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ABSTRACT: Tissue engineering has advanced remarkably in developing functional tissue substitutes for
pharmaceutical and regenerative applications. Among emerging technologies, three-dimensional (3D) printing,
or additive manufacturing, enables precise fabrication of biocompatible materials, living cells, and scaffolds into
complex, viable constructs. Within regenerative medicine, 3D bioprinting addresses the growing demand for
transplantable tissues and organs by assembling biological materials that replicate native architectures. This paper
reviews biomaterials used in 3D bioprinting, emphasizing how their rheological behavior, particularly viscoelasticity
and thixotropy, governs printability, structural fidelity, and cellular viability. The advantages and limitations of
natural, synthetic, and composite bioinks are analyzed in relation to their mechanical performance and flow properties.
In addition, common 3D bioprinting techniques such as extrusion, inkjet, and laser-assisted methods are outlined
with reference to their compatibility with various material systems. Recent applications in bone, cartilage, vascular,
skin, neural, cardiac, hepatic, and pulmonary tissue engineering are briefly summarized.
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1 Introduction

The advent of the printing press altered human history. The revolutionary technique of printing text
and images had a global influence, serving as a medium for education, religion, politics, language, and
culture [1]. Numerous developments since then have improved printing processes much further. The
consumer market was transformed, for instance, by the advent of dot matrix printers, which reduced costs
and time by enabling desktop publishing and on-demand printing via a computer connected to a printer as
a peripheral device. The general public now has more access to education, scientific research, and the arts
due to personalized printing.

In recent years, additive manufacturing (AM) has gained significant attention. Additive Manufacturing
(AM) is recognized as a noteworthy sustainable manufacturing technology [2]. Numerous industries, including
engineering, architecture, medicine, industrial design, construction, and many more, have discovered broad
uses for 3D printing, the process of producing a three-dimensional product from a computer-driven digital
model [3]. Three-dimensional (3D) printing, sometimes referred to as additive manufacturing (AM), layered
manufacturing, rapid prototyping (RP), or solid freeform fabrication, is the process of directly fabricating parts
one layer at a time using digital data from a computer-aided design (CAD) file without the need for part-specific
tools. In 3D printing, CADmodels of the objects that need to be created are first sliced in a virtual environment
to generate a stack of two-dimensional (2D) slices. Based on the 2D slice information, a 3D printer then
constructs the components one layer at a time, stacking and combining subsequent layers to create the finished
3D product [4,5]. Unlike mass production, it enables individuals to make personalized things on demand at
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cost-effective pricing. The rapid spread of this technology can be attributed to cost reductions that make
it advantageous for producing certain product categories, such as those made in limited quantities, require
personalization, or are not possible to manufacture using traditional manufacturing methods. Technology has
become widely used in several industries, leading to the third industrial revolution [6]. Applications for 3D
printing are widespread in a wide range of industries, including the food industry, biotechnology, biomedical,
and analytical fields. It has been reported that 3D printing can be used to visualize molecules and proteins, as
well as to teach about orbitals and surfaces [7].

Bioprinting is made feasible by the capability of a 3D printer to dispense biological materials.
Bioprinting is described as: “the utilization of material transfer techniques for designing and assembling
biological relevant materials, molecules, cells, tissues, and biodegradable biomaterials—using predefined
architecture to execute one or more biological functions” [8,9]. Biomaterials and living cells can typically
be positioned layer by layer to accomplish bio-printing. 3D tissue architectures, including skin, cartilage,
tendons, heart muscle, and bone, may be created because of the functional materials’ exquisite spatial control.
The first step in the procedure is choosing the appropriate cells for the tissue [10]. Patient-specific treatments
are crucial in the biomedical industry to enhance biological repair, replacement, and regeneration [9]. With
programmable micro-architecture, 3D printers may create custom structures for each patient using clinical
image data from X-rays, magnetic resonance imaging (MRI), or computerized tomography (CT) scans [11,12].
For instance, utilizing 3D printing and CT scans of the patient’s airway, medical professionals recently
designed a biodegradable tracheal splint for a baby. Additional examples include medicine delivery implants,
customized medications, and printed artificial ears made especially for individuals [13,14]. 3D printing is a
cost-effective and time-saving alternative to traditional production methods for prosthetic implants [15].

Printing scaffolds, which serve as supports for developing cells, is one technique of bioprinting. This
enables the precise placement of biomaterials, live cells, growth agents, and other biological elements
for generating complex 3D living tissue [16]. Scaffolds are essential for tissue engineering as they offer
the following: extracellular matrix production and remodeling space, structure for cell infiltration and
proliferation, biochemical signals to guide cell activity, and physical connections for wounded tissue.
Designing scaffold architecture at the macro, micro, and nano levels is crucial for optimal structural,
nutrient transport, and cell-matrix interaction conditions. The macroarchitecture refers to the device’s
overall form, which might be complicated due to patient and organ specialization and anatomical factors.
The tissue architecture (including pore size, shape, porosity, spatial distribution, and pore connections) is
reflected in the microarchitecture. Nanoarchitecture involves surface modification, such as biomolecule
attachment, to promote cell adhesion, proliferation, and differentiation [17].

While an ideal scaffold should address all of these criteria, difficulties persist with biomaterial selection
and 3D shape specificity. Commonly utilized biomaterials include synthetic and natural polymers, ceramics,
metals and carbon based nanomaterials. Each biomaterial has unique material and mechanical qualities,
manufacturing techniques, chemical properties, cell-material interactions, and approval from the FDA [18].
Bioprinting technologies have made significant contributions to biomedical research, although they are
still in their early stages of development [19,20]. Developing scaffolds for high load bearing applications
presents challenges due to the limited biodegradability and bioactivity of current printable materials like
ceramics and metals, as well as the potential for inflammatory responses from host tissues. Furthermore,
metals and ceramics cannot be functionalized with drugs or biomolecules.

Using organic materials in the form of powders can help produce scaffolds with acceptable mechanical
characteristics, biodegradability, biocompatibility, and bioactivity [21,22]. Polymers (macromolecules) are
the major scaffolding materials used in a variety of tissue engineering applications, including bone and
mineralized tissues [23,24]. BioPolymers are a remarkable choice for tissue engineering applications, thanks
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to their adaptability and the extensive variety of mechanical, chemical, and physical characteristics they
can deliver. These materials demonstrate high biocompatibility, are lightweight, inert, and are resistant to
biochemical assaults and are easily available at affordable prices and can be rapidly shaped into the desired
forms. Polymeric biomaterials may originate from both natural and synthetic polymers, each having its
own set of advantages and disadvantages. Natural polymers include proteins such as collagen, elastin,
keratin, gelatin, and fibrin, along with carbohydrates like chitin, cellulose, starch, alginate, and hyaluronic
acid; synthetic polymers include polyesters such as poly ε-caprolactone, polylactic acid, and polyglycolic
acid [25,26].

Even though three-dimensional (3D) printing was initially introduced in the late 1980s using a process
known as stereo lithography, its importance didn’t become apparent until the turn of the twenty-first
century [27]. Stereolithography (SLA), the earliest additive manufacturing (AM) technique, was first
invented in 1981 by Dr. Hideo Kodama. In contrast to holographic methods, he considered it a quick and
inexpensive way to recreate models in 3D space [28]. Several 3D printing techniques have been explored
since the first stereolithographic 3D printer was invented in 1986 by Chuck Hull, the most common
being fused deposition modeling (FDM), stereolithography (SLA), selective laser sintering (SLS), selective
laser melting (SLM), electronic beam melting (EBM), digital light processing (DLP), and laminated object
manufacturing (LOM). Their goal was to make it easier to quickly prototype plastic components [29].
SLA has greatly expanded beyond its initial applications in modeling and prototyping with the invention
of several techniques, and it can now be used to build intricate and custom-designed geometries. The
material is no longer confined to traditional polymers, but may also be used to generate composites [30],
metallic [31], and ceramic [32] specimens. However, SLA is currently only being used to build one material
at a time, and when compared to other AM technologies, typical SLA techniques demonstrate improved
resolution and surface characteristics, but at a higher cost and slower printing durations [33].

The actual printing of the bioink utilizing the bio-printers is known as the processing stage. In order to
generate the required biological structures, the processing step involves the development of bioink, clinical
cell sorters (like Celution and Cytori Therapeutics), cell propagation bioreactors (like Aastrom Bioscience),
and cell differentiators.

During the post-processing phase, the printed construct is converted into a functioning tissue-engineered
organ that may be surgically implanted. Cell encapsulators, perfusion bioreactors, and a collection of
bio-monitoring devices may also be employed in the postprocessing phase [34].

The aim of this review is to provide a comprehensive overview of the current state of bioink technology.
The review covers both natural and synthetic biomaterials, employed alone or in combination. This paper
will also review sophisticated techniques for 3D printing used for developing tissue engineering scaffolds,
with a focus on their capacity to design cells and various materials along complex 3D gradients.

2 Characteristics of Biomaterials and Biomaterial Scaffolds

Biomaterials are natural or synthetic materials that repair injured body components and interact with
biological systems. Innovative biomedical devices to enhance human life have been developed during the
past century with the advent of metallic, ceramic, and polymeric biomaterials [35]. To be effective, these
substances must not be harmful and must be compatible with the tissues of the body. Three-dimensional
(3D) porous biomaterials known as scaffolds offer an ideal platform for cells to regenerate and repair tissues
and organs [36]. In addition to encouraging cell attachment, proliferation, extracellular matrix regeneration,
and the repair of nerves, muscles, and bones, it acts as a template for the rebuilding of tissue defects.
Furthermore, as a mechanical barrier against the invading native tissues, scaffolds can carry bioactive
substances, including medications, inhibitors, and cytokines, which might impede tissue regeneration
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and repair [37]. The success of generating biomedical scaffolds depends on the choice of biomaterials.
The scaffolds must have comparable properties that match the application at hand and be specifically
built to perform specific functions. These characteristics fall under the categories of mechanical qualities,
biodegradability, biocompatibility, and structural architecture as displayed in Fig. 1.

 

Figure 1: The ideal features of biomaterials and biomaterial scaffolds.

2.1 Microarchitecture

Porosity, pore size, and interconnectivity among the pores are all components of the scaffold’s
microarchitecture. Primarily, the size of the pores must be adequate to facilitate cell motility and scaffold
attachment. This provides adequate vascularization and infiltration, as well as the efficient movement of
waste products and nutrients into and out of the cells and tissues. For in vitro applications, a smaller pore
size of 75 to 100 µm is recommended, while in vivo, the maximum pore size should be between 200 and 500
µm to achieve the most effective tissue penetration and vascularization [38,39]. Additionally, to augment
the scaffold surface area that supports cell adhesion, a network of interconnected pores is required. Greater
porosity aids in the integration of the designed tissues with the natural tissues by improving cell-to-cell
connections [40].

2.2 Biocompatibility

The capacity of a biomaterial to be functional within a body with a favorable chance of being
accepted by the living host is the single most significant characteristic that distinguishes it from a normal
material. The ability of a biomaterial to work in conjunction with a medical therapy, producing the
best possible cellular and tissue response in the specified anatomical site, optimizing the effectiveness of



Fluid Dyn Mater Process. 2025;21(12) 2859

the medical treatment, and avoiding any undesirable local or systemic effects on the recipient is termed
biocompatibility [41]. Biocompatibility refers to a material that is safe for humans and has the necessary
properties for medical applications, such as mechanical properties and degradability, while remaining
non-toxic and non-carcinogenic. The scaffold must exhibit a high degree of biocompatibility to facilitate
cell adhesion and proliferation, while also minimizing chronic immune responses to avert significant
inflammatory reactions that could hinder healing or lead to rejection within the body [42,43].

2.3 Biodegradability

Biodegradability refers to the rate at which a material is broken down and substituted with natural
tissue within a live host. By-products are absorbed and released by the body’s metabolic processes [44].
Scaffolds should be gradually broken down chemically or enzymatically when transplanted into living
organisms, since they serve only as a transitory platform for growing cells or tissues. Biodegradability
is the rate at which the scaffold materials decompose. The scaffold’s rate of biodegradation needs to be
proportionate to the pace of tissue regeneration or new bone development. Through a process known as
“creeping substitution,” newly generated tissues will eventually replace the biomaterial scaffolds after they
have been effectively integrated with the host bone. The mechanical properties and structural integrity of a
biomaterial during its entire lifespan are also described by its biodegradability, which in turn indicates the
kind of application for which the biomaterial is appropriate [45].

2.4 Mechanical Properties

Biomaterial scaffolds must possess a certain level of mechanical integrity in relation to their intended
use. Preferably, structures ought to possess the same consistency as the anatomical location where they are
situated into, yet sufficiently robust to be handled and inserted [46]. There are differences in the mechanical
characteristics of tissue. In addition to offering form stability and structural support, it also reduces the
chance of stress shielding, implant-related osteopenia, and future refracture. In furtherance of necessitating
the appropriate mechanical characteristics to support heavy load bearing applications, these scaffolds also
must stay in perform until the healing process has been completed [46,47]. Elastic modulus, tensile strength,
fracture toughness, fatigue, and elongation % are a few examples of mechanical characteristics [48].

2.5 Bioactivity

The capacity of the scaffold to interact with the surrounding biological components of the generated
tissues is known as scaffold bioactivity. Bioactive scaffolds are intended to promote appropriate cell
migration or differentiation, tissue regeneration or neoformation, and host integration, thereby preventing
processes like scarring, in contrast to conventional passive biomaterials, which typically have minimal or
no interactions with the environment [39]. Scaffolds can be affixed to physical markers like topography
to improve cell morphology and alignment, or they can be affixed to cell-adhesive ligands to encourage
cell adhesion. Furthermore, to promote tissue regeneration, bioactive scaffolds may act as a reservoir or
transporter for growth-stimulating stimuli like GFs [49].

3 Materials/Biomaterials Utilized for 3D Bioprinting

Current scaffold research confronts the problem of developing materials with goodmechanical integrity
for high load bearing applications while preserving optimal levels of biodegradability, biocompatibility, and
bioactivity. Scaffold material selection should be based on the patient’s condition. Those with cancer or
osteoporosis often experience diminished bone metabolism, thus it is essential that the scaffold material
is not resorbable. Scaffolds are typically constructed from four categories of biomaterials: polymers,
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bio-ceramics, metals, and carbon nanomaterials. These scaffolds can incorporate various biomaterials
owing to their distinct advantages and disadvantages. Currently, carbon-based nanomaterials, bioceramics,
biodegradable metals, as well as both natural and synthetic polymers, among other materials, are utilized
in the development of scaffolds [50].

