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The fast-developing field of three-dimensional (3D) bio-printing has been extensively used to improve the usability and
performance of scaffolds filled with cells. To further 3D-printing uses in tissue engineering, research on novel, suitable
biomaterials with quick cross-linking capabilities is a prerequisite. A wider variety of acceptable 3D-printed materials are
still needed, as well as better printing resolution (particularly at the nanoscale range), speed, and biomaterial compatibility.
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| 1. Materials for 3D Bio-Printing

The initial, non-biological uses of three-dimensional (3D) printing were for the deposition of metals, ceramics, and
thermoplastics. Living cells and biomaterials cannot be processed using increased processing temperatures, organic
solvents, or cross-linking agents . Therefore, finding biological materials that are companionable with printing
procedures that can also encounter the mechanical and functional requirements for tissue constructs remains the focus
(2. The most crucial aspects for the biomaterials used in 3D bio-printing are biocompatibility, uniformity in disintegration,
and printability. Biomaterials are often defined as organic or synthetic materials utilized in biological equipment to mend or
even transplant any organ of the body B! They are separated into four divisions based on their chemical makeup: metals,
polymers, ceramics, and composites. While ceramics and composites have a stronger corrosion resistance 4S8 than
other classes of materials, metals and composites also have a high mechanical strength. In contrast to other materials,
polymers are notable for being biocompatible (BC) and biodegradable . The most practical ingredients for 3D bio-
printing are thermoplastic polymers. Nevertheless, they are divided into two primary classes for 3D bio-printing: synthetic
polymers and natural polymers (often isolated from animal or human tissues) [&. Additionally, in the tissue and organ bio-
printing industries, the term “bio-ink” is crucial. Biomaterials and living cells are both included in bio-inks, which are
created in a cellular matrix. Bio-inks must contain nontoxic, bioactive constituents and have a print temperature lower than
physiological temperatures & when compared to conventional 3D-printing substances. Both natural and artificial polymers
are used in bio-inks because of the substances that are appropriate for them. Bio-inks are being used to create 3D-printed
constructions using a broad range of materials (ceramics, hydrogels, elastomers, and polymers) 9. The highlights and
drawbacks of these materials for 3D bio-printing are discussed in the following sections.

| 2. Synthetic Polymers

Synthetic polymers play a noteworthy role as highly applicabile constituents in 3D bio-printing owing to the characteristics
they offer, including high robustness, a dominant microstructure, and measured degradability 1. Chemical synthesis is
used to create synthetic polymers, which may be precisely tailored with certain mechanical and chemical properties to
match various bio-printing applications. In 3D scaffold construction, poly-glycolic acid (PGA) is regarded as a primary
synthetic polymer due to its chemical adaptability, processing simplicity, biocompatibility, and biological characteristics.
The glycolic acid monomer created by the biological degradation of PGA is effortlessly eliminated from the physique
through certain catabolic routes including carbon dioxide and water 22, The copolymers of PGA can also retain the
mechanical and physical characteristics of PGA. PGA is employed when creating restorable grafts and internal bone-
fixation devices. However, PGA's breakdown products are not hazardous. When PGA’s surface is functionalized via the
breakdown of ester bonds, the seeding density and cell spreading can be increased. Additionally, the primary polymer
utilized as an antecedent in the FDM process is PLA, a popular, polymeric bio-ink that is a hydrolytically compostable
aliphatic polyester with characteristics comprising biocompatibility, process ability, and printing capability 23, Moreover,
one non-toxic polymer with considerable durability is polycaprolactone (PCL) 4. PCL is a less costly polymer that has
admirable Bl properties such as rigidity, biocompatibility, and degradability 5. Its stability typically lasts for six months,
with a biological half-life of three years. SLS-printed PCL scaffoldings have properties such as a porous architecture that
promotes connectivity, a rough surface, and a bone-like tightness that promotes bone regeneration and cell ingrowth.
Nevertheless, the prolonged biological half-life of the scaffold creates an additional barrier in scaffolds designed for uses



other than osseous tissue engineering (TE). Additionally, the greater hydrophobicity of the substance results in reduced
bioactivity, which slows tissue adhesion and cell development 1€, Additionally, a BC, thermoplastic polyester utilized in
FDM printing methods is polybutylene terephthalate (PBT) 4. PBT exhibits high flexibility, simple processing, and
allowable strength and resilience. PBT is one of the primary polymers utilized in the biomedical area for in vivo and in vitro
biocompatibility. It continues to be useful for printing canine trabecular bone scaffolds and for tissue regeneration. It is also
used as a filler in orthopedic surgery. It does not have any distinct benefits and shares the same physical and chemical
properties as PCL or PLA. Like most polymers, PBTs will break down in an aqueous medium via oxidation or hydrolysis.
Its high melting point (225 °C) and non-biodegradable essence, which results in the production of crystalline residues
during in vivo application, restrict its utilization 18 In musculoskeletal tissue regeneration, filaments manufactured from
PLA can be employed to substitute ligaments and non-biodegradable fibers. Poly-D, L-lactic acid (PDLLA) is an
amorphous polymer having lactic acid as its primary component. Its inherent hydrophobicity, accessible biocompatibility,
and durable mechanical properties make it suitable for biomedical implementations, predominantly in SLA methods. It is
one of the polymers that is frequently used to create porous, BC scaffolds. As a result, it is used in tissue engineering and
in restorable implants for orthopedic rehabilitation. Another prospective biodegradable elastomer with great
biocompatibility and mechanical strength is polyurethane (PU), which has a thermosetting tendency. Water-based PU
regular PU can be distinguished by the type of solvent used. The latter uses water as a solvent, whereas the former uses
volatile organics 9. SLA and digital light processing (DLP) printing methods use PU, and PLA can be used to assess how
well it degrades. The strengths of 3D-bio-printing properties are enhanced by a high printing resolution and good cyto-
compatibility. Chondrocyte manufacturing is preferred in cartilage tissue engineering and the creation of bone, muscle,
and nerve scaffolds and. It exhibits an optimum elastomeric quality that stands up to repeated contraction and relaxation
and is a suitable option for muscle generation 2. By contrast, an H,O-dissolvable polymer—PVA—is utilized in the SLS
printing procedure. PVA has a tensile strength comparable to human articular cartilage. With the right adhesive, PVA can
build complex structures and offers a suitable matrix for bone-cell ingrowth. Its preferred hydrophilicity and chemical
stability enable it to withstand extreme pH and temperature changes, and its semi-crystalline structure ensures that
oxygen and other nutrients are efficiently transported to the cell. PVA is frequently utilized in a variety of load-bearing
therapies, such as bone-tissue engineering or the repair of craniofacial defects. Due to its water solubility, PVA willfully
expands in the presence of water and can be difficult to control 29,

