped bioinks.

All in all, 3D bioprinted tissue constructs and organ framework must be culti-
vated through subjugation of the existing difficulties and comprehending the cellular
bioprocesses that happen because of a given bioink/ECM. The pre-eminent test for
bioink compatibility is the printability of bioinks in light of the fact that the initial
move in manufacturing of complex arrangements is heavily dependent on printability.
Characteristic printability of a bioink should be advanced for various cell lines and
connections must be built up between the bioinks’ microstructure and cell reten-
tion capacity. Bioinks having advanced diffusivity and printability must be created
in order to promote the printing of large structures with proficient nourishment. A
strong affiliation connecting the bioink boundaries and properties of bioink should
be built up to decide the ideal circumstances for printing constructs retaining fitting
shape and demonstrating optimal functionality.
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Chapter 3 ®)
3D Printing of Hydrogel Constructs oo
Toward Targeted Development in Tissue
Engineering

Alexandra I. Cernencu

Abstract The venture to design a biomaterial to be functional and compatible to
human physiology faces numerous challenges in shaping its properties to emulate the
macro- and microstructural organization of the natural tissue. Hydrogels are widely
considered the closest possible assemblies that could be bioengineered into complex
artificial tissues due to their ability to cope more efficiently with the imposed mechan-
ical, morphological, and biological requirements. The use of the three-dimensional
(3D) printing technology for the fabrication of biological models facilitated further
developments in tissue engineering. These computer-aided techniques enable the
design and fabrication of complex structures to meet user-specified requirements.
Research on printable formulations really took off in the late decade and there is still
an increased interest in discovering most appropriate biomaterial ink. This chapter
provides an overview of the latest developments in hydrogel-based inks and describes
the factors that are generally considered to have the most influential effect over the
printing process. Herein, current 3D printing ink formulations intended for tissue
engineering are discussed in hand with printing strategies, focusing on the correlation
of the fluid properties of polymeric hydrogel precursors with key control factors and
printing performance. The chapter highlights the exhilarating capability of hydrogels
to be fabricated as 3D accurate constructs by surveying the representative advances
in designing hydrophilic 3D networks for biomedical application.

Keywords 3D printing *+ Polymeric hydrogels - Printing performance - Tissue
engineering - Biofabrication

1 Introduction

Tissue engineering, as a subfield of regenerative medicine, became a far-reaching
branch of knowledge that combines cutting-edge research from chemistry, biology,
medicine, and engineering in the pursue to reconstruct damaged tissues or whole
organs. With the rising of life expectancy and a worldwide aging population
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trend, there is an escalating demand for biosynthetic materials able to recreate the
complexity of human tissue and thus to replace the tedious and expensive tissue/organ
grafts [1]. The field of tissue engineering aims to provide the scientific ground base
and the technologies needed for the development of biological substitutes able to
promote endogenous regeneration that further will not only mitigate the critical
shortage of donor organs but also provide therapies for patients not in need for a
transplant, but with severe chronic conditions that affect the heart, liver, bones, skin,
etc. [2].

Spectacular advances have been made over the past 20 years to harness the innate
ability of tissues to regenerate and thus, nowadays, various bioartificial materials
in the form of skin grafts, bone grafts, cartilage, and even whole trachea graft
have already been experimentally implanted in patients and some are already FDA
approved [3]. Bright results were achieved concerning also the more complex organ
tissues such as heart, lung, and liver tissue, as researchers succeeded to fully recreate
the tissue in the laboratory and even reconstruct the whole organ [4]. Nonetheless, the
clinical use is limited, the cost of the procedures is exceedingly expensive and there
is still enormous work to be done to achieve full functionality and reproducibility of
complex tissues to answer the medical need.

Thus far, with a huge potential to genuinely improve the quality of life over the next
decades, tissue engineering field has gradually broadened focusing on all prevalent
conditions that engage tissue regeneration and increasing research efforts have been
devoted to create bioartificial tissue. Scaffold-based strategy is the most appealing
approach to generate effective constructs for tissue engineering since it comes with
an existent three-dimensional (3D) porous structure that facilitates cells ingrowth
and passage of nutrients leading to the formation of new tissue [5, 6]. In need of a
3D network able to maintain a distinct structure, provide support for cells and best
mimic the extracellular matrix (ECM), various types of materials were envisioned
for scaffold design.

Of all, hydrogels proved to be the leading class of materials best suited to design
biosynthetic tissue since they are highly hydrated assemblies of polymer chains that
ensure the 3D microenvironment required for cell survival, adhesion, and migration
and can act as a template to organize cells and guide the formation of desired tissue.
Depending on the intended application, the required properties of the hydrogel scaf-
fold will significantly vary to meet the ones of the tissue of interest. For several years
of research, hydrogels were conventionally considered materials with weak mechan-
ical properties and suitable only for soft tissues [7]. Recent advances, nonetheless,
proved that their physical and chemical properties can be tremendously modu-
lated not only through chemistry and composition but also through sophisticated
architectures. Thus, since it dictates the entire biological and physical behavior of
the material, a thoughtful design of the underlying polymeric hydrogel scaffold is
crucial and will require advanced fabrication methods to gain spatial control over the
physicochemical characteristics and architecture of the hydrogel.

3D printing technology outstands among fabrication techniques through preci-
sion, ease, and flexibility of design, delivering complex 3D hydrogel structures with
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well-defined and controlled properties. Since its inception, 3D printing truly revolu-
tionized the field of tissue engineering and significant progress has been made due
to the capacity of this technique to reproduce any 3D design that further enables
the possibility to create patient-specific constructs [8, 9]. By the use of 3D printing,
highly porous architectures can be attained, on which tissue engineering extensively
relies on, in order to ensure the appropriate microenvironment for tissue regener-
ation. Moreover, the ability to fabricate hydrogel scaffolds with controlled shape,
size, surface morphology, and internal porosity could surpass challenges such as
neovascularization, growth factors delivering, and multiple cell lines seeding.

Whereas 3D printing is the first-rate tool to accurate control the fabrication process
of functional biomaterial scaffolds, this technique is vitally defined by the material
ink properties. The selection of biomaterials to achieve printable formulations comes
with new requirements in addition to biological and mechanical characteristics and
thus the potential pool of biomaterials significantly narrows [10]. The printability
of a material is based on the flowing behavior, liquid-to-solid transition, and the
stiffness of the network [11]. On these grounds, polymeric hydrogels are the most
convenient class of biomaterial inks also from the rheological point of view. 3D
printing technology exploits the ability of hydrogels to undergo a sol-gel transition
with respect to specific stimuli and the possibility to tune their rheological response
to achieve printable formulations.

Ergo, tissue engineering field greatly benefits from the progress of the fabrication
technologies which in turn has a huge impact over the development of biomaterials.
With the development of 3D printing, new generation of biomaterials hydrogels
ink are designed to be bioactive, bioresorbable, printable, and suitable from the
mechanical and architectural points of view.

2 3D Printing Technologies for Hydrogel Inks

The fabrication of hydrogel-based scaffolds as frameworks for tissue develop-
ment has explored various techniques particularly focusing on computer-assisted
approaches due to their capacity to accurately replicate the complexity of the native
3D structures. The concept of layer-by-layer fabrication dates from 1980s, and ever
since, the development of the 3D printing technologies really took off. In contrast to
the methods not making use of computer control, such as freeze-drying, electrospin-
ning, gas-foaming, etc., computer-aided methods allow the control of the internal
architecture at micro- and nanoscale levels [12]. By using a computer software, a
3D structure is defined by user and sliced into transverse-plane images. Each image
is created as an individual layer and by stacking them one over the other (layer-by-
layer) the object is reconstructed from bottom to top. The software translates each
layer into printing instructions (g-code) that further dictates the machine movement
in XYZ directions. Medical imaging techniques such as computer tomography (CT)
or magnetic resonance imaging (MRI) are used to create digital tissue models to
fabricate 3D printed models as personalized scaffolds for defect site or even as organ
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models [13]. Ergo, with the use of this technology, the high complexity of hydrogel
structures is guided by virtual 3D designs so that they can be fabricated on-demand
to replicate the cellular and subcellular levels of tissues.

Several strategies to process hydrogels into organized 3D structures are available
nowadays and are rapidly advancing, so that understanding the working principle of
each is the key to make the most appropriate choice regarding the hydrogel’s compo-
nents and properties toward application. The computer-aided fabrication techniques
feasible to manipulate water-rich compositions, bioactive compounds and cells can
be divided in three main groups based on the printing mechanism: light-assisted
direct-printing inkjet printing and direct dispensing. Despite the freedom of design
enabled by 3D printing in general, each printing strategy has its own limitations and
its own requirements regarding the biomaterial ink properties.

2.1 Light-Assisted Direct-Printing

The light-assisted 3D printing methods makes use of light energy to initiate a chain
reaction over a layer of either monomer or polymers solution in a predesigned pattern
and are applicable to print 3D hydrogel constructs out of photocurable precursors [12,
14]. Iustration describing the working principle for light-assisted direct-printing
techniques are depicted in Fig. 1.

The first 3D printing technology that has been developed, was using the photopoly-
merization concept and it was patented in 1986 as stereolithography (SLA) [15,
16]. Although first designed to process “photocurable plastics”, with the technology
advancements throughout the years, SLA technique exceeded by far its original appli-
cations being able to fabricate geometries of high complexity out of a broader array
of materials The conventional SLA system is build up of a laser source (generally UV
light source) attached to a device controlling the laser beam movement on XY-axes
and a fabrication platform in the shape of a container that includes a mechanism to
control movement on the Z-direction. In the fabrication process, the focal point is

a) b) c)

Near infrared =
Pulsed
femtosecond laser
laser *
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1 laden /
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Fig. 1 Illustration describing the working principle for light-assisted direct-printing techniques:
a stereolithography, b two-photon polymerization, and ¢ laser-induced forward transfer. Adapted
from [30] (licensed under CC BY-NC 4.0)
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raster-scanned on the XY-direction creating a layer by crosslinking or polymerize
the liquid precursor. Then, it moves in the Z-direction to print a new layer onto
the previous one. In this manner, the focused UV laser beam is spatially manip-
ulated using a computer-designed pathway to build layer by layer a solid object
out of photocurable systems. Based on this principle, SLA processes perfected
achieving high printing resolutions (10-150 pwm) and can further be categorized
based on the incident light direction or method of irradiation [17]. SLA technolo-
gies were successfully employed to encapsulate cells into 3D hydrogel structures
based on poly(ethylene glycol) dimethacrylate or poly(ethylene oxide) combined
with poly(ethylene glycol)dimethacrylate, achieving good results in terms of cell
viability and toxicity of photoinititor [18].

Using a similar mechanism to induce photopolymerization or to create photo-
induced polymer crosslinks, the two-photon polymerization technique (referred to
as TPP or 2PP) is able to fabricate 3D structures by using light emitted from a near-
infrared femtosecond laser. The working principle of TPP is based on the combination
of the energies of two individual photons to attain the energy required to activate
the curing reaction. This approach leads to a very precise area of excitation, called
volume pixel or voxel and makes possible that the laser focus be pointed inside the
photosensitive material bath and create the 3D structure within the liquid volume, not
only on the surface. By the use of TPP, very high printing resolutions can be attained,
as 3D constructs can be build with spatial resolutions down to 100 nm and roughness
bellow 10 nm [19]. Although this technique is limited to fabricate geometries in the
mm range, it is suitable to build structures appropriate for studying cell-material
interactions [20].

Both these technologies are able to create complex 3D structures, but neither
SLA nor TPP involve material deposition. Thus, specific requirements are imposed
regarding hydrogel properties, especially in terms of chemical functionality and
viscosity. Thus, the variety of photopolymerizable hydrogel-based biomaterials suit-
able for fabrication of constructs for TE by means of SLA and TPP is much more
limited.

Laser-induced forward transfer (LIFT) technology is also a direct-writing tech-
nique that use a laser light energy to print free form patterns and can fabricate complex
structures with a submicron resolution. Its working principle is, nonetheless, more
particular since it is a nozzle-free printing technique that involves biomaterial deposi-
tion onto a collector substrate. The LIFT setup is typically made of three components:
a focused pulsed laser source, one donor, and one acceptor substrate [21]. The LIFT
technology has been all along applied to solid donor films, especially for the depo-
sition of various metals, but the same working principle is now applicable to ink
liquid films as well. Therefore, this fabrication method is well suited for deposition
of a broad range of either liquid or solid materials, extending from metallic inks
to cell-containing biomaterials [21-23]. During the printing process, the energy-
absorbing material (e.g., hydrogels) that covers the donor slide is propelled toward
the acceptor slide due to the local evaporation induced by laser pulses. As such,
using the energy of the incident laser pulse, the material is deposited as successive
voxels on the acceptor substrate creating 2D and 3D complex patterns. Optimization
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of structures, materials, and process parameters will achieve resolutions well below
1 wm. With few restrictions regarding the rheological properties of ink material,
this nozzle-free approach became a very competitive biofabrication technique as it
allows integration of different types of cells and biological factors in a single-step
multilayer-printing process to emulate tissues heterogeneity [24—26]. Technological
progress gave rise to several variants of LIFT processes and also to combination of
LIFT with other processing methods, so that it became a very interesting cell-printing
tool for TE applications. Bioprinting of several cell types such as mesenchymal
stem cells (MSCs), human adipose-derived stem cells (hASCs), as well as simulta-
neous bioprinting of different cells, was successfully performed using LIFT-based
technologies without damaging cells phenotype [27-29].

2.2 Inkjet Printing

Inkjet printing is non-contact technique able to fabricate tissue constructs out of
hydrogels and living cells by dispensing small volume ink droplets into computer-
designed 3D patterns. The printing system is driven by either a thermal or piezoelec-
trical actuator that generate pulses to produce individual picoliter volume droplets.
The process can be configured to run in two modes, drop-on demand jetting, and
continuous inkjet printing, where the droplets are generated either using heat to create
a pulse caused by ink evaporation or by applying voltage to produce a shock wave
that create direct mechanical pulse. In inkjet printing systems, hydrogels structures
can be fabricated through a precise droplet-deposition of either hydrogel precursor
or crosslinker onto a reactive substrate. The drop-on-demand jetting configuration
allows deposition of individual droplets of predefined volumes to be deposited with
high speed on a substrate or in a cross-liking bath. The continuous inkjetting, on the
other hand, employs a printhead nozzle from which, electrically charged ink droplets
are expelled, and precisely directed onto the substrate by the electrical field. Illus-
tration describing the working principle for inkjet printing technique are depicted in
Fig. 2.

Inkjet printing technologies can deliver 3D constructs with high speed and with
high printing resolutions in a range from 50 to 300 pwm, being best suited for printing
low-viscosity inks (3.5-10 mPa.s) [31, 32]. Various types of cells (such as mouse
myoblasts, bovine chondrocytes, human osteoblasts, human articular chondrocytes,
and human microvascular endothelial cells) were loaded in polymeric hydrogels and
accurately deposited with high cell viability rates using inkjetting technique [33,
34]. Recent studies surmount the challenges in predicting the relationship between
motion control and gelation as well as the difficulties encountered in multicomponent
deposition encouraging biofabrication of high-complexity tissue structures using
inkjet printing [35, 36].
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Fig. 2 Illustration describing the working principle for a inkjet printing technique and b multi-jet
modeling. Reproduced from [30] (licensed under CC BY-NC 4.0)

2.3 Direct Dispensing

The most widely exploited technique in biofabrication is from far the direct
dispensing that allows the direct deposition of biomaterials to build clinically relevant
3D structures. As highlighted is numerous reviews, complex tissue-like constructs
can be fabricated out of cell-embedded polymeric solutions, ECM-derived hydro-
gels, cell suspensions, or cell aggregates (spheroids) by the use of extrusion-based
technology. Its operation principle is based on using pressure as the driving force
to extrude the printing formulation as a continuous filament from a syringe barrel
throughout anozzle [31, 37, 38]. The 3D dispensing instrument typically includes one
or more dispensing systems, a building platform, and a computer-controlled robotic
stage that guides their movement in XYZ-directions. The versatility of this fabrication
technique arise from the multiple setup options that enables the use of printing formu-
lations with a viscosity within a broad range (from 30 to even above 6 x 107 mPa.s)
to build constructs in a layer-by-layer fashion [39, 40]. Ergo, the robotic dispensing
process could involve the use of either pneumatic, mechanic, or solenoid system
to extrude the biomaterial through the nozzle and deposit a continuous strand onto
construction platform (Fig. 3). The printing material require specifically designed
properties for each driving mechanism of dispensing so that the strut breakeup to be
avoided.

The pneumatic systems operate using pressurized air and can be configured as
valve-free or valve-based system. Hydrogels best perform in pneumatic-based extru-
sion printing given their shear-thinning behavior and thus the ability maintain fila-
ment shape upon deposition. Due to its ease of use, the direct dispensing technique
is widely preferred to fabricate 3D hydrogel constructs, yet a more precise control of
hydrogel deposition is attained when the pneumatic pressure is assisted by a micro-
valve. The air pressure is additionally regulated by setting up the valve opening time,
enabling a better control of filament formation. The mechanically driven systems
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Fig. 3 The direct dispensing process could be driven by either pneumatic or mechanic (piston or
screw) forces and may be assisted by a solenoid system (a), while the filament may be deposited
by direct extrusion, in a coagulation bath, in a support bath or using co-axial extrusion

control the flow by the use of a screw or a piston. Screw-driven systems are best
suited for high viscosity bioinks, where the formulation’s extrusion is manipulated
by screw design and rotation speed. Yet, the use of large pressure may decrease
cell viability. Piston-based approaches allow a better control over ink deposition in
comparison with pneumatic systems, where air volume compression could induce a
significant delay of strands printing. However, both piston and pneumatic dispensing
methods perform at cell-appropriate pressures and high cell viability rates were
reported toward their use in bioprinting. In solenoid systems, ink flow is controlled
by electrical pulses and it is more suitable for low-viscosity inks that do not require
temperature control. The use of an electromagnetic valve nonetheless impose a
good control over the surrounding conditions since it is more sensitive to several
factors (such as variation of temperature and/or viscosity) consequently affecting the
accuracy and reproducibility of the printing process [41]. Nonetheless, the robotic
dispensing systems can easily accommodate additional modules to enable tempera-
ture control of the environment, barrel, and/or needle, to allow in situ crosslinking
or to permit multi-material printing in a sequential or co-axial fashion.

The printing resolution is the feature that best accounts the 3D printing perfor-
mance of each technology. In extrusion-based printing, achieving high-quality
printing is still a challenge since resolutions bellow 200 pm are hard to attain.
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Table 1 Summarized comparison of (bio) printing technologies

Bioprinter type Light-assisted printing | Inkjet printing Direct dispensing

Material viscosities | 1-300 mPa.s 3.5-10 mPa.s 30 mPa.s to above 6 x 107
mPa.s

Printing speed Medium to fast Fast Slow

Printing resolution | High High Moderate

Printer cost Low to High Low Medium

Cell densities Medium, 103 cells/ml | Low < 10° cells/ml | High (cell spheroids)

Cell viability <85% 80-95% 40-90%

Although the resolution of printing attained by direct dispensing techniques is consid-
ered low in comparison with the one of inkjet and light-assisted printing, the fabrica-
tion speed and its versatility with respect to equipment configuration, and biomaterial
ink selection and design, ranks it as the foremost exploited biofabrication method.
To date, artificial liver tissue constructs, adipose tissue sustitutes, and a variety of 3D
constructs in the shape of pyramid, hemisphere, hollow cylinder up to nose and ear
models were bioprinted by use of direct dispensing without affecting cell viability
[42-46].

In Table 1 are summarized the main characteristics of aforementioned printing
technologies.

3 Trends and Strategies in Designing Hydrogel-Based Inks

Hydrogel-based inks are the most promising printable materials with the ability
to cope efficiently with the requirements of biofabrication technologies and clinical
applications. To develop scaffolds for TE, they are designed out of either of natural or
synthetic hydrophilic polymers to assembly 3D networks and to accommodate cells
and/or bioactive factors. Considering the new perspectives that 3D printing technolo-
gies open by gaining control over the shape, porosity, morphology, and dimensions
of a construct, the adequate selection, and design of hydrogel precursor have become
more and more specific regarding preferred properties with respect to application.
In addition to targeting ideal biological and physicochemical properties (such as
gel formation, mechanical performance, degradation, diffusion, cell interaction), the
rheological response of polymeric solutions became a fundamental aspect in formu-
lating hydrogel-based inks. Ergo, the gold standard in biomaterial ink formulation
features: (i) the ability to generate tissue-like constructs with appropriate mechan-
ical strength and robustness; (ii) tunable rheological response including the liquid—
solid phase transition to aid printability and post-printing stability of constructs; (iii)
biocompatibility and, if required, bioresobability; (iv) functionality and conjugation-
binding ability to promote specific tissue/cell-type targeting; (v) high reproductibility
toward large-scale construct fabrication.
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Although the biomaterial inks for 3D constructs fabrication developed exponen-
tially, starting from single-component inks to multicomponent cell-interactive inks,
to date, the advancements in printing formulations have not outperform the progress
of the fabrication technologies.

3.1 Single-Component Hydrogel Inks

Single-component inks consist of only one hydrogel-forming compound of natural or
synthetic origin and not many studies report the use of sole constituents in formulating
printable aqueous environment. Tailoring the properties of a single-network hydrogel
is challenging since very few macromolecules impart alone cell adhesion motifs,
relevant mechanical properties, and rheological behavior appropriate for 3D printing.
The single-component hydrogel inks are considered to be rudimentary, and in most
cases, the features in between biocompatibility and shape fidelity are compromised.
Yet, successful printing of single-component hydrogel inks able to load cell was
accomplished and a summary of reported single-component hydrogel inks for 3D
printing is presented as tabulated data (see Table 2).

3.2 Bi-Component Hydrogel Inks

The most frequent reported hydrogel inks are based on proteins (collagen, gelatin,
fibrin, Matrigel), polysaccharides (cellulose, alginate, chitosan, hyaluronic acid.
agarose, gellan gum), and protein—polysaccharide complexes (chondroitin sulfate),
counting on their ability to efficiently accomodate the imposed tissue complexity.
However, the natural components partially meet alone the requirements of tissue
engineering, concurrently failing to provide appropriate mechanical properties and to
permit printing of well-defined 3D constructs. Therefore, various hetero-assembling
hydrogel strategies have been proposed to formulate polymeric blends suitable for
3D bioprinting, while more advanced hydrogel inks are designed as interpenetrating
networks. The urge to find the most appropriate ink for biofabrication led to a
huge number of research papers describing naturally derived or natural/synthetic
bi-component hydrogels inks. The literature reviews have extensively covered in
several different formats the most frequently employed components in ink formula-
tions, their numerous combinations, and variations and their applicability as bioinks
in TE. Table 3 briefly surveys bi-component hydrogel ink for 3D printing.
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Table 2 Summary of reported single-component hydrogel inks for 3D printing
3D printing techniques | Biomaterial inks Application Refs.
Light-assisted printing | Polyethylene glycol Tissue engineering, [47-49]
dimethacrylate (PEGDMA) | formation of immobilized
cell and protein arrays,
Tissue constructs, artificial
ECM
Methacrylate-modified Bone replacement materials | [50]
gelatin (GelMA)
Collagen Skin tissue engineering [51,52]
Inkjet printing Collagen Tissue engineering, colony | [53]
patterning applications
Fibrinogen Tissue engineering, [54]
neuronal tissue
Gelatin Endothelial cell attachment | [55]
Direct dispensing Collagen Adipose, bone, skin tissue | [56, 57]
engineering
Gelatin Liver tissue [58]
Methacrylate-modified Tissue engineering, [59]
gelatin (GelMA) placental model
Alginate Tissue engineering [60, 61]
Chondroitin sulfate Cartilage regeneration [62]
Methacrylate-modified generation of biomimetic [63]
pectin skin constructs
Methyl cellulose Cardiac tissue [64]
Nanocellulose Wound healing, [65]
regeneration, and tissue
repair

3.3 Nanocomposite Hydrogel Inks

The macro- and micro-mechanical characteristics of hydrogel-based inks are crit-
ical features in defining their performance as tissue scaffolding materials. Ideally,
the mechanical properties of hydrogels should be closely comparable with those of
targeted tissue, particularly with regard to stiffness and viscoelastic behavior. For
instance, soft tissue substitutes should be able to undergo same compression levels
as surrounding tissue without shattering. In bioprinting, hydrogels must be capable
of maintain their shape after extrusion and withstand deposition of subsequent layers
with minimal deformation. Apart from the macroscopic features, cell behavior toward
tissue regeneration is genuinely influenced by micromechanical and structural prop-
erties of hydrogels such as network stiffness and elastic modulus along with pore
size distribution and interconnectivity. When compared to most of biomaterials,
hydrogels used in tissue engineering exhibit lower elastic modulus, spanning in the
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Table 3 Summary of reported bi-component hydrogel inks for 3D printing

3D printing techniques | Biomaterial inks Application Refs.
Light-assisted printing | Methacrylated Cartilage tissue [66]
gelatin/methacrylated
hyaluronic acid
Polyethylene Cartilage tissue [67]
oxide/polyethylene glycol
dimethacrylate,
Methacrylated Nerve tissue regeneration | [68]
gelatin/polyethylene glycol
dimethacrylate
Inkjet printing Collagen/fibrin Skin tissue [69, 70]
Collagen/Alginate Tissue engineering [71]
Alginate/fibrin Tissue engineering [72]
RGD-Alginate Liver tissue/organ [73]
Direct dispensing Collagen/methacrylated Skin tissue [74]
gelatin
Collagen/alginate Bone and cartilage tissue [75]
Collagen/agarose Corneal tissue [76]
Methacrylated Corneal tissue [77]
collagen/alginate
Methacrylated Liver tissue [78]
collagen/hyaluronic acid
Gelatin/fibrinogen Liver tissues; vascular [79]
channel
Gelatin/chitosan Liver tissue [80]
Gelatin/alginate Liver and cartilage tissue, | [81-83]
vascular networks
Gelatin/methacrylated Tissue engineering [84, 85]
gelatin
Methacrylated Cardiac tissue [86]
gelatin/alginate
Methacrylated Heart valve, tissue [87, 88]
gelatin/methacrylated engineering
hyaluronic acid
Methacrylated Bone tissue [89]
gelatin/Methylcellulose
Methacrylated Tissue regeneration [90]
gelatin/polyethylene glycol
dimethacrylate
Alginate/methyl cellulose Regeneration and tissue [91, 92]
repair
Alginate/Chitosan Tissue constructs [93]

(continued)
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Table 3 (continued)

3D printing techniques | Biomaterial inks Application Refs.
Alginate/polyethylene glycol | Cardiac tissue [94]
Alginate/gellan gum Tissue engineering [95]
Polyvinyl Bone tissue [96]
acohol/k-carrageenan

range of 0.001 = 1 mPa as a consequence of their large water content [97]. Consid-
ering that hydrogel precursor inks should ensure both structural support and cellular
signaling while providing a good printing resolution, conventional hydrogel-based
inks fail to meet these requirements. Aiming to improve the printability and mechan-
ical properties of single- and bi-component inks by increasing polymer content
and/or crosslinking density, the porosity, and subsequently, the permeability required
by cells are usually compromised. The next-generation hydrogel inks make use of
nanomaterials to dissipate mechanical energy, designing advanced biomaterial ink
formulations with improved mechanical properties and high print fidelity along with
acell-interactive environment. Nanomaterials already validated for biomedical appli-
cations alongside with different ink reinforcement techniques have been employed
to channel the biophysical and biochemical features of the hydrogel network. A wide
array of nanostructured compounds such nanoclays, calcium phosphates, magnetic
particles, carbonaceous nanomaterials, and polymeric nanoparticles or nanofibers
have been most frequently used to reinforce polymeric hydrogels. Understanding
the correlations between structure, property, and function of hydrogel networks and
the mechanism behind their reinforcement, advanced designs of hydrogel inks were
elaborated. Table 4 summarizes in brief nanocomposite 3D printing hydrogel inks.