3.1 Polymers

Polymers are among the most often utilized materials for bioink. Because of their affordable cost,
biocompatibility, degradation, and safe processing, polymer bioinks are employed in bioprinting. The
capacity of polymer bioinks to alter shape is one of their additional benefits. For instance, they can be utilized
as powders for laser bioprinting or as filaments for fused-deposition modeling. Polymeric biomaterials,
which are essential components in many biomedical applications, come from two sources: naturally
occurring polymers and synthetically engineered polymers. Each category has a distinctive combination
of benefits and drawbacks that determine its applicability for various applications [25]. Artificial organs
and blood arteries, breast implants, contact lenses, coatings for pharmaceutical tablets and capsules, joint
replacements, cardiac assist devices, and external and internal ear repairs are a few biomedical applications
employing polymers.

3.1.1 Natural Polymers

Natural polymers are non-toxic, biocompatible, attach well to cells, and promote proliferation and
differentiation. However, they lack mechanical strength and are vulnerable to high temperatures [51].
Natural polymers are derived from natural sources. They fall into two categories: biomaterials based on
proteins (which are naturally occurring polymers in the human body, like collagen, fibrin, and elastin)
and biomaterials based on polysaccharides (which include silk, chitosan, alginate, and gelatin). Their
properties are similar to those of soft tissues, demonstrating bioactivity, better cell growth and adhesion,
and meeting biodegradability and biocompatibility requirements. They are also renowned for being widely
accessible, environmentally safe, and adaptable to many uses. Nonetheless, natural sources suggest that
a purification phase is necessary to prevent post-implantation foreign immune response. Furthermore,
natural polymers usually exhibit low mechanical and physical stability, which restricts their use in the
load-bearing orthopedic industry [24].

Collagen

Collagen is a biocompatible polymer that has been extensively studied in bioprinting and, more
specifically, tissue engineering. It is the predominant constituent of musculoskeletal tissue and constitutes
the extracellular matrix of the majority of tissues. In reality, collagen is a naturally occurring triple-helical
biocompatible protein. As a result, collagen scaffolds cause low immunological responses. In addition,
collagen can promote cell proliferation, adhesion, and attachment. Although collagen type 1 has been
widely employed in 3D printing, it has limits [52]. Three alpha helices combine to produce a triple helical
shape in type I collagen, which is a member of the fibril-forming collagen group. Collagen molecules begin
to organize themselves into fibrils at physiological temperatures (37◦C and neutral pH), and the collagen
solution turns into a hydrogel. Collagen bioink printability is dependent on the kinetics of this process; the
faster the process, the more accurate the print [53].

Hyaluronic Acid

Hyaluronic acid (HA) is a naturally occurring polymer found in the extracellular matrix of numerous
tissues that is not immunogenic. It can control a wide range of cell behaviors and tissue functions and
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has outstanding hydrophilicity and biocompatibility [54,55]. However, HA by itself is not a good bioink
for 3D bioprinting because of its low mechanical strength and rapid rate of breakdown. In addition, the
concentration of the component may be changed to modify the hydrogel’s mechanical characteristics [56].
The researchers chemically modified HA and combined it with a printable hydrogel to create an HA-based
hydrogel solution. In contrast to pure HA and/or other hydrogels, the solution demonstrated not only high
biocompatibility and biodegradability, but also the mechanical strength and stiffness needed for bioink
applications. HA-based hydrogel solutions are currently gaining popularity as bioinks, with promising
future applications in the bioprinting of skin, nerve tissue, cartilage, and bone [57,58].

Fibrin

Fibrin is a vital protein for blood clotting andwound healing. These proteins play critical roles in neoplasia,
cell-matrix interactions, and inflammatory responses. Fibrinogen, a glycoprotein generated by the liver, rises
in response to trauma. Thrombin, a serine protease produced after arterial injury, hydrolyzes fibrinogen and
polymerizes it into fibrin. Fibrin is a scaffolding material commonly utilized in tissue engineering, notably
for vascular grafts. Fibrin gels (gelation time is rapid) provide desirable properties, including differentiation,
biodegradability, promote cell proliferation, angiogenesis, biocompatibility, and regeneration of tissues.
Additional benefits of fibrin include its superior mechanical qualities, heparin-binding domains with affinity
for growth hormones, and binding sites for natural extracellular matrix proteins [59]. A fibrin-gelatin hybrid
hydrogel was utilized as biopaper for skin bioprinting. Fibrin-factor XIII-hyaluronate hydrogel scaffolds
were used in an in vitro study to encapsulate Schwann cells, potentially improving nerve regeneration and
repair [60].

Chitosan

Chitosan, a polycationic biocompatible natural polymer, has certain distinct advantages for bioprinting
applications. Solutions containing chitosan exhibit suitable viscosity profiles and maintain stability in
physiological environments, making them suitable for use in bioprinting applications. Additionally, chitosan
promotes healthy cell differentiation and proliferation. High vitality is demonstrated by cells grown on
chitosan scaffolds. As a result, chitosan hydrogels and resins satisfy these criteria; moreover, chitosan
hydrogels may be adjusted to effectively replicate the natural extracellular matrix (ECM) of tissues [61].
However, in tissue engineering, this natural polymer has demonstrated several limitations, such as poor
mechanical strength and a sluggish gelation rate. It is important to remember that a bioink must be a
liquid or semi-solid substance that may be crosslinked chemically or physically in order to have mechanical
strength and physical stability. Therefore, to increase the likelihood of stronger crosslinking, chitosan-based
biomaterials can be altered using a number of techniques, such as coupling with methacrylic anhydride
(methacrylation of backbone). Because of its appealing set of qualities listed above, chitosan hydrogels
are a preferred biomaterial for bioprinting, and crosslinking them helps to overcome their inherent slight
drawbacks. As an outcome, chitosan and its derivatives are appropriate for tissue engineering applications
such as replacing or repairing bone, cartilage, and skin. As natural biomaterials, chitosan-based bioinks are
thought to be the best choice for designing and creating multiple scaffolds using 3D bioprinting because of
their remarkable biological qualities and unique dynamic reversibility [62,63].

Gelatin

Gelatin, a protein derived from collagen, is shear-thinning, has cell-adhesive ligands, may be broken
by cells enzymatically, and physically gels below room temperature. Gelatin bioinks have garnered a
lot of interest in tissue development because of these properties. In order to find bioinks that support
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certain cell types, many gelatin-based bioinks have been developed thus far. Gelatin-based bioinks have
been used with a variety of encapsulated cell types (i.e., primary cells, stem cells, and cancer cells) and
bioprinting processes (extrusion, droplet, and light/laser-based) [64]. While gelatin and collagen have a
similar molecular makeup, gelatin has a less organized macromolecular structure and nevertheless contains
crucial binding moieties for cell adhesion, such as the tripeptide Arg-Gly-Asp (RGD) sequence. Furthermore,
it has peptide sequences that the matrix metalloproteinases (MMPs) enzymes may break and exhibits lower
antigenicity than collagen. Gelatin’s sensitivity to MMP allows it to be broken down by the MMP enzymes
released by encapsulated cells, which promotes microenvironment remodeling. Additionally, gelatin has
viscoelastic characteristics that support cell proliferation, differentiation, and migration. These qualities
make gelatin one of the most popular natural biomaterials for bioprinting [65].

Silk

The FDA authorized the use of silk fibroin (SF), a natural polymer derived from the silkworm
Bombyx mori, as a biomaterial in 1993. Because of its remarkable biocompatibility, adaptable mechanical
characteristics, regulated biodegradation, and low tendency to elicit immunological responses, it has
been widely used recently in the tissue engineering and biomedical domains. Gly–Ala–Gly–Ala–Gly–Ser
repetitions of amino acid sequences make up SF, which self-assembles to create a β-sheet structure. SF has
been shaped into a variety of shapes for a wide range of biomedical applications, including films, hydrogels,
sponges, electrospun mats, and nano- or microparticles. Because of the versatility it offers, SF has been
used as a major bioink material for a number of 3D printing techniques, such as extrusion-based and
inkjet bioprinting [66]. However, SF’s limited abundance and poor viscosity are major disadvantages for
using it as a bioink for broad 3D printing applications. To improve its printability, SF is therefore being
used as a bioink for 3D bioprinting by combining it with other high-viscosity materials. Adding more
crosslinking to natural biomaterials is a popular tactic to enhance their mechanical qualities and printability.
A cross-linking technique called photo-crosslinking has produced more intra- and intermolecular chemical
connections, resulting in a quick and reliable cure [67].

Alginate

An inexpensive biopolymer, alginate—also known as algin or alginic acid—is typically made from
calcium, magnesium, and sodium alginate salts found in the intracellular spaces and cell walls of various
brown algae. Alginate is made up of β-d-mannuronic (M) and α-l-guluronic acids (G), which are (1–4)
connected. Longer M or G blocks, separated by MG regions, form the polyanionic linear block copolymer
known as alginate. Alginate is a negatively charged polysaccharide. This soluble biopolymer has excellent
biocompatibility and promotes cell development. While MG and M blocks improve flexibility and G blocks
boost gel formation, an excessive quantity of M blocks may result in immunogenicity. Capillary forces
can trap water and other molecules in an alginate matrix while yet allowing them to disperse. This
property qualifies alginate hydrogels for bioink compositions [68]. Numerous alginate-based inks have been
documented, some of which are marketed commercially (e.g., “CELLINK”) [69]. One of the most beneficial
aspects of alginate is its adaptability to a range of bioprinting technologies (such as extrusion, inkjet, and
microfluidic bioprinting) and scaffold construction techniques (such as spheroids, vascular constructs, and
microfluidic fiber-shaped scaffolds) [70].

3.1.2 Synthetic Polymers

Synthetic polymers are man-made polymers with modifiable chemical structures and physical
characteristics that are manufactured by chemical processes. In contrast to natural polymers, the majority
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of synthetic polymers possess super mechanical features. Because 3D printing frequently uses organic
solvents, heat, and toxic activators that may lessen the bioactivities of cells and growth factors, synthetic
polymers are relatively bio-inert and cannot easily incorporate bioactive ingredients, such as cells and
growth factors, directly. There are synthetic polymers that decompose naturally. In vivo, microbes or
biological fluids can break down these polymers [71].

Polyethylene glycol (PEG), Polycaprolactone PCL, polyvinylpyrrolidone (PVP), poly(L-lactic) acid
(PLA), Polyurethane (PU) and poly(lactic-co-glycolic) acid (PLGA) are examples of synthetic polymers that
are often utilized in 3D bioprinting. They may be tailored to meet the mechanical property specifications
for the target tissues and organs, as well as tissue-specific breakdown [72].

Synthetic polymers with appropriate mechanical qualities can tolerate internal and external stresses
throughout the in vivo implantation and 3D printing phases. Therefore, as compared to natural polymers,
the majority of synthetic polymers have several inherent benefits in the field of bioartificial organ 3D
printing. Convenient synthesis, resource abundance, ease of processing, stress tolerance, light weight, and
affordability are among the apparent benefits [71].

Despite this, they only make up around 10% of the systems utilized in bioprinting because of an
assortment of drawbacks that prevent them from being employed in translational applications (hard
to encapsulate cells, usage of toxic solvents, melting temperatures greater than body temperature).
Furthermore, locations for cellular recognition and other biological signals present in natural extracellular
matrix (ECM) that promote cellular proliferation and differentiation are typically absent from synthetic
polymers. The existence of flexible side groups becomes necessary for appropriate customization of a
construct’s mechanical and biological features, even if functionalization of synthetic bioinks might enhance
their biological qualities [72].

Polyethylene Glycol

PEG is a synthetic polyether that is inexpensive, soluble in organic solvents or aqueous solutions,
and has a high degree of biocompatibility. PEG is widely used for wound dressing and medication
administration because it has no negative effects on cell adhesion or proliferation. Cell adhesion can
be improved by including cell-binding motifs into the PEG hydrogel network, such as arginylgly-cylaspartic
acid (Arg-Gly-Asp) peptides [73].

Another work used polyethylene glycol diacrylate (PEGDA) and self-assembled peptide nanofibers to
generate a hybrid bioink for 3D printing lumens. First, peptide-loaded 2D and 3D layers of adult human
dermal fibroblast (aHDF) cells were seeded, and the behavior of the cells was examined. After being injected
into the 3D hydrogel, the cells’ shape remained spherical and closely matched that of the 2D overlay
hydrogels. HDF cells were able to attach and multiply on PEGDA/peptide lumens but did not adhere to
unmodified PEGDA lumens. Furthermore, a characteristic distributed F-actin shape was shown by HDF
cells implanted on the hybrid PEGDA/peptide lumens [74].

Through the use of off-stoichiometry thiolene click chemistry, a novel PEG microgel was developed.
It was readily extruded as bioink and demonstrated excellent stability following printing because of the
intraparticle adhesion forces. In the end, the method generated printed structures with long-term stability
and endurance and permitted a second thiolene click reaction. One benefit of this bioink is its modularity,
which is a result of the versatile physicochemical features of PEG microgels. Since the cells could spread and
multiply in the PEG micro-gel interstitial gaps, the bioink’s low extrusion force and the thiolene annealing
process enabled good cell survival during bioprinting [75].

Another study uses therapeutic protein-loaded nanoengineered bioink to control cell activity in a
3D-printed structure. A 2D synthetic nanoparticle and a hydrolytically degradable polymer are used to
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develop the bioink. Acrylate-terminated degradable macromer is produced using a Michael-like step growth
polymerization process used to synthesize poly(ethylene glycol)-dithiothreitol (PEGDTT). Shear-thinning
bioinks with excellent printability and structural integrity are created when 2D nanosilicates are added to
PEGDTT. Altering the PEG: PEGDTT ratio and the concentration of nanosilicates canmodify the mechanical
characteristics, swelling kinetics, and rate of degradation of 3D printed structures. Protein therapies may
be contained in 3D printed structures for an extended period of time because of the large surface area and
charged nature of nanosilicates. The fast migration of human endothelial umbilical vein cells was facilitated
by the sustained release of pro-angiogenic therapies from 3D printed structures [76].