Despite the variety of materials mentioned above, each material has a specific application. The inadequacy of
conventional treatments still poses a serious threat to organ regeneration caused by severe losses and/or damages.
Nowadays, 3D bio-printing is a noteworthy factor in the quick production of organs as an alternative to conventional
techniques. Organ printing begins by employing specific polymers (such as PCL) as a scarified layer that provides
strength during printing. The scarified coating is then eliminated by soaking the generated construct in a solution without
inflicting suffering to the framework 24, Recently, researchers attempted to use PU and PCL to apply polymers in the 3D
printing of muscle tissue. Due to their adequate firmness and flexible characteristics, many studies have concentrated on
developing these materials for printing muscle tissue. These experiments have included a variety of conventional
methods, including solvent casting and phase separation, etc. In essence, scaffolds function as essential structural
elements in tissue engineering, enabling their incorporation into organ architecture and supplying the required forms.
Generalized scaffold fabrication is a requirement for bone-tissue engineering, which includes the steps listed below [22]:

« Selecting the materials for the scaffold and the bone tissue;
« Selecting the cell structure to be used,;

« Bio-printing the cells into the scaffoldings;

« Determining the viability of the cells;

« Conducting experiments on animals.

| 3. Natural Polymers

Natural polymers, also known as bio-derived resources, are formed from living things and can be removed physically or
chemically from their natural environments. Silk, wool, cellulose, and other materials are examples of naturally occurring
polymers. These polymers have are used extensively in a variety of commercial sectors, including the food, paper,
pharmaceutical, and other industries. Natural polymers that are H,O-soluable can dissolve in inorganic solvents that are
pleasant to cells, such as cell culture media and phosphate-buffered saline, to produce solutions or hydrogels. Examples
of these polymers include gelatin, alginate, fibrinogen, and hyaluronic acid. Natural polymers can be 3D-printed layer-by-
layer, employing discrete-stacking rapid prototyping (RP), additive manufacturing (AM), or solid, free-form manufacturing
(SFM) principles as their solution or hydrogel states exhibit a certain fluidity 23], Theoretically, any natural polymer that,
under particular circumstances, contains a sol-gel phase transition (i.e., a gelation point) can be printed utilizing a



spontaneous, layer-by-layer (LBL) deposition process. In reality, only a very limited nhumber of natural polymers can be
printed in films at cell-friendly temperatures (such as room temperature) without the help of the physical, chemical, or
biological cross-linking of the included polymer chains. This is due to the fact that only a few naturally occurring polymers
can completely satisfy all requirements for the 3D bio-printing of cells, tissues, and organs 24, Natural polymers have
been crucial both during and after the 3D-bio-printing process in a number of ways, including by providing adequate
spaces for extracellular matrix (ECM) configurations, biophysical/chemical cues for tissue/organ morphologies, and
hierarchical network settings (vascular, neural, and lymphatic). It is possible to successfully and effectively avoid
unexpected processing conditions, such as high temperatures, organic solvents, and H,O shortages, which have a
negative impact on the bioactivities of the compressed cells and/or biomolecules 2. Numerous natural polymers (such as
alginate, chitosan, and decellularized extracellular matrix (dECM)) have been used as the primary ingredient in bio-inks
over the past ten years. According to F. Pati et al., bio-inks containing dECM were successfully printed from three tissues
(28] The bio-ink's dECM compositions, which include traits and biological functions from many tissues, have the ability to
closely imitate genuine tissues. In numerous biomedical sectors, these natural polymers have enormous worth for
scientific research and extravagant financial profit. These natural polymers for 3D bio-printing have three standout
properties:

« Strong biocompatibility;
« Low mechanical strength;
* Quick biodegradability.

Consequently, natural polymers can provide a pleasant and secure situation for cells—especially stem cells—to sprout,
relocate, propagate, and/or develop, in contrast to synthetic polymers. The details of a few exemplary natural polymers for
3D bio-printing are discussed in the section that follows.

3.1. Gelatin

Gelatin is a naturally occurring protein that is generated by the hydrolysis of collagen 24 and exhibits amphoteric activity
with relation to alkaline and acidic amino acid functional moieties.