3.4 Multicomponent Hydrogel Inks

Biomaterial inks design dramatically increased in complexity following the gradually
broadening knowledge on all prevalent conditions that engage tissue regeneration.
Most recent research studies have focused on the development of multicomponent
hydrogel inks to simultaneously improve several features and reach out the gold
standard in biomaterial ink formulation. A successful combination of more than two
components will concurrently improve the biofunctionality, the mechanical stability
and the biofabrication window of hydrogel inks.

Multicomponent hydrogel-based inks come with the ability to get the rheological
and biological properties into balance and thus to provide 3D printed tissue constructs
with a high functionality and complexity. Ergo, multicomponent hydrogel-based
systems have become a leading strategy to develop tissue-specific bioinks. One of the
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most common approach is to design a base polymeric hydrogel network that accom-
modate auxiliary compounds such as a secondary polymer, nanofibers, or nanopar-
ticles to enhance both the biophysical and biochemical response. Natural polymers
are preponderantly considered as primary polymers within the hydrogel-based inks
due to their various bioactive motifs and cell-interactive behavior that can enhance
cell motility and induce proliferation and differentiation of cells [121]. Among the
3D fabrication techniques, the direct dispensing is from far the most exploited tech-
nology since more sophisticated and clinically relevant 3D hydrogels structures can
be achieved using extrusion-based printing. In addition to the nanocomposite inks,
Table 5 summarizes recently developed multicomponent bioinks for 3D bioprinting.

3.5 Cell-Embedding and the Bio-Printability Window

Cell-laden hydrogel inks are currently a critical topic of focus given the recent highly
encouraging research studies on fabrication of functional tissue constructs [ 144, 145].
To date, the design and development of hydrogel-based inks became an active field of
research, especially since the advancements in biofabrication remain limited by the
lack of bioprintable formulations. Despite decades of research, the definition of the
term “bioink” continues to be debated among researchers. Yet, in the view of a recent
in-depth road map of the term evolution within the field of biofabrication, bioinks
are generally stated as cell-laden formulation that can be processed by a computer-
assisted fabrication technique [10]. Cell-encapsulating biomaterials are commonly
used, but not generally required as an auxiliary component, considering also that the
concept of bioink was first introduced as a formulation consisting aggregated cells
in the form of cell spheroids or microtissues [146, 147]. Ergo, a bioink will compul-
sory consist of a cell suspension, whereas formulations containing only bioactive
components would not count as bioinks.

The role of the hydrogel ink components within the 3D printed construct guided
the classification of bioinks into four groups: (i) support bioinks—engineered to
integrate cells and to provide a suitable matrix for cell attachment and proliferation;
(i) fugitive bioinks—configured as sacrificial materials that can generate pores or
channels within a printed construct upon removal; (iii) structural bioinks—designed
to provide permanent or temporary intrinsic mechanical strength to the printed struc-
ture; and (iv) functional bioinks—bioengineered to integrate biochemical cues that
guide the post-printing cellular behavior within the 3D construct [10]. Regardless
of their role in the biofabrication process, the design of performant hydrogel inks
faces several challenges since they must almost simultaneously provide a microen-
vironment that emulate the physical and chemical properties of native extracellular
matrix, exhibit viscoelastic behavior that ensure a high printing resolution and a
sufficient fluidity for cell safety during printing and then preserve both the shape and
cells viability post-printing. Therefore, a more targeted design is required when cell
embedding is envisioned, given the multiple factors and critical properties that must
be considered. These conflicting conditions gave rise to the conceptualization of the
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bioprintability window that will guide the selection of material properties suited both
for high-fidelity printing and high cell viability. In biofabrication processes, as the
direct interaction between materials and cells is already foreseen, the biocompatible
nature of ink components is a standard requirement. Thereby, the current research
in bioprinting predominately focus on the investigation of rheological behavior and
crosslinking strategies to tailor the biofabrication window of hydrogel-based inks
and better preserve cell viability throughout the printing process. There has been a
conceptual change away from single-component inks which have seen a trade-off
between printing accuracy and biocompatibility toward more advanced inks ratio-
nally engineered to have superior biocompatibility with excellent shape fidelity (see
Fig. 4).

Recent developments in bioink efficiency and printing techniques have extended
the biofabrication window through new key strategies that enable effective control
over bioprinting process. Nonetheless, a wide and comprehensive knowledge of key
parameters that guide the performance of hydrogel-based inks is fundamental in
designing scaffolds for tissue engineering.

Multicomponent
inks

Nanocomposite
inks

Bi-component
inks

Printability

Single-component
inks

LLAN

Biocompatibility
® =
Xy

Py
‘.

Apoptotic cell Viable cell Cell proliferation

Fig. 4 Graphical representation of biofabrication window. Adapted with permission [148].
Copyright 2016, Springer



98 A. 1. Cernencu

4 Key Parameters in Designing Printable Hydrogel
Formulation

More and more complex approaches and strategies to tweak material properties
continue to emerge toward developing the hydrogel-based materials as cell-delivery
matrices seeking to fulfill the more stringent requirements of the cell-laden formu-
lations in contrast with basic demands for a biomaterial ink. To develop clinically
relevant constructs for TE, hydrogel-based inks are engineered to accommodate
cells and/or bioactive factors, while they assembly a 3D network in a layer-by-layer
fashion. New insights were opened in 3D printing technology by gaining influence
over a construct’s form, porosity, morphology, and proportions. Thus, the fabrica-
tion of tissue constructs have become more and more precise with respect to the
preferred ink properties and processing conditions. Yet, the design of hydrogel-
based formulations suitable for both 3D fabrication and cell culture is still chal-
lenging and key factors to be considered when fabricating tissue constructs refer
to both material and fabrication parameters. The suitability of a hydrogel for a
particular bioprinting process primarily rely on the materials physical and chem-
ical features since each technology imparts specific processing conditions. Among
material properties, the rheological behavior and gelation mechanism are the key
parameters that govern the printability of a hydrogel ink particularly with respect to
printing instrument. While the material characteristics already envision specific fabri-
cation processes (e.g., high-viscosity inks perform best in extrusion-based systems
vs low-viscosity inks which are most suitable for ink-jet printing), the fabrication
parameters have a tremendous effect over the printing resolution, shape fidelity, and
equally important—cells viability.

Several computer-aided fabrication techniques, counting light-assisted direct-
printing, inkjet printing, and direct dispensing are being pursued with the aim to
create biosynthetic tissues. Although each bioprinting technology depends on a cell-
containing bioink, a precise bioink criteria differ based on the printing mechanism.
Thus, despite the freedom of design enabled by 3D printing in general, each printing
strategy has its own limitations and its own requirements regarding the biomaterial
ink properties. Among them, superior advancements have been achieved in extrusion-
based printing where the demands on ink properties are high but clearly specified
and coherent.

Most relevant factors to be considered when designing performant hydrogel-based
inks are summarized in 0. The material and fabrication parameters are interdependent
and both require optimization to ensure high cell viability and to achieve accurate
3D printed models with sufficient mechanical stability (see Fig. 5).
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Fig. 5 Key factors to be considered when designing performant hydrogel-based inks

4.1 Material Parameters

It is crucial that the desired functional and mechanical characteristics of effective
hydrogel inks be closely related to the native tissue. A successful, printable hydrogel-
based ink must have appropriate features to preserve cell integrity during and post-
printing while maintaining the pre-designed macro- and microstructure. It is widely
known that different phenotypes of cells are vulnerable to even slight changes in
the microenvironment’s mechanical properties and as such, bioinks have been devel-
oped and engineered for specific cell types. Cell behavior can be swayed to promote
tissue functional recovery by tunning the physical and chemical characteristics of
the extracellular matrix (ECM). It is therefore essential to properly select the poly-
mers as ink components that can sustain and enhance the tissue regeneration from a
temporospatial point of view. A variety of polymers are exploited as a hydrogel inks
to grant the tunability required to stimulate the interactions of cells and to ensure the
motility, proliferation, and differentiation of cells.

For a hydrogel ink to be truly efficient, a genuine material science approach to
design the printable formulation is crucial since understanding how polymer charac-
teristics affect printing effectiveness and cytocompatibility is compulsory. Polymeric
hydrogels employed as “bioinks” for tissue 3D printing, rely both on natural and
synthetic polymers and consequently on their variations. In contrast with synthetic
polymers, natural polymeric hydrogels may grant an adequate microenvironment
for cells, particularly stem cells, to attach, proliferate, and/or differentiate within.
The most popular design parameters are related to the rheological behavior since it
governs the printed structure features, or polymer behavior in solution, as it deter-
mines the printing efficiency. Other parameters, such as sustainability, cost, and
storability of a polymer, are also essential determinants of components selection
[149].
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4.1.1 Polymer Concentration

Apart from selecting polymers that exhibit biocompatibility and cell-interactive
features, their concentration within the ink formulation is a main determinant of
several features with high impact over printability and functional capability of a 3D
constructs. In particular, the network density, viscosity, cell viability, and degradation
rate are predominantly determined by polymer concentration. The traditional strategy
to enhance the printability of a hydrogel ink formulation was based on increasing
polymer concentration since a denser network and a high dry content will led to stiff
hydrogels able to maintain shape upon deposition. Yet, high polymer concentration is
detrimental to cells viability, migration, and growth and, as well, to hydrogel degrada-
tion rate. Advanced designs of printable formulations focus on using rather hydrogel
precursors with low polymer concentration and rely on auxiliary components to
optimize their printability [150].

4.1.2 Hydration Degree

In determining the applicability of polymers to the development of particular tissues,
physical properties of polymers, such as hydrophilicity and surface energy, influence
cellular behavior and are essential parameters in designing printable formulations.
Hydration degree of the polymeric network is one characteristic that can significantly
change the viscosity of the hydrogel ink. The hydration capacity and consequently
the induced porosity influence the mechanical properties and viscoelasticity, while
upon printing, it minimizes the shear stress. In addition, oxygen and nutrient flow
within hydrogel network is a compulsory property for an efficient engineered tissue.
Several natural polymers and water-soluble synthetic polymers (e.g., PLGA and
PEG), are commonly employed in the development of hydrogel inks to fabricate
complex tissue constructs such as blood vessels since material fluidity makes it simple
to process, while inherent hydration properties could effectively imitate natural tissue
environment. Nevertheless, between the hydration degree and network stiffness a
compromise has to be made since high water content will decrease the hydrogel
modulus [151].

4.1.3 The Rheological Behavior

The rheological behavior of a polymer aqueous solution is a critical physicochemical
feature when assessing its printability. Rheology is the study of a matter’s flow
and deformation upon external forces and is extremely relevant to processes that
involve material direct deposition. Despite high number of studies that describe
novel printable formulations, the significance of their rheological behavior is often
overlooked and the direct correlation between the rheological behavior and deposition
process is speculative.
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In deciding its flow behavior, the viscosity of a hydrogel ink is a crucial feature
and is one of the most frequently measured value during the optimization phase of
the bioink. The effects of viscosity can be conflicting with respect to ink efficiency to
yield functional tissue constructs: highly viscous formulation provide shape fidelity
and mechanical stability particularly advantageous to printing larger structures and
yet could led to apoptosis via high shear stress generated during the printing process.
Specifically, it has been reported that shear stresses can cause morphological modi-
fications, cytoskeleton reorientation, reactive oxygen species generation, and even
alteration of the expression of genes and proteins. These effects depend nonetheless
on the cells phenotype and density along with the degree and period of shear stress.
Moreover, a high flow resistance can also obstruct the outlet, leading to nonuniform
ink deposition. Conversely, low viscosity inks limits the fabrication of tall structures
and the cell distribution may be nonhomogeneous since cells are prone to sedimen-
tation. The factors that predominantly determine the viscosity of hydrogel inks are
the concentration and molecular weight of polymers, ion content, temperature, and
encapsulated cell density [97].

Shear thinning is a rheological phenomenon beneficial in bioprinting in which,
the increase of shear rate induces a decrease in viscosity due to polymer chains
alignment along the flow path. Therewith, owing to the lower shear stresses at which
embedded cells are exposed to, high printing fidelity along with high cell viability can
be attained. Shear-thinning behavior is more pronounced in high-molecular weight
polymers and larger concentrations. Flow models such as the power-law model, the
Herschel-Bulkley model, or Carreau equation can be used to predict and characterize
the hydrogel behavior upon printing [120, 152—155]. Although shear thinning is a
valuable characteristic that is highly exploited and various strategies are employed to
enhance the phenomenon, once deposited, the hydrogel ink does not regain its initial
high viscosity right away. Hence, the shear recovery becomes as significant post-
printing. Recent studies have highlighted the importance of a rapid shear recovery
toward printing fidelity [111, 150, 152]. This effect is especially noticeable when
tall constructs are built, where the weight of subsequent layer is soon borne by
bottom layers. The shape recovery capacity can be assessed through peak hold tests
to simulate the shear deformation and recovery of hydrogel inks during the printing
process [156, 157].

4.2 Crosslinking Strategies

Crosslinking strategy is essential to attain the desired biomechanical features of
printed architectures as it governs the future behavior and performance of the 3D
construct. In bioprinting, the solution of polymer is shaped into a 3D structure where
the structural integrity is preserved via crosslinking. The gelation mechanism is a key
material parameter that greatly affects the mechanical and physicochemical proper-
ties of the printed structures and the behavior of cells they mature in. Hydrogel-based
inks must be formulated to attain the appropriate biochemical features and structural
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Hydrogel
networks

Fig. 6 Crosslinking strategies employed in 3D printing of hydrogels

stability for rapid shear recovery during and post-printing and to support simulta-
neously the cell differentiation, migration, and proliferation. Therefore, ink formu-
lations will be optimized to undergo crosslinking by using either specific stimuli
(e.g., temperature, light) or crosslinking agents within the printing blend or in a
crosslinking bath. Based on the on the polymer’s nature and the type of functional
groups present in its structure, hydrogel ink formulations may be crosslinked using
different approaches that can be physical, chemical, enzymatic, or even combination
of them (see Fig. 6).

4.2.1 Physical Crosslinking Strategies

Physical crosslinking strategies commonly employed in fabrication of 3D hydrogel
structures occur through noncovalent interactions such as ionic, electrostatic,
hydrophobic, or H-bonds [158]. The main drawback of this approach is that physical
hydrogels are generally weak from the mechanical point of view and yet they ensure
a more appropriate environment for cells when compared to covalently crosslinked
hydrogels. Several strategies have been employed to address this limitation, among
which the most common ones involve the use of nanofillers or introduction of func-
tional groups onto polymer backbone [159]. To ensure the structural integrity of the
3D construct, the crosslinking density is as important as the gelation mechanism.
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There seems to be a fine balance between the crosslinking extent and printability as
a low degree of crosslinking will facilitate flowing while a high degree will lead to
stiffer structure and may impede printing.

lonic interaction is one of the most popular approaches employed for the
crosslinking of hydrogels used throughout 3D fabrication and it typically requires
the presence of multivalent cations in a polymer solution to cause gelation. Since
this crosslinking process is highly efficient for a rapid gelation, can occur under
physiological conditions and don’t involve extreme factors that can destroy cells, it
became an appealing strategy in printing hydrogel 3D structures. It does have certain
inconveniences, however, including mechanical weakness, poor stacking capacity,
and a high probability of metal ions to be released shortly after implantation. The
gelation based on ionic interaction is widely considered as an efficient crosslinking
strategy for 3D bioprinting of polymers bearing carboxyl groups (such as alginate,
carboxymethyl cellulose, tempo-oxidized nanocellulose, low methoxylated pectin)
[158]. Here, the polymer solution concentration as well as the number of carboxylate
groups are the main factors that dictate the physicochemical and mechanical charac-
teristics of hydrogels. Nonetheless, the type of multivalent cation, its concentration,
and addition strategy to polymer solution has an important effect on the hydrogel
printability. Although various metal ions such as calcium, barium, magnesium, ferric,
and strontium where exploited as ionic crosslinkers, more consistent, and promising
results are attained when calcium was used [160, 161]. There are three main methods
where multivalent cation can induce gelation of polymers comprised in a hydrogel-
based inks: direct printing of polymer solution into a bath containing crosslinking
agent; spraying crosslinking solution on an underlying polymer solution; and pre-
crosslinking method where the crosslinker is incorporated into ink formulation [152].
It was found that, when employing ionic crosslinking it is important to select an
appropriate ionic crosslinker concentration. Even if this approach prevents exposure
of cells to severe conditions, high calcium concentration, or long-time exposure to
metal ions may still cause cell damage [114, 162, 163]. The strategy of adding metal
ions to hydrogel inks has a direct influence on both the ink consistency, printing
performance, and cell viability.

Electrostatic interactions may also lead to formation of hydrogel networks, where
ionic crosslinks are established between two oppositely charged functional groups
present in the backbone of polymer chains. In the absence of metal ions, this approach
becomes more cell-friendly, and it has been employed in bioprinting of several ionic
charge-containing hydrogels. With respect to ionic charge, hydrophilic polymers
can be classified as anionic (e.g., alginate, xanthan, kappa (k)-carrageenan), cationic
(e.g., gelatin, chitosan), and non-ionic or neutral (e.g., dextran). Reversible character
of the electrostatic gelation provides high flexibility for 3D printing processes as
most of hydrogel inks that can establish electrostatic interactions exhibit a shear-
thinning behavior during fabrication and fast internal structure restructuring forming
a thixotropic hydrogel. Consequently, the hydrogel-based ink can be easily extruded
with minimum shear stress. Yet, blends of polycation inks with polyanionic inks are
likely to form inhomogeneous crosslinked hydrogels as stronger interactions may
occur at the interface. As a consequence of a gradient in the crosslinking density of
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the 3D printed hydrogel, the biomechanical properties may be not only inconsistent
but generally poor. To overcome this issue and to preserve the integrity of 3D printed
structures, a second crosslinking process is usually employed. Another strategy to
enhance the biomechanical features of 3D printed structures is the incorporation of
an ionically charged filler. This approach would lead to the formation of additional
electrostatic interactions and thus both shear thinning behavior and final mechanical
properties of the hydrogel are likely to be improved.

Hydrophobic interactions play a critical role in both the formation of large biolog-
ical systems and 3D printing as this strategy lead to a rapid formation of elastically
effective crosslinks between water-soluble polymers bearing hydrophobic end groups
or side chains. Thus, homogeneous hydrogel networks exhibiting high strength
and resilience, environmental responsiveness, and even self-healing properties can
be formed by hydrophobic associations. There are two methods that can generate
hydrophobic interactions: one implies a change in temperature and other an ultrasonic
treatment. For bioprinting applications, thermo-responsive inks are highly advanta-
geous as the rapid sol—gel transition can ensure high shape fidelity during the printing
process. Several polymers of natural (gelatin, cellulose, k-carrageenan) and synthetic
(poly(N-isopropylacrylamide) (pNIPA Am), Pluronics® or Poloxamers) origin were
exploited as printing formulations due to their thermo-responsive properties [164,
165]. The conformational changes taking place at a certain temperature (referred
to as the critical solution temperature) facilitate hydrophobic interactions among
macromolecules, which in turn leads to gelation. Two main groups of hydrogels can
be distinguished based on their behavior: (i) Upper Critical Solution Temperature
(UCST) hydrogels also considered positive thermo-sensitive hydrogels, where the
sol—gel transition occurs by cooling below UCST (e.g., gelation, agarose); and (ii)
Lower Critical Solution Temperature (LCST) hydrogels or negative thermo-sensitive
hydrogels, where gelation take place upon heating above LCST (e.g., methylcellu-
lose, PolyNIPAM, Pluronic F127) [37]. There are several benefits of using thermo-
sensitive hydrogels in 3D printing since the non-covalent interactions occur without
using crosslinkers, they allow an easy handling and flow, and most important the
shape stability is ensured upon heating or cooling. Nonetheless, only a limited
number of polymers exhibit sol-gel transition at physiologically relevant temper-
atures that can further facilitate incorporation of cells or biomolecules [166]. Several
papers rather describe the hydrophobic interactions as a secondary network within
hydrogels since it can additionally provide structural stability and stimuli-responsive
properties [167—-170].

Other noncovalent interactions arise via hydrogen bonds [171-173], self-
assembling peptides and peptide—-DNA conjugation [158, 174] and host—guest inter-
actions [175, 176]. Despite the low binding energy, multiple interactions are suffi-
cient to sustain the polymeric network so that they are the emerging candidates as
additional crosslinking strategies in 3D printing of hydrogels.
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4.2.2 Chemical Crosslinking Strategies

Chemical crosslinking strategies involve the formation of covalent bonds between
polymer chains which are usually strong and nonreversible, leading to hydrogel
networks that are more stable under physiological conditions and with excel-
lent mechanical features if compared with physical hydrogels. Thus far, several
crosslinking methods were employed in fabrication of 3D hydrogel structures, most
of them relying on free radical polymerization, Diels—Alder “click” reaction, Schiff
base formation, Michael-type addition, or enzymatic reactions [165]. Various func-
tionalization methods were explored in the interest to qualify specific polymers to
specific crosslinking mechanism and thus to gain control over the gelation kinetics.
The timescale of the sol-gel transition is essential as the ink should easily flow
throughout the nozzle, while the proper shape stability during and after printing
must be ensured.

Photo-crosslinking is of particular interest in 3D printing uses as it is a straight-
forward approach to yield hydrogel-based 3D materials. Photo-induced crosslinking
mechanisms are cost-effective strategies since they can be done under ambient
temperature and require fewer resources than other techniques. Numerous 3D
bioprinting technologies including direct extrusion and light-assisted direct-printing
have been using photocurable bioinks to build complex 3D architectures [158]. There
are several parameters to consider when approaching a photo-crosslinking process
in 3D printing. First, one should consider hydrophilic polymers that present or can
be functionalized with photo-crosslinkable groups, and also exhibit biocompatibility
and adequate rheological behavior at low concentrations. Equally important is the
selection of initiator, whose performance in terms of cytocompatibility and network
stiffness will depend on the nature of reactive species, solubility, concentration, and
exposure type and time. Thus, this approach is focused on the use of photocurable
polymers which can be crosslinked by chain-growth, step-growth, or redox-based
reaction mechanisms. Photo-initiated systems rely on the presence of unsaturated
groups, the most commonly used in 3D printing being the (meth)acrylate compounds
such as poly(ethylene glycol) diacrylate, gelatin methacryloyl, and methacrylate
hyaluronic acid [177-182]. The formation of photo-crosslinked hydrogel networks
implies nonetheless the use of photo-initiators, compounds that can form reactive
species when exposed to light at a specific wavelength. By absorbing photons, the
photo-initiator can generate either free radicals, cations, or anions, among which
the radical photo-initiators are most popular in the development of hydrogel-based
bioinks. Based on the mechanism of reactive species formation, two main categories
of radical photo-initiators arise: photo-cleavable (Type-I) that include Irgacure®
(e.g., Irgacure 2959, Irgacure 1173, Irgacure 819, Irgacure 651) and lithium acyl phos-
phinate (LAP) and bimolecular (Type-II) that include camphorquinone, fluorescein,
and eosin Y [183]. Although a broad range of photo-initiators can be used to produce
photo-crosslinked hydrogels, the selection of an appropriate photo-initiator is essen-
tial to achieve an optimal cross-linking rate and to improve overall performance of the
hydrogel bio-construct [184]. Among several key characteristics such as absorption
spectrum, water solubility, efficiency, and cytocompatibility, the latter must be first
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addressed when designing photo-curable hydrogel inks, especially if cell-embedding
is envisioned. Several research works showed that the photo-initiators exhibit excel-
lent biocompatibility at concentrations below 0.01% (w/w) while ensuring sufficient
hydrogel stiffness [107, 177, 185]. Nonetheless, all these parameters must be opti-
mized to limit irradiation exposure as there are still some concerns regarding cell
damage.

Usage of “click chemistry” on design and fabrication of hydrogels developed
rapidly after 2001 since this type of chemical reactions comes with various benefits
such as high specificity and selectivity that lead to high yields with few and less
toxic byproducts [165]. A broad range of functional groups may serve as desirable
candidates for the fabrication of complex hydrogel scaffolds and most popular strate-
gies include (i) Diels—Alder, (ii) Schiff base, and (iii) Michael-type addition. (i) The
Diels—Alder (DA) reaction is a thermoreversible [4 4 2] cycloaddition between a
conjugated diene and a dienophile that overcome the disadvantage of using coupling
agents, catalysts, or photo-initiators. While they are widely used in organic chemistry,
DA reactions have more recently found application in tissue engineering as they can
also be employed to obtain chemically crosslinked hydrogels under mild conditions
[186]. The range of polymeric hydrogel materials is yet narrow, furan-modified poly-
mers being the most commonly used to react with poly(ethylene glycol) dimaleimide
for hydrogel formation. Nonetheless, while furan—maleimide reactions may exhibit
a too slow gelation in physiologically relevant conditions, strategies to enhance the
reaction rate were developed by using substituted furans and fulvenes [187, 188].
(ii) Schiff base reactions conventionally take place between amino and aldehyde
groups forming dynamic covalent imine bonds that can even provide hydrogels some
self-healing properties. This crosslinking approach is based on a simple, reversible,
pH-sensitive, and biocompatible mechanism that has great prospects in the field of
biomedicine. Hydrogel networks formed by Schiff base linkages can be fabricated
under physiological conditions and their properties can be easily tuned to fulfil the
particular requirements of various tissues [189]. Various polymer such as hyaluronic
acid, alginate, or chitosan were modified with hydrazide or aldehyde groups and used
to formulate bioinks based on Schiff base reaction [190-192]. (iii) Michael-type
addition is a facile and spontaneous reaction between an electron-deficient olefin
(Michael acceptor) and a nucleophile (Michael donor). Although either amines or
enolates can be used as Michael donors, one of the most frequently used Michael reac-
tion is the addition of thiols to a,B-unsaturated carbonyl polymers. It has become a
popular approach to design tissue mimicking hydrogel networks as the crosslinking
processes based on the mechanism of thiol-Michael addition exhibit a favorable
reaction rate, a high degree of chemical selectivity, high conversion, and also occurs
under mild conditions that facilitate the encapsulation of biomolecules and/or cells.
Moreover, as the thiol groups exist in the sidechain of cysteine, proteins can be
coupled with either acrylates or vinyl sulfones to generate functional hydrogel inks.
Nonetheless, the reaction time is a critical parameter as there is limited control over
the reaction initiation and kinetics. Extensive research focused on designing Michael-
type hydrogels and some examples include using derivatized hyaluronic acid (e.g.,
thiolated hyaluronic acid, acrylamide-functionalized, and acrylated hyaluronic acid),
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derivatized collagen (e.g., maleilated collagen), poly(ethylene glycol) derivatives and
derivatized Pluronic F127 [193-196].