Polycaprolactone

The United States Food and Drug Administration (USFDA) has approved PCL, a thermoplastic polymer,
for use in adhesion barriers in the human body, suture materials, and drug delivery devices. PCL has a glass
transition temperature (Tg) of approximately −60◦C and a melting point of around 60◦C. It is a biodegradable,
semicrystalline polyester that breaks down under physiological circumstances by hydrolyzing its ester
bonds. The biodegradation rate of PCL is far slower than that of the majority of natural polymers, including
collagen, fibrin, and gelatin [77].

3D-printed scaffolds constructed from polycaprolactone (PCL) and bioink produced from decellularized
human cartilage were utilized in a study to improve mechanical stability and tissue regeneration. Similar to
natural cartilage, the de-cellularization technique preserved glycosaminoglycan and total collagen while
successfully eliminating cellular components. The bioink was formulated by incorporating decellularized
human cartilage particles into hyaluronic acid and carboxymethyl cellulose gels, optimizing the rheological
properties for 3D printing. The decellularized bioinkmade from human cartilage showed no cytotoxicity in in
vitro testing, and it promoted the migration and chondrogenic differentiation of human adipose-derived stem
cells. Using this bioink in conjunction with PCL, 3D-printed scaffolds were generated, and the effectiveness
of the scaffolds was assessed in rabbits over the course of a year after implantation. According to the
results, the scaffolds showed notable neovascularization and chondrogenesis and retained their structural
integrity throughout the course of the year. In scaffolds with higher ratios and more decellularized cartilage,
histological investigation showed enhanced blood vessel development [78].

The natural human meniscus, which has a zone-specific biochemical composition, was intended
to be functionally and structurally mimicked by the 3D-printed meniscus scaffold. In particular, the
design included a cartilaginous inner area and a fibrous outer portion. A composite material made of
polycaprolactone (PCL) reinforced with nanohydroxyapatite (HA) was chosen as the base component in
order to accomplish this. The selection was based on the material’s mechanical characteristics, which
closely resemble those of natural meniscus tissue. Two different hydrogels were used as bioinks: glycidyl
methacrylate-modified silk fibroin (PVA-g-GMA/SF-g-GMA) for the inner region, which was intended
to induce chondrogenesis, and gelatin methacrylate (GelMA) for the outer region, which was thought
to encourage fibrogenesis. The scaffold was printed using a dual-nozzle 3D printing method. The inner
area demonstrated chondrogenic properties while the outside region successfully displayed fibrogenic
features, both of which successfully mirrored the zonal biochemical composition of the natural meniscus.
Additionally, the mechanical characteristics of the 3D-printed PCL/HA/hydrogel scaffold were similar to
those of the human meniscus, ensuring structural integrity. The scaffold’s form was quite similar to that of
the lateral and medial menisci [79].

In another investigation, two structurally distinct scaffolds—a PCL/45S5 Bioglass (BG) composite and
a PCL/hyaluronic acid (HyA) composite—were created using 3D printing technology and assessed for
their ability to promote dentin and pulp tissue regeneration, respectively. Their physicochemical analysis
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demonstrated that the mechanical characteristics, surface roughness, and bioactivity of the PCL/BG scaffolds
were enhanced by the presence of BG. Additionally, applying HyA to the PCL scaffold’s surface significantly
increased the scaffolds’ hydrophilicity, which improved cell attachment. Additionally, the gene expression
data demonstrated that the presence of both PCL/BG and PCL/HyA scaffolds significantly increased the
expression of odontogenic markers [80].

Polyurethane (PU)

PU is a class of linearly segmented polymers made up of organic (hard segment) and oligodiol
(soft segment) units joined by carbamate (urethane) bonds (–NH–(C=O)–O–). Because of their superior
mechanical qualities and superior biocompatibilities, PUs—which can be either biodegradable or
non-biodegradable—have found extensive usage in biomedical applications. It is distinguished by the
solvent used, which is either an organic solvent-based traditional PU or a water-based PU. The latter uses
water as a solvent, whereas the former uses volatile organics. The chemical composition of PUs determines
their physicochemical and physicochemical characteristics, including biodegradability, PH sensitivity, and
thermosensitivity [81]. Because of their superior mechanical qualities, adjustable chemical structures, and
greater biocompatibilities, biodegradable PUs are currently being utilized extensively for the 3D printing of
bioartificial organs [82].

In a study prior to gelation, neural stem cells (NSCs) were incorporated into the polyurethane
dispersions. After that, the NSC-containing dispersions were printed and kept at 37◦C. The NSCs in
PU hydrogels demonstrated superior differentiation and proliferation. Furthermore, the function of the
impaired nervous system may be restored by injecting NSC-rich PU hydrogels into the zebrafish embryo
neural damage model. Moreover, following the implantation of the 3D-printed NSC-loaded PU structures,
the function of adult zebrafish suffering from traumatic brain damage was restored [83].

In another work, a novel waterborne PU (WBPU)gel that is biodegradable and thermoresponsive was
developed as a bioink. For cell reprogramming, PU hydrogel was co-extruded with human fibroblasts
and FoxD3 plasmids. The outcomes demonstrated that human fibroblasts co-printed with FoxD3 in the
thermoresponsive PU hydrogel could undergo reprogramming and develop into cells that resembled neural
crest stem cells and had an elevated cell viability [84].

In a different study, 3D bioprinting technology was used to generate scaffolds made of functional
alginate and WBPU for the regeneration of articular cartilage. Mature chondrocytes have been embedded
into various alginate-WBPU inks in order to manufacture the scaffolds for 3D bioprinting. Bioinks
demonstrated superior 3D printing capability, cell viability, and structural integrity, making them ideal for
scaffold construction. Following 28 days of in vitro cartilage formation experiments, scaffolds maintained a
cell population of 104 chondrocytes/scaffold in differentiated phenotypes and were able to synthesize up to
6 µg of glycosaminoglycans (GAG) and specialized ECM [85].

Polyvinylpyrrolidone

Poly(N-vinylpyrrolidone) (PVP), a synthetic polymer that has been around since 1938, has a distinctive
ability to dissolve in water and a variety of organic solvents. Researchers have shown considerable interest
in PVP for biomedical applications, attributed to its inert characteristics, stable chemical composition, low
toxicity, non-irritating effects on biological systems, and overall biocompatibility. PVP has found broad
application in the development of hydrogels, wound dressings, nanofibers/scaffolds, drug delivery systems,
and gene therapies [86].

In a study, the physical characteristics of the bioinks were altered using an inert polyvinylpyrrolidone
(PVP360, molecular weight = 360 kDa) polymer, and the impact of these qualities on printing efficiency and
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cell health was examined. The findings of the experiment demonstrated that a greater viscoelasticity of the
bioink aids in stabilizing droplet filaments prior to their rupture from the nozzle orifice. Since the polymer
in the printed droplets gives the encapsulated cells an extra cushioning effect (greater energy dissipation)
during droplet impact on the substrate surface, improves the measured average cell viability even at higher
droplet impact velocity, and preserves the printed cells’ ability to proliferate, additional analysis revealed
that cell-laden bioinks with higher viscosity exhibited higher measured average cell viability (%) [87].

PCL and PVP were employed as matrix polymers in an investigation by Izgordu et al.
Low-molecular-weight chitosan (CS), hyaluronic acid (HA), and alginic acid sodium salt (SA) were
integrated independently with the polymer matrix to create the constructs. According to the findings
of mechanical characterization, the printed PCL/3wt.%PVP/1wt.%CS had the maximum compressive
strength, measuring around 9.51 MPa. 5.38 MPa was the difference in compressive strength between
PCL/3wt.%PVP and PCL/3wt.%PVP/1wt.%CS.Mitochondrial dehydrogenase activity was used to examine the
constructions’ biocompatibility, and in vitro experiments using the mesenchymal stem cell line revealed that
the PCL/3wt.%PVP/1wt.%HA composite construct had higher cell viability than the other constructs [88].

Another study used macromolecules of PVP to generate bioink. The printability of several PVP-based
bioinks was assessed, and the printed cells’ short- and long-term vitality was initially examined. The results
showed that a bioink with a threshold Z value of ≤9.30 may print cells without causing any major problems.
The survival of printed cells is dependent on the Z values of the bioinks. The cell production was then
assessed for 30 min. PVP molecules were shown to reduce cell adhesion and sedimentation throughout the
printing process; the 2.5% w/v PVP bioink showed the most constant cell output over a 30-min timeframe,
enhancing cell survival and homogeneity throughout the bioprinting experience [89].

Poly(L-Lactic) Acid (PLA)

PLA is an aliphatic and biodegradable polyester made from lactic acid obtained from renewable
sugarcane or maize starch. The cyclization and oligomerization processes combine to form PLA, or lactic
acid cyclic dimer. Due to its biocompatibility and lack of toxicity or carcinogenic effects on local tissue,
PLA is frequently utilized in biomedical applications [90].

A 3D printed PLA: calcium phosphate (CaP): Graphene oxide (GO) scaffold was designed in
a study for bone tissue engineering purposes. Polylactic acid (PLA), CaP, and the optimized GO
dose (0.10 mg mL−1) were combined to fabricate a 3D printed PLA: CaP:GO scaffold, which upon
physicochemical characterization (SEM/EDS, XRD, FT-Raman, nano-indentation) and in vivo tests, confirmed
its biocompatibility, enabling a novel approach for bone tissue-related applications [91].

In a study, mixed matrix scaffolds were created using a PLA/mesoporous bioactive glass (MBG)
composite with a weight ratio of 30:70, which resembles the natural bone composition. According to the
SEM study, the 3D printed PLA/MBG composite scaffolds have pores that range in size from 500 to 700 µm,
indicating that they are macroporous and beneficial for bone cell proliferation. The PLA/MBG composite
scaffold’s good bioactivity behavior was demonstrated by the in-vitro bioactivity evaluation, which revealed
quick apatite crystallization by achieving a Ca/P ratio of 1.66 similar to natural bone mineral during the
third day after SBF treatment. Through in-vitro biological evaluation utilizing MG-63 osteosarcoma cells,
the 3D bioprinted PLA/MBG composite scaffold shown encouraging responses in terms of cell attachment
and proliferation, mineralization, and gene expression features [92].

Kolan et al. examined the survival of human adipose-derived mesenchymal stem cells (ASCs) in an
alginate-gelatin (1:1) hydrogel (bioink) that is deposited in the spaces between composite filaments of PLA
and borate glass. PLA + B3 glass composites were generated by adding B3 glass to PLA in two distinct
weight ratios (50 and 33%). The mechanical characteristics, pH change of the surrounding fluid, and weight



Fluid Dyn Mater Process. 2025;21(12) 2867

loss of the 3D printed composite scaffold were all examined over time. A physical examination of the
composite scaffolds revealed full glass dissolution after two weeks and enhanced mechanical qualities.
To examine ASC viability, cellularized scaffolds were bioprinted in three different configurations: PLA +
Bioink, PLA + Bioink, and PLA + B3 glass + Bioink. They were then grown under dynamic circumstances.
With hypoxic-like circumstances and decreased viability in the bottom area to higher viability in the upper
layers of the scaffold, the results showed non-uniform cell viability along the scaffold thickness [93].

Polylactic-Co-Glycolic Acid (PLGA)

PLGA is a biodegradable functional polymer organic molecule formed by the polymerization of two
monomers, lactic acid (LA) and glycolic acid (GA), with excellent biocompatibility and no biotoxicity [94].
Depending on the LA:GA ratio, PLGA’s molecular weight (g/mol) can range from thousands to hundreds
of thousands. Because of its biodegradability, biocompatibility, broad range of erosion times, and flexible
mechanical qualities, PLGA is widely employed in tissue engineering and drug administration. The FDA has
authorized this polymer due to its physical strength and biocompatibility, which have led to its widespread
usage in several studies [95].

In one study, a 3D printed dermal scaffold containing bioactive PLGA was designed for burn wound
healing. Ring-opening metathesis polymerization (ROMP) was used to create bioactive brush copolymers
with pendant side chains of PLGA and PEGylated Arg-Gly-Asp tripeptide (RGD) or HA. These copolymers
demonstrated strong thermal stability when processed using melt-extrusion techniques. The 3D printed
scaffolds showed high biocompatibility in both in vivo animal models and in vitro cell testing. In comparison
to Biobrane, the clinical gold standard for treating second-degree burn wounds, a porcine investigation using
a partial thickness burn wound model demonstrated that these PLGA scaffolds promoted re-epithelization
with less inflammation [96].

Song et al. studied the impact of three-dimensional (3D) printed PLGA scaffolds mixed with Gly-Phe-
Hyp-Gly-Arg (GFOGER) and bone morphogenetic protein 9 (BMP-9) on extensive bone defect recovery.
PLGA scaffolds were created using the 3D printing technique, and the sample was examined using optical
microscopy, SEM, XRD analysis, water absorption, compressive strength, and other techniques. This
scaffold has slower rates of degradation and mechanical qualities that are acceptable. Over the course of
a 12-week in vivo investigation, the scaffold demonstrated improved new bone mineral deposition and
density following surface modification using GFOGER peptide and BMP-9. This scaffold up-regulated the
expression of Runx7, OCN, COL-1, and SP7, which helped to produce the observed uniform trabeculae
development and new bone regeneration, according to histological examination and Western Blot [97].

Choe et al. designed a variety of bioinks for mesenchymal stem cell (MSC) printing and osteogenic
differentiation induction utilizing poly(lactic-co-glycolic acid) (PLGA) nanoparticles loaded with bone
morphogenetic protein-2 (BMP-2). PLGA nanoparticles added to alginate might boost the bioink’s
printability and mechanical characteristics. BMP-2-loaded PLGA nanoparticles (NPBMP-2) exhibited up to
two weeks of sustained BMP-2 release in vitro. Additional in vitro research revealed that, in comparison
to other controls, bioinks made of alginate and NPBMP-2 markedly increased the osteogenesis of MSCs,
as shown by increased calcium deposition, alkaline phosphatase activity, and osteogenic marker gene
expression [98].

Polyvinyl Alcohol (PVA)

PVA, a synthetic polymer made by breaking down poly (vinyl acetate), has the repeating unit
[-CH2-CH(OH)-]n and dissolves easily in water. Because of the large number of hydroxyl (-OH) groups
that are distributed throughout its backbone, it is highly water-attracting (hydrophilic) and has the ability
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to create hydrogen bonds. PVA’s well-known ability to form thin films is also a result of these properties.
Importantly, PVA’s hydroxyl groups make it simple to modify or combine with other polymers, improving
its mechanical strength and flow characteristics—two crucial aspects for utilization in bioinks and 3D
printing [99].