Mammalian-derived gelatin has been utilized as a biomaterial for regenerative goals. Due to their good biocompatibility,
low immunogenicity, non-cytotoxicity, water solubility, and ability to promote cell adhesion, gelatin and its byproducts have
been extensively used in 3D bio-printing 2829130 Gelatin mixture exhibits a peculiar sol-gel transition at 28 °C, which
corresponds to the melting point of G hydrogel. Thus, the unique thermal properties of gelati -based solutions enable the
injection or extrusion of cells and/or bioactive substances via the plungers of 3D bio-printing, followed by the layering of
those substances at relatively tolerable environmental temperatures between 1 and 28 °C. Moreover, gelatin-based
solutions and hydrogels are used during and after 3D-printing procedures to sustain the structural performance of the 3D
fabricates and to provide spaces for cells and bioactive substances inside the pre-defined 3D constructions. Due to these
characteristics, a gelatin hydrogel in the form of gelatin methacryloyl (GelMA) is popular and substantially utilized for DIW
printing. Two different types of GelMA for cell-laden bio-printing were evaluated by Lee et al. BY. They claimed that cell
viability had a value of up to 75% in the printed architectures of A and B GelMA. These components’ porous structures
and reduced rigidity could help cells survive and proliferate more adequately.

However, naturally gelatin-based hydrogels have two distinct drawbacks in the field of 3D organ-printing 32:

« Poor mechanical potency;
« Organizational unsteadiness at physiological temperatures (such as 37 °C).

When the printed, unit-filled 3D assemblies are placed in culture media at around 37 °C, it can be observed that the
physiological, cross-linked gel phases (or structures) break down quickly. This occurs as a result of the gelatin molecules’
intrinsic cross-linking links disorganizing above the melting point of 28 °C, which compromises the structural performance
of the three-dimensional (3D) formations 2. To put it another way, reversible, physical cross-linking links cause gelled
gelati -based constructions to disband instantly in a culture medium. To produce a stable structure B3134] structures made
of gelatin via 3D printing need to be further strengthened.

3.2. Alginate

Brown algae is the source of alginate (commonly known as algin), an anionic polysaccharide. In general, the term
“alginate” refers to the salts of alginic acid, which is made up of the building blocks “B-D-mannuronic acid” (M block) and
“g-L-glucuronic acid” (G block) and can signify both the acid itself and all of its derivatives B2l Divalent cations such as



Ca?* (calcium), Sr2* (strontium), and Ba?* (barium) ions can structurally cross-link a material called alginate, which
dissolves in water. This property has made alginate exceptionally appealing in the sectors of regenerative medicine (RM),
drug delivery, and wound healing 28], Alginate and composite alginate hydrogels have been enormously utilized as cell-
laden bio-inks in numerous 3D-bio-printing methods owing to their low toxicity, non-immunogenicity (excellent
biocompatibility), fast degradability, and cross-linkable characteristic (chemical gelling propensity) BZ. Alginate sulfate—
nanocellulose bio-inks for cartilage bio-printing implementations were investigated by Michael et al. 28 Alginate Sulfate
was mixed with nanocellulose, which has been shown to have excellent printability, to transform it into a printable bio-ink.
The results reveal that A-sulfate/nanocellulose ink had worthy printing qualities and that the encapsulated cells’ C I
production was stirred by the non-printed Bl material. The natural functioning of the cells was greatly influenced by the
plunger shape during the printing of the bio-ink 28l The viscosity of the cell-filled alginate hydrogel, however, is heavily
influenced by the density, phenotypic, and molecular weight of the cells throughout the 3D-bio-printing procedures. After
chemical crosslinking, cells placed in an alginate hydrogel with an extreme polymer intensity usually have significantly
reduced bioactivities. A lower alginate—hydrogel content, meanwhile, allows for greater cell survival and proliferative
capacity. Even after chemical cross-linking, however, the mechanical characteristics of the 3D structure rapidly decline
when the alginate—hydrogel content is lowered. Therefore, for a standard 3D-bio-printing procedure, an optimal alginate
concentration is required to guarantee beneficial cell survival and printing precision 32149,

3.3. Collagen

Collagen is one of the BC polymers that has been thoroughly investigated in bioprinting 4. Throughout the last few
years, natural collagen has been enormously exploited as scaffold matter for TE. It is the chief component of
musculoskeletal tissue and comprises the ECM of the majority of tissues. In a broad sense, V is a triple-helical, BC protein
of biological origin. Therefore, immunological reactions to collagen scaffolding occur infrequently. On porous scaffolds, it
can considerably increase osteoblasts’, chondroblasts’, and mesenchymal stem cells’ adherence, multiplication, and
development capabilities 2. Additionally, collagen can improve cellular attachment, adhesion, and proliferation.
Nevertheless, it is challenging to 3D-print a collagen solution under ambient circumstances because the characteristics of
the low-pH-soluble collagen solution are rapidly affected by hydrogel potential (pH) and temperature. This is because
when a solution is neutralized at 37 °C, collagenases and metallo-proteinases can quickly break down collagen strands
into amino acids, preventing them from assembling to form a hydrogel. The impact of pH and riboflavin photo-cross-linking
on the rheological characteristics and printability of collagen was explored by Diamantides et al. 43l. The findings of their
pH analysis demonstrated that the appearance stability of printed fragments throughout the gelation of collagen bio-inks
was strongly influenced by pH; however, printability was unaffected by the pace of gelation of collagen bio-inks. In
particular, collagen type | and type Il have been utilized regularly for 3D-printed scaffoldings for chondro and osseous
restoration. Ren et al. concentrated on the bio-printed collagen Il hydrogel structures with a gradient chondrocyte
compactness for manufactured zonal cartilage. In this investigation, type Il collagen played a crucial role in promoting
chondrogenic development and the ability to maintain the chondrocyte phenotype. The gradient ECM distribution in the
3D-printed zonal cartilage was favorably linked to chondrocyte density. For better biological effects, the bio-printing
technique has modified both cell density and cell dispersion patterns in several zonal areas #4. The utilization of 3D-
printed scaffolds for tissue restoration has three clear benefits:

« In contrast to the conventional tissue-engineering of porous scaffolds, most 3D-printed scaffolds characteristically scale
up via networks that are useful for transporting nutrients, oxygen, and metabolites;

« The gradient structural morphology and material composition are advantageous for realizing diverse functions in 3D-
printed scaffolds;

« For hard or soft TE, living cells can be directly inserted into biocompatible material.

3.4. Hyaluronic Acid

A polymer found in living entities, hyaluronic acid (HA) is made up of d-glucuronic acid and N-acetyl-d-glucosamine 2],
HA has good biocompatibility and biodegradability, which is crucial for cell growth, angiogenesis, and interactions with
receptors. Hyaluronidase, B-glucuronidase, and -N-acetyl-glucosaminidase are enzymes that may quickly break down
HA into low-molecular-weight hyaluronic acid and oligosaccharides (i.e., they glycolytically degrade it through a glycolytic
pathway) 48], It is a lubricating hydrophilic polymer that, when added to the previously stated gelatin-based bio-inks, can
change viscosity by forming very viscous hydrogels at low concentrations. The limited mechanical properties of HA, as
with the majority of natural polymers, lead to a low shape consistency during 3D bio-printing. Although HA has fascinating
bioactive qualities and exhibits great biocompatibility for cartilage tissue creation, it lacks the physical characteristics
necessary for its use in 3D, extrusion-based bio-printing (EBB). One of these drawbacks is that the material’'s solutions
lack sufficient viscosity to maintain stability in the reservoir throughout the printing process and, as a result, a uniform,



three-dimensional distribution of the cells. Additionally, HA is incapable of gelating, which is necessary to preserve 3D
structure after printing 4. The production of HA formulations appropriate for use as a bio-ink has been made possible by
a number of methods based on HA modification 281491 However, the majority of these methods have some shortcomings
that may restrict their usefulness. Natural gelling agents have drawn a lot of attention in this regard because they do not
require any harmful or complicated preparations or gel-forming processes. In this situation, Antich et al. produced highly
capable and sustainable bio-printed, 3D hybrid scaffolds for AC restoration using an HA-based bio-ink. Analyzing the
mechanical characteristics of the HA-based bio-ink and 3D hybrid construct, it was discovered that HA-based bio-ink
increases the production of chondrogenic gene markers—specifically matrix deposition—and tissue development, which
enhances cell functionality. These findings point to the bio-printed hybrid scaffold made of PLA and HA-based bio-ink as a
suitable candidate for bio-ink that may assist AC formation in vitro 59,

Additionally, many changes have been made to the HA-based 3D-printing techniques to enhance their mechanical
characteristics and shape fidelity. The cross-linking of HA with other polymers can be performed physically or chemically.
For instance, by employing a UA-light source to photo-chemically cross-link HA and methacrylate, hyaluronic acid
methacrylate (HAM) can be formed as a natural/synthetic hybrid polymer B, It should be emphasized that although
HAMA has improved the poor physical characteristics of HA, the bio-inert characteristics of HAMA, such as the non-
biodegradability of polymethacrylate (i.e., PMA), high hardness (or stiffness), and low shape fidelity, have significantly
restricted its use in three-dimensional organ-bio-printing areas. As of the present moment, hybrid HAMA-GelMA bio-inks
have been used in certain tissue-engineering applications, including the engineering of neuronal, cardiovascular, cartilage,
and bone tissues. For instance, Skardal et al. showed that although a low ratio of HAMA/GelMA results in poor
mechanical strength but higher cell adhesions, a high ratio of HAMA/GelMA would result in a stiffer structure but a poor
cell-adhesive ability. When all factors were considered, the 80/20 HAMA/GelMA ratio was the best option 22,

Furthermore, Hauptstein et al. conducted research on hyaluronic acid (HA)-based bio-ink compositions to support 3D bio-
printing and improve the quality of deposited, cartilaginous extracellular matrices by the UV-cross-linking of an allyl-
modified poly(glycidol) in a range of concentrations B3l The gels were additionally enhanced with an unmodified, 1 wt.%
high-molecular-weight HA (hmHA), and chondrogenic differentiation of the included human mesenchymal stromal cells
was evaluated in order to adapt bio-inks to poly(-caprolactone) (PCL)-supported 3D bio-printing. Surprisingly, the addition
of hmHA to gels with a modest polymer content (3 wt.%) led to a noticeable improvement in construct quality with uniform
ECM distribution across the constructs, independent of the printing procedure. When compared to higher-concentrated
constructs (10 wt.%), which exclusively exhibited peri-cellular matrix deposition, the improved ECM dispersion in those
constructs was related to a greater construct stiffness during chondrogenic development.