The enzyme-mediated crosslinking strategies have recently gained a fresh interest
in formulation of 3D printable hydrogel inks as they be employed to facilitate covalent
bonding under cell-friendly environments with high specificity. Enzymes can be
used to initiate the crosslinking either by generating new reactive functional groups
or by acting as catalyst to form amide bonds. By excluding harsh conditions in
terms of temperature, solvents, or compounds that can cause chemical denaturation,
enzymes are excellent auxiliaries to provide bio-orthogonal control of the gelation
phase and to tune the viscoelastic and degradation properties of the bioink formulation
[197]. To date, few studies exploited enzymatic crosslinking of hydrogel-based inks,
where enzymes such as transglutaminase, tyrosinase, lysyl oxidase, plasma amine
oxidase, phosphopantetheinyl transferase, peroxidases, and horseradish peroxidase
have been most commonly used to crosslink bioinks based on collagen, gelatin,
fibrinogen, or silk fibroin [198, 199]. Although it is very promising toolkit in 3D
bioprinting, enzymatic crosslinking is not a straightforward strategy since specific
substrate sequences are required and cost-effective production of biotechnologically
relevant enzymes is still a challenge.

Multiple crosslinking strategies need to be thoroughly studied and their effects
carefully assessed so that they can lead to the formation of more heterogeneous 3D
structures able to replicate native tissues. There is an inherent challenge to formu-
late hydrogel bioinks since these cell-embedded formulations would be subjected
to the printing process and would then be expected to retain dimensional stability.
The difficulty to simultaneously improve the interactions between polymers and also
the interactions between polymers and cells while maintaining the high printability
persists as a major milestone that marks the developments in 3D bioprinting.

4.3 Fabrication Parameters

The fabrication parameters, also referred to as printing parameters, require a rigorous
optimization to attain performant 3D hydrogel structures. They must be clearly
defined for each formulation with respect to the printing technology, material prop-
erties, crosslinking strategy, type of embedded cells, and scaffold design. Although
the bioprinting technique will first guide the selection of hydrogel ink formulation in
terms of polymer choice, rheological behavior, and gelation kinetics, process param-
eters are indisputably important in creating functional constructs. The instrument
setup must be flexibly optimized to minimize fabrication time, diffusion, and shear
stress while providing shape fidelity, structural integrity, environmental control, and
a homogeneous cell distribution. The quality of the printed construct relies as much
on materials as it does on the equipment and the design and slicing of the 3D model.
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4.3.1 Light-Assisted Printing Processes

Light-assisted printing processes address to photocurable hydrogel precursors and
their competence in creating high-quality 3D constructs with fine features (thin walls,
sharp corners) made them highly competitive biofabrication techniques. In SLA
processes, the control knobs refer to layer thickness, light power and exposure time,
lift speed, object orientation, and aliasing [200]. The layer thickness has a direct
influence over the printing quality and time: a thinner layer will preserve better the
details but at the same time by decreasing the layer thickness the number of layers
increases which will consequently increase the printing time. The printing quality is
also dependent on the irradiation type, intensity, and time and these parameters must
be adjusted as a function of material properties and, if the case, cells sensitivity. The
speed of which the build plate is lifted to the adjacent layer can damage the structure
if too high or increase the printing time if too low. Moreover, the orientation of
the 3D virtual model in a different direction will produce significant differences
in the printing quality. By choosing the most appropriate orientation for the slicing
process, the surface quality and the structural integrity will be considerably enhanced.
Also, the anti-aliasing function will smooth object edges and remove artifacts. TPP
processes are more difficult to control since they require an intimate knowledge of
optics. The main fabrication parameters refer to laser power, exposure time, and
the numerical aperture (NA) of the objective and they must be evaluated only with
respect to chemical reaction kinetics [20, 201]. The printing resolution is directly
proportional with the initiator’s effectiveness so by selecting an appropriate laser-
pulse energy and exposure time, voxels of any small size can be obtained. The laser
focal point control is critical and often the threshold condition the printing resolution.
Understanding the laser—material interaction is crucial for gaining control over the
entire printing process. Nonetheless, in LIFT processes, the rheological, optical, and
thermal properties of the ink formulations as well as the wetting properties of the
receiving substrate are first to be considered for a better control of the printing quality.
Laser parameters such as wavelength, spot size, or pulse width will define, however,
the size and the pressure of the gas bubble. By modifying the laser fluence or the
gap between the donor and acceptor substrate, the size of the printed droplets can
be tuned to achieve high-quality outputs [21]. Printing time is always one of the
essential aspects in setting up the fabrication process, and LIFT makes no exception.
Yet, the printing speed is herein determined by the laser repetition rate and can range
up to millions deposits per second, therefore, it can surpass most of the current
technologies in terms of speed. Is it nonetheless worth to mention that pulses at very
high repetition rates may compromise the printing process if the time delay between
laser pulses is shorter than the evaporation time of the material [21, 22].

4.3.2 Inkjet Printing Processes

Inkjet-printing processes are best suited for printing low-viscosity inks where
droplets of 300 down to 20 pwm can be generated by using either drop-on demand



3 3D Printing of Hydrogel Constructs Toward Targeted ... 109

jetting or continuous inkjet printing mode [202]. Here, the printing performance relies
on fabrication parameters nearly as much as it does on ink properties. Although a
limited range of ink formulations can be printed using this method, considering the
restrictions in terms of surface tension and viscosity of the inks, the droplet stability
can be influenced by fabrication parameters. These include nozzle dimensions,
driving parameters (the pulse amplitude and width), dot distance, printing height,
applied temperature gradient, and surface properties of the substrate [203, 204].

The droplet dimensions directly impact the printing output and minimizing the
droplet size will enhance printing quality and resolution. The nozzle diameter is the
main factor that affects droplet dimension, and it is important to keep in mind that
the final printed width is usually larger than the nozzle gauge. Although reducing the
nozzle dimensions will lead to the formation of smaller droplets, when dispersions
are used as printing inks, the selection of the nozzle must consider only diameters
sufficiently larger than the particles size to avoid clogging. The droplet size is also
influenced by jetting voltage and frequency. Smaller droplet can be generated by
decreasing the voltage level, but droplet size and pulse amplitude are linearly depen-
dent only above the minimum voltage required for droplet formation. Conversely the
jetting frequency exhibit a more complex and fluctuating influence as an increase of
the pulse width may produce disturbances and affect the droplet stability [205].

Another critical parameter in inkjet printing is the distance between two adjacent
droplets as it will determine the characteristics of the printed structure. A too large
distance between droplets will not allow them to merge and form a continuous feature,
while a too small spacing will lead to the formation of a continuous film. The droplet
dimensions after impact at a surface are to be considered when setting dot spacing
in both X- and Y-directions. It is essential in line forming and there is also a linear
dependence between the distance between droplets and the width and height of the
subsequent printed lines.

Other parameters such as substrate temperature or the nozzle-to-substrate distance
can be adjusted to higher values to decrease the droplet dimensions by stimulating
the evaporation of solvent. To accommodate cells and ensure a high viability toward
fabrication process while printing with high resolution, all these parameters must be
flexibly optimized for the best possible outcome [203].

4.3.3 Direct Dispensing Processes

Direct dispensing processes can efficiently work with relatively high-viscous inks
or high cell densities (above 1 x 10° cells/mL) and therefore are compatible with
a wide range of ink formulation designs [206]. Ergo, various hydrogel-based inks
were developed to perform in extrusion-based printing techniques and the benefits of
using this printing technique to fabricate constructs for tissue engineering application
still prevail among the others (see Sect. 0). Beside the stringent requirements for
ink properties, the operating parameters are easier to manipulate and their influence
over the printing quality is more predictable. The biomechanical properties of the 3D
construct can be augmented by adjusting the strand width via (i) needle variables; (ii)
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pressure; (iii) speed; (iv) offset and delay; (v) temperature control system (for nozzle,
platform, or environment); and (vi) virtual model design [207]. Printing parameters
optimized exclusively considering the printing fidelity may not efficiently cope with
the conditions that ensure high cell viability. For most tissue engineering applications,
a compromise should be found between conditions that support high printing fidelity
and those that favor high cell viability.

The characteristics of the needle tip are key aspects in process optimization. Its
diameter, length, geometry, and even the material the needle is made of, will signif-
icantly influence not only the printing pressure and speed and but also the printing
resolution and cells viability. For instance, higher printing resolution can be attained
using a needle of a smaller inner diameter, but at the same time, the pressure required
for extrusion increases leading to a higher shear stress that will affect cells viability.
Moreover, both the extrusion rate and layer height will decrease with decreasing
nozzle diameter resulting in a longer fabrication time. The bioprinting processes
focus on minimizing the shear stress encountered by the cells so that shorter needles
are usually preferred. Nonetheless, longer needles can be highly effective when
printing directly into well plates or when using freeform reversible embedding of
suspended hydrogels, also referred to as the FRESH method. The needle can have
either cylindrical or conical geometry and under identical operating conditions the
two types can have very different effects on printing pressure and viability of cells.
Both plastic and metal needles can be used for printing hydrogels [208].

Printing pressure is the most critical factor affecting the printing process. It has a
direct influence over the line width, and it is highly dependent on the ink viscosity and
the surface tension in the nozzle. Although high-viscosity inks will require higher
pressures, it is best to optimize the process to the lowest possible value so that the shear
stress to be minimal [209]. Printing speed is strongly reliant on printing pressure and
nozzle diameter and is one of the main factors that determine the fabrication time as
well. Typically, with increasing the feed rate, the printed filament will become thinner
as the material will stretch, up to a point when the deposition becomes non-uniform.
The offset, described as the distance from the nozzle to the building platform, will
affect the line width and angles shapes as a wide range of filament dimensions can
be attained when modulating this parameter. Also, depending on material properties
and type of applied pressure, a printing delay may be required in order to compensate
a potential response lag and to ensure a continuous, uniform deposition. Controlling
the temperature during the process has much to do with the material properties and
particularly with the crosslinking strategy. Therefore, accessories can be used to
control the temperature of the needle and/or of the printing platform. When consid-
ering printing with cell-embedded formulations, it is beneficial to have control over
the environmental temperature as well.

As important as the operating parameters is the virtual model design. The infill
density, angles shapes, and layer thickness will influence the printing stability and
fidelity. Therefore, with respect to line width, the overlapping, and diffusion rate
can be minimized by avoiding sharp angles, setting a sufficient distance between
printed lines, and reducing as much as possible line intersection at the same printing
level. Hydrogel-based inks most commonly experience expansion after extrusion



3 3D Printing of Hydrogel Constructs Toward Targeted ... 111

and gravitational collapse after deposition. Consequently, the line width is bigger
and the line height smaller when compared to nozzle inner diameter. The filament
dimensions should be individually evaluated and then optimized since the error of
the line width or layer height will accumulate with every subsequent printed layer, up
to the point when printing process fails. The duration of the printing process in deter-
mined concomitantly by filament dimensions, printing speed, and the characteristics
of the virtual model. As the period of exposure to printing conditions is critical to
cells viability, the printing resolution is frequently compromised in favor of shorter
biofabrication time.

4.4 Investigation of Printability

The 3D printability is an individualizing characteristic for hydrogels as they can
be designed to mimic the architecture and the biomechanical properties of native
tissues only when the material is able to form and maintain the pre-defined structure.
However, the 3D construct is rarely printed one to one and therefore it is particularly
critical to evaluate the differences between the CAD model and the printed scaffold.
Given the complexity and specificity of natural tissues, the printing precision, shape
fidelity, and the reproducibility are vital aspects in biofabrication. Thus, it became of
prime importance to find methods to associate numbers with the physical qualities so
that they will describe the printability of hydrogels and will enable fair comparisons
between different formulations. Despite its ubiquity and significance, there is little
consensus among researchers on how to measure printability and what can actually be
measurable. Many different methods proposed to predict and evaluate the printability
of various biomaterials with the goal of providing a better understanding of the
correlation between material and fabrication parameters are summarized in Table 6.

A majority of studies focus first on the investigation of ink properties consid-
ering closely the flowing behavior of hydrogels to identify the printability poten-
tial [87, 97, 118, 149, 236-239]. The predictive methods so far include rheo-
logical tests to measure the viscosity, shear thinning behavior, shear storage, and
loss moduli or gelation time which can further use flow models as the power-law
model, the Herschel-Bulkley model, or Carreau equation to predict and characterize
the hydrogel behavior upon printing [152—155]. In addition, flow simulation, ink
consistency tests, injectability, and the glass flip test were used for a preliminary
investigation of biomaterial printability (see Table 6).

In an effort to demonstrate printability of various hydrogel-based formulations, the
literature reports a number of experimental studies that can be broadly classified as
qualitative and quantitative methods. Up to date, it is still very common for research
works presenting novel hydrogel-based inks to provide qualitative descriptions of
printability based on photographs of filaments, strands, and up to 3D constructs.
Also, imaging techniques such as optical microscopy, SEM, or Micro-CT were used
to emphasize the printability aspects which on top provide semi-quantitative measure-
ments. Although these approaches offer valuable insights on printability, quantitative
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Table 6 Summary of methods used alone or combined to evaluate inks printability

Measurement method Quantifiable Refs.
outcomes
Ink properties | Predictive Rheological Flowing properties | [97, 150]
tests and bioink
flow models
Flow Determination of [65]
simulation the ideal flow rate
Ink consistency | Variations in [120, 210]
tests extrusion force, ink
homogeneity
Glass flip test | Investigation the [211]

process printing
window

Filament
quality

Qualitative

Filament drop
test

Filament/drop
formation

[85, 209, 212]

Strand

Determination of

[211,213-215]

formation test | optimal
Line printing | material/fabrication | 1156 509 71¢)
parameters
S-test [217]
Quantitative | Filament Filament width and | [218]
deposition height
Filament width | Extrusion [212,219]
uniformity
Mathematical Strand printability, | [207, 212, 213, 220, 221]
models relating | Pore printability
measurements Uniformity factor, [222]
pore factor
Shape fidelity | Qualitative | Comparison Dimensional [107, 212, 223-225]
and printing based on stability
accuracy 1mages (dlg?tal Strand thickness [226, 227]
camera, optical and pore size
microscopy, - -
SEM images, Object height [219, 228-230]
Micro-CT) Printability [209, 210, 222]
Quantitative | Filament fusion | Evaluation of [211, 213, 227]

test

printing resolution

Filament Deflection angle of
collapse test unsupported
filament
Mathematical | Diffusion rate (%) [211,216]
models relating | and Printability (%)
measurements | prinability and [231]
deformation (%)
Aspect ratio [229]

(continued)
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Table 6 (continued)

Measurement method Quantifiable Refs.
outcomes
Print viability Live/dead Cell viability and [181, 224, 225, 230, 232-236]
assays proliferation

Cell aggregation
and differentiation

Cell morphology
and distribution

Tissue formation

Specific Tissue formation [181, 234]
biochemical
analysis

studies are more objective and facilitate comparisons of inks and printing conditions.
Nonetheless, the development and improvement of quantitative descriptions of print-
able materials greatly contributed to bioink advancement which, in turn, further
enhanced bioprinting toward clinically relevant applications. A hybrid approach to
data collection is preferable because each method has its limitations, and quantitative
and qualitative approaches can help mitigate those drawbacks when used together.
Effective evaluation methods inevitably contribute to a deeper comprehension of
the fundamental processes that influence printability. Hereby, we refer the readers
to an excellent review for more detailed information on representative printability
measurements [240].

One of the important functions of hydrogel-based inks is to preserve cells viability,
but it is a more complicated process since the formulation must fulfill stringent
requirements to accommodate and homogenize the cell pellet while maintaining
its printability. Therefore, a clear identification of material bioprintability window is
crucial in assessing cell viability toward printing process. Both quantitative and qual-
itative methods are widely used to evaluate cell distribution, viability, proliferation
up till differentiation, and tissue formation [181, 234].

Despite the fact that many experiments have been conducted on the printability
of various biomaterials, the true image and concept of printability remain elusive,
and basic questions regarding how to chart the relationships between printability and
other interrelated variables such as biomaterial and fabrication remain unanswered.
Standardized methods to ascertain the principles of printing can pave the way for
greater knowledge of bioink behaviors, which can then be used to make more accurate
parallels between bioinks.
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5 Evolution to 4D Printing

Combining biomimetics and 3D printing has been schemed as sustainable resolu-
tion for the fabrication of unrivaled architectures for the development of tissue engi-
neering constructs in the tangible future. Nature-inspired structures often incorporate
complex combinations of micro- and macrofeatures that work together to provide
effective biomechanical features [241]. In the field of personalized medicine, 3D
printing techniques have proven to provide freedom of design despite the geomet-
rical complexity. Yet, the state of the art in 3D printing still lacks the ability to obtain
fringe resolutions from optimal materials, limiting the scope for scalability. 3D fabri-
cation technologies today achieve sub-micrometer accuracy, but nanometric features
of the extracellular matrix are not reproducible using printing techniques alone [242].
Customized outer shapes of a 3D construct are now easily possible to fabricate at
acceptable costs, but inner architecture design is more limited and generally fails to
reach clinical standards.

Four-dimensional (4D) printing introduces the dimension of time to 3D printed
objects, which gives greater relevance to the design process. 4D-printed designs must
be meticulously configured depending on the design of tunable biomaterials with
properties that change over time relying on a controlable deformation mechanism
[243]. 4D printing allows for the development of adaptive constructs made of smart
materials that can cover the limitations of time when coupled with external stimuli
[244]. The feature-changing prints are generated by modulating a smart material
in response to a predefined stimulus such as humidity, thermal energy, electromag-
netic fields (light, electricity, magnetic fields), osmotic pressure, mechanical stimuli,
chemical catalysts, or biological triggers, all of which are a cumulation of other vari-
ables [245]. Under stimulation, triggers, or stresses, set off the predesigned behavior,
allowing the print to evolve into a superior tridimensional object over time. Materials
enclosing distinct micro- or nanoarchitectures that are intimately cohered can support
various cell lineages for tissue regeneration while targeted biodegradation of the print
is another aspect of time dependency found in 4D printing [246]. Intrinsically active
implants with a controlled drug release encompass an inherent mechanism to soften
tissue adjustments [247]. In brief, 4D printing consists of post-fabrication optimiza-
tion of prefabricated objects in a 4D itinerary or additive manufacture with space and
time constraint resolutions.

So far, the research community has begun to explore 4D printing from the view-
point of biologically inspired shapemorphism found in plant motion. The range of
hydrogel-based biomaterials used as 3D-printing inks to fabricate constructs rele-
vant for tissue engineering offers a wide array of options to extent their application
in 4D printing, detailed in recent review papers [245, 248]. Until conducting “first in
human” studies on printed tissue-like constructs, comprehensive preclinical research
would be needed. However, if they fail, the consequences can be highly detrimental
and, as a result, the bar for clinical trials is set high. There has been no human trials
of a whole bio-engineered organ to date. Meanwhile, clinical trials were conducted
for engineered valves, as well as synthetic and biologic matrices [249].
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However, a better coordination of 3D printing technologies and material smart
design is expected to launch future printed biomaterials into various fields of
bioengineering and creative industries.
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Chapter 4
Three-Dimensional Self-healing Scaffolds <
for Tissue Engineering Applications

Durgalakshmi Dhinasekaran, Mohanraj Jagannathan, and Anuj Kumar

Abstract Self-healing property is the most important inherent quality of the living
system. For the synthetic materials used as tissue engineering scaffolds, in addition
to the basic supportive structure, added self-healing capability is also necessary. If
the structure is having self-healing property the patient will bet the benefit of a quick
recovery and these supports reduce the need for revision surgery. For tissue engi-
neering applications, polymer scaffolds were highly suitable for the incorporation of
cells and growth-stimulating hormones in the native tissue. Even though hydrogels
were the first man-made biomaterial, the material optimization was much restricted
for tissue engineering applications. With the discoveries of supramolecular chem-
istry, a lot of self-assembled structuring was explored. And also, by understanding
the systems chemistry, bioinspired polymerization-based self-healing hydrogels were
being explored. The field of supramolecular chemistry is old as 50 decades, however,
the application of polymerization by non-covalent interaction of biomedical appli-
cations was explored lesser compare to other optoelectronic and mechanical appli-
cations. This book chapter will be give details about the need for self-healing scaf-
folds, prepared by supramolecular polymerization for 3D structuring towards tissue
engineering applications is discussed in detail. The discussion of supramolecular
bonding includes hydrogen bonding, electrostatic interaction, metal-ligand, host—
guest interaction and —7 interaction. Also, a comparative outline of the need for
tissue-engineering scaffolds properties in terms of rheology, mechanical property
and shape memory effect of these polymerization interactions was amended.
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1 Introduction

Nature is a beautiful and mysterious creator in creating a complex structure, one
such example is our human body. Healthy living is mostly addressed by the absence
of disease; however, it is also true in quick recovery from any disease condition [1].
The quick recovery condition is variable for the individual and depends on their self-
regeneration potentialities. Due to ageing, medical complications and chronic condi-
tions, human beings are limited in depending completely on the self-regeneration of
the human system and in need of external stimuli and supportive biomaterial for the
treatment of diseases and defects. These biomaterials were greatly helped to fulfil
the need of human beings. From the first generation of biomaterials, where it was
meant to be there just for supporting the defects, now we are in the fourth generation
of biomaterials that deal with biomimetic tissue regeneration [2]. As most of modern
medicines are following the Greek concept of treatment, tissue regeneration is also
old as those concepts, which starts with the story of the Prometheus liver tissue
regeneration after it was fed to the eagle every day [3]. During the major post-war
years between 1960 and 1970, there was a much need for implant materials to treat
the defective and disease parts of the body, and in those years based on the goal of
achieving bio-inertness with in vivo conditions, first-generation biomaterials were
widely fulfilled human needs [4]. After trying to understand the interaction between
the implant material and the extracellular matrix, research and development related
to the second-generation bioactive materials were developed since the 1970s. Later
from 2000, third-generation biomaterials having the potentialities of bio-resorption
and regeneration were explored [5, 6]. To mimic the structural and bioactivity of the
tissues, three-dimensional (3D) structures with molecular tailoring to the localized
microenvironment were the field of interest for the present researchers.

Later in the 1970s, van der Waals interaction based 3D hydrogels were prepared
and suggested for biomedical applications [7]. This polymeric hydrogel material
can swell in water/physiological medium without dissolving in the water medium.
(William Dictionary) [8]. Initially, most of the hydrogels were prepared for soft
lens applications, as an alternative to silicone rubber [9]. For this purpose, poly
(hydroxyethyl methacrylate) hydrogels were developed first with water absorption
of 30% [10]. Later copolymer-based hydrogels were developed by the United States
with an increase in water absorption of over 60% [4]. However, these hydrogels were
mostly bioactive and limited in bio-resorption and regeneration properties.

In the mid-twentieth century, the organic chemist innovated the concept of molec-
ular information and recognition, which turned into the field of supramolecular chem-
istry [11]. In this, the molecular system has the capability of well-defined functional
assemblies with the possibility to form complexes [12]. This process is termed as
‘lock-and-key’ mechanism by Lichtenthaler [13]. For the invention and contribu-
tion in this field, the Nobel prize award for the year 1987 was given to Huang and
Anslyn [14]. Based on the concept given by these Nobel persons, Daniel E. Koshland
formulated the ‘induced fit’ concept, where he added that the lock-and-key concept
occurs explicitly only after the changes in the three-dimensional substrate, during
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the relationship of the amino acids at the active cites in enzymatic reactions [15].
The concepts of supramolecular chemistry are the platform for understanding the
self-organization and self-healing principles of polymer structure, can be used for
biomedical applications, more specifically for tissue engineering applications. This
self-organization through the supramolecular chemical structure can behold in terms
of molecules and can have good integrity with cells and tissue growth as it has the
ability for progressive unravelling the complexity of the matter.

2 Understanding Nature’s Method of Self-healing

Nature is the best teacher to teach us the process of self-organization in forming
beautiful creatures and organizing dissipative structures at a different time frame.
The process of self-organization can be seen in many facets with the different
time frames of formation; from the development of the foetus to a baby in the
mothers’ womb is the best example, which remains as an exclamatory to under-
stand nature. Another best example is a systemic process of self-healing in some
disease and inflammatory conditions. Self-organization can be achieved by self-
assembly, self-patterning, and self-driven morphogenesis, which are individually a
different process. Self-organization is a powerful inherent characteristic of cells that
can be adapted finely but not over-engineered to construct new tissues or organs.
For suggesting biomaterials for tissue engineering applications, rather than bio-inert
and bioactive scaffolding, three-dimensional (3D) structure support with physio-
chemical mimetic to the targeted in vivo region and influencing self-organization
can be highly compatible [16, 17]. Even though a lot of 3D microporous scaffolding
is reported and in use, the needs of the scaffolding are much more for regeneration
[18]. For example, mechanical forces mimicking the development of tissues through
biomaterial support can contribute to self-driven morphogenesis for the specifically
targeted tissue regeneration and can contribute to the self-healing process [19, 20].

This self-healing process can be achieved if self-assembled polymers are used for
tissue engineering applications. The concept of self-healing from molecular struc-
turing to planetary arrangements was discussed elaborately by Whitesides and Grzy-
bowski [21]. They also defined the self-assembly process as ‘a reversible association
of distinct entities out of a disordered system that can be controlled by the rational
design of those entities’. This order out of chaos concept is the emergent property of
nature, includes a lot of environmental factors, and the reductionistic simplicity fails
here, except in mimetic the concepts.

To understand the importance of suggesting a self-assembled structure for tissue
engineering application, first, we need to understand some of the concepts of bone
and healing mechanism [22, 23]. Briefly, when a bone underwent a heavy fracture,
the sharp ends of the fractured bones will also tear muscles and blood vessels in
the affected region. Within a moment, that region is surrounded with blood and that
induces blood clot, fibrinogenesis and muscular debris within followed by swelling
in the region. At the region of the fracture site and in the surrounding regions, all
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structural and functional processes will flow for repair. A small region of muscle
in the region within a period change their structure and function similar to carti-
lage to accomplish the common task. Later, this soft cartilage transforms into strong
osseous tissue, and the damaged muscles and blood vessels will heal simultaneously
with the association of the number of chemicals, nervous, circulatory and struc-
tural phenomena. Instead, the process of bones adapts to their dynamic mechanical
surroundings over the time period [24]. and potentially leading to a predictable
relationship between structure and function, as described by ‘Wolff’s law’ [25,
26], where this law mostly deals with the direction of the principal stresses and
the phenomena occur through ‘self-regulating’ reaction mechanisms in response to
mechanical forces acting upon bone tissues.

As we know, the skin is the largest organ in the body that consist of superposed
sheets of flat cells (i.e. the epithelial cells). These cells lie on soft and elastic connec-
tive tissue layers having small blood vessels. When a small region of the skin is
exposed, the bottom of the wound is identified with fatty tissue and muscles. After
3—-4 days, the damaged surface becomes smooth, glistening and red, because of the
contraction of new tissue covering the wound site. Simultaneously, the skin cells
start gliding over the red surface as a white fringe. Moreover, they cover its entire
surface area, resulting in the formation of a definitive scar. This scar is due to the
participation of two tissue types: (1) the connective tissue that fills the wound, and (2)
the epithelial cells that proceed over its surface from the boundary. Connective tissue
is responsible for the wound contraction and epithelial tissues for the membrane that
ultimately covers it. The rate of healing (i.e. Cicatrization) in the superficial wounds
can be measured by Lecomte du Nouy’s formulas. Notably, they have formulated the
cicatrization index (i) as the ratio between the rate expressed in function of the total
area with the square root of the age of the wound [27-29]. If one of the regenerating
mechanisms fails, it is replaced by the other. The result alone is invariable. Simi-
larly, in the tissue engineering process, the healing process between the supporting
biomaterials and the new tissue formation needs to compensate each other. Biolog-
ical tissues have repairing or regenerative ability in response to their minor damage
or injury [30]. Inspired by this, various self-healing materials based on natural poly-
mers have widely been fabricated [31]. The incorporation of self-healing properties
into material development has not only extended the shelf-life of materials but has
also decreased the utilization of limited natural resources.