Small-diameter artificial blood vessels were developed in a study using a porous composite hydrogel of
sodium alginate, gelatin, and polyvinyl alcohol (SA/Gel/PVA). Using the multiple crosslinking approach, the
porous composite hydrogel ink was designed with the goal of resolving the issues of inadequate mechanical
characteristics and an unsatisfactory printing effect of blood vessels with tiny diameters [100].

Polyvinyl alcohol cryogels (PVA-C)were used in an alternate study for vascular tissue engineering because
of their hydrophilicity, biocompatibility, and mechanically adjustable qualities. Sub-zero extrusion-based
three-dimensional (3D) bioprinting was used to manufacture multi-layered PVA-C structures, and their
mechanical performance was examined. The outcomes demonstrated that a multi-layered design affects
PVA-C’s mechanical profile and indicated that functionally graded design techniques might improve
compliance matching and replicate native blood vessel biomechanics in small-diameter vascular grafts [101].

A new 3D bioprinted construct was designed by Loukelis et al. using pre-osteoblastic cells, the synthetic
polymer PVA and the natural anionic polysaccharide gellan gum (GG). Additionally, as an osteoinductive
biomaterial, nano-hydroxyapatite (nHA) was added to the GG/PVA blend. The findings showed that the
generated bioinks had biological responsiveness and viscoelastic characteristics that make them appropriate
for bone tissue engineering applications [102].

3.2 Bioceramics

Bioceramics are a category of ceramics that emerged in the 1970s. Bioceramics offer superior
biocompatibility and bioactivity potential in addition to the mechanical qualities of ceramics. Thus, these
biomaterials are also utilized in the field of tissue engineering to induce osteogenesis in many dental
implants, bone grafts, and scaffolds [103]. However, the brittle surface and limited elasticity of bio-ceramics
restrict their application in implants. To increase their strength and flexibility, they are typically coated
or mixed with other materials. Alumina, zirconia, bioactive glass, glass-ceramics, hydroxyapatite, and
resorbable calcium phosphates are some of the most extensively utilized bioceramics [103,104]. High
density ceramics like zirconia and alumina have excellent mechanical strength and resistance to corrosion;
nevertheless, prior research indicates that zirconia is somewhat less resistant to corrosion than alumina.
The two may be used as hip and knee replacement components since they are also biocompatible and
bioinert. As a body implant, they can reduce negative tissue responses to ion toxicity from metallic stents
or prostheses and provide structural support that prevents stress shielding.

3.2.1 Hydroxyapatite (Hap)

The chemical formula for HAp, a naturally occurring calcium phosphate-based mineral, is
Ca10(PO4)6(OH)2. Its structure is comparable to that of bone mineral, a biological apatite found in the human
body that accounts for between 60 and 70 percent of the dry weight of human bone tissues. Its physical and
chemical characteristics are comparable to those of human bone and tooth tissues [105]. Hydroxyapatite is
well-known for its capacity to repair injured cells and form connections with nearby tissues. Because of its
bioactivity and bioresorbability, osteogenesis will stop when the substance eventually dissolves in the body.
Therefore, scaffolds are made from hydroxyapatite-rich natural materials such as animal bones, corals, algae,
shells, and fish scales [106]. HAp has great osteoinductivity and osteoconductivity, as well as outstanding
biocompatibility and bioactivity, non-inflammatory and non-toxic properties. Additionally, it stimulates
cell growth and proliferation and vitalizes growth factors. Thus, HAp is regarded as a very promising bone
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replacement and implant material. However, HAp is not appropriate for many BTE applications due to its
poor mechanical qualities, sluggish resorption and remodeling rates, and slow degradation rates in vivo.
For this reason, HAp is typically combined with other synthetic or natural polymers to produce composite
scaffolds that are more effective [107].

The investigation involved the preparation of polymer solutions based on methacrylated gelatin
and methacrylated hyaluronic acid modified with HAp particles (5 weight percent) as primary human
adipose-derived stem cells were encapsulated in HAp-containing gels and cultured for 28 days, the storage
moduli ascended substantially to 126% ± 9.6% as compared to the value on day 1 due to the HAp’s exclusive
impact. The ink demonstrated outstanding printability when used as bioinks to build up pertinent geometries
utilizing the cell-laden polymer solutions, and the integrity of the printed grid structure held up during
a 28-day culture period. As shown by rheological measurements and bone component staining, the
results showed that HAp-containing bioinks and hydrogels based on methacrylated gelatin and hyaluronic
acid are both highly appropriate for the development of pertinent three-dimensional geometries with
microextrusion bioprinting and have a notable positive impact on bone matrix development and remodeling
in the hydrogels [108].

In another investigation, two bioinspired nanohydroxyapatite (nHA)s, differing in their chemical
compositions, crystallinity, and structures, were produced and analyzed: one is a more crystalline,
needle-shaped Mg2+-doped nHA (N-HA), while the other is a more amorphous, rounded Mg2+- and
CO3

2–-doped nHA (R-HA). To explore how various compositions and structures of these nanoparticles
influence the bioprinting of human bone marrow stromal cells (hBMSCs), gelatin and gelatin methacryloyl
(GelMA) were chosen as the backbone for the bioink. Both nHAs demonstrated substantial cell viability,
with N-HA exhibiting a large increase in metabolic activity under non-osteogenic conditions and R-HA
exhibiting a considerable increase with osteogenic stimulation. These results emphasize the significance of
both chemistry and morphology in bioink performance by indicating that the two nHAs interact with their
surroundings in distinct ways. Osteogenic differentiation further demonstrated how nHAs’ physicochemical
characteristics affect osteogenic markers at the RNA and protein levels [109].

Using silk-hydroxyapatite bone cements with osteoinductive, proangiogenic, and neurotrophic
growth factors or morphogens for faster bone formation, functionalized 3D-printed scaffolds for bone
regeneration were created in another study. Building on the understanding that the osteoinductive factor
Bone Morphogenetic Protein-2 (BMP2) can also favorably impact vascularization, Vascular Endothelial
Growth Factor (VEGF) can affect osteoblastic differentiation, and Neural Growth Factor (NGF)-mediated
signaling can affect bone regeneration, 3D printing was used to create macroporous scaffolds with
controlled geometries and architectures that support osseointegration. The materials were osteoconductive,
cytocompatible, and preserved the action of the morphogens and cytokines, and the scaffolds hadmechanical
qualities appropriate for bone. Based on the overexpression of genes linked to osteoblastic differentiation,
synergistic effects of BMP-2, VEGF, and NGFwere found in terms of osteoblastic differentiation in vitro [110].

3.2.2 Tricalcium Phosphate

Numerous ceramics based on calcium phosphate (CaP), including hydroxyapatite (HA), biphasic calcium
phosphate (BCP), calcium polyphosphate (CPP), and β-tricalcium phosphate (β-TCP), have exceptional
osteoinductive and osteoconductive qualities. Although β-TCP and hydroxyapatite (HA), the mineral
component of natural bone tissue, have molecular similarities, β-TCP degrades more quickly because of its
lower Ca/P ratio. When processed into different porous shapes, β-TCP, a biocompatible ceramic, offers an
environment that is conducive to cell adhesion and growth. However, ceramics are problematic to utilize in
load-bearing body areas because of their high brittleness and poor strength [111].
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Melo et al. coated 3D-printedβ-TCP scaffoldswith bioactive glasses, 45S5 (45SiO2–24.5Na2O–24.5CaO–6P2O5,
wt.%) and 58S (58SiO2–33CaO–9P2O5, wt.%), utilizing sol-gel solutions using a vacuum impregnation
approach. The β-TCP ink displayed pseudoplastic behavior, which facilitates 3D printing. With well-aligned
filaments and little collapse of the bottom layers during sintering, the resultant scaffolds showed excellent
reliability to the designed model. An apatite mineralization experiment in simulated bodily fluid was used
to validate bioactivity. It showed that both coated scaffolds precipitated hydroxyapatite, albeit in different
morphologies [112].

β-TCP scaffolds with different amounts of multi-walled carbon nanotubes (MWCNT) (0.25–1.00 wt%)
were designed in a study. The results show that adding MWCNTs improved the viscosity of β-TCP
suspensions in a concentration-dependent manner. The addition of MWCNT decreased the in vitro
degradation of β-TCP and altered compressive strength. Furthermore, the results showed that the scaffold
enhanced the expression levels of the genes for alkaline phosphatase, osteopontin, and osteocalcin in
adipose-derived stem cells; however, MWCNT produced greater levels of gene expression [113].

In another study, cationic functional molecules were added to hydroxyapatite nanoparticles. In
the 3D-printed tricalcium phosphate/hydroxyapatite (TCP/HA) scaffold, 3-aminopropyltriethoxysilane
(HA-NPs-APTES) containing microRNA-302a-3p (miR) can promote the repair of the critical-sized bone
defect. Two techniques were used to modify 3D-printed TCP/HA with HA-NPs-APTES (M1, M2). The M1
and M2 scaffolds both have cell adhesion on their surface and were biocompatible. Following effective
delivery, the M2 scaffold demonstrated a significant increase in miR, which led to the overexpression
of RUNX2 mRNA and the downregulation of its target mRNA, COUP-TFII. At all-time points, the
calvarium defect with M2 scaffold also had much greater BV/TV and more filled gaps. New bone grew at
the middle of the HA-NPs-APTES-miR scaffold earlier than controls, according to histomorphometry.
HA-NPs-APTES-modified TCP/HA scaffold improved bone regeneration and made miR distribution
easier [114].

3.2.3 Bioactive Glass

In 1971, Hench et al. discovered 45S5 bioactive glass (45S5 Bioglass®), a silicate glass with 45% silica
(SiO2), 24.5% calcium oxide (CaO), 24.5% sodium oxide (Na2O), and 6% phosphorous pentoxide (P2O5),
which paved the way for the field of bioactive materials. “Bioactive” in this instance describes “a material
that elicits a specific biological response at the material surface which results in the formation of a bond
between the tissues and the materials”. Bioactive materials are designed to modify the extracellular matrix
in a regulated way and interact with the biological environment to provide the desired therapeutic effect.
Bioactive materials are preferred for BTE scaffolds for the repair or replacement of bones, joints, and
teeth. Bioactive materials, such as bioactive glasses (BGs) and bioactive ceramics, modify their surfaces
dynamically in response to biological fluids. The creation of a highly reactive hydroxycarbonate apatite
(HCA) layer offers a bonding contact with both bone and soft tissues [115]. BG utilized in bone tissue
engineering is often categorized as silicate-, phosphate-, and borate-based BG, based on the forming units
of the glass network. Although bulk BG may be used in bulk form to repair bone defects, BG/polymer
composites are a more practical option because of their higher ductility and plasticity [116].

In a research, silicate-based, three-dimensional bioactive glass scaffolds were constructed employing
novel sol-gel ink-based robocasting, and their structural and morphological properties were investigated.
Furthermore, under static conditions, their in vitro bioactivity was examined in phosphate-buffered saline at
37◦C and simulated body fluids. In contrast to the colloidal-based robocasting approach that uses bioactive
glass particles, the results show that the patterned, multilayered, macroporous bioactive glass scaffolds
can be successfully formed. Additionally, the structures prepared in this manner can be manufactured in
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considerably finer filament dimensions. Additionally, it was demonstrated that the bioactive glass scaffolds,
which were maintained in physiological fluids, developed hydroxyapatite on their surface [117].

In another paper, two-photon lithography (TPL) is employed for the first time to form BG with
single-micron features. A composite comprising BG nanoparticles is constructed with TPL and thermally
treated to yield glass scaffolds. The glass utilized in a study showed cytocompatibility with human
mesenchymal stromal cells (MSCs) and in vitro bioactivity in simulated bodily fluid, which qualified
it as a material for tissue engineering [118].

In another study, nanocomposites were made using mesoporous bioactive glasses (MBGs) in the ternary
SiO2, CaO, and P2O5 system doped with metallic silver nanoparticles (AgNPs) that were homogeneously
inserted in the MBG matrix. Three-dimensional mesoporous bioactive glass scaffolds with silver were
developed, displaying mesopores, macropores, and ultrapores that are evenly linked. The biological
characteristics of Ag/MBG nanocomposites were assessed using MC3T3-E1 preosteoblastic cell culture
tests and bacterial (E. coli and S. aureus) assays. The findings demonstrated that while preosteoblastic
proliferation declined with increasing silver concentration, MC3T3-E1 cell shape remained unaffected.
According to antimicrobial experiments, the higher concentration of AgNPs in the MBG matrices was
positively correlated with the suppression of bacterial growth and the breakdown of biofilms. Moreover, in
vitro co-culture of S. aureus bacteria with MC3T3-E1 cells demonstrated that AgNPs had a minor impact on
cell proliferation measures and that their presence was essential for antibacterial action [119].

3.3 Metals

Because of their superior mechanical qualities and structural stability, metals—the first materials to be
employed as orthopedic devices—have proven to be appealing biomaterials for bone implants. However,
employing metal as a scaffold has several drawbacks. A metal implant, for example, has a greater Young’s
modulus than natural bone, which may result in stress shielding, which is a reduction of bone as a result
of the implant removing stress from the bone. Another disadvantage of using metal as a scaffold is its
low degradability, which might eventually prevent the host cells from forming new bone tissues and
result in long-term concerns, including inflammation and corrosion. Numerous approaches were proposed
to address this, including boosting porosity and mixing metal with other substances that can offset its
disadvantages [120].

Bone scaffolds have been made using iron (Fe) and magnesium (Mg)-based metals, including pure Fe,
Mg-RE (rare earth) alloys, Mg-Ca, Fe-Mn alloys, and Fe foam. Compared to magnesium (41GPa) and its
alloys (44GPa) and 316L stainless steel (190GPa), iron has a greater elastic modulus (211GPa) [121]. Ti, Ti
alloys, Mg, Fe, 316L stainless steel, and NiTi are the metal scaffolds constructed primarily using AM. Due to
its inexpensive cost and comparable elastic modulus to human bone, Ti–6Al–4V (Ti alloy) is a preferred
choice [122].