3.5. Chitosan

The well-known natural polymer chitosan, which is obtained from shrimp shells, is created when chitin is de-acetylated. It
is an advantageous choice for tissue engineering due to its biocompatibility, antimicrobial qualities, biodegradability, and
inexpensive cost. Lysozymes can biodegrade chitosan to produce amino-sugars B4, Similar to alginate and HA, the poor
mechanical strengths and sluggish gelation characteristics of chitosan solutions have undoubtedly limited their use in 3D
organ-printing applications. Chitosan can be physically combined and chemically cross-linked with other supporting
polymers, including alginate, gelatin, and collagen, to increase its mechanical qualities as expected 2. A high chitosan
viscosity is typically advised for extrusion-based, hybrid-polymeric hydrogel 3D-bio-printing technologies.
Collagen/chitosan, alginate/chitosan, and gelatin/alginate/chitosan have all been widely and recently used as bio-inks in
various 3D organ-bio-printing fields. A chitosan hydrogel was employed by Wu et al. B8 to guide cell development.
Unusually, chitosan itself can be chemically altered to enhance printability in an acceptable pH range (7-7.4) without
compromising its biocompatibility or biodegradability. Gu and colleagues’ research focuses on the proliferation and
differentiation of brain cells, and they extruded a mixture of alginate, agarose, and carboxymethyl-chitosan in their
experiments BAE8I59 The mixture of 1.5% alginate and 5% carboxymethyl chitosan (a water-soluble derivative) was first
identified as being ideal for print fidelity and the development of human-brain stem cells. The constructs had a depth
evaluation of differentiated cell development that reached 169 pym, making them rather thin. In a subsequent work, Gu et
al. demonstrated how the scaffold supported the formation of the embryoid body and subsequently controlled
differentiation along the neural lineage using induced pluripotent stem cells.

Cheng et al. 89 simultaneously created a composite of chitosan and poly (caprolactone)-diacrylate/poly (ethylene glycol)-
diacrylate for 3D printing via photopolymerization. Kingsley et al. (2016) B complexed the microspheres with PLL or
chitosan using the laser direct-writing technique, in which cells in alginate were expelled by a laser pulse into
gelatin/CaCl,. By liquefying the alginate core through incubation in sodium citrate, encapsulated cell spheroids that could
be shaped into micro-strands were produced. Using chitosan coating as opposed to PLL coating, a breast-cancer cell line



(M231) had higher cell viability. Fibroblasts and M231 cells were printed as a single construct to demonstrate their distinct
localization and interplay. Despite being a 3D culture, the spheroids or strands in this study were not stacked, and the z-
axis was about 80 pm. For bone tissue engineering, Lee et al. 62 created scaffolds using chitosan, gelatin, and
hydroxyapatite. Demirtas et al. 63 created a chitosan that exhibited temperature-sensitive gelation and remained in
solution up to a pH range between 6.9 and 7 using a mixture of chitosan and glycerol phosphate. Alginate and chitosan—
glycerol phosphate were compared with and without hydroxyapatite in printing pre-osteoblasts (MC3T3-E1). A good cell
vitality (>90%) was observed across all conditions. Chitosan—hydroxyapatite > chitosan > alginate promotes osteogenesis
in MC3T3 cells in accordance with osteogenic gene expression. Chitosan is a feasible substrate for iPSCs, MSCs
(Mesenchymal Stem Cells), neurons, and other cell lines, according to these bio-printing research. They serve as the
foundation for investigations that will improve in vitro models and add controlled complexity. Chitosan and polyethylene
glycol diacrylate were utilized as bio-inks by Morris et al. and Elviri et al., respectively, to print scaffolds using the
stereolithography technique B4165],

3.6. Decellularized Extracellular Matrix

Cell and extracellular matrix (ECM) elements such as collagen, fibronectin, laminin, and glycosaminoglycans are found in
tissues and organs 88, Each tissue and organ has a unique composition that is influenced by interactions between its
cells and the ECM. The ECM interacts with and controls the behavior of cells while also being produced by cells 4. Cell
receptors such asintegrins are used by cells to interact with the ECM. Several signaling pathways that are crucial for
cellular functioning are activated by cell-ECM interactions. The decellularized extracellular matrix (dECM), on the other
hand, is a blend of organic polymers made from various animal tissues including the skin, small intestinal submucosa, and
liver (81, The elimination of cellular components while preserving the natural shape and makeup of the tissue or organ is
the true aim of a decellularization (dC) phase. Thus, the final qualities of the created dECM bio-ink are greatly influenced
by the chosen dC process. Following dC, the composition and structure of the original tissues may still be largely
preserved, which may allow for the creation of tissue-specific microenvironments for the preservation of cell-specific
functions. The final components of the dECM can be influenced by the dC processes, which can be either physical,
chemical, biological (such as enzymatic), or a mixture of these processes. Chemicals such as acids, bases, detergents,
and alcohols have all been utilized in the past, but the only biological techniques that are currently available are enzymes,
such as trypsin, and nucleases [£4. Other techniques, such as sonication, heating, exerting pressure, and electroporation,
can also be used to decellularize an object Z%. Beyond 15 °C, the resulting dECM-based solutions gel instantly and
produce physically cross-linked hydrogels. It was reported that dECM produced from porcine liver could be employed as a
useful substrate for hepatocyte cultivation. Through albumin secretion, bile-salt export-pump (BSEP) mRNA expression,
and sodium taurocholate co-transporting polypeptide (NTCP)—which was considered a potential scaffold material in3D
tissue-bio-printing—the liver-specific dECM could maintain hepatocyte activities [281. Additionally, dECM can offer cells
specialized milieus for the 3D bio-printing of organs. Due to their low viscosity, dECM bio-inks frequently require the
assistance of additional supporting polymers in order to achieve basic 3D printability and shape fidelity. For instance, a
multi-head tissue-building system has printed an adipose-derived dECM/polycaprolactone (PCL) hydrogel with
encapsulated ADSCs, which produced a high cell viability (>90%) [Z4],