3 Self-healing Supramolecular Hydrogels

A 3D polymeric network composed of natural or synthetic polymers containing high
water amounts with a high degree of flexibility is called hydrogel [32, 33]. Hydro-
gels have characteristics properties that include defined functionality, reversibility,
stabilizability and biocompatibility that fulfill the need of both material and biolog-
ical requirements during tissue regeneration [34, 35]. Hydrogels can be classified
based on their sources, method of preparation, nature of swelling, nature of the
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crosslinking process, rate of biodegradation, etc. Most of the hydrogel synthesis
methodologies were achieved by physical processes that include hydrophobic asso-
ciation, hydrogen bonding, aggregation or complexion of polymer chains and crys-
tallization [36]. On the other hand, hydrogels can also prepared by a chemical process
that involves chemical covalent crosslinking [37]. A dual-network hydrogel is formed
through electrostatic interaction achieved by combining the aforementioned physi-
cally and chemically crosslinked hydrogels [38]. This type of dual network with the
aid of nanomaterials was recently shown to have self-healing properties with superior
mechanical properties [39].

With the advent of self-healing hydrogels, in addition to fulfilling the needs of the
biomaterials, we can also achieve quick recovery and after injury. These self-healing
hydrogels as biomaterials for tissue engineering applications with high biocom-
patibility and biodegradability, under specific circumstances can lead to the rapid
autonomous reconfiguration of the network, concerning the in vivo conditions [40—
42]. As the production of self-healing polymer hydrogels is often mediated by diverse
bonding, the initiation of a crack in a material through a break in covalent or non-
covalent bonds can be reformed. Other than suggesting self-healing materials for
biomedical applications, it is widely suggested to make electronic components, i.e.
plastic transistors and photovoltaics [43—45]. The large-scale load-bearing materials
as self-healing materials have been prepared by composite preparation of adding
microcapsules or microvascular networks filled with self-healing hydrogels incor-
porated into base materials as composites [46]. During damages, the gels will be
released in situ and the repair process will be done, this also prevents further damage
to the material.

The chemistry of self-healing polymerization can be understood from the concept
of supramolecular chemistry. Where the non-covalent bonding and its dynamic
concept were involved, which gave birth to the idea of self-healing materials. The
non-covalent interactions in the supramolecular self-healing polymers can be real-
ized through various binding mechanisms and designed by altering the important
parameters such as [47]

Keq—=equilibrium association constants,

K,—the rate of association,

kq—the rate of dissociation,

c—concentration of the functionality and binding dynamics.

The degree of polymerization (DP) can be determined from the strength of the end
group interaction in the polymer chain, and it is also absolutely governed by the
association constant (Ka) and the concentration of the monomer(s) (Fig. 1) [48].
In general, the equilibrium constant directly affects the degree of association of
the supramolecular compound. There is a complex interplay between each of these
parameters within dynamically crosslinked polymeric hydrogels, in addition to more
traditional parameters such as molecular weight of the polymer, the concentration of
the polymer, and the crosslink density, [49]. Even, on considering the general type
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Fig. 1 Plot representing the theoretical relationship between the rate of the dissociation constant
(Ka) and Degree of polymerization (DP) [48]

of interaction (e.g. hydrogen bonding), each of these specific parameters must be
considered to develop a system by taking full advantage of the specific non-covalent
interactions used.

4 Self-assembled Hydrogels for Tissue Engineering
and Drug Delivery Applications

The research on tissue engineering carries considerable assurance for the restoration
and regeneration of the damaged or disease tissues. The advancement in developing
tissue engineering scaffolds is always a learning process as a subject of great
attraction in the biomedical area [50]. As the synthetic materials always aimed to
mimetic the native tissue functionality, it is hard to achieve due to the complexity of
the latter [S1]. Hydrogels have shown promising tissue regenerative potentialities
due to their biocompatibility and similarities to the native extracellular matrix. The
essential notable qualities noted to the design hydrogel scaffold, include swelling
ratio, mimicking native tissue mechanical property, degradation, and diffusion [52].
These properties are closely related to the crosslinked hydrogel structure, which
is controlled through various suitable processing conditions and hybrid structuring
[53]. Out of the desired properties, the main lacuna in hydrogels is its inadequate
mechanical and porosity properties. And hence the hydrogel scaffolds with remark-
able mechanical performance and self-healing capability affords a favourable aid to
repair load-bearing tissues beneath a dynamic 3D microenvironment [54]. A work
on poly(L-glutamic acid) (PLGA)-based hydrogels with appropriate toughness and
self-healing capability have been fabricated by filling soft self-healing hydrogels
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right into a hard porous hydrogel skeleton [55]. Type of composite hydrogels could
be a favourable biomaterial for the restoration of load-bearing tissues. Recently
oxidized alginate-based hydrogels have drawn significant interest as biodegradable
materials for tissue engineering applications. This type of oxidized alginate hydro-
gels possesses a faster degradation rate, as it consists of more reactive groups as
compared to native alginate [56].

Compare to dry scaffolds, the hydrogels have the possibility of encapsulating
cells in biodegradable hydrogels. This gives numerous attractive functions for tissue
engineering, which include ease of compatibility of cells to grow in a tissue-like
environment and the potential to quick acceptance of the in vivo tissue [57]. Self-
healing supramolecular hydrogels have emerged as a novel elegance of biomaterials
that integrate hydrogels with supramolecular chemistry to increase incredibly func-
tional biomaterials with advantages including native tissue mimicry, biocompatibility
and injectability. These properties are endowed through the reversibly crosslinked
polymer network of the hydrogel. Even though, these hydrogels have excellent capa-
bility, as the concept is new a lot of regulations needs to be tested and hence it is yet
to be available for clinically translated tissue engineering treatments [58]. The family
of the supramolecular hydrogels that comply with the dynamic nature constituents
includes supramolecular bonding motifs that depend on hydrogen bonding, electro-
static interactions, T—m bonding, host—guest interactions, hydrophobic interactions
or metal coordination act as dynamic crosslinks among hydrophilic polymers to
shape memory hydrogels. The form of supramolecular building blocks opens the
possibility for the development of a numerous variety of biomaterials that provide
promise as scaffolds for tissue engineering. Moreover, depending on the target tissue,
the self-healing hydrogels are predicted to comply with an extensive variety of prop-
erties which include electric, biological and mechanical. Notably, the incorporation
of nanomaterials into double-network hydrogels is showing excellent promise as a
possible way to generate self-healable hydrogels with the above-stated attributes.

In addition to the support and regeneration essential properties of the tissue engi-
neering scaffolds, the in situ drug deliverable property is also expected [59]. To
achieve this, the deliberately engineered self-assemble peptides that can represent
diverse supramolecular nanostructures for target-specific drug delivery have been
developed. For this, the bottom-up approach is successfully employed widely to
carry amphiphilic drugs with high loading, low leakage and high permeability via
bio-membranes into the target cells [60]. Furthermore, the stimuli-sensitive property
of self-assemble scaffolds allows the controllable release of the therapeutics. The
characteristic of peptide hydrogels can easily be modified through the attachment of
chemical or bioactive motifs to immobilize drug molecules via physical or covalent
interactions. Also, the therapeutic release can be adjusted through the mesh size and
network degradation. The injectable hydrogel promotes macrophage infiltration and
polarization through macrophage-material interactions without generating a proin-
flammatory environment. These self-assembled peptide hydrogels have been applied
to transfer brain, cardiovascular, bone, and anticancer drugs for a sustained releasing
condition [61].
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For tissue engineering biocompatible assessment, in vitro two-dimensional culture
is the broadly used procedure for drug screening and disease modelling before animal
tests. However, the cells grown on flat and difficult plastic surfaces cannot reflect
the important characteristics of the proliferation because of lacking to mimic the
complex and dynamic cell-cellular communications in addition to cell-matrix inter-
actions. Rather, 3D cultures have been advanced to recapitulate the features in the
in vivo microenvironment. The biomimetic 3D models offer spatial intensity in addi-
tion to cell connectivity and hence have a better in vivo physiology for drug screening
and disease modelling. In the fabrication of hydrogels-based 3D tissue engineering
support, 3D bioprinting is a potential technology for its capability to create a 3D
assemble at a shorter time [62]. Also, the 3D assemblies prepared by the hydro-
gels can have the possibility of comprising more than one cell type and bioactive
moieties with a unique distribution. As this field of research is new, there is a lack
of suitable bioinks that constrains the improvement of bioprinting. The concept of
supramolecular self-assembled polymer hydrogels based bio-inks and its fabricated
3D assemblies is expected to show substantial efficiency for accumulating remark-
able biocompatibility, biodegradability, self-healing, stimuli-sensitive gelation, and
shape memory properties collectively.

5 Supramolecular Chemistry

Supramolecular polymeric hydrogels can be achieved both by covalent and non-
covalent interaction. However, the self-healing polymers have more relied on non-
covalent interaction and hence the latter will be discussed in detail in subse-
quent sections. In this chapter, non-covalent method of supramolecular self-healing
polymer preparation accomplished by H-bonding, metal-ligand coordination, ionic
host—guest complexation, and electrostatic interactions will be discussed. The
bonding mechanism involved in the supramolecular polymers disused in this chapter
is given in Fig. 2.

5.1 Hydrogen Bonding

Hydrogen bonding mechanism is the most common driving force for the self-
assembly of supramolecules. Especially, this method of bonding is prime in a lot
of important biological and synthetic supramolecular systems. Biological tissue is
not only capable of successful self-restore of the damaged tissue but is also very diffi-
cult and resilient. The ‘secrets’ of some biological mechano-responsive strategies that
enhance biomaterials have recently been unveiled. However, such insight remains
undiscovered or undeveloped for man-made self-healing materials. A prominent
example is the stiffness of the channelled whelk. The egg-capsule wall of a chan-
nelled whelk effectively absorbs shock with a high degree of reversible extensibility
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Fig. 2 Self-healing supramolecular bonding mechanism between polymers and polymer hybrids
for tissue engineering applications

and stiffness. The structure segments proteins, undergo reversible a-helix to B-sheet
structural transitions with internal-electricity modifications when loaded. After the
removal of stress, energy relaxation consequences in the healing of the structure. As
another example, the toughening and shape memory of spider silk is the result of the
organization and the density of the intermolecular hydrogen bonds in silk crystals
that are adjusted through the spinning rate from the spider’s secretion gland [63].
The inspiring example for hydrogen bonding in nature is the evolution of DNA
and RNA and its formation into the three-dimensional assembly, where the process
also involves directionality and specificity in assembling the nucleotides through
hydrogen bonding in association with w—m stacking. Due to this similar type of
numbers bonding in a biological system, conventionally supramolecular were named
by the term, “living polymers”. The hydrogen bonding in supramolecules shows
liquid crystallinity and is hence mentioned as a liquid crystalline polymer (LCP).
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Even though hydrogen bonding is relatively weak bonds with energy in the range
of 1079 kJ mol~! because of their novel directionality and specificity in boding,
added with ease of design and synthesis capabilities to accept or donate or both
multiple hydrogen (H) bonds simultaneously, it is greatly explored in numerous
applications. Lehn and his group were the first people to develop a supramolecular
main-chain polymer through triple hydrogen bonding. A notable work contribution
was given by Cates and his group on developing physical models for understanding
the relationship between rheological parameters information of the supramolecular.
As with single H-bonds, the strength of the emerged interactions is affected by
various factors: (a) the nature of the donors and acceptors (i.e. rate of association,
nature of organic functional group bonding), (b) the choice of solvent and (c) the
configuration of the donor(D)—acceptor(A) sites (e.g. arrays of DDD-AAA has a
maximum number of secondary interactions compare to ADA-DAD arrays, similarly,
arrays of DAAD vs. DADA provide differing binding strengths through secondary
interactions opens the possibility of tautomerization).). A bottom-up approach for
the development of bioactive mesh made by electrospinning method using hydrogen-
bonded supramolecular polymers combined with ECM-peptides shows a promising
application for supporting living renal membranes [64].

Earlier reports on the self-healing supramolecular hydrogels prepared by hydrogen
bonding with in vivo evidence of tissue engineering applications are given in Table 1.

Self-healing hydrogels with N-carboxyethyl chitosan (CEC) and oxidized sodium
alginate (OSA) for the treatment of neurological diseases can create the aid of floating
live cells suspension in the hydrogel precursors are it can also be injected into the
target site simultaneously. The reaction mechanism for the preparation of the hydro-
gels by Schiff base reaction and the procedure of insertion of the transparent gels
loaded with cells to the lesion cavity is depicted in Fig. 3. A composite structure of
cytosine (C) and guanosine (G) modified hyaluronic acid (HA) by hydrogen bonding
shows good self-healing properties and has also shown pH-sensitive responses
suggested for tissue engineering applications [65]. Self-adhesive gels in an aqueous
medium prepared by gelatin methacrylate (GelMA) contributes to the possibility
of sutureless skin and stomach after surgery [66]. Polyurethane elastomers prepared
with multiple hydrogen bonds show good shape recovery property and with the incor-
poration of phosphorous in polyurethanes there occurs an increase in the mechanical
property of the hydrogels [67]. The antibacterial need of the tissue engineering gels
was also be rectified by incorporating suitable antibacterial element with the gels,
that does not alter the polymerization of the hydrogels. Studies on zinc ions incorpo-
rated carboxymethyl chitosan (CMCh) hydrogels validate it as a potential candidate
for antibacterial self-healing supramolecular gels [68].

5.2 Metal-Ligand Coordination Complexation

The formation of metal-ligand coordination complexes is constructively achieved if
polymer chains can form effective coordination bonds with metal ions. The metal
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coordinates help to form one-dimensional structure from supramolecular polymers.
Because of its complex dynamic properties, it is widely used in developing self-
healable materials. The preparation of metal-ligand complexation can be tuned to
adopt both in aqueous as well as organic media. In the mechanism of non-covalent
bonding, based on the choice of several ligands, bonding can form between polymer
electron pairs to the outer empty orbits of the metal ions. Some of the metal-ligand
coordination with lesser dynamic properties such as Ru (II) based complexes is
also possible and used similarly as covalent bond like polymer applications. This
type of bonding was also used as UV treated structural modifiable polymers and
used as biocompatible resigns. Nature-inspired mechanically enhanced self-healing
materials were widely explored by metal-ligand coordination complexation. Medical
adhesives, applied to wet tissue bonding were prepared by self-healing hydrogel
using metal-ligand coordinates, where the process is inspired by understanding the
chemistry of aquatic mussels. A detailed review by Balkenende et al. emphasizes
various methods of preparing medical adhesives inspired by marine animals [68].
Also, the review by Janarthanan et al. elaborates the metal-ligand supramolecular
hydrogels for tissue engineering and biomedical applications [67]. Notable work on
nature-inspired functionalized PEG-based hydrogels as sealants for amniotic sac was
reported by Messersmith and his group at the University Hospital Zurich. In mussels,
the strong bonding is mediated by a high concentration of 3,4-dihydroxypheny-I1-
alanine (DOPA) as explained by Waite et al. in 1981. In synthetic adhesive materials,
Fe3* were added with DOPA, which creates coordination bonds between them and
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Fig. 4 Preparation schema of the metal(Zn+)/folate biopolymer, which can be printable to desire
structure [81].

enhances the touchiness property. Other than Fe, the most common metal ions used
for metal-ligand coordinated supramolecular systems are Mn, Fe, Ru, Os, Co, Ir, Ni,
Pt, Cu, Ag, Zn, Cd and Hg. The choice of the metal ions was being used at a low
oxidation state to maintain the stability of the supramolecular system (Fig. 4).
Self-healing hydrogels prepared by metal-ligand coordination possess a modifi-
able rheological property by varying the Equilibrium constants (Keq) various metal—
ligand coordination bonds. A detailed review of various equilibrium constants for
metal ligands is given in the review by Shi et al. [72]. The hydrogels prepared using
Ni (II) and imidazole—polyaspartamide units, evidences the self-healing behaviour
with good adhesion property even under wet surface conditions [73]. The self-healing
property of metal-ligand hydrogels can be modifiable under ultrasound-mediated
conditions, which can induce needed chemical alteration in the in vivo aqueous
condition [74]. The ligand molecule can also be used from natural polymers such as
silk fibroin, hybrid with calcium phosphate compounds for bone tissue engineering
applications. The self-healing hydrogel for bone regeneration prepared using calcium
phosphate (CaP) and mSF (CaP@mSF) hybrid with biopolymer binder (Am-HA-
BP) to form a composite Am-HA-BP-CaP@mSF hydrogel has the capability for
bone regeneration and hence curing rat cranial critical defect [75]. A sequential
hybrid structuring of metal-ligand and wt—7 stacking can be developed as a robust
injectable and printable gel, using which various three-dimensional structures can be
structured (Fig. 3). In this type of supramolecular hydrogels, with the addition of suit-
able metal ions, it can be modifiable as pH-responsive shape memory structuring and
for antibacterial applications [76]. Some of the other potential applications of this
metal-ligand supramolecules for therapy and diagnosis applications is elaborated
by Zhang et al., in which in the nanoparticles hybrid this type of supramolecular
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applications
S. no | Polymers Force Load Application Refs.
1 CS-Ca2 + /PAA 122 MPaand |1.65-1.54 Mpa | Anti-fatigue [78]
and CS-Ca2 + 1292%,
/PAA-Fe3 + DN
hydrogels
2 Elastomeric - - Supramechanical | [79]
vitrimers robustness and
retentive
malleability
3 SN and DN - - Biomedical [80]
hydrogels applications
4 [PEG-Dopal4 - 1030-45 Pa Drug delivery [74]
5 Hierarchical - - Printable [81]
folate/zinc biomaterials and
supramolecular bioengineering
hydrogels applications
6 Silk-fibroin-based |- - Bone regeneration | [75]
Hydrogel applications
7 PHEA-his-metal - - Biomedical [82]
coordination gel applications and
antibacterial
activity
8 HA-BPand Ag + |- - Regenerative [83]
ions hydrogel wound treatment
9 PHEA-API gels - - Biomedical and [84]
drug delivery
applications
10 Agar/CMC-metal | — - Soft electronic [76]
ions DN gels based biosensing
applications

were also explored [77]. Some of the earlier reports on the self-healing supramolec-
ular hydrogels prepared by metal-ligand bonding with in vivo evidence of tissue
engineering applications are given in Table 2.

5.3 Electrostatic Interaction

Electrostatic interactions of supramolecular comprise attractive or repulsive inter-
actions between charged molecules. Mostly, electrostatic interactions are combined
with other interactions for material repair. Hydrogels prepared by electrostatic inter-
actions display the ability of strong and multivalent non-covalent interactions to form
extremely strong or stimuli-sensitive materials. Most of the electrostatic interactions



4 Three-Dimensional Self-healing Scaffolds for Tissue ... 143

in supramolecular were obtained by polyelectrolytes and results in phase separation.
However, the incorporation of a neutral hydrophilic block to the polyelectrolyte chain
results in the formation of a hydrogel. There is only a limited number of self-healing
polymers were explored by electrostatic interaction, due to the less reversibility and
dynamic properties. Wei and his group reported on the development of self-healing
hydrogels by electrostatic interactions using poly (acrylic acid) (pAA) polymer as
the backbone with free iron ions. This process was, however, similar to metal-ligand
interaction and an increase in Fe** concentration improves the self-healing effi-
ciency. Self-healing hydrogels based on short peptides forms ordered nanostructures
in an aqueous medium can be obtained by electrostatic interaction mediated self-
assembled systems. This array of peptide interactions arrangement is depending on
the amino acid sequencing, which can also form stable pB-strand or B-sheet structures
that can lead to self-assembled hydrogel scaffolds.

3D printable self-healing scaffolds for cartilage repair and regeneration
were achieved by a combination of silica/poly-tetrahydrofuran/poly-e-caprolactone
hybrids, which can also mimic the mechanical property of the articular carti-
lage. In addition to the self-healing property, poly (N,N-dimethylaminoethyl
methacrylate) (PDMAEMA) and poly(itaconic anhydride-co-3,9- divinyl-2,4,8,10-
tetraoxaspiro[5.5] undecane) (PITAU) based hydrogels prepared by electrostatic
interactions possess the capability of in situ drug delivery applications [85]. Some of
the natural polymers and natural inspired polymer structures such as cellulose [86]-,
chitosan [87, 88]- and collagen [89]-based hydrogels also show promising applica-
tion as self-healing tissue engineering applications during hybrid structuring with
additional molecules. A combination of two natural polymers, i.e. oxidized konjac
glucomannan with chitosan shows good antibacterial and adhesion properties with
excellent biocompatibility (Fig. 5). These hydrogels were also showing shortened
wound healing time and could significantly accelerate the re-epithelialization of
damaged tissues [90]. Some of the earlier reports on the self-healing supramolec-
ular hydrogels prepared by electrostatic interactions with in vivo evidence of tissue
engineering applications are given in Table 3.

5.4 Host-Guest Interactions

Next to hydrogen bonding, host—guest interaction is widely explored for supramolec-
ular hydrogel preparation due to its dynamic properties. In host—guest interaction,
the binding affinity, specificity and molecular recognition are mediated by comple-
mentary shapes and hence highly suitable for designing self-healing materials. The
‘host’ molecule typically has external characteristics that interact with the solvent and
internal characteristics that promote binding of a ‘guest’ via either a specific shape
or a favourable circumstance. Several macrocyclic compounds (e.g. crown ethers,
cucurbit[n]urils, calix[n]arenes, pillar[n]arenes and cyclodextrins (CDs)) have been
applied as host molecules for host—guest interactions to prepare self-healing mate-
rials. In these interactions, a stronger binding occurs between a hydrophobic guest
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(b) Adhere to skin Removal hydrogel

Fig. 5 a Schematic representation of the synthesis of self-healing hydrogel from natural polymers
chitosan(cs) with oxidized konjac glucomannan (OKGM). b Pictorial representation of Image of
adherence of hydrogel to the skin surface [90]

sequestered into the hydrophobic inner cavity of a host, such as cyclodextrins (a-, b-
and g-CD) or cucurbit[n]urils (CB[n], n = 5-8 and 10), in water through favourable
solvophobic interactions. The inclusion of complex formation changes the phys-
ical and chemical properties of the guest molecule and generally exhibits improved
water solubility. Scherman and co-workers reported in 2010 the first example of a
supramolecular polymeric hydrogel based on CB[n] host—guest inclusion complexes.
Owing to their low price, good availability and the ability to form the inclusion
complexes with high water solubility, CDs have been demonstrated to be highly
useful compounds in broad areas, such as analytical science, pharmacy, improved
separation techniques, catalysis, food, textile and cosmetic industries. On the other
hand, Cucurbit[n]urils (CB[n], n = 5-8, 10), named after the genus Cucurbita (genus
in the gourd family Cucurbitaceae) due to its structural resemblance, are macro-
cyclic oligomers composed of repeating units of glycoluril (monomer) by having the
hydrophobic cavity and the polar carbonyl groups surrounding the portals. Several
concerted intermolecular interactions promote the binding of guests by CB[n]s [96].
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A detailed review of the host—guest supramolecular polymers for biomedical appli-
cation is given by Bai et al. [97] and Jing et al. [98]. Recently, self-healing macro-
cyclic host—guest materials using elastomer approach has comparable or even higher
mechanical properties with other supramolecular self-healing materials were widely
explored due to the flexible bonding between host and guest molecules. These kinds
of polymers were highly suitable for 3D printing to create a defined structure with
high surface reactive functional properties. A detailed review by Pramod et al. on
bioprinting of hydrogel for various soft and hard tissue engineering applications [99].

With the aid of host—guest interaction excellent biocompatibility and enhanced
mechanical property can be achieved by UV-initiated polymerization (Fig. 6), in the
presence of host (isocyanatoethyl acrylate modified b-cyclodextrin) and guest (2-
(2-(2-(2-(adamantyl-1-oxy)ethoxy)ethoxy)ethoxy)ethanol acrylate) to form “three-
arm” shows its possibility towards soft-tissue engineering applications [100]. A
host—guest reaction between p-cyclodextrin (CD) and adamantane (AD) on modi-
fied gelatin shows excellent cell delivery for stem-cell-based tissue engineering
applications [101]. Through this type of interaction an even complex and extra-
cellular matrix-like 3D electroactive matrix can be achieved, in which cyclodextrin-
adamantane acts as a host—guest module. The self-healing duration of this gelwas also
quick within the 60 s. A modification of this base structure as 3,4-ethylene dioxythio-
phene: adamantyl-modified sulfated alginate /poly-B-cyclodextrin (PEDOT:S-Alg-
Ad/PB-CD) hydrogels shows good mechanical and electrical properties [102]. Simi-
larly, an electroactive degradable bio elastomer by the micropatterning method using
poly (glycerol sebacate) (PGS) copolymerized with aniline trimer (AT) promotes
cellular elongation and is suggested for cardiac tissue engineering applications [103].
Some of the earlier reports on the self-healing supramolecular hydrogels prepared
by host—guest interaction with in vivo evidence of tissue engineering applications
are given in Table 4.

PEDOT:S-Alg-Ad

Fig. 6 Schematic representation on the reaction bonding mechanism of the host—guest supramolec-
ular conductive hydrogel formed using that can mimic three-dimensional extracellular matrix-like
structuring for tissue engineering applications [102]
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6 7t—= Interactions

The words ‘mt—m stacking’ or, more commonly, ‘—m interactions’ are also used when
unsaturated organic groups are engaged in non-covalent interactions. To date, no
readily available or intuitive model has been proposed. t—t stacking is a phenomenon
for larger structures except for some improvement in understanding the basic princi-
ples [104]. When extended structures are built out of building blocks with aromatic
moieties, they may create self-assembly or molecular recognition processes. There-
fore, from massive biological structures to comparatively small molecules, mt—m
interactions differ [105]. In a greater number of chemical, physical and biological
processes, non-covalent interactions involving m schemes are vital. In the case of
proteins, the function of aromatic T interactions is evident, considering that in their
side chains there are plenty of amino acids arrangements with the aromatic ring
structure. In particular, interactions influencing the protein’s structure and function,
these aromatic side chains may be involved and behaving in a way unique to aliphatic
amino acids. These phenomena also regulate the vertical base—base interactions that
balance DNA’s double-helical structure, the intercalation of drugs into DNA, and the
crystal packing of aromatic molecules. The more notable contribution next to DNA
structuring is the assembly of tertiary protein structures, which includes polyaromatic
macrocycle conformation preferences based on binding properties, functionalization
in many host—guest systems, and porphyrin aggregations.