For metallic scaffolds, magnesium and its alloys work well as well. They are biodegradable in biological
fluids, have mechanical qualities comparable to those of human bone, and have an ionic composition
that is compatible with the body’s physiological systems. Because magnesium alloys have a lower elastic
modulus than titanium alloys, they can lessen the stress-shielding effect, which is the reduction of bone
density brought on by the removal of normal stress from the bone as a result of the presence of an implant,
which causes the implant to loosen. Nevertheless, their fast rate of corrosion results in the quick release of
breakdown products into the body [122].

Due to its robust mechanical qualities, superior biocompatibility with living tissues, and exceptional
longevity, titanium and its alloys have been among the most widely used metal-based bone implants since
they were first used in surgeries in the 1950s. Ti is readily formed and adjusted to imitate the mechanical
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characteristics of bone, providing an osteogenic environment for cells [123]. However, Ti cannot be replaced
by newly developed bone since it is not osteoconductive and biodegradable under normal physiological
circumstances. Furthermore, bulk Ti implants may result in stress shielding because of the significantly
larger Young’s modulus of Ti compared to cortical bone [124]. Numerous strategies including coating,
surface treatment, and structural modification, were proposed to address its shortcomings [120].

A variety of coating techniques were proposed for Ti, including coating with antimicrobial substances
to avoid implant-induced inflammation [125] and coating with osteogenic agents, such as HAP or silica
nanoparticles to encourage bone growth [126,127]. Kapat et al. employed powder metallurgy to create
Ti6Al4V with various pore sizes and porosities, and then assessed the pore distribution, mechanical
characteristics, surface roughness, contact angle, and protein adsorption capacity. The optimum effect
on cell distribution and differentiation was established by further in vitro and in vivo studies [128]. High
biocompatibility and considerable flexibility for bone scaffolding have been demonstrated by nitinol (NiTi),
a titanium-nickel metal alloy that has also been utilized for nail production and as a spine separator in
the treatment of scoliosis. It is widely used in orthopedic implants, such as spinal rods, arc nails, artificial
ribs, arched connections, patellar concentrators, three-dimensional memory alloy fixation systems, and
interbody fusion devices, because of its beneficial shape memory effect and superelasticity [129].

Since SS has a high chromium content (12%) and is biocompatible and corrosion resistant, it is one of
the common metal biomaterials used in orthopedic implants. Because of its desirable mechanical qualities,
stainless steel may be used as a sturdy scaffold in a variety of load-bearing shapes, including plates,
rods, and screws. However, SS requires additional improvements, such as surface modification, coating,
and material combination, to promote bone regeneration without significantly altering its advantageous
qualities [130,131].

Cobalt, a crucial component of cobalamin, promotes angiogenesis and red blood cell formation
by activating hypoxia-inducible factor 1 (HIF-1), which in turn speeds up bone repair. More precisely,
cobalt is known to cause hypoxia, which activates HIF-1 and promotes cellular processes that promote
regeneration [132]. Furthermore, the production of collagen matrix for bone regeneration is significantly
impacted by cobalt. Because of its mechanical strength and in vivo corrosion resistance, cobalt chromium is
one of the most commonly utilized alloys in the area of regenerative medicine [133].

In a study, calcium/cobalt alginate beads were utilized to encapsulate human adipose-derived
mesenchymal stem cells. Instead of depending on expensive growth factors like transforming growth
factor betas or bone morphogenetic proteins to facilitate the differentiation of human adipose-derived
mesenchymal stem cells into chondrocytes that produce cartilage, these advanced scaffolds for promoting
chondrogenesis utilize the combined effects of the alginate matrix and Co+2 ions [134].

In an alternate investigation, new scaffolds made of porous PVA polymer and bioactive glasses (BG)
with cobalt were developed by combining the non-toxicity, non-carcinogenicity, and processability of PVA
with the osteogenic and bioactive qualities of BG and the angiogenic effect of Co using the sol-gel and
foaming processing methods. This resulted in a new scaffold with angiogenic qualities. Co-incorporated
samples had favorable pore sizes and high porosity. In tissue engineering applications, PVA–BG hybrid
scaffolds with Co demonstrated an ionic release rate within the therapeutic range and show potential for
angiogenesis [135].

3.4 Carbon Based Nanomaterials

Since carbon and carbon-based materials have unique mechanical, electrical, thermal, tribological, and
biological properties that enable high-performance applications in every conceivable industrial field—from
biotechnology to aerospace, from energy to electronics—they are frequently positioned as the materials of
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the future. Typically, a single kind of carbon material has been used with varying degrees of effectiveness
to restore a single tissue. Remarkably, recent breakthroughs in the synthesis, processing, and use of
carbon-basedmaterials, such as the discovery of carbon nanotubes, fullerenes, and graphene, have broadened
the scope of this material family and paved the way for the creation of cutting-edge tissue engineering and
biomedical devices. With their exceptional qualities and enormous potential, every class of carbon-based
nanomaterials, including 3D graphite, 2D graphene, 1D carbon nano-tubes (CNTs), 0D carbon dots (C-dots),
fullerene, and nanodiamonds (NDs), has captivated the materials industry [136].

Due to their chemical stability, mechanical strength, biological compatibility, and cost effectiveness,
carbon-based materials have also gained interest as BTE scaffold materials in this aspect. Significant
progress has been made in their applications in the context of BTE in recent decades, particularly as the
21st century has dawned [137].

3.4.1 Carbon Nanotubes Composite Materials as Scaffolds

Carbon nanotubes (CNTs) are allotropic, cylindrical nano-structured carbon. Although several
additional forms of carbon nanotubes and their biocompatibility have been documented, CNTs are typically
classified as single-wall carbon nanotubes (SWCNTs) or multiple walls carbon nanotubes (MWCNTs).
SWCNTs tend to be curved rather than straight, with diameters that are usually between 1 and 2 nm,
and are generally thinner than MWCNTs. The outer diameter of MWCNTs varies from 2 to 30 nm and is
dependent on the number of layers. Although it can vary from 1µm to a few centimeters, the length is usually
in the micrometer range. Because of their distinctive structural, electrical, mechanical, electromechanical,
and chemical characteristics, CNTs have been extensively studied for their potential use in regenerative
medicine [138].

In a study, scaffolds made of CNT-reinforced 3D-printed polycaprolactone/β-tricalcium phosphate
were developed and evaluated for their potential use in bone tissue engineering. In comparison to the
polycaprolactone/β-tricalcium phosphate scaffold, the incorporation of CNTs significantly enhanced the
mechanical properties, strength, and compressive modulus. Each scaffold exhibited a wide range of pore
sizes (50–500 µm) and demonstrated high porosity of more than 70%. The scaffolds demonstrated remarkable
biocompatibility, exhibiting hemolysis rates of less than 5% and outstanding cell viability [139].

In another work, innovative porous scaffolds were constructed by integrating varying concentrations
of functionalized carbon nanotubes (fCNTs) into a matrix of hydroxyapatite (HAp) and silk fibroin (SF) and
freeze-drying. The findings showed that the inclusion of fCNTs enhanced the proportion of SF’s β-sheet
structure and promoted the in-situ development of HAp inside the scaffold. According to an evaluation of the
scaffold’s properties, the addition of fCNTs considerably increased the compressive strength while reducing
porosity and pore size. An increase in fCNT concentration is associated with an approximate decline
in swelling and degradation rate, according to research on scaffold behavior in aqueous environments.
All scaffolds, however, demonstrated a controlled and gradual release profile, underscoring their stability
in maintaining fCNT release throughout time, regardless of the fluctuating fCNT levels. According to
biological research, adding fCNTs up to 5 weight percent had no negative effects on cell adhesion or survival.
The integration of fCNTs showed synergistic impacts on the scaffolds’ mechanical, biological, and physical
characteristics [140].

Zhao et al. used carboxylated MWCNTs and bacterial cellulose (BC) to create composites with
gradients of 0, 0.25, 0.5, and 1 wt%. The most suitable filler for polycaprolactone (PCL) was determined to
be 1 weight percent MWCNT@BC based on its physicochemical characteristics, bioactivity, and osteogenic
performance. With a compressive strength of 85.99 ± 10.03 MPa, the scaffold demonstrated improved
mechanical characteristics and an appropriate scaffold design. Cellular tests showed that the scaffold has
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high osteoinductive performance, cell adhesion qualities, and biocompatibility. This was supported by
a rat mandibular defect model that demonstrated outstanding biocompatibility and mandibular healing
capabilities in vivo [141].

3.4.2 Graphene Based Composite Materials as Scaffolds

Graphene is a two-dimensional honeycomb structure made up of carbon atoms. The graphene family
includes several derivatives such as graphene oxide (GO), reduced graphene oxide (RGO), graphene quantum
dots (GQDs), graphene nanosheets, monolayer graphene, and few-layer graphene.

Graphene’s high aspect ratio, mechanical qualities, and electrical conductivity have made it appealing
in a variety of applications. Graphene, Graphene based materials and composites are widely employed
for significant biotechnological and biomedical applications, and they are also becoming stars in scientific
domains other than biology and medicine. Numerous instances have been studied in recent years, and
nearly all graphene derivatives and composites are being employed and tailored to provide unique delivery
carriers for drug delivery, gene therapy, and theranostics [142].

In one study, graphene and graphene quantum dots (GQD) were integrated into PCL scaffolds and
compared and assessed from mechanical, biological, thermal, and surface aspects. The mechanical and
biological performance of PCL scaffolds was shown to be greatly enhanced by the inclusion of both materials
at a weight percentage of less than 5%. In comparison to PCL/G scaffolds, PCL/GQD scaffolds demonstrated
superior compressive strength under 3%wt. while retaining the same degree of biological performance [143].

Another investigation investigated the potential combination of an organic material (collagen) and
an inorganic (nano)material (GO) as components of a bioink for vascular graft bioprinting. When
compared to the control formulation, the collagen and GO-modified bioink showed better mechanical and
viscoelastic qualities. Furthermore, the bioink exhibited complete in vitro biocompatibility and no harmful
effects. Coculturing human muscle cells and endothelial cells (C2C12) revealed promise for vascular graft
applications [144].

In another research, PCL/GO scaffolds were generated utilizing 3D bioprinting technology for meniscus
cartilage repair. GO was added to PCL scaffolds to improve their mechanical, thermal, rheological, and
bioactivity characteristics. According to rheological studies, GO considerably increased the yield shear
and storage modulus, indicating greater elasticity and flow resistance. According to mechanical tests,
scaffolds closely resembled the mechanical behavior of the native meniscus in terms of balance and ultimate
tensile strength. While DSC research showed enhanced thermal stability with higher melting temperatures,
FTIR analysis verified that GO was successfully integrated into the PCL matrix without compromising its
chemical integrity. A roughened appearance of the surface that promotes cellular adhesion and proliferation
was shown by SEM examination. DAPI-stained fluorescence microscopy on PCL/GO scaffolds demonstrated
consistent nuclear distribution and improved cell adhesion. Cytotoxicity testing verified the PCL/GO
scaffolds’ biocompatibility with fibroblast cells, while antibacterial assays showed greater inhibition zones
against E. coli and S. aureus [145].

4 Trade-Offs between Biomaterials for 3D Printing

Despite the remarkable potential of 3D bioprinting, the achievement of fully functional bio-printed
tissues and organs is still reliant on the progress of advanced bioinks. Without the right bioink formulations,
issues such as inadequate mechanical stability, insufficient biological interactions, and diminished cell
viability obstruct the successful conversion of bio-printed constructs into clinically relevant applications.
Biomaterials utilized in tissue engineering must exhibit biocompatibility to prevent immune responses and
enhance interactions between cells and materials. This necessitates the elimination of toxic or inflammatory
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reactions, alongside the capability to foster cell adhesion and proliferation. The mechanical characteristics
of biomaterials ought to closely resemble those of the native tissue to ensure sufficient support and uphold
tissue integrity. Considerations such as stiffness, elasticity, and tensile strength are essential during the
selection of materials. Additionally, biomaterial scaffolds should possess a porous interconnected structure
to promote cell infiltration, nutrient diffusion, and waste elimination. The appropriate size and distribution
of pores are vital for facilitating cell migration and tissue regeneration. As a result, significant research
efforts are concentrated on enhancing bioink characteristics to find a balance between mechanical durability
and biological efficacy, ensuring that engineered tissues demonstrate the required features for long-term
viability and integration [146].

Biomaterials can be engineered to gradually degrade, facilitating the formation of new tissue while
preventing complications associated with long-term implants. The rate of degradation must be customized
to align with the rate of tissue regeneration, thereby providing adequate mechanical support throughout
the healing process. Natural biomaterials, including collagen, fibrin, and hyaluronic acid, demonstrate
outstanding biocompatibility and bioactivity. They can originate from a variety of sources, encompassing
both animals and plants, and can serve to provide structural support, enhance cell adhesion, and aid in tissue
remodeling. Synthetic biomaterials, including polyesters (such as polyglycolic acid and polylactic acid) as
well as polycaprolactone, present a range of mechanical properties, degradation kinetics, and fabrication
methods. They can bemeticulously designed to fulfill specific requirements in tissue engineering. Composite
biomaterials integrate the benefits of both natural and synthetic materials. For instance, hydroxyapatite
(HA)-based composites replicate the mineral composition of bone, offering both mechanical support and
osteoconductive characteristics. These biomaterials can be adapted to align with the properties of various
tissues [147–150].

Frequently, hybrid bioinks that integrate both natural and synthetic elements are created to establish
an ideal equilibrium between biocompatibility and mechanical strength. Additionally, the addition of
bioactive substances, including growth factors, cytokines, cell adhesion molecules, and signaling peptides,
significantly improves the biological efficacy of the bioinks, encouraging tissue-specific reactions and
aiding in the differentiation of cells into functional tissue structure. Through meticulous engineering of the
relationship between rheological properties and biological compatibility, researchers aspire to formulate
next-generation bioinks that can mimic native tissue environments, thereby facilitating progress in tissue
engineering, regenerative medicine, and the fabrication of personalized organs [151–153].

A major obstacle in the advancement of bioink technology is the fundamental trade-off between
rheological characteristics and biological performance. Enhancing one aspect frequently detracts from the
other. For example, raising the polymer concentration to improve the viscosity and mechanical integrity of
the bioink can adversely affect cell viability or the diffusion of nutrients. Likewise, the addition of specific
bioactive compounds may modify the rheological properties of the bioink, complicating the printing process.
This trade-off demands a thoughtful and iterative strategy in the design of bioinks, where the particular
needs of the target tissue and its application are taken into consideration. Researchers are examining a
range of strategies to tackle this issue, including the implementation of composite bioinks that integrate
multiple materials to produce a synergistic effect, along with the creation of stimuli-responsive bioinks that
can be calibrated to alter their characteristics in response to external stimuli [147,154,155].