The use of dECM-derived bio-inks for various tailored, bio-artificial 3D organ-bio-printing applications is currently gaining
popularity in both academic and professional contexts. Some bio-inks made from dECM have been investigated as
potential substitutes for clinical uses. However, the degree of mechanical property preservation has a significant impact on
clinical outcomes. The ECM of the native tissue or organ is often maintained by dECMs, which provides tissue- or organ-
specific microenvironments for cellular growth and function. Growth factors, cytokines, and microRNAs have all been
found to be present in a variety of dECM-based scaffolds that have been produced 273, For a transplant to be effective,
dECM must meet a number of conditions. After dC, there cannot be more than 50 ng of dsDNA/mg of weight of remaining
DNA. Decellularization must be performed gently to prevent harming the ECM and changing its composition. Additionally,
it has been widely shown that the decellularized extracellular matrix (dECM) is a bio-instructive scaffold that may drive
and modulate cellular responses, such as proliferation and differentiation, as well as aid in vivo tissue repair and
regeneration 4. Additionally, it has been established that cells have a better expansion and differentiation potential when
grown on a dECM from their original tissue 4. Although the precise mechanism is unclear, it is hypothesized that the
various tissues’ distinct compositional makeups of the ECM create an environment that is favorable for cell types that are
compatible with their respective tissues. This concept gave rise to the idea of using a tissue-specific approach in tissue
engineering. For extrusion-based 3D-bio-printing systems, the use of a dECM as an innovative bio-ink has been popular
up until recently. The efficient use of dECM bio-inks to create cell-filled, porous adipose, cartilage, and heart tissue,
mimicking using a nozzle-based bioprinter, was experimentally verified by Pati et al. (28], In this instance, when cultured in
their corresponding, tissue-matched dECM, bio-inks—patrticularly in comparison to collagen-I-regulated bio-printed tissues
—assisted with high viability and augmented the tissue-specific gene expression of human-adipose-derived stem cells



(ADSCs), human turbinate mesenchymal stem cells (nTMSCs), and rat myoblast cells 28, This further emphasizes the
benefits of tissue-specific ECM. Although the use of a dECM provides outstanding benefits for maintaining tissue- or
organ-specific functions, it still has numerous other difficulties regarding the 3D bio-printing of complicated organs. First, it
is challenging to successfully remove antigenic epitopes that have been produced by the allogeneic or xenogeneic
receivers of dECMs. Second, residual DNA or nuclear materials are somewhat preserved in dECMs, which likely
influences the behaviors of encapsulated cells. Finally, there are still many issues that need to be resolved in the future,

including incredibly bad mechanical qualities, low construction resolution, surprising form-shrinking, and quick degradation
rate (23],

3.7. Other Materials

Several actions are necessary to obtain bio-inks (e.g., increasing the printability). These constraints improve the qualities
of the bio-printed materials. Numerous studies have been performed in this area to accomplish this milestone. Making
multi-material bio-inks possible is one of the most crucial tactics. A collagen—alginate bio-ink was employed in tissue
engineering by Yanga et al. 78, An alginate—methylcellulose hydrogel was employed by Li et al. [ZZ as the bio-ink for bio-
printing. Additionally, there have been various attempts to use 3D bio-printing to produce silk-based constructions due to
the growth in the biological and therapeutic uses of silk. For the creation of soft tissue implants, the inkjet bio-printing of
silk—alginate as a bio-ink cross-linked with horseradish peroxidase has been documented [Z8. In order to bio-fabricate
cardiac tissue constructs, Wang et al. created a fibrin-based composite bio-ink made of fibrinogen, gelatin, HA, and rat
ventricular cardiomyocytes at a concentration of 10 xx 108 cells/mL. The fibrin was cross-linked by soaking the bio-printed
construct in Dulbecco’s modified minimum essential medium (DMEM) containing thrombin for 20 min. Immunostaining
was used to confirm the creation of cardiac tissue constructions and showed that the bio-printed constructs responded to
medications for the heart 2. These findings illustrate the use of fibrin bio-inks in regeneration. The study discussed
above can be used to produce many materials for 3D bio-printing. In addition to single- and multi-material bio-inks, a novel
idea known as the “self-assembling of bio-inks” has emerged for the manufacture of enormous anatomical structures.

Numerous studies have shown that self-assembling tissue strands have been used to create nanofibrous hydrogels for
bio-printing BE1],

The total number of publications retrieved from Science Direct for the past five years is shown in Figure 1, in which the
gradual increase of the use of dECMs is clearly discernible.
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Figure 1. Natural polymer publication/year in 3D bio-printing for tissue engineering 2. The bars represent the number of
publications retrieved from Science Direct. The examined time interval was 2018-2022.



| 4. Material Characteristics of Bio-Inks

A complicated manufacturing technique is used to create bio-ink formulations with pre-defined rheological properties in
order to 3D-print a rigid or elastic 3D scaffold with evenly spaced components and a controlled shape. As a result, the
following qualities are preferred for the bio-inks.