To understand the mechanism of the t—m interaction, a basic electrostatic model
that considers several of the experimental results to represent the energy of the
interaction between two molecules is given as

Etotal = Eelectmstatic + Einduction + Edispersion + Erepulsion

The main contributions to the energy of interaction come from the factors of
electrostatic and van der Waals, induction being a second-order concept generally.
Where this term is often desirable for interplanar separations of interest (greater than
3.4 A). The interaction of van der Waals between molecules of the kind is approxi-
mately proportional to the region of m overlap. The m—m interactions between two
aromatic entities can be roughly categorized into three groups based on geometry:
edge-to-face T-shape, parallel displacement, and parallel co-facial stacking. Edge-to-
face T-shaped geometry is favoured by the thin, unsubstituted aromatic compounds,
while substituted and large multi-ring aromatic compounds favour parallel displaced
geometry. It is very unusual to find co-facial parallel layered geometry [106]. In the
arrangement of aromatic rings, a stacked arrangement will usually be distinguished
from an edge- or point-to-face, T-shaped conformation [106]. A C-H ... 7 interaction
is the T-shaped conformation. Stacking may not have to be a complete face-to-face
atom alignment, but it could also be a slipped or offset bundle. In aromatic inter-
actions, both face-to-face and T-shaped conformations are constraining modes. In
each of these, as m—m interactions, the stacked arrangements are of special interest.
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To clarify the nature of m—m interactions, a large number of theoretical and experi-
mental experiments have been carried out. While there is substantial scientific proof
on the structural property of these relationships that influence their character, their
true existence is indeed a matter of some concern [105].

Figure 7 shows a basic model of a m-system; it comprises a positively charged
o-framework sandwiched between two m-electron clouds that are negatively charged
[107]. Currently, the interaction between two such 1 systems (i.e. an enticing interac-
tion) is counter-intuitive since the repulsion of the two nearest approaching ~ clouds
would be the dominant interaction. The o-electrons must be viewed separately from
the framework when the separation of the two wt-systems is equal to their thickness
[108].

A much more understanding can be obtained from the earlier computation results
of the T—m complex stacked systems [109]. For t—m complexes, a displacement
layered configuration matching the structure of the multiple layers in graphite is
the most favourable relative orientation. The most favourable configuration of o—mt
dimers is the same arrangement, while the most favourable geometry in the case
of aliphatic o—o dimers is the fully stacked one, with one molecule only on top of
another. As the size of the system grows, the key factor favouring the durability of
aromatic dimers over aliphatic ones is linked to the existence of the aromatic struc-
tures. Changes in molecular properties as the aromatic system expand due to greater
electron delocalization contribute to an increase in the contribution of dispersion to
stability, which is absent in aliphatic dimers. Moreover, in m—mn dimers linked to
the softening of the repulsive wall, additional stability is found that enables shorter
intermolecular distances. Compared to complexes containing aliphatic species, the
combination of these two effects makes m—m dimers more and more stable as the
system size increases [110].

In terms of a quadruple moment with partial negative electrostatic potential above
both the aromatic faces and a partial positive electrostatic potential for the benzene
form of molecules around the periphery, Sanders and Hunters have clarified n—mn
interactions. They have already shown that two such quadruple moments in proximity
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Fig. 7 Schematic illustration on the basic models of electrostatic attraction between ¢ framework
and the  electron density by face-to-face m-stacked, parallel displaced and by T-typed geometry
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can favour edge-to-face T-shaped or parallel displacement over co-facial geometry.
If strong electron-donating groups are added to the aromatic ring (e.g. hexafluoro
benzene), polarization happens in the opposite direction, resulting in a quadruple
moment with a partial positive electrostatic potential above both the aromatic faces
and a partial negative electrostatic potential along the periphery. Now, whenever one
such aromatic electron-deficient ring gets next to an aromatic electron-rich ring, an
electrostatic attraction takes place between the two opposite quadrupole moments,
and the co-facial parallel stacked geometry is followed by the structures. In this type
of assembly, due to lowering in the highest occupied molecular orbital (HOMO)
(from the electron-rich aromatic compound)—Lowest unoccupied molecular orbital
(LUMO) (from electron-deficient aromatic compound) distance, a charge transfer
complex is sometimes formed. As Hunter and Sanders have stated, however, charge
transfer is not the driving force for this complimentary stacking of m—m but is a
consequence of this interaction.

Even though the field of m—m-stacking is old as five decades, the synthesis of
supramolecular polymerization for biomedical application is limited. A work on
romantic T—mn-stacking between the m electron-deficient diimide groups and the &
electron-rich pyrenyl units is consistent with an elastomeric, healable, supramolec-
ular polymer mix containing a chain-folding polyimide and a telechelic polyurethane
with pyrenyl end groups. More than 95% of the tensile modulus, 91% of the elon-
gation to crack, and 77% of the hardness modulus of the pristine composite were
reproducibly regained by a broken sample of this material [111]. Other than this,
chain-folding co-polymers that contain m electron-deficient diimide units in the
backbone are described in several recent papers. Spectroscopic and crystallographic
studies of these polyimides and associated model compounds have shown that chain-
folded conformations can be introduced to associate with m-electron-rich aromatic
molecules, folded conformations that increase the number of complementary t—
stacking interactions. As a consequence of the thermo-reversibility of non-covalent
interactions, a novel supramolecular polymer structure in which the terminal pyrenyl
groups of a polyamide intercalate into the chain-folds of a polyimide through
electronically-complementary w—m stacking shows both improved mechanical
properties relative to those of its components and simple healing characteristics [112].

7 Bioinspired Systems Chemistry

Learning from nature on the self-organization and autonomous functioning of my
mode of chemical interactions has opened the way to the new exploring field called
‘systems chemistry’. In this field of research, much focus is emphasized on the
emergent properties of the formation of the complex systems from simple solutions
and the mote of interactions between the molecules. As this topic of research is
new, a lot more properties on creating synthetic polymerization through biomimetic
approaches are being examined.
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When observing nature, the structure and functionalities of the biological systems
have precise control, which follows a temporal programme by utilizing a cascade of
enzymes. To achieve a biomimetic material with similar properties like biological
systems, more understanding is needed for the system chemist in the concepts of inter-
connection bonding, thermodynamics, photo interactions, etc. [113]. Specifically,
for developing the higher complex supramolecular system, the concepts of bioin-
spired fuel-driven systematic enzyme reactions need to be targeted. In this, nature
has employed much sensitivity, selectivity and specificity in the choice of interaction
followed by its transient changes in each stage of life. The validation for this type
of reaction can be found in microtubules. In which, the duration of the assembly of
adenosine triphosphate (ATP) is controlled by the presence of guanosine triphosphate
(GTP) as fuel [57]. Also in mitochondria, to maintain thermodynamic equilibrium
for cell relaxation, the actin filaments utilize ATP and systematically the micro-
tubules utilize GTP to control the independent variations in the formation and decay
kinetics. Recently, integration in the synthetic systems under far-from-equilibrium
conditions was developed to mimetic the individual characteristics of life that include,
compartmentalization, replication and metabolism. However, the synthesis process
is complicated with the requirement of advanced equipment needs that are limited
to the small-scale structure. This concept in the future may be advanced in devel-
oping nano- or microscale self-synthesizing energy-efficient compounds that has the
potential of regulating and repairing themselves [114].

The thermodynamic principles for supramolecules as proposed by George et al.
are given in Fig. 8 [115]. The figure adopted here depends on the bioinspired living
polymerization followed by aggregated at higher transient state concerning variation
in Gibbs free energy. In the energy, the pathway has been distinct by four distinct
thermodynamic states. Out of these states, three initial states were found in living
supramolecular polymerization that includes non-dissipative kinetically trapped (G
>> KgT), non-dissipative metastable (G ~ KgT) and thermodynamic equilibrium
state. These states also can be represented as an activated molecule, kinetic dormmate
state and thermodynamic assembled state in discussing bioinspired self-assemble
structure. Above the equilibrium states, again there is an uphill in the energy level that
results in dissipative polymerization structuring. Amongst the three states of living
polymerization, the thermodynamic equilibrium energy level is the most stable state.
And hence, for the development of supramolecular systems, often this thermody-
namic equilibrium state is intended to achieve. However, in some polymerizations,
this method of achieving polymerization resist reorganization with time and remains
kinetically and thermodynamically stable [116]. In the recent past, the focus has
shifted from the thermodynamic stable state to the development of non-dissipative
kinetically trapped structures. Where the modifications were done through mass
inputs and energy shifts towards non-dissipative states from the states of thermo-
dynamic equilibrium. The controlled preparation modalities are difficult to achieve
which involves complex pathways and non-uniform assemble rates. However, by a
proper understanding of the kinetic models of the specific compound, the competing
pathways can be modifiable in desired directions [117].
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follows transient self-assembly with the dissipative non-equilibrium condition [57]
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In a biological system, the living supramolecular polymerization can be evidenced
from ‘protein-only’ hypothesis. This involves the formation of abnormal protein
aggregates, observed in prion infection. More specifically, the process involves the
transformation of porphyrin-based supramolecular assembly from a nanoparticle to
nanofibre upon addition of a very small amount of pathogen (i.e. nanofibre solution).
Where the protein is inert and kinetically stable in normal conditions, but in the
presence of a pathogenic environment, it results in abnormal polymerization due to
structural rearrangements and aggregation [115, 118]. Figure 8b can also be repre-
sented concerning the energy landscape pathway of porphyrin dye, the kinetically
stable state on the left side is called as ‘isodesmic’ process with lesser or negli-
gible aggregates (J-aggregates). And upon crossing the active barrier, there occurs
polymerization by the formation of—m-stacking interactions and thereby results in
one-dimensional aggregates (H-aggregates) with lesser dispersity [119]. Meijer et al.
reported a lot of works on these types of supramolecular aggregation and this pathway
complexity. A lot of studies all show that there is the possibility of a repeated poly-
merization process in the given system [115]. Notable work has been reported on the
synthesis of bis(pyrene) derivatives, BP1 and BP2 [120]. By altering the thermody-
namical states, they have achieved J-type aggregates with almost 30-fold fluorescence
enhancement compared to H-type aggregates. This J-aggregates also shows poten-
tialities as functioning as nanoprobes for lysosome-targeted imaging in living cells
with negligible cytotoxicity. The similar type of fluorescence property in organic
supramolecular self-assembles in platinum(Il) supramolecular structures containing
BODIPY-based bridging ligands opens the possibility of these types of assembled
structures for theragnostic applications [121]. In the future, the development of this
type of assemblies is expected in the area of tissue engineering applications.

8 Conclusion

The progress in the development of self-healing scaffolds mimicking the structural
and functional property of the tissue condition still has lots of topics that need to get
explored. However, the recent research developments in understanding supramolec-
ular chemistry in T— interaction, T—7-gelators, bioinspired polymerization, nanos-
tructure mediated synthesis were promising in enhancing the property of the self-
healing hydrogels. By making the supramolecular self-healing hydrogels with suit-
able hybrid or composite structure, it will help make the hydrogel to be a shape
memory scaffold, that can also modifiable using the 3D printing method to obtained
customized structure for the need of the treatment conditions. In future, DNA hybrid
self-healing gels, biomimetic gels, hydrogels with precultured cells that defining
specific organs is giving hope towards the positive growth of this research area for
the need of human beings.
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Abstract Corneal transplantation from donor tissue is one of the primary healing
of cornea diseases. However, the scarcity of donor tissue is a serious problem.
Tissue engineering approaches offer an alternative recourse for corneal regenera-
tion. Corneal tissue engineering (CTE) can provide tissue substitute to preserve
and enhance corneal functions combining cells, bioactive molecules, and three-
dimensional scaffolds for native cornea transplantation. 3D printing is a novel and
rising process for constructing layer-by-layer fabrication of these materials in clinical
applications. Among the different materials, gel-based inks are remarkable materials
to use as ink in the 3D printing. In view of the printability feature of the inks, the
processing abilities of the gel-ink formulation is an important parameter to consider.
Furthermore, to produce gel-ink with transparency, non-toxicity, and mechanical
properties almost identical to the human cornea have a vital role in replacing corneal
tissues. Herein, the desired properties for selecting gel-inks and combination and
characterization of inks for 3D printing in CTE are presented in detail.

Keywords Corneal tissue engineering - Hydrogel + Ink * 3D printing + Corneal
regeneration
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1 Introduction

1.1 Structure of the Cornea

The cornea is a transparent, multi-layered avascular tissue that preserves the eye
against infections and acts as a structural boundary [1]. Since the cornea is a non-
vascular structure, there is no blood vessel to feed it or protect it against infection. The
oxygenation and nutrition of the cornea are provided by tear secretion on the outside
and intraocular vision fluid on the inside. Together with the tear film, it provides an
appropriate pre-refraction surface for the eyes. The cornea has 11-12 mm horizontal
length and 9-11 mm vertical length in adults. The mean corneal diameter is 11.77
=+ 0.37 mm in men and 11.64 & 0.47 mm in women [2, 3]. Corneal tissue consists
of five basic layers (Fig. 1), front to back, each of which has an important function.
These are stroma, epithelium, Descemet’s and Bowman’s layers, and endothelium.
The Bowman and Descemet layers are the acellular layers. Stroma, endothelium, and
epithelium are the cellular layers [4].

1.1.1 Epithelium

The epithelium is the outmost region of the cornea and comprises of a homogeneous
cell layer. It makes up about 10% of the tissue thickness. It is smooth, uniform and
consists of non-keratinized squamous epithelial cells [5]. The epithelium is loosely
attached to the underlying base layer and Bowman’s membrane. The corneal epithe-
lium, like most epithelium, spreads cells into the environment. This is a strategy that
possibly prevents the progression of pathogens to relatively immunologically defi-
cient stromal tissue [6]. Corneal epithelium differs from conjunctural epithelium in
that it has no mucin and goblet cells but contains protein-bound to glycogen. There

¥ Epithelium
e : - ~ Bowman'’s layer

—_ Keratocytes

Stroma
Collagen fibrils

. = Descemet’s layer
Y Endothelium

Fig. 1 Structural anatomy of the cornea with its layers
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is a symbiotic relationship between the epithelium and the tear film covering it. The
mucin layer of the tear film, which is in direct connection with the epithelium, is
manufactured by the conjunctival goblet cells [7]. Corneal epithelial cells undergo
apoptosis, desquamation, and evolution.

The lifetime is 7-10 days. There are three kinds of cells in the epithelium: basal
cells, wing cells, and superficial cells. Superficial cells consist of flat polygonal cells
approximately 2—6 pwm (thickness) and 40-60 pwm (diameter) values. The epithelial
layer consists of small light cells and large dark cells. Desmosomes form the tight
junction between superficial cells, and these are placed in the lateral tissue layers
of all epithelial cells to hold the epithelial cells attached. Basal cells with abundant
organelles are the only cubic or columnar layer of the epithelium. The deepest cell
layer (about 20 wm high) of the epithelium compromises. Basal cells are the origin
of the wing and superficial cells and the solely corneal epithelial cells adequate to do
mitosis. The basement membrane consists of type IV collagen and lamine released
from basal cells. It is 40-60 nm thick. Lamina densa and lamina lucida form the
basement membrane. In addition, the basal membrane is required to adjust cellular
signal and traffic between stroma and epithelium, and for adhesion and polarity of
epithelial cells [8].

1.1.2 Bowman’s Layer

Itis the acellular layer known as the Bowman layer or Bowman membrane. This clear
layer is nearly 12—18 pum thick in persons and supports the cornea to retain its form.
It does not renew when injured and may end in scarring. If these scars are centrally
located and large, some vision loss may occur. The Bowman layer gets thinner with
aging [9]. It can be thought about a special area of the prior stroma that mediates
transactions with the epithelium [10]. This region consists of strong layered protein
fibers called collagen with very small diameters around 18-30 nm. Collagen fibers
are synthesized and released from stromal keratocytes. Collagen type I and type Il in
this layer are smaller than collagen fibers found in the stroma [11]. The Bowman layer
comprises anchoring complexes consisting of anchor plates containing collagen IV
and anchoring fibrils containing collagen VII, except for collagen fibrils [12]. Once
the Bowman layer is broken, it will not regenerate, and its absence does not affect
corneal function [13]. In recent studies, it has been successfully reported that the
Bowman layer is removed from a cadaver donor and transplanted to recipients with
significant anterior corneal scars [14].

1.1.3 Stroma

Stroma is the primary component of the cornea and forms more than ninety percent of
the cornea thickness. It comprises principally of 78% water, 16% collagen and doesn’t
comprise blood vessels. Stroma differs from other collagen structures in terms of its
biomechanical properties. It provides sufficient strength, transparency, and stability
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[8]. The stroma has a transparent structure due to the well-defined arrangement
of stromal fibers and extracellular matrix (ECM). Cornea stroma consists of ECM
and keratocytes. ECM comprises collagen (Type I, III, V, VI) and glycosaminogly-
cans [15]. Glucosaminoglycans form chondroitin sulfate, dermatan sulfate, keratan
sulfate. Glucosaminoglycans predominantly contain keratan sulfate. The corneal
stroma has keratocytes and about 300 collagen lamellas. Keratocytes are the dominant
cellular parts of the stroma, and most are found in the anterior stroma. They preserve
the ECM surroundings [16]. They are dispersed between the stroma lamellae. The
stroma consists of collagen fibrils with the parallel array. Proper spacing and align-
ment of collagen fibers in the stroma are very critical on the transparency of the
cornea.

Cell Classifications in the Corneal Stroma

1. Keratocytes

Keratocytes consist of about 10% of stroma by volume. They are responsible for
protecting the extracellular matrix environment and the development of the stroma
[17]. Keratocytes direct and regulate the deposition of collagen fibrils. Some of the
main functions of the corneal crystals in the keratocytes in the cornea are to reduce
the amount of reflection of the rays coming to the cornea and to contribute to the
preservation of the transparent structure of the cornea. Keratocytes synthesize and
store crystals at a high rate in their cytoplasm. This accumulation of crystals stored
in the keratocyte promotes the transparency of the stroma, similar to cells in the
natural lens [18]. The three-dimensional keratocyte arrangement can be examined
with confocal biomicroscopy, light microscopy, and scanning electron microscopy.

2. Stem Cells

Adult stem cells are placed in the limbal stromal region of the corneal stroma [19].
These adult cells are usually detected in specific places or positions in the body.
Adult stem cells, glial fibrils, and chondrocytes can develop into different cell lines,
including acidic protein-expressing cells [20]. Glial fibrillary acidic protein (GFAP)
is a protein that is indicated by many cell kinds of the central nervous system. It
is a familiar neural factor and can play a role for herpes simplex virus-1 (HSV-1)
infection in the cornea. Adult stem cells can also be expanded as keratocytes that can
regenerate stromal tissue. Stem cell habitats are often effective at changing lost cells
to regenerate them when tissue is injured or loses function. Treating corneal wounds
and infections is currently limited. Therefore, the recognition and isolation of stem
cells have attracted great notice. Recognition of stem cells has the capability for the
healing of injured cornea tissue [21].

3. Dendritic Cells

These are specialized hema-topoetic cells, and they are a sub-set of immune-
regulating antigen-giving cells [22]. It plays a vital role between acquired and adap-
tive immunity. They are nonhomogenous inhabitants of bone marrow acquired cells
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along with the cornea [23]. The dendritic cells in the cornea are main players in epithe-
lial wound healing and response to infection. When dendritic cells are exhausted,
recovery is reduced [24].

ECM of the Cornea

The structural arrangement of the stroma is critical for transparency of the whole
cornea. Transparency depends on the uniform packaging of uniform, small diameter
collagen fibrils. Fibrils are packed equidistantly [18]. The diameter of the fibrils
is generally between 25-35 nm and varies according to the species. In the corneal
stroma, collagen I is the dominant kind of fibril-forming collagen. In addition, the
extracellular matrix and corneal stroma structure are generally not determined by the
type of collagen present [25].

1. Collagen

The most abundant element of the extracellular matrix (ECM) in tissues is collagen
[26]. Collagen accounts for more than seventy percent of the dry mass of the cornea.
The collagen in the corneal fibrils are types L, IT, III, V and X1 that possess a continuous
triple helix area of approximately 300 nm and provide the greatest tensile strength to
the cornea. Type I collagen is a plentiful protein in the stroma [1]. Type V and type
VI collagen are also remarked in relatively large amounts. Collagen V constitutes
10-20% of the fibril forming collagen, and it is responsible for modification of the
fibril diameter. Type III is normally found at low rates but can be increase related to
inflammation, wound healing, and pathological situations. In addition, collagen III
is extensively found in many organs, involving the skin, blood vessels, intestine, and
uterus. Collagen XI can be found in the slightest degree. Type XII collagen combines
with the top of collagen fibrils and changes their possessions [27].

1.1.4 Descemet’s Layer

Descemet’s membrane (5-10 pwm) is the basic layer of the cornea endothelium. In
humans, its thickness value slowly rises from birth to maturity [28]. It is a supe-
rior base membrane in terms of both size and composition. Descemet’s membrane
behaves like a defensive boundary under the stroma against infections and damages.
Easily regenerated after injury [29]. Descemet’s membrane consists of fibronectin,
laminin, and proteoglycans, including heparan, keratan and dermatan sulphates. The
content and qualities of proteoglycans are essential for tissue hydration. Structurally,
Descemet’s membrane comprises collagen, type IV and VIII. Type IV collagen is
a familiar element of the basal lamina part of basement tissue layers. Type VIII
collagen is scarce in other parts of the body but is found in high concentrations in
Descemet’s membrane [8].
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1.1.5 Endothelium

The corneal endothelium is a single honeycomb-like cell layer on the cornea. It
comprises a single hexagonal layer (5 pm) of 400.000 cells [30]. The endothelium
places on a thick basement and Descemet’s membranes. Endothelial cells are not easy
to regenerate. Age-related and layer damage can be compensated by surrounding
cells. But there is a limit to the endothelium’s ability to compensate [31]. If too
many endothelial cells are destroyed, corneal edema, corneal swelling and blindness
occur. In case of damage or loss of corneal endothelial cells, water absorption by
the cornea stroma increases. Endothelial cells comprise ion transport structures that
prevent water from being absorbed into the stroma. Endothelial cells are essential
for keeping the cornea clean. Endothelial cells act as a barrier preventing fluid from
entering the cornea. Endothelial cells prevent overhydration of the stroma by moving
water and ions from the stroma [32]. In other words, it pumps the excess liquid out of
the stroma through ionic pumps and auxiliary carriers. If this pumping system does
not exist, the stroma will swell with water and become cloudy opaque. Therefore, the
endothelium is of paramount importance in preserving the nutrition and transparency
of the cornea through this “pump-leak” system [33]. In a healthy eye, there is a perfect
match between the fluid pumped from the cornea and the fluid moving to the cornea
[33].

1.2 Desired Qualities for Cornea Replacement

Tissue engineering is one of the new advances in treating corneal disorders begin-
ning from the epithelium to the stroma and endothelial layers. The epithelium is
thin layers that make up about 10% of the thickness of the cornea, respectively,
and the endothelium, about 1%. Stroma is a dense layer with a regular form [34].
Accordingly, in order to heal the injured tissue; 2D and/or 3D cell transportation
methods have been employed according to the natural structure of each layer [35].
2D scaffolds provide suitable fibrillar structure and mechanical properties for epithe-
lial and endothelial layers and cultured cells, but cannot imitate the complex 3D
form of stroma tissue. Transplantation technique is significant for improving ocular
surface defects. Delivery methods such as non-invasive growth factor/limbal stem
cell injection are preferred to an operation known as incursive manipulation with
the soft corneal surface [36]. In scaffold-based cell delivery techniques, scaffold
properties such as surface topology, stiffness, cytocompatibility, and degradation
behaviour have a significant effect on cell growth and differentiation [37]. The
mechanical properties mimic the native tissue microenvironment and influence cell
distinction. The swelling rate relies on the hydrophilicity and hardness of the pier.
Water capacity is important for biocompatibility and cell growth. Because it is related
to hydrophilicity and is inversely proportional to the mechanical resistance of the
carrier. The transparency of the cornea relies on the size and ordered distribution of
the stromal collagen fibres. Therefore, suitable surface topology can increase cell
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proliferation and differentiation in stromal tissue regeneration [38]. Biomaterials are
separated into two classifications, natural and synthetic biomaterials. Natural ones
are important in cornea regeneration due to their biocompatibility, and suitable cell
adhere positions. However, high degradation rate and poor mechanical properties are
drawbacks of naturally obtained biomaterials.

On the other hand, synthetic biomaterials have a low degradation rate, suit-
able mechanical strength, and adjustable geometry. Hydrogel-based scaffolds in 3D
structures contain cross-linked polymeric materials that retain important quantities
of water. Non-hydrogel scaffolds are other kinds of scaffolds, such as films and
electrospun mats [39].

2 Corneal Regeneration in Tissue Engineering

2.1 Scaffold-Based Tissue Engineering for Corneal
Regeneration

Tissue engineering proposes a distinctive solution for transplantation because of the
donor corneas deficiency. Tissue engineering-based inserts may diminish the proba-
bility of refusal and complexities emerging from the operation, comprising bacterial
disease, enzymatic degradation of encompassing tissue, and destitute balance [40].
The main components in deciding the ability to manufacture tissue to precisely
replicate innate tissue are the type of material (Fig. 2). Scaffolds give a functional
synthetical intercellular substance to permit a tissue to create. The various scaffold
types are stromal scaffolds, decellularized scaffolds, nanomaterial-based scaffolds,

biomaterials based gel

Naturally-derived / =

Synthetic
biomaterials based gel
Synthetic
+

lly-derived bi
Artificial based gel
cormea

Fig. 2 Combinations of the materials to form gel-inks for corneal transplantation
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and bioprinted scaffolds. Physical possessions, cytocompatibility, degradation, and
optical features are the critical parameters for choosing a proper scaffold mate-
rial. The size and number of the pores and surface area are the significant factors
for cell migration, growth, and new tissue development [41]. Mechanical qualities
of the scaffolds have to be suitable for the native cornea. Recent progress in mate-
rials manufacture methods such as bioprinting, electrospinning, and diverse collagen
arrangement strategies, permit constructs to be created that more precisely simulate
the nature of the corneal stroma [42]. The impacts of corneal cell multiplication and
migration on the substance have to be taken into account in selecting suitable material
as a scaffold for utilizing in corneal tissue designing [43].

When planning a scaffold for corneal regeneration, one of the key components
to remember is how it would be implemented. On the sort of required scaffold, the
sort of surgery which is required has a noteworthy impact. Depending upon the
kind of damage or therapeutic disorder, various procedures or keratoplasties can be
employed to repair sight. Penetrating keratoplasty (PKP) includes the expulsion of
the total thickness of the cornea. Alternative techniques are deep anterior lamellar
keratoplasty (DALK), anterior lamellar keratoplasty (ALK), Descernet’s stripping
endothelial keratoplasty (DSEK), and Descemet’s membrane endothelial kerato-
plasty (DMEK) [44]. Cell culture before transplantation is necessary and important
when using endothelial cells. In cases where cells are transplanted into scaffolds, the
origin and phenotype of the cells are important [1]. ECM molecules must have the
ability to renew the structure when the scaffold degrades. Scaffolds can be designed
as a fixed implant that does not make variety with the period. As a corneal substi-
tute, scaffolds have more potential that supports remodelling and regeneration. The
biocompatibility of the scaffolds is critical for their surviving after implantation and
also the materials and their degradation products that used to fabricate the scaffolds
must not be noncytotoxic and not cause an immune response from the host. The
light transmission of the cornea is an important factor when producing scaffolds.
The cornea permits light to pass across the observable light spectrum (wavelength
400-780 nm) [42].