5 Technological Aspects for 3D Printing of Biological Matters

5.1 Data Processing

3D bioprinting begins with a computer-assisted design, which builds a specified 3D biological model.
To start, a computerized three-dimensional model of the tissue defect can be made using imaging modalities
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including CT, MRI, and ultrasound. The scaffold’s surface and internal architecture, including pore diameters
and porosity, may be integrated into the 3D model of the tissue defect using computer-aided design. A
variety of materials, cell types, and bioactive chemicals can be employed to create a bioink for printing,
depending on the needs, location, and kind of defect. After being transformed into a standard tessellation
language file, the 3D model is stored in a file format like G-code. The printer could readily follow the
file format and decipher the biological components’ layer-by-layer depositions. The produced cell-laden
structures are then either directly implanted into the patient or cultured in a cell culture [156,157].

5.2 3D Bioprinting Techniques

As seen in Fig. 2, the 3D bioprinting process may be categorized into four primary classes. Today,
the healthcare industry and the manufacturing of medical materials have undergone significant change as
an outcome of the rapid advancement of 3D bioprinting in the medical field. Complex organ and tissue
structures have been constructed by this method. 3D bioprinting is divided into many categories according
to its working principle. These methods can be employed separately or in a combined approach to achieve
favorable tissue fabrication.

Figure 2: Classification of Droplet based bioprinting techniques.

5.2.1 Droplet Based 3D Bioprinting

Droplet-based 3D bioprinting has a number of distinct benefits over other printing methods for
constructing intricate 3D structures. (i) its flexibility and superior control over small-volume droplets at
precise locations, even on curved surfaces; (ii) the droplet formation mechanism permits a high-resolution,
non-contact printing technique of intricate designs and structures; and (iii) its biocompatibility affirms the
activity of the encapsulated particles [158].

For high-precision drug delivery and customized therapy, drop-let-based 3D bioprinting techniques
may be used to create delicate constructions with a controlled drug dosage utilizing cell-free bioinks. On the
other hand, time-consuming animal experiments and basic 2D cell culture models are replaced with tissue
constructions with cells encapsulated in cell-laden bioinks, which offer a more effective and productive
approach for in vitro drug screening. All things considered, droplet-based 3D bioprinting can produce
complex and diverse 3D structures with great efficiency while preserving the ability of cells or medications
to function effectively [159].
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In summary, droplet-based 3D bioprinting provides significant benefits, including (i) the ability to
accurately modulate drug dosage and formulation within small volume droplets for targeted drug delivery;
and (ii) facilitating the creation of biomimetic heterogeneous tissues and organs, suitable for drug screening
while minimizing material, time, and laboratory space usage, highlighting its immense potential for high
throughput drug screening [158,159].

Droplets are formed by physically manipulating a bioink solution in inkjet bioprinting. It incorporates
the fluid mechanics of the bioink solution, air pressure, and gravity to propel droplets onto a receiving
platform [158]. Piezoelectric/thermal force works in piezoelectric/thermal ink jetting to eject droplets by
creating pressure pulses in the nozzle. On the other hand, electrohydrodynamic jetting uses an electric
voltage to create droplets, while acoustic wave jetting uses the acoustic radiation force produced by
an acoustic actuator [160,161]. Drop-on-demand inkjet bioprinting works by automatically delivering a
regulated volume of bioinks, generally including cells, in the form of droplets to predetermined sites [162].
In Continuous inkjet bioprinting, the bioink solution is pressured through a nozzle, which then divides into
a flow of droplets due to the effect of Rayleigh-Plateau instability [163]. Micro-valve bioprinting uses an
electromechanical valve to generate droplets. The bioink in the fluid chamber is pressurized (back pressure)
and the nozzle orifice is gated by a micro-valve [164].

5.2.2 Vat Polymerization

The vat polymerization method is founded on polymeric solutions using a laser-based solidification
approach. Thus far, the primary types of vat polymerization methods that have been presented are digital
light processing (DLP), and stereolithography (SLA).

Stereolithography is a process of sculpting things in which a photopolymerizable material is exposed
to UV light selectively, and the material cures as a result of the light exposure [165]. The laser beam
provides the conditions required to start the photopolymerization process [166] and will likely assure the
reaction of the photoinitiator in the resin or form a bond with the existing monomers. The SLA method
uses low-power UV irradiation for photopolymerization, which is typically produced by a He-Cd/Nd: YVO4
laser or, in previous systems, a He-Cd laser [165]. The process of photo-induced polymerization is a chain
reaction where hundreds of monomer/oligomer units are incorporated after a single photon produces the
starting species. Thus, liquid monomers are transformed into solid polymers in a matter of seconds during
photopolymerization [166].

Whereas digital light processing uses a digital light projector as a light source, stereolithography
uses a UV laser beam to harden materials. Incoming UV light is reflected by a micromirror device that
uses sequentially loaded user-defined patterns to switch on and off mirrors [167]. Photocurable bioinks
are selectively solidified in this layer-by-layer procedure that is managed by a movable stage along the
z-axis. In order to save printing time, whole layers may be created concurrently in a single exposure phase.
Additionally, the nozzle-free approach prevents clogging and extreme shear stress on cells [168].

The potential for cytotoxic effects from photoinitiations and UV light exposure limits both digital
light processing and stereolithography [169]. Furthermore, the necessity for easy crosslinking via light
irradiation to enable the uncured bioink to interface with the cured layers restricts the spectrum of bioinks
that may be utilized in stereolithography and digital light processing bioprinting [170].

5.2.3 Extrusion-Based Bioprinting

Extrusion-based tissue scaffold bioprinting is a method that enables the precise deposition of filaments,
fibers, or droplets composed of biomaterials and cells, thereby facilitating the construction of tissue scaffolds
in a controlled, layer-by-layer manner. This bioprinting approach integrates a fluid-dispensing head with
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an automated robotic system [171]. Extrusion-based bioprinting techniques can be categorized into three
distinct types based on their deposition mechanisms: pneumatic, piston, and screw-based bioprinting.
Among these, pneumatic-based bioprinting is a widely employed and straightforward method that employs
compressed air to propel biomaterials or cells from a syringe and nozzle, allowing for precise control
over the volumetric flow rate. A linear moving piston or a rotating screw-driven arrangement physically
pushes biomaterial/cell solutions in piston- or screw-based bioprinting devices. Large deposition forces are
available for both printing methods, allowing for solution volume control. Consequently, a greater pressure
differential between the syringe inlet and the nozzle outlet is advantageous for the printing of suspensions
with higher viscosities [168,171].

Extrusion-based bioprinting (EBB) has emerged as the predominant technique in the field of
bioprinting [172]. Its widespread adoption can be attributed to its ability to print hydrogels with a broad
range of viscosities (from 30 mPa⋅s to over 6 × 107 mPa⋅s) and to produce large-scale three-dimensional
models (on the centimeter scale) with high cellular densities (exceeding 108 cells/mL) [173]. Nevertheless,
the resolution of this process is limited, with the minimum feature sizes achievable ranging from 200 to 1000
µm, which poses challenges in replicating the intricate structures characteristic of biological tissues [174].
Furthermore, there exists a trade-off between optimizing printing performance and ensuring high cell
viability. For example, certain biomaterials (such as Pluronic, PEG, and alginate) that exhibit advantageous
rheological and mechanical properties may create a suboptimal environment for cellular health. Conversely,
other natural biomaterials (including collagen, gelatin, chitosan, fibrin, and decellularized extracellular
matrix (dECM) that possess beneficial biological properties often demonstrate inadequate rheological
and mechanical performance [175]. This dichotomy in material properties can be addressed through
various strategies, including modifications to the printing environment, optimization of bioink formulations,
exploration of crosslinking mechanisms, and the incorporation of sacrificial materials to enhance the
mechanical and temporal stability of the bioprinted constructs [173–175].

5.2.4 Laser Assisted Bioprinting

The process of laser-assisted bioprinting of biological materials, specifically living cells, is
fundamentally grounded in the laser-induced forward transfer (LIFT) technique. This method employs
a pulsed laser to facilitate the transfer of material from a source film. Various adaptations of the LIFT
technique have been developed to enable the printing of living cells [176]. Cells produced through this
technique, when contrasted with those generated via extrusion-based methods, undergo reduced mechanical
stress, resulting in enhanced viability. Nevertheless, the operational speed of this method is comparatively
slower than that of extrusion-based techniques. Conversely, laser-based bioprinting facilitates the printing
of hydrogels with high viscosity, exceeding the viscosity threshold applicable to droplet-based bioprinting
processes [177].

The system is composed of three primary components: a pulsed laser source, a ribbon, and a receiving
substrate. Nanosecond lasers emitting ultraviolet wavelengths, such as excimer lasers operating at 193
nm and 248 nm, as well as near-ultraviolet wavelengths like 1064 nm, are commonly employed as energy
sources to achieve pulse energy deposition ranging from 1 to 20 µJ per pulse [178].

In a standard Laser-Induced Forward Transfer (LIFT) setup, the cell transfer module includes a ribbon
and a substrate, which are typically designed as disks and made from transparent materials, such as glass
or quartz. The ribbon is positioned above the substrate with a minimal gap, generally between 100 and
500 µm [179]. Transparent glass, a thin coating of metal that absorbs laser light, such titanium or gold, and
a suspended layer of bioink made of cells, hydrogels, and bioactive ingredients make up the ribbon, which
is a multilayer component [180].



Fluid Dyn Mater Process. 2025;21(12) 2879

The laser generator emits the laser beam, and after it passes through the transparent supporting
structure, the mirrors and lenses alter the laser path such that the laser reaches and focuses on the upper
surface of the sacrificial layer or bioink layer [179]. Galvanometric mirrors serve a critical function in
directing the laser beam onto the ribbon, facilitating an increased manufacturing speed. Nonetheless, the
implementation of a refractive lens is necessary to rectify the incidence angle of the laser beam on the
ribbon [181].

When the laser beam is pulsed for a predetermined duration and focused on the ribbon, the metal layer
situated atop the hydrogel undergoes vaporization, resulting in the formation of a high-pressure bubble
that propels droplets of bioink onto the receiving substrate [178,179]. Following their transit through the
interstitial space between the ribbon and the substrate, a small quantity of bioink is deposited onto the
substrate, wherein the cells or other biomaterials contained within the bioink are printed. By systematically
repeating these four steps—printing in various locations, droplet by droplet, and layer by layer—the intended
biological structure is ultimately constructed.

6 Rheological and Structural Properties of Bioink for 3D Bioprinting

Rheology is the study of the deformation and flow behavior of materials when subjected to applied
forces. The rheological characteristics of a bioink are crucial in shaping its performance throughout the
bioprinting process, directly affecting its printability, structural stability, and the overall effectiveness of
tissue creation. Important rheological factors—including viscosity, shear-thinning properties, and gelation
rates—need to be meticulously adjusted to guarantee that the bioink can be accurately extruded, retain its
form after printing, and offer a stable environment for the encapsulated cells [182].

6.1 Viscosity

Viscosity refers to a fluid’s resistance to flow when subjected to applied stress and significantly impacts
both the accuracy of printing and the efficiency of cell encapsulation processes. Typically, elevated viscosity
levels enhance printing fidelity. Nonetheless, increased viscosity also induces greater shear stress, which
may adversely affect the viability of cells suspended within the bioink. The primary determinants of
polymer solution viscosity are molecular weight and concentration [183].

For example, Newtonian fluids exhibit a constant viscosity that remains unaffected by variations in
shear rate. In contrast, non-Newtonian bioinks demonstrate viscosity changes that are contingent upon
the applied shear conditions. Therefore, the optimization of viscosity in bioink formulations necessitates a
careful balance between ensuring processability during extrusion through printing nozzles and maintaining
structural integrity post-extrusion [184].

6.2 Shear Thinning

Shear-thinning is the predominant kind of time-independent non-Newtonian fluid behavior,
characterized by a reduction in viscosity with increasing shear speeds. Polymer melts, polymer solutions
over a threshold concentration, partly cross-linked hydrogels, colloidal suspensions, and other materials
commonly used in extrusion printing usually display this feature [185].

This phenomenon is especially beneficial in bioink applications, as it enables the material to flow
smoothly through printing nozzles under conditions of high shear, while preserving its structural integrity
at low shear rates after deposition. The underlying mechanism responsible for this behavior involves the
structural reconfiguration of polymeric networks, wherein chain entanglements and molecular interactions
are disrupted by shear stress, thereby decreasing flow resistance. Materials characterized by significant
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shear-thinning behavior exhibit improved printability and maintain cell viability by minimizing mechanical
stress throughout the processing stage [185,186].

6.3 Viscoelasticity (G′/G′′) and Yield Stress

Viscoelastic properties describe materials that concurrently demonstrate both viscous and elastic
responses when subjected to deformation, reflecting the dualistic behavior of bioinks under dynamic
conditions [185,186]. This behavior can be explained using two parameters: the storage (or elastic) modulus
G′ and the loss (or viscous) modulus G′′. The storage modulus G′ serves as a measure of the energy stored
elastically during deformation, which is therefore associated with the preservation of elastic shape. The
loss modulus G′′ serves to measure the energy dissipated by the material, linking it to viscous flow. The
viscoelastic characteristics can be assessed through oscillatory rheology, unlike viscosity, which is evaluated
during rotation. The storage modulus (G′) and the loss modulus (G′′) are generally measured as a function
of both the frequency and amplitude of the oscillation [187].

In addition to storage modulus, the concept of shape retention can also be articulated through the yield
point. This point signifies the minimum stress level necessary to commence material flow, marking the
transition between solid-like and liquid-like characteristics. In bioink systems, the yield stress is crucial as
it dictates the material’s capacity to uphold structural integrity against gravitational forces and to support
overhanging features throughout the layer-by-layer construction process. Generally, materials that display
yield stress behavior maintain their dimensional stability until the applied stress surpasses the critical
threshold, beyond which they behave as viscous liquids.