4.1. Printability

One of the most crucial characteristics for a component to be appropriate for 3D bio-printing is its capacity to be effectively
used by the printer; in particular, how well the element could be precisely coated with the requisite controllability. This
differs amongst printing techniques; therefore, it is challenging to define what printability is. Smooth nozzle dispensing,
continuous filament formation with high shape retention, and high structural integrity are all characteristics of bio-inks with
good printability. Printability can be impacted by a variety of parameters, including ink composition, viscosity, gelation
kinetics, and surface tension. Printing characteristics that can affect the results include extrusion pressure, printing
velocity, nozzle diameter, nozzle/printed/ambient temperature, and the printing path. Whatever parameter configurations
are chosen, a method of evaluation known as printability is required to describe the structural outcome. Bio-ink printability
can be assessed using known techniques such as qualitative description, quantitative analysis, and computer simulation
[83] Ouyang et al. [84 described the structural creation of the pore squared by four filaments in a usual lattice arrangement
using a semi-quantitative method. The printability factor (Pr) was defined as the ratio of the ideal square circularity (i.e., p
= 11/4) to the actual pore circularity. An appropriate gelation situation is represented by a lattice structure with a Pr = 1;
over-gelation is indicated by a Pr value > 1, and under-gelation is demonstrated by a Pr value < 1. The gelation situation
needs a formulation with an acceptable viscosity range and quick transition kinetics from the sol to gel states 82, For
instance, extrusion-based printing can print materials with very high viscosities, whereas inkjet printing has a restriction on
material viscosity. However, extrusion-based printing needs the material to have certain inter-layer cross-linking
mechanisms or shear-thinning qualities. Bio-inks are anticipated to be shear-thinning liquids with a regulated geometry
and porosity that can be extruded in a laminar flow while having adequate mechanical strength to self-support over
multiple layers for nozzle-based extrusion bio-printing 8. Additionally, the viscosity and gel rate of the hydrogel can be
changed to increase 3D printability by simply treating the sodium alginate/poly(acrylamide-co-acrylic acid) bio-ink
formulation in a solution of pH 14 BZ. |t is crucial for the printing material or procedure to shield the cells from this high
temperature because some processes demand intense, localized heating of the material for cell deposition. The ability of
materials to cushion cells during the deposition process and materials with low thermal conductivity have both been
proven to boost cell survivability and biological function after printing. The surface tension between the printing medium
and the receiving substrate is another element that significantly affects cell adhesion and development. It is anticipated
that the printed material will maintain a vertical tension with the substrate. Before printing, this can be accomplished by
covering the substrate with a small layer of substance to increase its hydrophobicity. Rheological characteristics including
storage and loss moduli, degree of shear-thinning, and yield stress can also be used to assess bio-ink printability (B8],

4.2. Biocompatibility

The capacity of a substance to function with a suitable host reaction in a particular situation is referred to as
biocompatibility. The primary objective of attaining biocompatibility has evolved over time, shifting from requiring the
implantation material to coexist with the host without having any negative local or global consequences to allowing or
actively producing positive benefits passively in the host. Additionally, it is anticipated that the material will, in an ideal
scenario, allow the cells to replace it with their own ECM proteins that are created at a speed which matches the
material’s rate of deterioration after being transplanted into the host and degrading. In a recent study 29, dental implants
from mining were subjected to acidic etching and grit-blasting to create surfaces with nanostructures. After four and twelve
weeks of implantation, only a very small number of inflammatory cells were observed, demonstrating the biocompatibility
of the implants. Additionally, within a few weeks of implantation, the microenvironment within the scaffold was anticipated
to promote the growth of blood vessels in or around the implant, creating a favorable environment for the movement of
nutrients, oxygen, and waste. Since all byproducts should be harmless, easily digested, and quickly eliminated from the
body, the creation of byproducts during the degradation process also defines the biocompatibility of the material.

4.3. Gelation

The kinetics of a bio-ink’s gelation or cross-linking are yet another important factor for structural printability. Kinetics
control how quickly the deposited bio-ink can cross-link, which has an impact on the shape fidelity of printed
constructions. Bio-inks that gel slowly prevent cross-linking from occurring, and the deposited bio-inks spread adversely.
Additionally, because of the excessive exposure to gelation stimuli, prolonged gelation time may have an adverse effect
on the viability of cells in the constructions (e.g., light, temperature, pH, or other harsh conditions) 1. However, it is also



crucial to manage gelation kinetics because a bio-ink nozzle’s quick cross-linking can result in a sharp shift in the
rheological properties and clog the dispensing nozzle. Biomaterials that have been physically cross-linked produce
transient networks that are stabilized by weak interactions such as ionic cross-linking, hydrophobic contact, hydrogen
bonding, host-guest interactions, and stereo-complex formation 2. Physical gelation is unsuitable as the only cross-
linking method for the solidification of bio-printed constructions due to its dynamic and mechanically fragile nature. As a
result, secondary chemical cross-linking is frequently used in conjunction with physical gelation [&. In contrast to physically
cross-linked gels, chemical cross-linking introduces covalent connections into the network, which are believed to increase
mechanical characteristics and structural fidelity. Covalently cross-linked inks are often produced using enzyme-mediated
cross-linking, photo-polymerization, and click chemistry (e.g., Michael addition and Schiff base formation).