2.2 Synthetic Biomaterials for Corneal Regeneration

Biomaterials include natural and synthetic polymers that allow the required proper-
ties for customization [45]. There are adequate mechanical power, quick polymeriza-
tion, low degradation rate, and synthetic biomaterial configurable geometry features
[46]. Since the structure and biological substitution can be organized, synthetic poly-
mers are beneficial for making extremely verified cellular areas [47-50]. Synthetic
materials can be solid-like materials which are non-water soluble polymers formu-
lated into fibres [51, 52], sponges [53] or layers [54] and hydrogels. Hydrogels are
largely utilized in tissue engineering due to their elevated water amount, 3D shape,
changeable possessions, and large mass deliver. Non-hydrogel based scaffolds are
a convenient option in regenerative medicine due to their greater mechanical power
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[39]. A diversity of synthetic substances contain poly(vinyl alcohol) (PVA) [55],
poly(2-hydroxyethyl methacrylate) (PHEMA) [56], polyethylene (glycol) Diacry-
late (PEGDA) [57], poly(lactic-co-glycolic acid) (PLGA) [58] and poly(ethylene
glycol)/poly(acrylic acid) (PEG/PAA)-based hydrogels [58, 59] use in corneal tissue
engineering as a substrate or corneal substitutes. PEG that is used the loss of corneal
endothelial cells disease is a biocompatible synthetic polymer and has a proper
mechanical property. The disadvantage of this polymer is a lack of cell integra-
tion [60]. PEGDA with the same properties and disadvantages as PEG is used for
corneal wound disease [61]. PCL that is used dysfunction or loss of epithelial stem
cell diseases is a biocompatible synthetic polymer and has a proper mechanical
property. The disadvantage of this polymer is a low degradation rate [62]. PEG +
PAA combination that is used epithelial defect and corneal thinning diseases has
the same properties as PEG, PEGDA, and PCL. The disadvantage of this combina-
tion is inducing inflammatory response [63]. PVA that is used corneal blindness is a
biocompatible synthetic polymer and has a proper mechanical property. Disadvan-
tages of this polymer are a low degradation rate and a lack of cell integration [64].
PLGA that is used limbal deficiency disease has proper mechanical properties. The
disadvantage of this polymer is the lack of cell integration [61].

2.3 Corneal Regeneration Using Naturally Derived
Biomaterials

Natural biopolymers have essential features such as strong biocompatibility,
biodegradability, low immunogenicity, noncytotoxic degradation products, easily
adjusted biological system degradation rates, and overall material availability [65].
They are also an effective choice for tissue regeneration due to their proper cell-
binding area [39]. Weak mechanical power and high degradation rate are draw-
backs of natural biomaterials [40]. Collagen consists of 70 percent of the cornea’s
dry weight [66, 67]. Hydrogels, films and sponges are used to fabricate different
collagen scaffolds for corneal tissue engineering [68]. Collagen films can be used for
various purposes in corneal tissue engineering such as transplantation of endothe-
lial or epithelial cells [69, 70] or stacked to produce laminal layers [71]. Gelatin is
a protein obtained from the hydrolysis of collagen [72]. This material has features
such as biocompatibility, low cost, and low immunogenicity, and these factors make
gelatin a favourable material [73, 74]. Besides, gelatin can make bioadhesive hydro-
gels fix and repair the cornea after damage without the sutures [75, 76]. Fibrin that
has been utilized as an option to suturing for keratoplasties is created by combining
fibrinogen and thrombin. Fibrin uses to close corneal wounds and leaks after surgery
due to damage caused by trauma [77]. Fibrin has been used for corneal develop-
ment in conjunction with agarose [78, 79]. The existence of agarose mechanically
stabilized the hydrogel and enhanced transparency [79]. Chitosan is has been used
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to utilize to create scaffolds for different types of tissues. This material has advan-
tages such as nontoxic biodegradability, antimicrobial and anti-inflammatory prop-
erties, low toxicity, immunogenicity and biocompatibility [80]. However, chitosan
also has disadvantages such as poor mechanical properties and quick degradation.
For cornea engineering to obtain scaffolds, chitosan is used with gelatin or gelatine
and hyaluronic acid to create layers to culture and transplant limbal and epithelial
cells and with silk fibroin to fabricate a corneal stromal substitute in previous studies
[81, 82]. Alginate is a natural polymer obtained from seaweed, and it has been utilized
with gelatin nanofibers to fabricate a cornea stroma [83]. Hyaluronic acid is a nonsul-
fated glycosaminoglycan (GAG) and has a critical role in wound healing and used
as a scaffold for cornea engineering.

Hyaluronic acid has been used to culture corneal epithelial cells and as a potential
carrier for endothelial cells [84-86]. All of these materials were given in Table 1
with their advantages and disadvantages.

3 Corneal Regeneration Using Gel-Based Scaffolds

3.1 Desired Properties of Gel-Inks for 3D Printing
in Corneal Tissue Engineering

Hydrogels can be a good candidate for smart or stimuli-sensitive biotechnology stages
due to their unique properties. They can differ from a liquid to gel as a reaction to a
stimulus [87]. Furthermore, hydrogels have a similar structure with the extracellular
matrix and three-dimensional models that support cell spread and viability. Therefore,
hydrogels have important suitable qualities for cornea regeneration [87] which are
summarized in Fig. 3.

Several important facts should be considered to fabricate the novel hydrogels for
ocular operations, such as physical nature, elasticity, surface structure, water capacity,
and oxygen permeableness [87]. Transparency, refractive power, and protection are
the parameters that a synthetic cornea should have [87].

One of the most critical qualities of the human cornea is optical transparency
and optical density. This property can be impressed by some conditions such as
curvature nature of cornea and mechanical strength against the intraocular pressure
[88]. Therefore, these properties should be considered together to fabricate the native
cornea-like tissue. Collagen fibril alignment in the stroma has an essential role in the
transparency of the cornea. These narrow (~32 nm) and separated collagen fibrils
run parallel to each other in lamellae composed of cross-oriented stacked layers.
Innate collagen fibrils have the alternating space and overlap fields along the fibril
(D-periodicity). This is coming from the organization of collagen molecules. The
periodic order is important for generating heterotypic forms having in it fibrillar
collagens and non-collagenous macromolecules. Proteoglycans hold to particular
parts along the fibrils, and they have an important role in a matrix organization and
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Table 1 The naturally derived and synthetic biomaterials for cornea tissue replacement

Scaffolds Material type Advantages Disadvantages
Poly (ethylene glycol) Synthetic Biocompatible Lack of cell
(PEG) Proper mechanical integration
property
Polyethylene (glycol) Synthetic Biocompatible Lack of cell
Diacrylate (PEGDA) Proper mechanical integration
property
Polycaprolactone (PCL) Synthetic Biocompatible Low degradation rate
Proper mechanical
property
Poly(ethylene Synthetic Biocompatible Inducing
glycol)/Poly(acrylic acid) Proper mechanical inflammatory
(PEG + PAA) property response
Poly(vinyl alcohol) (PVA) | Synthetic Biocompatible Low degradation rate
Proper mechanical Lack of cell
property integration
Poly(lactic-co-glycolic acid) | Synthetic Proper mechanical Lack of cell
(PLGA) property integration
Collagen Natural Biodegradable Difficult to sterilize
Biocompatible without alterations
Gelatin Natural Biocompatible Poor mechanical
Low cost strength
Low immunogenicity | High degradation rate
Fibrin Natural Low cost Poor mechanical
Availability strength
Good tolerance to cells | High degradation rate
Chitosan Natural Nontoxic Poor mechanical
biodegradability properties
Low toxicity Quick degradation
Biocompatibility
Alginate Natural Biocompatibility Stability
Low cost Llack of binding sites
Low immunogenicity
Hyaluronic acid Natural Easy to produce and Poor mechanical

modify nonadhesive
Biodegradable

strength
High degradation rate

indirectly affect the corneal transparency [89]. The transparency of the cornea can
be affected negatively when this highly organized alignment is disrupted. Another
important effect on transparency is the cells in the stroma. ALDH1A1 and ALDH3A1
are the crystalline proteins in the cytoplasm and can decrease keratocyte capability
to scatter light. The passage of light is going to disrupt when these cells are activated

[90].

Corneal mechanical strength properties are changed with corneal thickness, curva-
ture geometry of cornea, and corneal biomechanical factors [91]. Corneal stroma has
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Fig. 3 Desired properties of gel-inks for cornea tissue replacement

an important role in biomechanical (viscoelastic, viscous, structural strength, elas-
ticity, and integrity) properties of the cornea due to its highly aligned collagen fibrils
structure. Biomechanical properties of the eye can also be impacted by microstruc-
tural changes in the cornea. Since the external forces in the cornea can form resistance
and cause the deformation, corneal mechanical properties should be considered in
the artificial cornea developments [92].

Briefly, stiffness of the cornea can be different between the people devolving on
the strain, age, and place.

Following ex vivo results confirmed the biomechanical properties of the
cornea [88].

1. Athigh strains, the cornea demonstrates a non-linear stress/strain feedback with
continuous rigidify.

2. Different alignment and amount of collagen fibrils affect strain and deformation
properties of the cornea due to its regional in-plane variation. The central cornea
is softer than paracentral and peripheral cornea due to this variation.

3. Corneal elastic strength depends on the deepness with reducing stress from the
prior to the ulterior stroma. Elastic modulus is changed from prior human cornea
(82-530 kPa) to ulterior stroma (28—162 kPa) by indentation at 245-209 kPa,
100-61 kPa, respectively.
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4. Corneal hardness is raised with the time, and it was determined that this value
is 200 kPa for 50-65 years old and 700 kPa for 80-95 years old at 15 mmHg
physiological intraocular pressure.

Biocompatibility can be operated by the interface between host living cells, tissues
and foreign materials. Chemical structures of the polymers (e.g., hydrophilicity)
used for artificial cornea stroma can affect the biocompatibility properties of the
corneal stromal tissues. Chemical properties can determine the architecture of the
tissues (porous nature, number of pores, and size). These possessions enhance the
hydrophilicity of the matrix and diffusion of nutrient fluids and gases, which induces
the cell attachment. The materials to fabricate the corneal scaffolds should not
be cytotoxic and generate a host immune reaction. Since cornea has no blood or
lymphatic vessels, keratoplasties are generally used due to its low immune rejec-
tion properties. However, it is still wrong for the immune reaction and suffers to
rejection [90].

3.2 Biocompatible 3D-Printing Techniques for Bioinks
Design

3D bioprinting is a developing technology used in regenerative medicine. With this
technique, complex tissue constructs are developed to form native organ and tissue-
like structures. It contains cell-laden biomaterials with designed geometry to fabricate
functional tissues or organs in a layer by layer concept. Live cells, biomaterials, and
controlled machine systems are combined to produce complex structures in this
technique. It is more practical than other methods due to its ability to construct
complex geometry, controllable porosity, and mechanical properties.

The thickness and curvature of the cornea are the key parameters for corneal
refractive power. This special geometry of the cornea is important to build the person-
alized artificial cornea, and 3D bioprinting is an ideal method using the 3D model.
3D bioprinting provides to build a multi-material integration and constructs high
strength scaffolds which contain bioinks with complex structures. Furthermore, the
control of the surface property can be acquired during the fabrication system.

Multicell corneal patterns, cornea microstructure constructs and cornea regenera-
tion are developed by 3D bioprinting. Since 3D printing provides to fabricate flexible
models, with this technique multilayered, multicell, cell particular organization of
curved structures can be achieved easily. 3D printing is the method to build all cornea
layers with bioinks. There are four types of 3D bioprinting techniques to fabricated
the cornea tissue, which are extrusion-based bioprinting, fused deposition modelling,
inkjet printing, and laser-induced forward transfer (LIFT) (Fig. 4).
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Fig. 4. 3D bioprinting techniques for construction of corneal stroma tissue

3.2.1 Extrusion-Based-Bioprinting

A continuous bioink stream is a part of micro-extrusion based bioprinting (Fig. 4).
With this technique, constant accumulation of bioink enables superior structural
integrity. In this printing technique, the cells with biomaterials are dispensed through
needles or nozzles. The microextrusion head collects the material into the platform
employing commands from design programs. Firstly, the drops are placed in the x—y
control, and then extrusion control is started to move on the z-axis. This method
allows using of the broad range of bioinks because micro nozzle sizes permit to
fabricate high viscosity bioinks. The driven powers of the extrusion bioprinting are
the screw, piston, or pneumatic pressures. The primary benefit of this method is that
the high density of cells can be used with a quick fabrication rate.

On the other hand, this method also has the disadvantage that shear force arises in
the cells. In the pressure-based system, the printing pressure can affect cell viability.
Another factor impresses the viability is the nozzle diameter. Among these param-
eters, the critical optimization parameters are the concentration of the compounds,
nozzle diameter, and pressure to solve these mentioned problems.
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3.2.2 Inkjet Printing

This printing technique computer-based data or image is used, and this model is
fabricated onto a substrate using ink drops (Fig. 4). This method has been widely
used in electronics to construct electronic materials. It has a disadvantage because of
its lower resolution than the lithographic process (20-250 mm). On the other hand,
it also has various advantages. It is contact-free, mask-less, and direct designing
model. Furthermore, it has 2—10 pL small deposition, decreased contamination due
to the non-contact nature of the process. It has elastic, low precise, and amenable to
ranging technique [93].

Thermal or acoustic forces are applied to fabricate the constructs that contain
biological materials in specific locations during inkjet bioprinting. In thermal inkjet
printing, the ink is sent away from the nozzle through air pressure created by heated
components in the device.

Another inkjet printing is the acoustic inkjet systems, and in this system, ultra-
sound or piezoelectric actuators are used to generate the pulses. There are many
advantages of this printing method, such as high construction speeds, 20-100 pm
resolution, and low price. The drawbacks of this printing system are the low cell
densities and low precision of droplet localization [94].

3.2.3 Laser-Induced Forward Transfer (LIFT)

LIFT is a nozzle-free and no contact printing method that shows great capacity with
high resolution (Fig. 4). This printing technique permits to fabricate bioinks which
have high viscosity, high resolution (<10 pL droplets), and high cell density without
impressing viability of the cells. It is needed to use small nozzles (<100 pm diameter)
to obtain high-resolution printing, this provides high cell concentration due to shear
force on the cells. Moreover, it is possible to carry out the spatial structure of cells
and employ various cell kinds in the same design [95].

Since LIFT can build micropatterning of a diversity of materials which can be inks,
semiconductors, metals, oxides, organic materials, biomaterials, and other materials,
it is a possible method for additive fabrication. Laser light is the driven force for this
technique, and it is absorbed from the laser beam of a donor substance or sacrificed
layer. This absorption causes the laser-induced change such as melting, heating, and
ablation. High temperature and/or pressure and laser-induced transfer are used to
induce a temporary excitation area. Temperature and/or pressure at high level moves
the donor substance towards a receiver substratum [96].

3.2.4 Fused Deposition Modeling
One of the fast methods is the fused deposition modeling (FDM) which construct any

design by the consecutive deposit of materials layer by layer (Fig. 4). This method
uses heated thermoplastic filaments. Layer thickness (A), alignment (B), lattice angle
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(O), lattice width (D), and lattice to lattice gap (E) are the main control factors that
affect the strength of FDM. The details about these factors were given in below [97]:

(a) Orientation: It signifies to the tendency of the component in a build stand with
X, Y, Z axis.

(b) The thickness of layer: It represents the thickness of layer sedimented by the
nozzle, and it relies on the nozzle types.

(c) Lattice angle: It is a way of lattice related to the x-axis of build board.

(d) Lattice width: Width of the lattice model employed to load inner areas of part
curves.

(e) Lattice to lattice distance: It is the distance between two neighbouring lattices
on the exact layer.

4 Combination and Characterization of Gel-Inks
for in Corneal Regeneration

This part will investigate the combination and characterization techniques of all
studies found in the literature on produced gel-inks for 3D printing of corneal tissue
given in Table 2 with material combinations and cells and in Fig. 5 with their images.

4.1 Rheological and Printability Examinations

Printability strongly depends on viscosity which affects the extrusion ability of the
materials. It should be small enough to permit easy extrusion and be high to be
stackable on organized layers.

Rheology properties of the gel inks are one of the required parameters for the gel-
inks design. Viscosity is one of the test technique used to determine the rheological
possessions of the inks. The viscosity values of the bioinks can directly affect the
shape fidelity of printing and required pressure to distribute the material, which is
essential for the cell viability. Cell viability and spread are also impressed by high
amounts of shear force during the printing stage at long and immediate term.

Extrudability is another criterion for gel-inks printability. The adequate flow rate
or print speed is important for achieving extrusion with dispensing pressure. In the
cell-based 3D printing, checking the shear stress during the extrusion force has signif-
icance because different cell types have different sensitivity. A quantitative connec-
tion has not been created before between storage, loss modulus, and needed extrusion
pressure. Furthermore, an ordinary technique to develop the bioink printability does
not occur, yet [98].

In Campos et al. work [99], 3D corneal stromal models were fabricated with
drop-on-demand bioprinting technique. Bioink was produced with a combination of
corneal stromal keratocytes and collagen-based composite, and in vitro culture was
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Fig.5 The fabricated corneal tissues using 3D printing/bioprinting process: PVA/CS cornea stroma
construct (a), CSK loaded bioprinted corneal stroma (b), the cornea stroma contaning gelatin type B,
sodium alginate, and type I collagen (c), 3D bioprinted corneal structure consisted of collagen based
bioink (d), 3D bioprinted cornea consisted of GELMA hydrogel (e), 3D printed cornea structure
formed with GELMA hydrogel (f), te representative image of the eye (g)

carried out to decide the usefulness of the bioprinted constructs (Table 2). In this
research, rotational rheometer with 4° rotational cone plate was utilized to quantify
the rheological properties of nonprintable 0.3% collagen type 1 gel and bioprint-
able agarose (0.5%) with collagen (0.2%) gel mixes at 37 °C, 0.01-1 s~! shear
rates interval. According to the results, they found that bioinks had higher thickness
compared with the neat collagen bioink. It had quicker gelation time, which shows
that it is more precise bioprinting than pure collagen bioinks.
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Within the Kim et al. work [100], they built a corneal stroma tissue containing
corneal decellularized extracellular lattice (Co-dECM) and cells by 3D bioprinting
process (Table 2). Progressed Rheometric Extension Framework was utilized to
examine the rheological properties of 0.5, 1.0, 1.5, and 2% of Co-dECM gels. To
calculate the thickness of the Co-dECM gel, the relentless shear clear examination
was carried out at 15 °C. To supply the printable bioink for the 3D cell printing,
the viscosity values of the inks ought to be over than 10 Pa.s. According to this
study, Co-dECM gel with various concentrations showed shear-thinning behaviours
in 1-1000 s~! shear stress range, and larger viscosity range at 1 s~! shear rate was
observed for higher amount Co-dECM gel.

The viscosity values were 2.35, 3.83, 22.51, and 64.99 Pa.s for 0.5, 1, 1.5, and
2.0% Co-dECM, respectively, in their studies. The time for the gelatin were 2201,
1151, 504, and 252 s for 0.5, 1.0, 1.5, and 2.0% Co-dECM bioinks, respectively.
This can be explained with that larger concentrations which can provide the easy
crosslinking of gel which causes the shorter gelation time. It is found in this study
that the time difference of gelation between the lowest and largest concentrations of
the Co-dECM gels was 8.7-times.

In Kutlehria et al. work [101], they used high-throughput 3D bioprinting to fabri-
cate the cornea stroma. To fabricate the cornea stroma, gelatin (type B), sodium
alginate, and collagen (type I) were blended (Table 2). Rheological behaviours of the
gels were examined with a rheometer. First of all, the gel-inks were incubated at 37 °C
for 10 min. Then they were put into the plate and adjusted to 4 °C to arrive a steady
form. The extra gel was removed from the plate before the conducting test. Oscilla-
tion temperature was changed from 4 to 40 °C with a 5 °C/min rate and 10.0 rad/s
angular frequency. According to their reports, gelatin melted at the printing temper-
ature higher than 37 °C and storage modulus of the bio-ink was decreased above
this temperature value. Then again, printing temperature lower than 20 °C results in
the high-pressure requirement to extrude the filament. This situation caused more
pressure on the cells, and this is not suitable.

4.2 Light Transmission Examination

Light transmittance is another parameter that should be taken into about when three-
dimensional scaffolds are produced for cornea regeneration. The central and periph-
eral regions of the cornea had different transmittance ability of UV light, which can
cause damage to the retina. The curvature nature of the cornea can negatively affect
the focusing of light, which can lead to vision decreased vision. Collagen fibril struc-
ture is a crucial effect on corneal transparency. Small and aligned collagen fibrils are
the parts of the cornea stroma. This well-organized arrangement is critical for light
to pass between the fibrils. If an injury or damage results in this arrangement, this
causes a reduction in transparency. Another factor for transparency is the cells in the
stroma. ALDHIA1 and ALDH3AL1 are the crystalline proteins which decrease the
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capacity of keratocytes to distribute light. The cells disordered the transition of light
when the cells are actuated, which causes the reduction of proteins [90].

In Bektas et al. work [102], both cell-laden (1 x 106) and cell-free GELMA hydro-
gels were analyzed within the extend of 250-700 nm wavelength employing a UV
spectrophotometer for 1, 7, 14, and 21 days. The background is scanned with a
growth medium in the well. Transmittance values of the constructs were calculated
from the subtraction of mean values of blanks from the constructs readings. They
found about 75% transmittance value at 700 nm for cell-laden hydrogels on day 1.
With the increment of culture time, the transmittance value of the hydrogels raised to
around 83%. During the three weeks in culture, the transparency of cell-free and cell-
loaded hydrogels showed 80% transmittance near the transparence value of the innate
cornea (85%). In Ulag et al. study, PVA and Chitosan were combined to construct
the artificial cornea (Table 2) using 3D printing, and light transmittance rate of the
3D-printed corneal stroma structures in this study was examined utilizing UV/VIS
Spectrophotometer in the visible region. Before the measurement, the baseline was
taken to minimize the background in the measurement, and the experiment was
performed in the air. According to results in their study, all tests appeared about the
same transmittance values, and with Chitosan addition, transmittance values reduced
abit [103].

Kim et al. created bioinks which have decellularized corneal extracellular matrix
(Co-dECM) hydrogel and differentiated keratocytes [100]. In this work, light trans-
mittance measurement was tested employing a microplate reader to decide the corneal
transmittance values of the created structures. To begin with, of all, all samples were
put into the plate, and extra fluid on the samples was taken off. The human cornea
was decided as a control group of the test, and they were dehydrated in glycerol. 200-
pm thickness value was decided for all samples, and the test was performed within
the run of 300-700 nm wavelength. Each measurement was performed triplicate for
each one, and the blank well was used as a reference.

In vivo, transparency was performed with ten healthy male rabbits (8 weeks old,
2 kg). 15 mg/mL ketamine and 5 mg/mL rumpun were used to anaesthetize the
rabbits. According to their result, 25G corneal matrix samples showed enhanced
transmission of the light in the visible region compare with Co-dECM hydrogel
and the native cornea on day 28. This might be because newly synthesized ECMs
perpendicularly stacked for 25G- constructs are different from original collagen
fibrils. This circumstance enables more light rays to transfer over all wavelengths
homogeneously. 25G implanted cornea demonstrated a more transparent structure
in vivo than NP transplantation in this study.

In Mahdavi et al. study [39], Gelatin Methacrylate (GELMA) was blended with
corneal stromal cells to manufacture bioink for corneal stroma equivalent (Table 2).
The transparency features were analysed after cell encapsulation into the bioprinted
scaffolds for 1, 3, and 7 days. The absorbance values of the samples were examined
at four different wavelength range (450, 490, 570, 630 nm) with ELISA reader. The
founded absorbance values in this test were used to find the transmission percentage
of the samples using the Eq. (1).
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Transmission (% ) = (10 - absorbance) - 100 (1)

Transmission range was recorded for both edge and centre of the bioprinted
samples. Results appeared that innate cornea tissue had different transmittance values
that change from 80 to 94% within the run of 450—-600 nm wavelength and 95 to
98% within the extend of 600—-1000 nm. The fabricated 12.5% GELMA had optical
transmittance values of 80-95% (edge) and 78-90% (centre). The 7.5% GELMA
demonstrated lower transmittance value than the native cornea for the centre and
edge regions. However, the transmittance values found in this study still had less
variation at the 700-1000 nm range [39].

In Kim et al. research, they built the corneal stroma tissue comprising decellu-
larized extracellular matrix (Co-dECM) gel encapsulated with cells. A microplate
reader was employed to evaluate the transparency possessions of the samples in this
study. PG and samples produced with 25G nozzle were put into the plate to arrange
nearly the same height of innate cornea, which is nearly 0.5 mm. Innate cornea
dehydration with glycerol was selected as a control in the 300-700 nm wavelength
interval in the transmittance test. Then, the samples were incubated in white media
for 28 days. According to the results, PG had less transparency than 25GN (over than
75%, similar to the native cornea). They concluded that the aliened cells in 25GN
enhance the light to transmit the human cornea [100].

In Kutlehria et al. study [101], microplate reader was used to examining the light
transmittance values of the samples of wavelength at 300700 nm. The bioink was
dissolved at 37 °C and poured into a 48-well plate to coordinate the thickness and
height values of the human cornea before the experiment. The blank was utilized as a
reference to adjust the transmittance values. Results appeared that the transmittance
of inks was an extend from 75 to 90%.

4.3 Mechanical Characterizations

Another important parameter for the cornea stroma engineering is the mechanical
properties of the gel-inks. Intraocular pressure, eyelid and tear film motions are the
physiological forces that the cornea should be highly enough to withstand across
these forces.

The material hardness should not be very high, which can cause deformation when
under stress and bringing a lack of harmony in strain. The viscoelastic properties of
the cornea should be considered as these affect the behaviour of the cornea under
force. It is ideal to obtain scaffolds which mechanical possessions should fit the
innate corneas. Tissue anisotropy, various testing techniques, and donor variance
can change the modulus of elasticity and tensile stress of cornea between researches
(modulus of elasticity ~100 kPa to 57 MPa; stress ~3—-6 MPa) [90].

In Bektas et al. study [102], 5 N load cell was used in the compression test with
1 mm/min displacement rate. The compressive modulus of the scaffolds was found
from Harley, Leung, and Gibson method after samples arrived at the equilibrium
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swelling capacity. This method suggested a technique that used the angle of the
linear area of the stress—strain graph and calculated the compressive modulus using
the Egs. (2, 3, 4):

Stress: 0 = F/A 2)
Strain: €= Al/l 3)
Modulus of compression: o/& “)

F is the force, A represents the area at the cross-sectional region, the initial length of
the samples is 1, and displacement is labelled as Al.

According to their results, GELMA hydrogels had lower compressive modulus
than native corneas, ranging from 403 to 624 kPa. However, it was reported that their
results had still potential.

Uniaxial tensile testing was performed in Ulag et al. study [103] to find the
mechanical possessions of the dry 3D-printed stroma constructs. In this test, both
non-degradable and degrade 3D-printed corneal stroma samples were placed between
the jaws. They found that fabricated corneal stroma constructs had enough tensile
strength value, even the degraded samples.