6.4 Thixotropy

It explains how viscosity decreases over time when a constant shear stress is applied, and then
slowly recovers as the material rests. This reversible behavior occurs due to the disruption and rebuilding
of intermolecular networks within the bioink matrix, allowing for controlled flow during processing.
Consequently, thixotropic materials show distinctive hysteresis loops in their flow curves, with the loop area
representing the extent of structural breakdown. Moreover, unlike immediate shear-thinning responses,
thixotropic behavior entails time-dependent structural changes that can be customized for particular
bioprinting uses. Specifically, the recovery rate of thixotropic bioinks needs to be fine-tuned to ensure
adequate flow during extrusion while also allowing quick structural restoration to preserve the printed
shape. This time-dependent characteristic of rheological behavior is especially important for managing
material properties during both the printing process and the following maturation stages [188–190] (Fig. 3).

7 Applications of 3D Bioprinting

Tissue engineering encompasses the interdisciplinary integration of clinical medicine, biomaterials,
cell biology, molecular biology, bioengineering, and various other fields. This integration can be facilitated
through the application of 3D bioprinting techniques, which enable the creation of replaceable tissues
either in vivo or in vitro, aimed at restoring the functionality of damaged tissues and organs [191].

The application of biocompatible materials and cell-supporting components indicates significant
potential for the restoration of the cancer microenvironment, tissue engineering, in vitro drug screening,
wound healing, and the regeneration of skin and vascular tissues, among other uses. Moreover, 3D printing
has accelerated the drug discovery process, aiding in the advancement through various phases and clinical
trials [192]. Table 1 delivers a thorough summary of the numerous applications of 3D bioprinting within
multiple areas of biomedicine.



Fluid Dyn Mater Process. 2025;21(12) 2881

Figure 3: Fundamental Rheological Characteristics Influencing Bioink Functionality.

Table 1: Applications of 3D bioprinting.

Tissue Type
Type of Cells/Cellular
Material

Bioink/Material
Utilized

Bioprinting
Strategy/Printer

Outcomes and Citations

Bone

Bone marrow
mesenchymal stem cells
(MSCs), osteoblast

Gelatin methacrylate
(GelMA) hydrogel with
nanocrystalline
hydroxyapatite (nHA)

Stereolithography

An appropriate model for examining the
interactive effects of cells within an
artificial bone microenvironment is
essential for investigating the
progression of post-metastatic breast
cancer in bone tissue [193].

Osteoblast, breast cancer
cells

HA nanoparticles into
the PEG/PEG-DA resin

Table-top
stereolithography

3D printed bone matrix can simulate
tumour bone microenvironments and be
used to research metastasis and drugs
susceptibility [194].
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Table 1: Cont.

Tissue Type
Type of Cells/Cellular
Material

Bioink/Material
Utilized

Bioprinting
Strategy/Printer

Outcomes and Citations

Bone

Demineralized bone
matrix (DBM)

Polycaprolactone (PCL),
in combination with
electrical stimulation (ES)

Stereolithography
pneumatic printer
(CELLINK)

The 3D-printed conductive scaffolds
composed of DBM and enhanced
through ES developed in this study more
accurately replicate the characteristics of
natural bone tissue. These scaffolds
exhibit superior biological and electrical
properties compared to existing synthetic
bone scaffolds, thereby demonstrating
their potential applicability in the field of
bone tissue engineering [195].

Decellularized bone
matrix Polycaprolactone Stereolithography

Composite PCL/DCB scaffolds possess
the requisite mechanical properties,
structural geometry, and osteoinductive
capabilities essential for use as TE bone
grafts [196].

human bone
marrow-derived
mesenchymal stem
cell–derived matrisome
(BMTS)

Collagen-fibrin/PolycaprolactoneFused deposition
modeling

BMTS-integrated 3D-printed scaffold
improved tissue healing, osteoinduction,
and bone formation in a rat calvarial
model with a critical size deficit [197].

Skin

Decellularized
extracellular matrices
(dECMs)

dECM hydrogels

3D Discovery printer
based on
extrusion-based
printing

Printed dECMs and cell tracking enable
modeling of the early stages of
metastatic illness, which may be utilized
to better understand melanoma cell
activity and drug response [198].

Human foreskin
fibroblasts (HFF-1),
human umbilical vein
endothelial cells
(HUVECs), and human
immortalized
keratinocytes (HaCaTs)

Gelatin methacrylate
(GelMA), oxidized
hyaluronic acid (OHA),
carboxymethyl chitosan
(CMCS), and
2-methacryloyloxyethyl
phosphorylcholine
(MPC)

-

Conductive skin scaffolds offer a suitable
conductive environment for cellular
signaling, proliferation, migration, and
differentiation, eventually accelerating
the re-epithelialization, collagen
deposition, and vascularization of skin
wounds [199].

Human amniotic
epithelial cells (AECs)
and Wharton’s jelly
derived mesenchymal
stem cells (WJMSCs)

Alginate/gelatin
composite hydrogels

Extrusion-based 3D
bioprinting

High printing precision (151 ± 13.04 µm)
and structural fidelity were achieved and
expression of genes relating to
re-epithelization and wound healing was
significantly increased. Cell viability was
more than 95% up to 6 days after
printing [200].

Keratinocyte and human
dermal fibroblast cells

Crosslinked chitosan
(CH)–genipin (GE)

Extrusion-based 3D
bioprinting

The enhanced cell viability was achieved
by the low printing pressure (20–40 kPA).
The genipin-based crosslinking
maintained 93% cell viability. Low print
fidelity and cell spread [201].
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Table 1: Cont.

Tissue Type
Type of Cells/Cellular
Material

Bioink/Material
Utilized

Bioprinting
Strategy/Printer

Outcomes and Citations

Skin

HFBs and HUVECs
(human umbilical cord)

PVA, nanocellulose,
agarose, and sodium
alginate

Extrusion-based 3D
bioprinting

The tissue-engineered faces were
designed with configurable sizes and
shapes that can be vascularized. The use
of PVA sacrificial layers might overcome
the collapsing problem of hydrogel
bioink in tissue size constructions.
Vasculatoid traits led to the development
of continuous vascular-like
structures [202].

Normal human dermal
fibroblasts

PCL, silk sericin,
Chitosan and Sodium
alginate

Extrusion based
bioprinting

Electrospun nanofibrous matrices were
combined with 3D bioprinted
constructions to imitate
epidermis-dermis structures. The
nanofiber layer provides antibacterial
properties, while the printed layer
creates a moist environment. Long-term
monitoring is crucial for complete
dermal-epidermal fusion [203].

Heart

Human-embryonic-stem-cell-derived
cardiomyocytes
(hESC-CMS) and CFs

Collagen FRESH v2.0

Human heart components (ventricles,
tri-leaflet heart valves, and vasculature)
were fabricated. Neonatal-scale human
heart with ventricles demonstrated
synchronized contractions, directed
action potential propagation, and wall
thickening of up to 14% [204].

Human induced
pluripotent stem cell
(hiPSC)-derived
cardiomyocytes

Collagen-hyaluronic acid Extrusion based
bioprinting

The printed tissue demonstrated regular,
spontaneous contractions that could
withstand passive resistance and last for
several months. Interestingly,
pharmacological stimulation may be
used to alter the printed cardiac tissues’
heartbeat frequency [205].

Neonatal mouse
ventricular
cardiomyocytes
(NMVCMs)

Methacrylated gelatin
(GelMA)

Microscale
continuous optical
printing (µCOP)
system (Based on
stereolithography)

Better alignment, synchronous beating,
and physiological response were
demonstrated by the printed microscale
ventricular myocardium [167].

iPSC-CMs (induced
Pluripotent Stem
Cell-derived
Cardiomyocytes) and
CFs (Cardiac Fibroblasts)

Heart tissue-derived
extracellular matrix
(hdECM)

Extrusion based
bioprinting

The myocardial fiber orientations within
a chamber-like structure, referred to as
MoCha, demonstrated a mimicry of the
native left ventricular architecture,
characterized by synchronized
contraction across its layers [206].

Human induced
pluripotent stem
cell—derived
cardiomyocytes
(iPSC-CMs)

Poly (ethylene glycol)
diacrylate µCOP

Cardiac tissue exhibited improved
maturation and indicated significant
potential for high-throughput in vitro
drug screening applications [207].
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Table 1: Cont.

Tissue Type
Type of Cells/Cellular
Material

Bioink/Material
Utilized

Bioprinting
Strategy/Printer

Outcomes and Citations

Heart
Human coronary artery
endothelial cells
(HCAECs)

Carbon
nanotube-incorporated
alginate framework

UV-integrated
dispensing-based
3D-printing
technique

The implanted cardiac patch
demonstrated a high cell viability rate of
90% and exhibited superior electrical
conductivity at physiologically relevant
frequencies ranging from 1 to 5 Hz [208].

Liver

Decellularized liver
matrix (dLM)

gelatin and polyethylene
glycol CellInk bioprinter

The 3D-printed construct demonstrated
a high cell viability rate ranging from
85% to 93%, maintained liver-specific
functions, and facilitated the
proliferation of HepG2 cells, exhibiting
liver-specific functionalities over a
duration of 7 days [209].

Human-induced
pluripotent stem cells
derived hepatocytes
(hiPSC-Heps)

Alginate-gelatin Extrusion based
bioprinting

Higher mRNA expression of
liver-specific activities, increased
secretion of proteins linked to liver
function, easier creation of hiPSC-Hep
spheroids with increased viability and
proliferation, and a positive therapeutic
response were all demonstrated by the
3D-printed (3DP) model [210].

Hepatic parenchymal
cells, Huh7, HepaRG and
hepatic stellate cells LX-2
cells

Methacrylated gelatin Extrusion
bioprinting process

Fibrillar collagen deposition was
demonstrated in 3D multicellular
bioprinted constructs made up of
HepaRG, LX-2, and endothelial cells;
which was not witnessed in
monocultures of HepaRG or LX-2 alone.
Complex interactions between the
various hepatic cell types contributed to
collagen deposition [211].

Human adipose
mesenchymal stem
cell-derived
hepatocyte-like cells
(HLCs), human umbilical
vein endothelial cells
(HUVECs), and human
hepatic stellate cells
(HHSCs)

Liver extracellular matrix
(ECM)

Extrusion-based
bioprinting

The HLC/HUVEC/HHSC-loaded liver
model exhibits increased cytochrome
P450 (CPR) activity, urea synthesis, and
albumin production, and it mimics
natural alternating cords of hepatocytes
with a functioning sinusoidal lumen-like
network in both horizontal and vertical
orientations [212].

HepG2/C3A and
EA.hy926 (immortalized
human umbilical vein
endothelial cell lines)

Collagen Stereolithiography

Engineered multicellular structured
spheroids demonstrated enhanced
functionality and structural integrity.
The in vivo Matrigel plug assay indicated
that the structured spheroids exhibited
greater stability and engraftment
compared to their non-structured
counterparts following
transplantation [213].
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Table 1: Cont.

Tissue Type
Type of Cells/Cellular
Material

Bioink/Material
Utilized

Bioprinting
Strategy/Printer

Outcomes and Citations

Lung

Human lung fibroblasts
(MRC-5), hybrid
endothelial cells
(EA.hy926) and airway
epithelial cells (1HAEo-)

80% polyethylene glycol
diacrylate (PEGDA) and
20% gelatin methacrylate
(GelMa)

Stereolithographic
(SLA) DLP
bioprinting was
performed using the
LUMENX+
bioprinter
(CELLINK; San
Diego, California)

The apical epithelial and luminal
endothelial layers were found to be
intact in the 3D printed construct. Lung
fibroblasts maintained 80–90% cell
viability and their spindle structure with
dendritic extensions. Distinct immune
mediator profiles and clustering between
co-cultures and tri-cultures at baseline
were found by a multiplex test,
highlighting variations in intercellular
communication. A 3D bioprinted
vascularized tri-culture model that
replicates human airways was
successfully constructed and
characterized in this work [214].

Human bronchial
epithelial cells
(BEAS-2B), human
umbilical vein
endothelial cells
(HUVEC), human
embryonic lung
fibroblasts (MRC5), and
human monocytes
(THP-1)

Type I collagen
functionalized Alg
microspheres

3D-inkjet
bioprinting

The artificial lung tissue structure with
macrophages (ALTs@M) proved to be
more effective than the standard artificial
lung tissue structure (ALTs) in
promoting the inflammatory
microenvironment in the lungs. This
offers a new in vitro model for studying
cellular interactions and human
macrophages. Overall, the construction
strategy for this artificial lung tissue
using 3D-inkjet bioprinting technology
enables the adaptable creation of
artificial lung tissue structures that could
serve as potential disease models for
preclinical research [215].

Type I and II alveolar
cells (NCI-H1703 and
NCI-H441), lung
fibroblasts (MRC5), and
lung microvascular
endothelial cells
(HULEC-5a)

Collagen Drop-on-demand
inkjet printing

The 3D Alveolar Barrier Model provides
a more accurate representation of the
morphologies, structures, and functions
of lung tissue. This thin multilayered
model replicates actual tissue-level
responses to influenza infection, and it is
expected that this 3D alveolar barrier
model can be utilized as an alternative to
established test models for pathological
and pharmaceutical objectives [216].

Neural Neural stem cell (NSC)

SilMA (silk fibroin
modified with glycidyl
methacrylate)/Pectin/
MXene-soybean
phospholipids (SP)
bioink, where

Extrusion based
bioprinting

Over 5 days, NSCs encapsulated in
bioink showed maximal proliferation
when electrically stimulated at 300 µA
for 10 min every day. Neuronal
differentiation was shown to be
favorably linked with MXene-SP
concentration and stimulation intensity.
Electrical stimulation greatly increased
synaptic activity and vesicle recycling.
Electrical stimulation improved cell
proliferation, neural differentiation, and
synapse function [217].
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Table 1: Cont.

Tissue Type
Type of Cells/Cellular
Material

Bioink/Material
Utilized

Bioprinting
Strategy/Printer

Outcomes and Citations

Neural

Neural progenitor cells
(NPCs) derived from
human induced
pluripotent stem cells
(hiPSCs)

Gelatin Methacryloyl
(GelMA)/Pluronic F127
(P-127)

Extrusion based
bioprinting

The GelMA/P-127 composite bioinks
shown excellent qualities for creating
bioprinted structures capable of
sustaining the prolonged proliferation of
hiPSC-NPCs and promoting their
differentiation into neurons and
astrocytes. This capacity enables the
creation of complex 3D brain tissue-like
structures, creating a firm basis for
testing potential therapies in CNS
regenerative medicine [218].