4.4. Mechanical Properties

For the material to maintain a 3D structure following solidification, it must possess enough structural and mechanical
qualities. Additionally, a study framework is necessary for cells to adhere to, multiply, and differentiate in an appropriate
environment. Additionally, there are considerable impacts on cell adhesion from interactions between cells and the printing
medium. From hard, implanted bone to soft tissues such as skin and cartilage, there are varying mechanical needs for
materials for different types of tissue engineering. The mechanical qualities are particularly important because the
functions of soft tissues primarily depend on such features. To avoid material failure and to reduce fracture under
significant strain, the scaffold’s components should establish an effective network-enhancement mechanism 3. To
enable an appropriate load transfer, the mechanical properties of the constructed scaffold should be compatible with those
of the host bone. For instance, Ratheesh and colleagues attempted to improve the biomechanical properties of the
scaffold by adding 15% w/v of inorganic bone particles with diameters of 150-500 and 0-500 pm to 10 and 12.5% w/v
methacrylated, gelatin-based bio-inks, respectively (94]

4.5. Viscosity

The ability of bio-inks to be printed is greatly influenced by their viscosity; appropriately viscous inks can frequently
improve the printing resolution, form retention, and stability. However, high viscosity frequently leads to more shear stress
being generated inside the dispensing nozzle, which could harm implanted cells. Therefore, for optimal ink printability, an
adjustable bio-ink viscosity is essential. The viscosity of a particular bio-ink formulation is affected by its temperature,
shear-thinning characteristics, polymer content, molecular-weight encapsulated cell density, and the addition of rheology-
modifying components 3. Through the use of temperature-controlled nozzles, thermo-responsive biomaterials with
temperature-dependent viscosities can be used for 3D bio-printing. A simple method to increase viscosity is to use a high
concentration of biomaterials; however, a high polymer density may be hazardous to encapsulated cells and may restrict
their access to nutrients and oxygen in a 3D culture system. Depending on the polymer selected, the type of cross-linker
used, and the method used to partially cross-link the bio-ink precursor, the polymer’s molecular weight has an impact on
the bio-ink viscosity. Recently, the impact of encapsulated cells on the viscosity of bio-ink and the printing quality has been
brought to light 281 According to a paper, the viscosity of bio-inks can change after encasing cells. This is likely dependent
on the type of cell and the biomaterial. To change the viscosity of ink, rheology-modifying components are frequently used
97 For instance, Ouyang et al. [28 achieved standard printability for all the examined bio-inks by using gelatin as a
universal ingredient to bring thermo-responsive rheology to a variety of photo-cross-linkable hydrogels. In extrusion-based
bioprinting, shear-thinning tendencies are advantageous rheological characteristics. The addition of shear-thinning
capabilities to bio-inks can be accomplished in a number of ways, including reversible supramolecular and dynamic
covalent-bond modifications 2. Another significant rheological element linked to ink printability is the yield stress. If the
applied shear stress is greater than the yield stress, bio-inks behave as a complicated fluid and begin to flow through the
printer nozzle 2% The applied shear stress is removed as the bio-ink exits the nozzle, and the pre-existing yield stress
aids in preserving the filament's form. A bio-ink’s appropriate yield stress also promotes uniform cell distribution in the
printed tissue and precludes cell sedimentation in the hydrogel precursor. However, the majority of hydrogels are shear-
thinning, which means that as their shear strain increases, so do their viscosities 1% Some hydrogels also have
thixotropic behavior. This means that, when subjected to shear, their viscosity also gradually lowers 122 Rheological
studies of a bio-ink can determine its viscosity, shear-thinning, and thixotropic properties, and numerous mathematical
models linking these measures to extrudability and cell injury have been well-established 193 Rheological
characterizations can therefore be utilized to estimate extrudability indirectly. Most significantly, frequency sweeps at
varying shear speeds have been used to assess the viscosity of bio-inks. These values can be shown as-is or fitted to the
power law equation to determine the consistency index (K) and flow index (n) for comparison between different bio inks.
The consistency index relates to the bio-ink’s initial (or zero-shear) viscosity, with lower values indicating increased
extrudability. On the other hand, the flow index is related to the shear-thinning properties of the bio-ink, with a flow index



of one indicating Newtonian behavior and values closer to zero indicating a higher degree of shear-thinning and,
consequently, extrudability 1941,

4.6. Biodegradability and Surface Characteristics

The printed scaffold is anticipated to deteriorate over time in vivo. In an ideal situation, the pace at which scaffolds
degrade and the rate at which the ECM is produced are equal, and the degradation products have no negative
consequences on the host. For instance, a waterborne polyurethane scaffold lost 35.62% of its mass after 90 days of
deterioration, yet a fluorescence scan revealed that all of the scaffolds had been coated with rabbit chondrocytes after just
seven days of incubation 293, A scaffold transplantation’s effectiveness also depends on the interface between the
scaffold and the tissue that needs to be healed, where a variety of responses and interactions occur. As a result, the
surface properties of the scaffold, such as its porosity, wettability, and shape, need to be carefully considered. For
instance, the first-linked holes should retain a minimum diameter of 100 uym to permit the diffusion of nutrients and
oxygen, which are necessary for cell viability, as well as the transfer of waste created by cells. The suggested pore-size
range for bone tissue development is between 200 and 350 ym. The scaffold’s surface should be designed to limit cell

migration, proliferation, and differentiation. Additionally, the scaffold’s shape is crucial for securing proteins and cells to the
surface 1208,

The above-mentioned characteristics of bio-inks and consequent scaffolding do not exist independently at any one stage.
These qualities are related to one another and may have an impact on one another during the entire process, which
includes both physical and chemical changes beginning with the bio-ink in its liquid condition and ending with the formed
scaffold and functional implant.
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