Campos et al. also performed the compression testing to measure the stiffness off
Agarose and Collagen tip I gel-inks (Table 2). In this test, discs (diameter 15 mm,
height 20 mm) were fabricated for agarose (0.5%) and Type I collagen (0.2%) mold.
4 mm/min cross-speed was applied in the test, and samples were put onto the device
platform and compressed until the break. In the elastic region (20% strain), the tangent
of the stress/strain graph was employed to estimate the compressive modulus. In their
results, compressive modulus of the produced bioink blends was 18.1 & 3.5 kPa.
According to the previous studies, it is known that native cornea has ~ 300 kPa
compressive modulus value, and this work should be further enhanced to reach this
value [99].

4.4 Biocompatibility Assessment

Biocompatibility is an important parameter to fabricate the corneal tissue equiv-
alent and could occupy with native tissue without any immune problem [92].
The biocompatibility of the corneal stroma constructs can be determined by the
LIVE/DEAD Viability/Cytotoxicity Kit. Sorkio et al. fabricated three parts of the
cornea layers. The first layer consisted of corneal epithelium using hESC-LESCs.
The second layer is the corneal stroma using hASCs and acellular layers of bioink,
and cornea stroma construct stroma and epithelial portions (Table 2). LIVE/DEAD®
Viability/Cytotoxicity Kit and PrestoBlue™ reagent were employed to determine the
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Table 2 The fabricated gel-inks, cells and their fabrication techniques studied in the literature

Researchers Gel-inks Cells Method
Bektas et al. [102] Methacrylated gelatin | Human corneal 3D Bioprinting
(GELMA) keratocytes (HKs)
Bektas et al. [102] Methacrylated gelatin | Human corneal 3D Bioprinting
(GelMA) and keratocytes (HKs)
poly(2-hydroxyethyl
methacrylate)
(pHEMA)
Campos et al. [99] Collagen tip I and Corneal stromal 3D Bioprinting
agarose keratocytes (CSKs)
Ulag et al. [103] Polyvinyl-alcohol Human 3D Printing

(PVA) and chitosan
(CS)

adipose-derived
mesenchymal stem
cell (hADSCs)

Sorkio et al. [95]

Human embriyonic

Laser-assisted 3D

stem cell derived bioprinting
limbal epithelial stem
cells (hESC-LESC)
and human adipose
tissue derived stem
cells (hASCs)
Mahdavi et al. [39] Methacrylated gelatin | Corneal stromal cells | Stereolithography 3D
(GELMA) hydrogel Bioprinting
Kim et al. [80] Corneal decellularized | Human turbinate 3D cell printing
extracellular matrix derived mesenchymal
(Co-dECM) stem cells (hTMSCs)
Kim et al. [100] Corneal decellularized | Human turbinate 3D cell printing

extracellular matrix
(Co-dECM)

derived mesenchymal
stem cells (hTMSCs)

Kutlehria et al. [101]

Sodium alginate,
gelatin type B, and
type I collagen

Human corneal
keratocyte (HCK)

High-throughput 3D
bioprinting

cell viability of the constructs. Firstly, the hRESC-LESC viability was carried out after
three and seven days. After that hASCSs viability on the constructs were analysed.
The PrestoBlueTM assay was performed with hESC-LESCs for one and seven days,
and hASCs viability on 2D patterns was carried out for one and four days. 3D stromal
structures were cultured at one, four, and seven days. The phase-contrast microscope
was employed to see the cell morphology daily up to culture period. Immunofluo-
rescence (IF) staining was applied to investigate the cell migration, cell morphology,
and tissue morphology after culturing. In the cell culture method, DPBS was utilized
to clean the corneal structures, and for fixation of the cells, 4% PFA was used during
1 h at room temperature.

Later, PBS was used to wash the samples and samples were incubated in 4 4 °C
with 20% sucrose solution during the night. They were cultured in Tissue-Tek OCT
after incubation, and they were frozen in liquid at 80 °C. To prepare the samples to
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the IF and histological stainings, samples were cut in the diameter of 7 mm. After
that, they dried at air condition for 1 h at room temperature. Afterwards, they were
cultured in BSA (3%) and Triton-X-100 (0.1%) for 1.5 h at 37 °C. According to their
results, 3D bioprinted constructs showed high cell viability after printing, and just
a few dead cells were observed. Also, they reported that laser-printed hESC-LESCs
displayed epithelial cell morphology.

Cell culture protocol in Ulag et al. work [103] was performed with the human-
derived adipose cells. In this procedure, the MTT assay was carried out with corneal
structures for one, three, and seven days. Before the MTT assay, the constructs were
purified by UV in the plate overnight. 4 x 10* cells and DMEM supported with
10% FBS and 0.1 mg/ml penicillin/streptomycin were cultured together for half an
hour. Then, remaining liquid was thrown out with micropipette, and all constructs
were collected. Cytotoxicity was carried out with a cytotoxicity detection kit in this
method. The absorbance values were determined with ELISA reader (560 nm). The
morphologies of the MSCs on the 3D-printed constructs were examined under a
fluorescence microscope.

In the DAPI staining protocol, the growth medium was discarded from the plates
and constructed with PBS. The fixation was performed with formaldehyde (4%) for
half an hour. Then they were rinsed again. To dye the nucleus of the cells, DAPI (Invit-
rogen, 1 pg/ml) staining was applied, and they were incubated at room temperature
for 20 min. As a final step, DAPI was taken off, and corneal structures were analysed
by an inverted fluorescence microscope (Leica). SEM was utilized to remark the
cell morphology on the constructs after fixation protocol. In the preparation step, the
growth medium was taken and samples were stabled with 4% glutaraldehyde. After,
they were rinsed with ethanol and dried in room conditions. According to the MTT
results, they found that 3D-printed corneal constructs have the promising potential
for the viability of MSCs. Moreover, SEM analysis also proved that hASCs were
capable of adhering the surface of the 3D printed cornea constructs. These results
reported that the combination of the materials could build the cornea stroma tissue
cultured with stem cells.

Collagen tip I and agarose are the bioinks in Campos et al. study that were cultured
with CSKs to analyse the live/dead cells on the gel-inks [99]. In this assay, cells
(10° cells/ml) were trypsinized from the plates and they were embedded in bioinks
added with agarose (0.5%) and type I Collagen (0.2%). Live/dead cells received by
fluorescent staining (5% fluorescein diacetate, 5% propidium iodide) after one and
seven days bioprinting and examined with a laser scanning microscope. Ti:Sapphire
pulsed laser (800 nm) was used, and images were taken in the x—y axis and gathered
at 1 pm. CSK-laden collagen was used as a control. To observe the CSK viability
after the bioprinting, the corneal stromal constructs were put into the incubator for
one and seven days. They were stained with FDA/PI to point outlive and dead
cells, respectively. The results reported that most cells were viable after finishing
of bioprinting. To reinforce the phenotype of CSK in bioprinted inks, lumican, kera-
tocan, and smooth muscle actin antibodies were used to perform the immunocyto-
chemical stainings. According to their results, CSK morphology in bioinks showed
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the elongated structure of cells and parallel to each other to mimic the innate cornea
tissue.

Bektas et al. [102] performed the cytotoxicity test with live/dead cell viability
kit on the GELMA discs for 1, 2, 7, and 21 days. First of all, the growth medium
was taken away from the plate, and constructs were double-dyed with calcein and
ethidium homodimer for half an hour. Then, all samples were rinsed with PBS and
investigated under confocal microscopy. The number of live and dead keratocytes in
the hydrogels was determined via Image] NIH software according to the Eq. (5):

Cell vability = (Live Cells (Green))/(Total Cells (Green + Red)) - 100. (®)]

Firstly, to stain the cells with DRAQS5 and Phalloidin, the medium into the
GELMA hydrogel discs was throw away, and discs were resolved with 4% (w/v)
paraformaldehyde for 30 min.

Triton X-100 was applied for five minutes at room temperature to permeabilize
the cell membranes on the samples, and BSA was incubated with samples for 30 min.
FITC-labelled Phalloidin was used to stain the cytoskeleton and put in an incubator.
Then, the samples were rinsed with 0.1%BSA and DRAQS was used to dye the cells.
Preparing the samples to the CLSM analysis, the samples were washed and stored in
it. The primary antibodies, which are Collagen types I and V, biglycan, and decorin,
were prepared in the immunofluorescence staining protocol. Then samples were
cultured at 4 °C with these antibodies overnight. After that, samples were incubated
with anti-rabbit/anti-mouse 488 secondary antibody. Then, DRAQS was applied to
the nuclei of the cells at room temperature and waited in the incubator for 1 h. During
the intensity measurements, the threshold was not applied. Normalized fluorescence
intensity was calculated using the Eq. (6):

Normalized Fluorescence Intensity = 145/ Ipna (6)

Iab represents the intensity of the antibody, and Ipya demonstrates the intensity of
the DNA.

According to the biocompatibility results of this study, it was found that the cell
counts in the structures didn’t exchange importantly during the culture time. On the
other hand, for GELMA 15 hydrogels, cell numbers declined notably from 7th to 14th
day. Moreover, they observed that loaded HKs in 3D printed hydrogels generally had
round shapes.

Kutlehria et al. analyzed the viability of the cells for 1, 7, and 14 days with
live/dead viability/cytotoxicity assay, which contained the 1% calcein and 4%
ethidium bromide II. First of all, the medium was taken away, and the constructs
were cleaned with HBSS (Hanks’ Balanced Salt Solution). As a final stage, live/dead
assay liquid was added to bioprinted corneal structures, then the plate was put into
the incubator at 37 °C for half an hour. The samples were visualized with a fluores-
cent microscope, and Image J1 program was utilized to calculate the viability of the
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cells on the samples. According to the live/dead test results, the percentages of cell
viability were 96% on day 1 and 86% on day 14.

Kutlehria et al. [101] performed the Alamar blue test to examine the cell
count/proliferation on the constructs. Firstly, HBSS was applied to clean the corneas,
then Alamar blue dye was put into the wells. After that, the plates were kept into the
CO; incubator for 4 h. In the following step, 100 .l medium was taken and put into
the well plate. The fluorescent intensity was obtained at 590 nm, 560 nm, and 570
nm using a microplate reader. They analyzed the cell viability for 1, 10, 14 days in
their studies. They found that maximum cell viability obtained from the optimum
combination of collagen and gelatin. They managed to keep the cells alive for two
weeks.

4.5 Oxygen Permeability

The advance of materials with essential oxygen permeability, most importantly
hydrogels, strict gas permeables and silicone hydrogels, gives an increasing range of
choices to support clinicians avoid hypoxia outcomes [104]. In Ulag et al. study,
oxygen permeability test on the 3D-printed cornea stroma structures (13%PVA,
13%PVA/(1, 3, 5)%CS) was carried out with perm O2 single cell. In this test, the
corneal structures were put onto a metal surface using epoxy glue. The test was done
at 23 °C, 60% room humidity conditions with 100% oxygen gas from both sides.
According to their results, they found no noticeable changes in oxygen permeability
values of the constructs [103].

5 Conclusion and Future Perspectives

The main objective of cornea tissue regeneration is to design and fabricate an arti-
ficial cornea. Both naturally-derived and synthetic biomaterials and their gel forms
combining with cells have been utilized to renew the pathological corneas. Naturally
derived corneal constructs have advantages for a long-continued outcome to reach
human clinical examinations. Additionally, cell-based advances may also be reason-
able choices for both cornea regeneration. To build full-thickness artificial cornea
with complex structure, 3D bioprinting is an ideal and developing technology which
permits the study of cornea tissue-like constructs using gel-inks. In this chapter, many
works related to three-dimensional artificial cornea formed with gel-inks and their
characterizations were reviewed and discussed. Researches reported that synthetic
and naturally derived biomaterials, and their combinations can potentially be gel-inks
for cornea tissue replacement. However, more additional efforts should be performed
to combine the materials with systems to mimic the human cornea, both physiologi-
cally and morphologically and enable enough time to the implants to regenerate the
damaged cornea effectively.
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Three Dimensional (3D) Printable greckie
Gel-Inks for Skin Tissue Regeneration
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Abstract Recent and rapid progression in three-dimensional (3D) printing tech-
niques has revolutionized conventional therapies in medicine; 3D printed constructs
are gradually being recognized as common substitutes for the replacement of skin
wounds. As gel-inks, large numbers of natural and synthetic (e.g., collagen and
polyurethane, respectively) substances were used to be printed into different shapes
and sizes for managing both acute and chronic skin wounds. The resultant 3D
printed scaffolds not only provide physical support but also act as supporting niches
for improving immunomodulation and vascularization and subsequent accelerated
wound healing. Recently, the use of thermosensitive and pH-responsive gels has
made it possible to prepare 3D printed constructs with the ability to facilitate in situ
crosslinking within the biopolymer and with native wound edge tissue as well as to
fill the exact shape of wound damage. In this chapter, we aim to introduce the current
state of 3D printable gel-inks utilized for skin wound treatment and illustrate future
prospects in this amazing area of science.
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1 Introduction

The skin, the largest organ of the human body, forms nearly 15% of total body weight
in human adults. Similar to other organs, the skin is composed of extracellular matrix
(ECM) and various cell types, which exert structural and functional activities. In
fact, the skin makes the outermost layer of the body (covering other tissues and
organs) and plays pivotal roles in the protection (UV light absorption, mechanical
support, and immune surveillance), perception (temperature, pain, and touch), and
regulatory mechanisms (hemostasis, thermal, hydration, and excretory) of the body
[1]. Human skin comprises two major layers, the epidermis and the dermis, and
a third region called subcutaneous tissue. The major constituents of the epidermal
layer are keratinocytes, which generate a stratified epithelium and undergo terminal
differentiation to generate functional mature keratinocytes [2, 3]. This layer resides
onto the basement membrane, separating the epidermis from the dermis. The dermis
is made of ECM, containing mostly collagen synthesized by fibroblasts [4].

The skin is the outermost tissue of the body which is highly susceptible to environ-
mental stresses, leading to a wide range of skin injuries generated by acute trauma,
thermal, mechanical, chemical, microbial, and radiation issues. Furthermore, skin
injuries can be caused by genetic disorders, surgical interventions, and chronic
wounds [5, 6]. Depending on the extension and depth of skin damage, the epidermis or
dermis may be affected, especially in third-degree burns and full-thickness wounds,
which could lead to high morbidity and mortality [7].

Numerous skin substitutes and wound care products have been developed to be
used in managing different types of skin injuries. Traditional therapeutics rely on
utilizing the epidermal, dermal, or dermo-epidermal substitutes by processing auto-,
allo-, and xenografts that provide a highly resemble replacement for damaged tissue
[8]. However, there are a few limitations with these biological substitutes, including
their time-consuming fabrication, lack of donor tissue, and the risk of immunological
rejection and pathogen transmission. Therefore, advanced bioengineered constructs
with high regenerative capacity have emerged as promising alternatives to the tradi-
tional substitutes. Regarding skin nature, the use of biocompatible polymers (natural
and synthetic) resulted in the best clinical outcomes. Collagen, gelatin, and alginate
are among the widely used natural polymers for skin wound healing, whereas poly(e-
caprolactone) and polyurethane are extensively applied for managing dermal injuries.
In order to take optimal results, the mentioned biopolymers should be utilized as three
dimensional (3D) constructs; 3D printed polymeric scaffolds are excellent patient-
specific substitutes for skin tissue engineering. A series of 3D printing methods (e.g.,
extrusion-, laser-assisted routes) was well-used for fabricating effective skin replace-
ments. Apart from the method, the type of printable gel-inks is of utmost importance
as to their critical roles in determining physico-chemical, mechanical, and biological
properties of the final products. In this chapter, skin tissue is initially introduced
structurally, and functionality and then different printable polymeric gel-inks are
presented and discussed.
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2 Skin: A Histological Overview

Understanding the anatomical and physiological functions of the skin is of great
importance for researchers aiming to prepare tissue substitutes used in the repair
and regeneration of skin wounds. The skin tissue has a very complex multi-layered
structure containing ECM components, capillary networks, nerves, appendages (e.g.,
hair follicles and sweat glands), and various cells. It is well known that the ECM
is the most constituent of the skin, contributing to the formation of an integrated
tissue both structurally and functionally. In particular, the ECM components can
provide a favorable substrate for cell attachment and migration, as well as nutrient
and metabolite exchanges. Furthermore, the polysaccharides, proteins, and water
available in the ECM contribute to the tensile strength and elasticity of the skin as a
result of generating a gel-like network [9].

As shown in Fig. 1, the skin is structurally made of three distinct layers, i.e.,
the epidermis, dermis, and hypodermis (also named subcutaneous tissue). The main
constituents of these layers are summarized in Table 1 and will be discussed in the
details in the following sections.

2.1 Epidermis

The epidermis is a stratified squamous epithelium with a high proliferation capacity
which can regenerate itself routinely. The epidermis is mostly composed of
keratinocytes (up to 95%) (Fig. 1a), while other cell types are found in this layer,
including small populations of Langerhans cells, melanocytes, Merkel cells, and
unmyelinated axons. Keratinocytes originate from the cells located in the stratum
basal and migrate up toward the stratum corneum and progressively differentiate.
According to the differentiation stage of keratinocytes, the epidermis is divided into
four functionally separate layers, including the stratum basal (basal layer), the stratum
spinosum (spinous layer), the stratum granulosum, and the stratum corneum (corni-
fied layer) (from deep to superficial) (Fig. 2). The stratum basal is generally made
of a monolayer of cells that are settled on the underlying basement membrane. The
basal layer possesses a subpopulation of stem cells, which may have a critical role
in the high regenerative potential of the skin tissue. Post-mitotic keratinocytes are
located on the top of the stratum basal and migrate from the spinous layer (containing
the youngest cells) to the oldest cornified layer during terminal differentiation. Kera-
tinization is initiated in the stratum spinusom (8-10 layers of cells) when columnar
basal cells differentiate into polygonal keratinocytes. These cell types then synthe-
size keratins, insoluble proteins, causing a hydrophobic and impermeable barrier.
Thus, the cells in the spinous layer contain a high concentration of keratin and are
attached to each other by desmosomes (intercellular junctions) [12]. The spinous
cells transform into a more squamous shape and acquire keratohyaline granules and
generate the stratum granulosum (1-3 layers of cells). Further differentiation of
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Fig. 1 A schematic representation of microanatomy of the skin tissue with underlying cells in
the epidermis and dermis layers. The epidermis consists of five distinct layers, including basal,
spinous, granulosum, lucidum, and corneum layer (from the deep to the superficial). Keratinocytes
are the major cell type of the epidermis that undergo terminal differentiation to generate the stratified
skin. The dermis is mostly composed of fibroblasts, which are distributed in collagen fibers. Other
components are discussed in detail in the text. Adapted from [10]

granular cells leads to losing their nucleus and organelles via lysosomic processes
considered as dead cells and make up the stratum corneum (almost 10-15 layers
of flattened cells). The turnover rate of the corneum cell layer is estimated at about
30 days. The resulted keratinization may lead to the generation of an imperme-
able barrier that avoids water loss and entry of pathogens detrimental molecules
to the body. Furthermore, keratinocytes also produce various cytokines and growth
factors (GFs), playing a role in the repair and regeneration process. These bioactive
molecules include transforming growth factor (TGF-f), interleukins (IL-1, IL-6, IL-
8), interferons (IFN-a and IFN-f), platelet-derived growth factor (PDGF), fibroblast
growth factor (FGF), tumor necrosis factor (TNF-a), and granulocyte—macrophage
colony-stimulating factor (GM-CSF) [13].

In addition to keratinocytes, the epidermal layer contains melanocytes that are
randomly distributed in the basal layer. Melanocytes are primarily responsible for
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Table 1 The major components of the three layers of the skin [11]

Components Function(s)

Epidermis

Keratinocytes Making a protective barrier against pathogens, UV radiation, heat, and water
loss

Melanocytes Producing the pigment melanin, which protects against UV-B light exposure

Merkel cells Associated with tactile sensation

Langerhans cells | Antigen-presenting cells of the skin tissue

Dermis

Collagens Fibrous proteins responsible for mechanical support and elasticity of the skin

Fibroblasts Synthesizing ECM ingredients and collagens and possessing a fundamental
role in wound healing

Mast cells Wound healing, angiogenesis, allergy response, and anaphylaxis

Hypodermis

Fibroblasts Synthesizing ECM ingredients and collagens and possessing a fundamental
role in wound healing

Adipocytes Fat formation with the aim of energy storage

Macrophages Phagocytosis, wound healing, immune response

b Stratum cormeum

Granular

Spinous

 Basal !
. ¥ Iy

Langerhans l .
Cell d .""

Fig.2 Various layers of the epidermis and its underlying cells. a Schematic representation of major
cells constituting the epidermis, including basal, spinous, granular, and corneal layers. Keratinocytes
are major cellular components of the epidermal layer in which desmosomes (intercellular connecting
proteins) are highlighted. Other cell types include Langerhans cells and melanocytes. b Histological
demonstration of epidermal layer stained with hematoxylin and eosin (H & E). Adapted from [14]

the skin color via producing the pigment melanin (UV-protective pigment). Melanin
is encapsulated within organelles named melanosomes, followed by transitioning to
the adjacent keratinocytes [15]. Once the pigments have reached the keratinocyte
cytoplasm, they arrange in a well-orchestrated manner to protect the nucleus from
detrimental UV irradiation. Scientific evidence shows that UV induces melanization
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via promoting the p53 pathway through synthesizing melanin stimulating hormone
(MSH) by keratinocytes. In addition, the p53 pathway would initiate apoptosis of
keratinocytes possessing inadequate pigmentation to prevent side effects of UV expo-
sure (e.g., defective and premalignant mutations) [16]. Langerhans cells are mainly
recognized as epidermal dendritic cells and participate in the immune response. They
mostly reside in the spinous layer and constitute up to 2—4% of epidermal cells.
Another important cell type in the epidermis is Merkel cells located in the basal
layer. These cells are possibly responsible for the sensation by generating synaptic
junctions with peripheral nerve endings [17].

2.2 Basement Membrane

The basement membrane (BM), also called the basal lamina, immediately lies
beneath the epidermal layer and serves as a boundary between the epidermis and the
underlying connective tissues. Although BM is mostly composed of collagen 1V, it
has a very complex molecular structure. The cells residing in the stratum basal could
communicate with the components of BM through hemidesmosomes (anchoring
plaques containing collagen XVII). BM could be separated into two specific layers,
including lamina densa and lamina Lucida. The first one is the superficial portion just
beneath the epidermis and mostly made of collage IV, while the latter is considered
the deep part and constructed from laminin and other glycoproteins. The lamina densa
is connected to the dermal layer via epidermal-dermal anchoring proteins (mainly
collagen VII) [17].

2.2.1 Dermis

The dermis is an intricate and dynamic microenvironment that conveys blood vessels,
nerves, hair follicles, sweat glands, and sebaceous glands. The dermis plays a vital
role in maintaining the elasticity and integrity of the skin; providing mechanical
and structural support to the epidermis; immunosurveillance; cutaneous nutrition;
sensory perception; and regulating the body temperature [17]. The dermal layer
is divided into two functionally and structurally distinct layers, i.e., the papillary
dermis and the reticular dermis. The papillary dermis forms the superficial layer
and contains loosely woven fibers, including collagen-I, -III, anchoring fibrils of
collagen-VII, and elastin fibers. On the other hand, the reticular dermis makes the
deep layer that is composed of compacted fibers of collagen-I (diameter of 100 pm)
arranged in parallel to the skin surface [18].

In normal physiological conditions, the dermis contains a broad range of special-
ized cells, including fibroblasts, endothelial cells (ECs), monocyte/macrophage,
dermal DCs, mast cells, lymphocytes, Schwan cells, pericytes, and mesenchymal
stem cells (MSCs). These cells are harbored within a complex and acellular matrix
mainly composed of collagen and glycosaminoglycans (GAGs).
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Fig. 3 a Histological illustration of the papillary and reticular dermis. b A schematic represen-
tation of major components of skin ECM including proteins (e.g., collagen), glycoproteins (like
fibronectin), and proteoglycans. Adapted from [19]

Fibroblasts are the major cell type of the dermal layer, which synthesize dermis’
ECM components, including collagen (the most abundant fibers) and elastic fibers,
GAGs, and proteoglycans that are incorporated within the ground substance. It has
been indicated that the papillary dermis is prevailed by loosely woven collagen-III,
while the reticular dermis is dominated by dense and compacted bundles of collagen-I
(Fig. 3a). Altogether, the ratio of collagen-I to collagen-III is 4:1 in normal phys-
iological conditions. In addition to structural proteins like collagens, the ground
substance is mainly composed of GAGs such as hyaluronic acid. These polysaccha-
ride molecules are bound to the peptide chains to generate high molecular weight
combinations named proteoglycans (Fig. 3b). Table 2 summarizes a collection of
peptide- and saccharide-based components of skin components.

Epidermal and dermal cells supply their nutrition and metabolite exchanges
through the blood vessels located in the dermis. The lumen of dermal microves-
sels are lined by ECs which express vascular markers, such as CD31, CD34, and
CD144 [29]. The dermal vascular microenvironment is surrounded by a collection
of immune cells, e.g., macrophages, DCs, and mast cells. Generally, these cells partic-
ipate in initiating the immune response and triggering inflammation and hemostasis.
Dendritic cells can serve as antigen-presenting cells (APCs) and play a phagocytic
role. These cells express a class of epitopes like CD34 (hematopoietic progenitor
marker) and factor VIIIa (activated fibrin stabilizing factor), which may have a vital
role in the early stages of wound healing.

3 Skin Wound Healing: What We Know and Need to Know

In the normal physiological condition, the skin shows self-healing property with
a dynamic and well-orchestrated cascade of wound healing signaling pathways
leading to advance repair and/or regeneration. It is well known that efficient wound
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Table 2 Some major constituents of skin ECM

Constituent Function(s) Ref(s)
Proteins
Collagen The main structural constituent of the dermis [20]

Promotes tensile strength of the skin

Elastin Provides elasticity of the skin [21]

Glycosaminoglycans (GAGs)

Hyaluronic acid High water absorption capacity which leads to greater | [22]
compression resistance and proangiogenic potential

Heparin sulfate Promotes mechanical strength of the skin [23]

Contributing to cell adhesion, proliferation, and
migration, collagen fiber formation, granulation tissue
formation, and basement membrane regeneration in
connection with wound healing

Glycoproteins

Fibrillin Providing integrity and elasticity of the skin [24]

Fibronectin Modulating the interaction between cells and ECM [25, 26]
components and promoting angiogenesis

Laminin Providing stable attachment of epidermis and dermis [27, 28]

Facilitating the assembly of basement membrane
leading to promoted wound healing

Promoting re-epithelialization, angiogenesis, and cell
migration in the wound healing process

healing results in the restoration of skin both structurally and functionally. Although
the skin regeneration process reconstitutes an identical copy of the injured tissue
without scarring in some species (e.g., fish, salamanders, and spiny mice) [30], it
usually causes fibrosis and scarring in adult humans [31]. This process contains a
complex interaction of cells and bioactive molecules that can be classified into four
overlapping stages: (1) hemostasis (clotting), (2) inflammation, (3) proliferation,
and (4) tissue remodeling [31]. Some of the major bioactive molecules involved in
the wound healing process have been summarized in Table 3. All these stages are
comprehensively discussed in the following section.