Neural stem cells (NSCs)

hydroxypropyl chitosan
(HBC), thiolated
hyaluronic acid (HA-SH),
vinyl sulfonated
hyaluronicacid (HA-VS)
and matrigel (MA)

Microextrusion-based
3D printing system
(Bioscaffolder,
GeSim, Germany)

Fabricated scaffolds preserve high NSC
survival (about 95%) and provide a
benign environment that promotes
cell-material interactions and
proliferation of neurons, resulting in
optimum neural network production.
Additionally, the in vivo experiment
revealed that the bioprinted scaffolds
increased axon regeneration and reduced
glial scar deposition, resulting in a
notable locomotor recovery of the spinal
cord injury model rats. This could be a
general and malleable approach for
precisely engineering the central nervous
system and other neural organs/tissues
for use in regenerative medicine [219].

Vascular
grafts

Smooth muscle cells
(SMCs) and fibroblasts
(FCs)

Hyaluronic acid, gelatin,
and polyethylene glycol
diacrylate (PEGDA)

Organovo printer
(extrusion-based 3D
bioprinting)

The 3D-bioprinted vascular conduits that
were implanted behaved physiologically
like native vessels, were well-tolerated,
and integrated effectively into the native
vasculature. Advances in the treatment
of vascular disease in humans are made
possible by the fabrication and
application of 3D-bioprinted vasculature
for the repair of large vessels in an
animal model [220].

Human umbilical vein
endothelial cells
(HUVECs)

GelMA and gelatin BIO X6 bioprinter
(Cellink, USA)

The bioprinting procedure did not
significantly impact cell survival,
according to cell viability tests. The
functioning of the printed channels was
successfully demonstrated, and by
adding HUVECs to the core region, it
was possible to create micro-vessels
inside the printed scaffolds. Following
incubation, HUVECs coated the inner
walls of the GelMA shells, creating
microvessels with lumens [221].
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Table 1: Cont.

Tissue Type
Type of Cells/Cellular
Material

Bioink/Material
Utilized

Bioprinting
Strategy/Printer

Outcomes and Citations

Vascular
grafts

Decellularized
extracellular matrix
(dECM)

Nano clay (NC)/sodium
alginate (SA)

Coaxial 3D
bioprinting

Tubular scaffold having unique
structures and functions that direct
fibroblast and endothelial cell adhesion
and proliferation while also facilitating
tissue repair and reconstruction. The
combination of calcium alginate and
nano clay enhanced the mechanical
strength and stability of the tubular
scaffolds, which was vital for blood
vessel regeneration [222].

Cartilage

Adipose-derived
mesenchymal
stem/stromal cells
(ADSCs)

- Bio-3D printer

Cartilage constructions with mechanical
and histological attributes similar to
articular cartilage were successfully
produced. In addition, thick cartilage
constructions developed with completely
grown deep layers. ADSCs with 3D
printing technology may be used to
generate patient-specific constructions,
which can assist in developing
human-sized cartilage constructs [223].

Human chondrocytes
(hACs)

Gelatin methacrylate
(GelMA)/GelMA
functionalized with a
fluorinated oxadiazole
(GelOXA)

CellInk bioprinter

The GelMA/GelOXA scaffold retained
hAC viability, maintained their natural
phenotype, and substantially enhanced
type II collagen synthesis, paving the
path for the regeneration of healthy,
hyaline-like cartilage by supplying
hypoxia signals even under normoxic
settings. Moreover, Osteoarthritis and
associated chondral defects may be
effectively treated by the
GelMA/GelOXA scaffold’s capacity to
send healing signals straight to the site
of injury [224].

Bone marrow
mesenchymal stem cells
(BMSCs)

Decalcified bone matrix
(DBM)-Gelatin -

DBM-GT demonstrated enhanced pore
structure and mechanical characteristics,
including both dry and wet mechanical
strength. Chondrocytes suppressed
osteogenic differentiation while
encouraging chondrogenic
differentiation, leading to the successful
regeneration of stable cartilage both in
vitro and in vivo, as well as the formation
of complex chondrofibrous tissues
resembling tracheal structures [225].

Mesenchymal stem cells
(MSCs) PCL/GelMa Cellink gothenburg

Sweden

In vitro cartilage regeneration was
feasible with a 3D bioprinted scaffold. In
a ferret model of laryngotracheal
reconstruction (LTR), in vivo
implantation of these 3D bioprinted
scaffolds revealed effective healing of the
defect area, formation of epithelial
mucosa in the inner lumen, and an
increase in airway volume [226].
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8 Current Challenges in Biomaterials’ Clinical Translation and Potential Solutions

The majority of bioprinted tissues and organs are relatively small, comprising only one or two types
of cells, featuring fairly simple structures, and offering limited functionality. Typically, bioprinted tissues
do not possess vascular networks, thereby depending on diffusion for the delivery of nutrients. To achieve
the bioprinting of larger and more complex tissues with durable, customizable mechanical properties and
materials that are compatible with cells, it is essential to develop methods for deriving and expanding
various types of functional, progenitor, and supporting cell types, in addition to strategies for integrating
a vascular network to facilitate oxygen and nutrient supply. Table 2 tabulates the current challenges in
biomaterial’s utilization.

Table 2: Current obstacles in the 3D bioprinting and prospective remedies.

Current Obstacles Prospective Remedies

Bioinks

Precise replication of the functional and
biomechanical characteristics of tissue

Hybrid constructs featuring patterned synthetic and
natural materials (including ECM-derived hydrogels):
the synthetic materials contribute to physical integrity
and facilitate control over the scaffold’s mechanical,
structural, and geometrical properties (such as elastic
modulus, tensile strength, porosity, and alignment) at
the macroscopic scale, while the natural materials
provide a conducive structural and biochemical
environment for cell encapsulation and
placement [227,228]

Compatible attributes for bioprinter
deposition ECM-based hydrogels [229–231]

Reliable and adjustable mechanical
properties after printing

Modification of ECM and hydrogel materials, either
chemically or non-chemically [232–235]

Physiological, biochemical, and mechanical
interactions with cellular elements

Synthetic peptides that imitate ECM func-tional
motifs [236–238]

Appropriate degradation times for scaffolds ‘Smart’ materials whose characteristics evolve over time
or following external stimuli [239–242]

Cell sourcing

Cell sourcing techniques that are minimally
invasive or entirely non-invasive

Utilization of small molecules to regulate cell function,
exemplified by conditional cell
reprogramming [243–245]

Cell sources that are either autologous or
lack immunogenicity

Mesenchymal cells [246,247]
Induced pluripotent stem cells [248–251]
Perinatal/adipose-derived cells [252–254]

Vascularization

The distribution of oxygen and nutrients in
dense tissues Embedding in microchannel [255–257]

Fabrication of multiscale hierarchical
networks characterized by complex
structures

Patterning of angiogenic growth factors or
cells [258,259]

Direct fabrication of vascular elements or
the patterning of cells and/or factors that
mature either in vivo or in bioreactors

Sacrificial templates for the construction of perfusable
microchannel networks [260,261]
Direct bioprinting of vascular networks through cell
patterning or tissue spheroids [262,263]
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9 Flow Regimes, Rheological Challenges, and Transport Phenomena in Bio-Ink Deposition

Bio-ink deposition forms the core of 3D bioprinting, where cell-laden hydrogels or matrices are
precisely extruded layer-by-layer to build functional tissue constructs. This process relies on controlled flow
through nozzles, crosslinking for shape fidelity, and biocompatibility to preserve cell viability above 80–90%
post-printing. Pre-bioprinting involves designing digital models frommedical scans and preparing bio-ink by
mixing cells, biomaterials like alginate or gelatin, and nutrients. During bioprinting, the cartridge extrudes
bio-ink via pneumatic pressure or mechanical screws onto a moving stage, following x-y-z coordinates
to form scaffolds. Post-bioprinting includes maturation in incubators, where constructs solidify via UV
light, ionic crosslinking (e.g., Ca2+ for alginate), or temperature shifts, enabling self-assembly into tissues.
Bio-inks must exhibit shear-thinning rheology for smooth flow, yield stress to prevent settling, and rapid
gelation for filament stability. Common formulations include GelMA (gelatin methacryloyl) at 10% with
1.5 × 106 cells/mL, crosslinked by UV, balancing printability and mechanical strength. Challenges like cell
viability drop with higher viscosity (e.g., 6% alginate) highlight trade-offs in extrusion pressure and nozzle
design [264].

9.1 Flow Regimes

Bio-inks typically exhibit laminar flow in extrusion nozzles due to low Reynolds numbers from high
viscosities, with velocity peaking at the centerline and dropping to zero at walls (Fig. 4). In cylindrical
nozzles, flow accelerates sharply in tapered sections, reaching steady-state where pressure gradients balance
viscous forces; conical nozzles show exponential velocity increases, amplifying centerline speeds by up
to 1.5 times. Disruptions like secondary flows from cell sedimentation can induce turbulence, degrading
filament uniformity, though most processes maintain Reynolds <2000 for stability [265,266]. Bioinks follow
parabolic velocity profiles in cylindrical nozzles, with maximum speed at the centerline and zero at walls,
accelerating in tapered sections to balance pressure gradients and viscous forces. Conical nozzles yield
higher outlet velocities (up to 1.5× faster) and steadier flow at lower pressures, minimizing shear stress
buildup that peaks near walls (10–100 kPa). Shear-thinning rheology dominates, transitioning shear stress
to tensile under high flow rates. Laminar regimes preserve cell viability by limiting turbulence-induced
damage, while jetting ensures uniform deposition for scaffolds. Disruptions from cell sedimentation or air
entrainment can induce secondary flows, addressed via yield stress >10 Pa and thixotropy [267]. Laminar
regimes preserve cell viability by limiting turbulence-induced damage, while jetting ensures uniform
deposition for scaffolds. Disruptions from cell sedimentation or air entrainment can induce secondary
flows, addressed via yield stress >10 Pa and thixotropy.

9.2 Rheological Challenges

Ideal bio-inks display shear-thinning (viscosity decreases with shear rate), yield stress (minimum
stress for flow, ~10–1000 Pa), and thixotropy (time-dependent viscosity recovery post-shear) (Fig. 4). These
properties prevent cell settling at rest (high zero-shear viscosity >103 Pa⋅s) while enabling extrusion
at moderate pressures (G′ > G′′ for elastic dominance). Challenges arise from trade-offs: high yield
stress aids shape fidelity but resists flow; temperature-sensitive gels like gelatin must gelate rapidly
post-deposition without nozzle clogging, often mitigated by additives like Carbopol [188,268]. Ideal bioinks
exhibit non-Newtonian traits: power-law index n < 1 for shear-thinning, storage modulus G′ > loss modulus
G′′ at low strains for elasticity, and thixotropy for viscosity recovery post-shear. Viscoelasticity ensures
filament stability without spreading, as seen in alginate-CMC blends where higher CMC reduces filament
width via enhanced shear-thinning. Trade-offs include rapid gelation (e.g., via Ca2+ crosslinking) conflicting
with biocompatibility, limiting nutrient diffusion in stiff gels. High shear stress at nozzle walls (up to
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3.7 kPa) creates spatial viability gradients, with HEK 293 cells showing 90% survival but edge damage in
filaments. Additives like laponite induce cell aggregation in viscous inks, disrupting uniform distribution
and proliferation. Optimizing via rotational rheology and creep tests correlates flow profiles to printability,
targeting zero-shear viscosity >103 Pa⋅s for stability [189,269].

Figure 4: Flow regime and Rheological behaviour in bio-ink deposition.

9.3 Transport Phenomena

Transport phenomena in bioink deposition during 3D bioprinting govern mass, momentum, and heat
transfer, influencing cell survival, nutrient diffusion, and structural integrity from nozzle extrusion to scaffold
formation. Convection dominates inside nozzles via bulk flow, while diffusion prevails post-deposition in
hydrogels, limited to ~100–200 µm depths due to low diffusivity in viscous matrices. During deposition,
convective transport dominates via bulk flow, transitioning to diffusion post-extrusion for oxygen/nutrient
penetration limited to ~100–200 µm in hydrogels. Shear stresses (up to 10–100 kPa near walls) risk cell
damage, with tensile stresses peaking axially in nozzles under high flow rates. Mass transfer models
like Herschel-Bulkley describe non-Newtonian behavior, where Peclet numbers >1 favor convection over
diffusion, influencing bio-ink crosslinking and scaffold porosity [265,270,271].

Shear stresses peak near nozzle walls (10–100 kPa), driven by parabolic velocity profiles and
non-Newtonian rheology, risking cell membrane rupture above 0.5–1 kPa thresholds. Laminar flow (Re
< 2000) at low velocities minimizes turbulence, but secondary flows from cell sedimentation disrupt
uniformity, modeled via Navier-Stokes equations for Herschel-Bulkley fluids. Pre-extrusion convection
delivers nutrients uniformly, transitioning to Fickian diffusion post-deposition where Peclet numbers
>1 favor advection initially. Crosslinking (e.g., UV or ionic) creates gradients, with oxygen penetration
hindered in dense gels, necessitating porous designs or sacrificial inks for vascular-like channels. Thermal
gradients in thermoplastic bioinks induce localized gelation, while photoinitiators in DLP limit curing depth
via light absorption, preventing overcuring. High cell densities slow gelation kinetics, altering viscoelastic
moduli and impacting long-term mass transport in maturing constructs [185,271].
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10 Perspectives and Conclusion

The advancement of 3D printing and biology has unveiled modern bearings in tissue regeneration and
organ development amid the last decade. Indeed, in spite of the fact that this strategy could be a generally
early organize of advancement, 3D bioprinting tissue with this strategy has appeared incredible promise.
Additional progress for 3D Printing technologies is required to enhance the structure resolution, preserving
the cell viability, and diminishing the manufacturing time without relinquishing the shape, quality, and
usability of platforms. This review gives an outline of the foremost common and novel biomaterials in
3D bioprinting technology, assisting in presenting the related strategies that are commonly taken into
consideration by researchers. In expansion, an endeavor has been fulfilled to hand over the foremost
significant application of 3D bioprinting strategies, which incorporate the fabrication of bone, cartilage,
vascular grafts, skin, neural, heart, liver, and lung tissue. In order to conduct a comparison using existing
biomaterials and 3D bioprinting processes, we paid particular attention to highlighting their pros and cons.
Due to the fast-paced advancements in 3D bioprinting technology, additional investigation is needed to
maintain its viability as a manufacturing tool in biomedical systems.
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