Hemostasis is a phenomenon happening immediately after happening the injury
to the skin; it occurs in a few hours and causes coagulation and formation of a
fibrin network. This clot suppresses hemorrhaging and provide a temporary scaf-
fold (mainly composed of fibrin, fibronectin, and collagen) for cellular adhesion
and migration. From a molecular mechanism point of view, clotting is initiated by
the attachment of the von Willebrand factor to the subject tissue resulting in the
aggregation of platelets along the damaged endothelium. The platelets contribute
to clot formation by producing thrombin and releasing pro-inflammatory factors,
including PDGF and TGF- 8 [31, 49]. PDGF initiates the recruitment of neutrophils,
macrophages, fibroblasts, and endothelial cells (ECs), playing vital roles in the
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Bioactive molecule

Primary function

Ref(s)

Epidermal growth factor (EGF)

Proliferation of keratinocytes and
fibroblasts

[32]

FGF-1, -2, and -4

Promoting angiogenesis and fibroblast
proliferation

[33]

PDGF

Recruitment of macrophages and
fibroblasts, macrophage activation,
fibroblast proliferation, and ECM
synthesis

[34]

Insulin-like growth factor (IGF-1)

Fibroblast and EC proliferation

[35]

Vascular endothelial growth factor
(VEGF)

Promotes angiogenesis, granulation
tissue formation, and
re-epithelialization

[36]

Hepatocyte growth factor (HGF)

Migration, differentiation, and
maturation of keratinocytes

Scarless wound healing

[37-39]

TGF-B

Keratinocyte migration, recruitment of
macrophages and fibroblasts

Scarless wound healing

[40, 41]

IL-1

Activating GF expression in
keratinocytes, fibroblasts, and
macrophages

[42]

IL-4

Migration and differentiation of
fibroblasts

ECM synthesis

[43, 44]

IL-10

Modulating fibroblast and endothelial
progenitor cell (EPC) in differentiation

Modifying inflammatory response

[45-47]

IL-12

Early inflammatory response and
angiogenesis

Modulating GF synthesis

[48]

TNF-a

Activating GF expression in
keratinocytes, fibroblasts, and
macrophages

[42]

following steps. TGF-f contributes to macrophage infiltration into the wound site and
secretion of FGF, IL-1 (acute inflammatory response), TNF-a (acute inflammatory
response), and more PDGF from macrophages. In addition, TGF-$ also promotes
the recruitment of fibroblasts and ECs [31].

The inflammatory phase initiates with the infiltration of neutrophils into the wound
bed and lasts for about 2-5 days in a normal condition [31]. Neutrophils release
cytokines such as TNF-a, IL-18, and IL-6 to exert the first line of defense against
pathogens and strengthen the immune response. After approximately three days,
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monocytes migrate to the wound site and differentiate into macrophages in order to
phagocyte pathogens and cellular debris. Moreover, macrophages release bioactive
molecules including IL-1, PDGF, TGF-8, TGF-a, FGF, IGF-1, and VEGF, which play
pivotal roles in the recruitment of fibroblasts and transitioning from inflammation to
proliferation phase [50].

The proliferation phase is recognized by main features, including re-
epithelialization, angiogenesis, and granulation tissue formation. The re-
epithelialization begins within the first hours after the injury and provide a covering
onto the wound surface [51]. Residing cells at the wound edge secret various GFs,
including EGF, keratinocyte growth factor (KGF), and TGF-B, to evoke keratinocytes
and fibroblasts to migrate into the wound site. In fact, keratinocytes stimulate fibrob-
lasts to produce and secrete GFs, which in turn trigger keratinocyte proliferation.
Later, the proliferation of fibroblasts promotes the production of GFs in fibroblasts in
a synergistic manner [52]. Furthermore, stem cells residing in the hair follicle bulge
can differentiate into the epidermal progenitor lineages and facilitate the restora-
tion of the epidermis [53, 54]. Angiogenesis, also known as neovascularization,
provide nutrients and metabolites exchanges for the newly formed tissue. Sprouting
of existing blood vessels occurs by the attachment of VEGF, PDGF, bFGF, and
thrombin to the receptors on the ECs. Matrix metalloproteinase (MMPs) secreted
by vascular ECs triggers the migration of vascular branches toward the wound
site that consequently differentiate to new mature vessels [55]. Finally, the gran-
ulation tissue is formed about four days after the injury. At this stage, secreted
PDGF, TGF-g, and FGF stimulate fibroblasts to convert the provisional fibrin matrix
with newly formed collagen type III and ECM components such as fibronectin,
GAGs, and proteoglycans [49]. In addition, some fibroblasts could be differenti-
ated into myofibroblasts (i.e., contractile cells) leading to better wound healing via
improved mechanical strength [56, 57]. This stage of healing can be followed by both
macroscopically and microscopically, i.e., via wound closure rate and monitoring
re-epithelialization, granulation tissue, density of dermal collagen fibers, leukocyte
infiltration, respectively.

The remodeling phase is considered as the last phase of wound healing; this
stage commonly initiates during 2-3 weeks after the injury and may last for several
months. This includes remodeling of the granulation tissue into a mature scar via
MMPs and other collagenases secreted by fibroblasts and macrophages. In addition,
the remaining fibroblasts begin to differentiate into myofibroblasts [49]. It is worth
noting that collagen type III found in the granulation tissue is replaced by bundles of
collagen type I and further cross-linked by lysyl oxidase with a parallel orientation
with the skin surface. This substitution of collagens increases the tensile strength of
ECM from 25 to 80% [58].

Based on the etiology, the process of wound healing could be affected by the
type of wound, i.e., acute or chronic. In acute conditions (e.g., burns), excessive
contraction of myofibroblasts occurs as a result of the poor apoptotic rate at the
remodeling phase and lead to ECM degradation and fibrotic scar formation [59].
While in chronic wounds (e.g., diabetic ulcers), the healing process remains in a
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prolonged inflammation phase that leads to the overactivation of proteases (e.g.,
MMPs, elastase, plasmin, and thrombin) as well as reactive oxygen species (ROS)
degrading the ECM [60-62]. One of the marked differences between chronic wounds
and acute wounds is the epidermis diameter. In chronic wounds, the epidermal layer
is thicker and highly keratinized, and often it is detached. Furthermore, the newly
formed sin tissue in chronic wounds possesses less vasculature [63].

4 Bioengineered Skin Substitutes

Although many traditional and modern wound dressings have been found effective
substances for managing various skin wounds, the use of tissue-engineered (TE) skin
substitutes has gained much attention over the last years [64]. In general, an ideal
skin substitute should have specific features including the ability to immediately
replace injured epidermis and dermis, the capability of preventing and suppressing
infection, avoiding water loss, reducing inflammation, enduring the shear forces, the
lack of antigenicity, affordability, long-term stability, and availability [65]. Here, we
summarized a collection of epidermal and dermal substitutes as well as advanced
bioengineered grafts, including electrospun meshes and 3D bio-printed grafts.

4.1 Epidermal Substitutes

Epidermal substitutes are utilized for managing superficial skin injuries to repair
and/or regenerate the epidermal layer. They were initially reported in 1981 for large
full-thickness burns. Generally, a skin biopsy with an extension of 2—5 cm? is taken
from the patient, which is called a skin autograft, followed by the separation of the
epidermis from the dermis. After that, keratinocytes are isolated and cultured in the
presence of fibroblasts that serve as a feeder layer. Since this process usually takes
three weeks, the wounds are initially covered and treated with a provisional dressing
to protect the wound bed and stimulate the healing [5, 66].

Despite several advantages, such as the lack of allogenic rejection, epidermal
substitutes have some limitations, including long-term fabrication time, variable
engraftment rates, expensive to use, and laborious handling due to their thin and
fragile nature [66]. Direct cell spraying to the lesion can be considered as an alterna-
tive to the cultured keratinocytes as it shorts the fabrication time of the construct. In
this strategy, obtained epidermal cells from a biopsy are locally sprayed at the wound
site and consequently facilitate the epithelialization. ReCell® (Avita Medical, Perth,
Australia) and Spray®XP (Graco, MN, USA) are two examples of available cell
spray products for autologous re-epithelization [67, 68].
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4.2 Dermal Substitutes

Dermal constructs provide suitable substitutes for full-thickness wounds in which
both the epidermis and dermis are affected. The main advantages of dermal constructs
could be summarized as good mechanical properties, availability in various thick-
nesses and compositions, and the lack of wound contraction [69]. Dermal substi-
tutes are made of either natural or synthetic materials [70, 71] and are covered by
a permanent epidermal graft [69]. Consequently, the substitutes undergo coloniza-
tion and neovascularization, resulting in the formation of an autologous new dermis
[66]. Dermagraft® (Advanced BioHealing, LaJolla, CA, USA) is a good example
of a synthetic commercial dermal substitute, which is composed of a bioabsorbable
polyglactin mesh seeded with allogeneic neonatal fibroblasts. Dermagraft® is utilized
as a provisional or temporary coverage for burns, chronic wounds, and diabetic ulcers
[72, 73].

4.3 Dermo-Epidermal Substitutes

Comparing the epidermal and dermal substitutes, dermo-epidermal substitutes are
the most skin-imitating constructs and made of keratinocytes and fibroblasts in under-
lying ECM to generate a temporary dressing [5]. In spite of a close resemblance to
the skin construction, dermo-epidermal substitutes possess high production costs and
may result in a lack of permanent wound closure due to the risk of allogenic cell
rejection by the host [5]. Apligraft® (Organogenesis, Inc., Canton, MA, USA, and
Novartis Pharmaceuticals Corp., East Hanover, NJ, USA) is a well-known artificial
bilayered skin equivalent, which is made of allogenic keratinocytes and neonatal
fibroblasts in a type I bovine collagen matrix. This product should be freshly applied
and has a shelf-life of five days at room temperature [73, 74]. The major applica-
tion of Apligraft® is to heal partial to full-thickness burns, chronic wounds, diabetic
ulcers, and Epidermolysis Bullosa [72].

With respect to major limitations of available skin substitutes (e.g., high produc-
tion cost, poor engraftment rate, long fabrication time, rejection possibility of allo-
geneic cells, etc.), advanced bioengineering strategies have offered permanent and
affordable alternatives to the existing ones. The following sections are focused on
some of these advanced strategies, and their advantages and disadvantages are further
discussed.
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5 Advanced Strategies for Skin Repair and Regeneration

Advanced skin regeneration strategies propose an efficient and viable alternative to
overcome the major obstacles of currently available skin substitutes (mainly allo-
grafts). These strategies incorporate biomaterials, cells, bioactive molecules, and
novel fabrication techniques to generate a highly biomimetic skin construct. Two
primary strategies could be noted regarding top-down or bottom-up approaches [75—
78]. The top-down or scaffold-based approaches rely on the utilization of provisional
scaffolds that provide a temporary environment for underlying cells to facilitate the
attachment, proliferation, and secretion of their own ECM, leading to the promoted
new tissue formation. In addition, the temporary scaffold provides physical support
to guide and organize the formation of new skin tissue [75, 79, 80]. In contrast,
the bottom-up approaches are considered as scaffold-free strategies and rely on the
use of cells or cell-aggregates to generate a tissue-engineered construct [81, 82].
Accordingly, tissue-engineered constructs can be fabricated by self-assembled aggre-
gation, fabrication of cell sheets, microfabrication of cell-laden hydrogels, or direct
bio-printing [83].

5.1 Top-Down Approaches for Skin Regeneration

Top-down approaches are performed based on the fabrication of porous, biocom-
patible, and biodegradable scaffolds containing mammalian cells in the presence or
absence of bioactive molecules (like GFs). The assembled 3D constructs are further
maturated in a bioreactor [82, 84]. Scaffolds are generally made of natural, synthetic,
or combination biomaterials to imitate the natural skin ECM both structurally and
functionally [85, 86]. In fact, the skin ECM is comprised of structural proteins
(e.g., collagen and elastin), specialized proteins (e.g., fibronectin and laminin),
and proteoglycans (e.g., hyaluronic acid (HA) and heparin sulfate), which are
well-orchestrated in desired skin layers [87]. For instance, the dermal layer is
constituted of a 3D fibrillary network, mostly composed of collagen fibers, with
dimensions of submicron to nanoscale ranges to provide mechanical strength and
structural integrity to the skin tissue [88, 89]. In order to regenerate a skin tissue
similar to a healthy counterpart, either structurally and mechanically or functionally,
the bioengineered constructs should be capable of resembling the microscale and
nanoscale organization of the natural components of the skin as well as providing an
ideal ambient for cell attachment, proliferation, and differentiation [90, 91]. In this
regard, several strategies have been developed to fabricate such constructs, such as
electrospinning, self-assembly techniques, template synthesis, and phase separation
[90, 92]. Among the mentioned approaches, electrospun nanofibers have emerged as
promising scaffolds capable of resembling microscale and nanoscale organization
of natural skin ECM, providing a desirable substrate for cell adhesion, proliferation,
and differentiation [93, 94]. Furthermore, electrospun nanofibers can be used as
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delivery vehicles for a wide range of bioactive molecules, including GFs, cytokines,
and adhesive peptides [95-97]. An electrospinning apparatus is fundamentally
composed of a capillary tube containing polymeric solution, a high voltage supply, a
grounded collector, and a syringe pump for a controlled jet of solution. In brief, the
electrospinning process is initiated by the charged jet of a polymeric solution as a
consequence of applied high voltage. The solvent is then evaporated, and nanofibers
are finally deposited on the collector [98, 99]. It is well known that the morphology
of nanofibers could be affected by a number of parameters, including molecular
weight and viscosity of the polymeric solution, the applied voltage, capillary
tip to collector distance, and capillary diameter [100]. A wide range of natural
polymers (e.g., collagen, gelatin, and chitosan) [101, 102] and synthetic ones (e.g.,
poly(lactic-co-glycolic) acid (PLGA), poly(lactic acid) (PLA), and poly(ethylene
glycol) (PEG)) [103, 104], and combinations of both natural and synthetic polymers
[105, 106] have been utilized to fabricate electrospun mats for promoted skin regen-
eration. These constructs benefit from a high surface to volume ratio and make an
appropriate environment for cellular interaction and promoted angiogenesis [107].
In addition, the desired porosity of electrospun mats allows oxygen and nutrition
exchange, which is necessary for prohibiting necrosis and failed skin wound healing
[89]. Most importantly, the fiber dimensions of nanofibrous mats are in the range
of natural ECM components and is mentioned a key parameter in accelerating the
wound healing processes [90, 108]. Moreover, electrospun nanofibers can be utilized
as drug delivery systems for sequential and controlled release of bioactive molecules
(e.g., GFs, natural chemicals, and small molecules) at the wound site [109-112].
As an illustration, bFGF-loaded nanofibrous mats composed of PEG-PLA revealed
a sustained release of bFGF for four weeks facilitating fibroblast cell adhesion,
proliferation, and ECM synthesis. When implanted into diabetic wounds of rat, the
constructs promoted re-epithelialization and maturation of skin appendages (hair
and sebaceous glands) [110]. Still, poor mechanical strength, poor integrity to the
body, and non-uniform thickness distribution are stated as the major drawbacks of
electrospun constructs for skin regeneration applications [97].

In addition to electrospun fibrous scaffolds, experimental studies emphasize the
use of hydrogels in managing a broad range of skin wounds as regards their capability
of absorbing large amounts of liquids at the injured sites. Hydrogels can be described
as 3D networks of hydrophilic polymers possessing hydrophilic chains allowing them
to swell extensively. Accordingly, hydrogels offer a class of permanent or tempo-
rary dressings for regenerating the epidermis and/or dermis in damaged skin [113].
Moreover, it is feasible to load different cell types, growth factors, and other thera-
peutic agents to hydrogels for boosting the healing process [114]. Hydrogels could
be made of both natural (e.g., gelatin and alginate) and synthetic (e.g., PVA) poly-
mers, as well as their composites [115]. They are commonly categorized based on
their crosslinking nature, i.e., chemical or physical hydrogels. Chemical hydrogels
entail the formation of covalent bonds between the polymer chains, whereas physical
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hydrogels involve physical interactions between polymer chains (e.g., ionic interac-
tions, hydrogen bonds, and molecular entanglement) [116, 117]. Major advantages
of hydrogels as wound dressing materials include (1) promoting wound debride-
ment and absorbing wound exudates, (2) providing an optimum moist environment
to accelerate the healing process, (3) permeable to oxygen and other soluble factors,
(4) inhibiting bacterial infection, and (5) poor adhesion to the wound site which
prevent trauma formation after its detachment from the wound bed [8]. Hydrogels
can be loaded with both keratinocytes and fibroblasts [118, 119]. Despite their ease
of fabrication, affordability, and good control over the scaffold properties, they lack
sufficient mechanical strength, and they are unable to load individual cells at specific
regions throughout the scaffold [120]. Hence, they are being improved as advanced
biomaterials capable of encapsulating various cells and bioactive molecules, which
are called gel bioinks.

5.2 Bottom-Up Approaches for Skin Regeneration

Bottom-up approaches utilize cells or cell-aggregates to generate tissue-engineered
constructs without administration of scaffolds as supporting substrates [121]. These
approaches generally entail three fundamental components: (I) a bioink containing
the cell suspensions to be printed, (II) a biopaper, providing a temporary substrate for
the deposited bio-inks, and (IIT) a bioprinter. The 3D bioprinting strategy, an advanced
branch of the 3D printing technique, has been widely used in tissue engineering
and regenerative medicine for fabricating substitutes with a maximum resemblance
to human tissues and organs [122]. It is fairly well accepted that 3D constructs
often provide more accurate physiological situations than two dimensional (2D)
counterparts since many functions naturally happen in the 3D condition of the human
body.

Based on the main principles of casting, current 3D bioprinting strategies basically
include laser-assisted, drop-based (inkjet), extrusion, stereolithography, electrohy-
drodynamic, and microfluidic bioprinting techniques [123-125]. Although all these
methods are used as the fabrication route, it should be emphasized that printing a
construct with a well-controlled and precise geometry is of utmost importance for
efficient living cells and reconstruction of human tissues and organs in the laboratory
[126]. In the following sections, the above-mentioned methods are briefly introduced,
and then suitable gel-inks for fabricating 3D skin replacements will be presented.

5.3 Laser-Assisted 3D Bioprinting

Two separate main approaches of laser-induced forward transfer (LIFT) and laser-
guided direct writing have been validated in laser-based bioprinting. To align and
focus the laser, the device consists of a focusing system, a pulsed laser beam to
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induce the transfer of bioink, a ribbon as the absorbing layer, and a substrate for the
bioink layer [127]. A laser source is used in this bioprinting technique, which is based
on the LIFT model to irradiate high energy focused laser pulses at high precision
onto thin substrates coated with a layer of laser absorbing material. The resulted
bioink produces a high-pressure bubble to remove the cells and biomaterial from the
substrate and deposit them onto the platform [128], where the scaffold is formed layer
by layer [129]. Two layers are normally involved in this process: the energy absorbing
layer (upper glass slide), which receives the pulsed laser, and the cell-containing layer
of biomaterials (on the bottom). After ejecting the cell-containing hydrogel precursor
toward the platform, the final 3D structure will be shaped through the movement of the
platform [130]. Some advantages have been reported for this method, including high
cell viability (>90%), variety of printable bioinks with high viscosity, and nozzle-
free and non-contact (between the bioink and processing device), which provides
a mechanical stress-free medium for normal cellular activity [131]. On the other
hand, the drawbacks of low cell density, complexity, low repeatability of the resulted
droplet, time-consuming, high cost, and relatively low flow rate of crosslinking due
to the fast gelation, which is essential for attaining a highly precise shape but can
limit the applications of laser bioprinting approach, have addressed the researchers’
focus on optimizing this method, which needs further study [132].

5.4 Drop-Based Bioprinting

As a highly versatile, rapid, simple, and cost-effective technique introduced in the
early 2000s [133], drop-based bioprinting is compatibly capable of depositing pico-
liter droplets of various low viscous biological material inks (3.5-12 mPa/s) to avoid
clogging in a precisely controlled way with high resolution and no contact between
the substrate and the nozzle. Similar to laser-based bioprinting, this method faces
some limitations, including non-uniformity of the droplets and inconsistent encapsu-
lation of cells, as well as a restricted structural and mechanical integrity in bioprinted
concepts. On the other hand, since it is difficult to control the porosity and vascu-
larization, the size of the constructs can be restricted by cross-contamination of
bioinks [134, 135]. Drop-based bioprinting has been classified into three main types
of acoustic, micro-valve, and layer-by-layer inkjet bioprinting. The acoustic-droplet
method produces the droplets from the bioinks through acoustic waves in an open
pool without applying any heat, high voltage, or pressure. Micro-valve bioprinters
generate droplets under pneumatic pressure through the opening and closing of a
microvalve. Moreover, the inkjet technique, as the most common system of drop-
based bioprinting, includes electrodynamic, drop-on-demand, and continuous-inkjet
bioprinting. These systems use mechanical, thermal, and piezoelectric pulses to
produce small (picoliter-volume) bioink droplets which can affect the cell viability
in inkjet bioprinted microstructures [136]. By controlling the parameters affecting
the ultrasound, including time, pulse, and amplitude, the inkjet technique as the first
organ printing approach is capable of adjusting the desired size of ejected droplets,
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which is known as the primary advantage of this method [137]. Furthermore, the
possibility of using multiple printing heads on the device allows different cells to be
printed faster (1-104 drops/s) at the same time. However, possible thermal damage
to cells and weak mechanical stability of the 3D-bioprinted structures, as well as the
challenge of the drying process of droplets on the substrate, are the main issues to
be solved. Additionally, this technique often leads to the construction of weak skin
structures since high concentrations of cells and high viscous biomaterials cannot be
used due to the low driving pressure of the nozzles, which should be considered in
future studies [138].

5.5 Extrusion-Based Bioprinting

Extrusion bioprinting technique is evolved from inkjet technology and uses physical
forces of pneumatic pressure, metal screw, or piston systems to selectively dispense
the biomaterials with high geometric complexity through a mechanically driven
nozzle where the extrusion head moves in three directions of x, y, and z to form
3D architectures of biomaterial on the substrate platforms. This technique has been
branded as the most suitable for fabricating soft tissues among different bioprinting
approaches [139]. In spite of its lower accuracy compared to laser-based and inkjet
techniques, this technique allows the extrusion of different biomaterials, including
hydrogels, cell-spheroids, cell-laden bioink, and high viscous polymeric thermoplas-
tics with various viscosity ranges of 6-30 x 107 mPa/s and the resolution of 100 pum-
millimeter [140]. The ability to be installed in a multi-head system is the key benefit
of applying this bioprinting technique, which provides printing one or more biomate-
rials simultaneously. These complex and quickly manufactured 3D tissue structures
could mimic the human body both biologically and morphologically, verifying the
extrusion technique as one of the most promising available clinical approaches [141].
While pneumatic systems use compressed gases to provide a continuous extrusion
pressure to dispense bioinks, two other systems of piston and screw dispense bioinks
through a pump using mechanical forces without any gases. With the help of the
simple and low-cost extrusion bioprinting device, it is possible to fabricate a wide
range of biostructures similar to skin tissues. However, bioink cells can potentially
be damaged due to exposure upon external mechanical forces, which needs to be
reduced as much as possible [142]. The use of extrusion-based 3D bioprinting in
skin wound healing has been validated in recent studies [143, 144].

5.6 Stereolithography-Based Bioprinting

Photolithography techniques use photons/light to transfer the geometric shapes of a
mask to a light-sensitive surface and are being effectively employed for constructing
3D scaffolds for tissue engineering applications. These techniques are generally
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divided into three main methods, including mask-based photolithography, multi-
photon lithography, and stereolithography. As a notable 3D bioprinting technique,
stereolithography uses a projected light source of the laser, infrared radiation, or
an ultraviolet bulb to photolytically crosslink bioinks selectively in a layer-by-layer
process to form highly precise 3D structures (commonly acrylics and epoxies) [145].
Stereolithography bioprinting systems consist of a light source, a digital mirror
device, an elevator system, and a photopolymer reservoir with the biocompatible
liquid photocurable resin as well as a print head which has to move only in one
direction through an up and down movement [146]. While this method has been tradi-
tionally used to fabricate cell scaffolds [147], currently, it is applied in 3D printing of
bioink with cells with high efficiency [148]. Compared to other 3D bioprinting tech-
niques, stereolithography provides the advantages of high cell viabilities (>90%),
high printing accuracy and resolution (<100 pm), short printing time (<1 h), as well
as being simple and easy to control device [149]. However, this technique suffers
from some drawbacks, including a high cost for system installation, the lack of avail-
able and useable photosensitive resins, and cytotoxicity of the photocurable resins,
which can reduce the viability of embedded cells [150].

5.7 Electrohydrodynamic-Based Bioprinting

As a newly emerging 3D bioprinting technique, electrohydrodynamic printing has
been applied in the controlled fabrication of 3D micro/nano-scale constructions [151,
152]. Combining the principles of electrohydrodynamics and layer-by-layer additive
production makes this technique mainly appropriate for fabrication and biomimetic
structural organization of artificial tissue models on a similar scale to that of living
cells or native extracellular matrix, which proves its great potential to precisely
regulate tissue regeneration [153] and control cellular behaviors [154].

5.8 Microfluidic-Based Bioprinting

Microfluidic 3D bioprinters employ a micro-printing apparatus based on microfluidic
technology. They are different from traditional bioprinters (laser, inkjet, extrusion,
and stereolithography) as to their capability of artificial printing tissues, for example,
the skin, in a shorter period of time [155]. Microfluidic print heads use the combina-
tion with bioprinter to enable precise patterning of a biomaterial and cells in 3D. In
addition, choosing the right bioink and design for your print is essential to create a
functional 3D tissue. Bioink selection is of great importance since a bioink incorpo-
rates both cells and biomaterials. So, software (e.g., ASPECT®-Studio) is being used
to specifically design a 3D structure [ 156]. One of the main benefits of microfluidic 3D
bioprinting is the ability to pattern tissues on the microscale. Moreover, it is feasible
to encapsulate different types of cells and materials as core—shell and concentrically
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multilayered fibers mimicking tissue interfaces. The size of microarchitectures and
features may finally be controlled by microfluidics.

Although this system cannot entirely model all features of human skin, including
hair follicles and pigmentation, it is capable of stimulating wound regeneration by
printing a large amount of artificial transplantable skin in a fairly short time [157].

6 Natural 3D Printable Gel-Inks for Skin Regeneration

In general, 3D printable gel-inks could be originally categorized as natural and
synthetic polymers. It should be pointed out that their combinations have also been
reported as a reasonable strategy for having an enhanced biological and mechanical
property [158]. In spite of their shortage of mechanical stability, naturally-derived
polymers are the main source of around 90% of polymeric substrates employed in
3D bioprinting applications [159]. The reason for the high usage of natural poly-
mers is related to their inherent benefits, including high similarity to human extra-
cellular matrix (ECM) composition, which mimics cell native microenvironment
and subsequently facilitates cells’ attachment, proliferation, migration, and differ-
entiation [160, 161]. Among a broad range of natural polymers, alginate, collagen,
decellularized ECM (dECM), and gelatin inks have been extensively applied in skin
tissue engineering. Natural protein-based inks, collagen, dECM, and gelatin-based
polymers have shown remarkable potential in the regeneration of the epithelial layer
of skin tissue [162].

6.1 Alginate

Alginate (known as alginic acid) is an anionic polysaccharide found in the cell walls
of brown algae. This biopolymer has been widely utilized in various 3D bioprinting
applications due to its rapid gelation post-printing and high shear-thinning [163].
Hydrated alginate can form a viscous gel as to its hydrophilic property, meeting
the needs of physicochemical features suitable for 3D bioprinting. Due to its good
biocompatibility and structural similarity to native ECM, alginate has been wid