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3D printing, also known as additive manufacturing, is an emerging technology
with significant applications across various industries, including biomedical
engineering. This study shows the diverse methods of 3D bioprinting and their
capabilities. The fundamental components of 3D printing, including printers,
inks, and software, are discussed, highlighting the importance of geometric infill.
The study then delves into the three main bioprinting technologies: laser-based,
extrusion, and inkjet printing, each with its unique strengths and weaknesses.
The article emphasizes the crucial role of biological inks, or bioinks, in achieving
the desired mechanical, chemical, and morphological properties of printed
tissues and organs. Hydrogels, in particular, are highlighted as promising bioinks
due to their biocompatibility, swelling properties, and ability to be modified for
specific applications. The study examines both physical and chemical gelation
mechanisms, discussing the advantages and limitations of each approach. The
significance of crosslinking, whether achieved via photo crosslinking or chemical
crosslinkers, is highlighted due to its vital role in preserving the structural integrity
and mechanical properties of printed constructs. Furthermore, hybrid hydrogel
development, comprising synthetic and natural polymers, is investigated as a
strategy to synergistically combine the advantageous properties of both material
classes. This study concludes by showing the significant progress made in the
field of 3D bioprinting, while acknowledging the ongoing challenges in fully
replicating the complexity of natural tissues and organs. The study shows the
need for continued research and development to advance this technology and its
applications in the biomedical field.
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INTRODUCTION electromechanical deposition systems, materials
Three-dimensional (3D) printing, alternatively science, and chemical processing within an
termed additive manufacturing, constructs informatics framework [6-11]. Table 1 provides a

objects via layer-by-layer material deposition
[1-5]. This defining technology of the third
industrial revolution integrates digital modeling,
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consolidated overview of the core advantages and
limitations inherent to 3D printing technologies
within  biomedical applications, highlighting
both transformative capabilities, including cost
efficiency, accelerated production, design versatility,
and enhanced quality control, and persistent
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challenges such as intrinsic speed constraints in
layer deposition and the unresolved complexity of
vascular network fabrication for volumetric tissues.
Moreover, different methods of comparative
analysis for the construction of the structure are
also given in the Table 2 [12]. The printable forms
of materials vary depending on different machines
and can be in the form of powder, filament, or
liquid, allowing them to be arranged into desired
three-dimensional patterns. The technology of 3D
printing was commercialized for the first time by
Charles Hull [13].

Today, due to its flexibility, this technology is
gaining attention as a comprehensive tool in various
fields including bioprosthetic reconstruction,
jewelry making, structural design, electronics, food
industries, and aerospace-related products. In the

automotive and aerospace industries, lightweight
3D-printed parts with complex and advanced
geometries reduce material consumption, costs,
and time. In construction, this technology can be
utilized from initial prototype design to demolition,
as well as printing parts of buildings or entire
structures, accelerating construction processes [14].
In the past, 3D printing has been extensively used
for designing electronic devices, sensor electrodes,
adaptive designs through the incorporation of
conductive agents, and other practical applications.
In this regard, thermoplastics, ceramics, graphene-
based conductive materials, aerogels, hydrogels,
and metals are among the materials that can now be
printed using this technology. Research is ongoing
in the use of novel materials, creating desirable
properties, and overcoming existing limitations

Table 1. Advantages and Limitations of 3D Printing in Biomedical Applications

Aspect Details Category

Cost Reduction Reduced material waste and streamlined production workflows. Advantage

Production Speed Faster prototyping compared to traditional manufacturing. Advantage
Design Flexibility Enables complex geometries (e.g., patient-specific implants). Advantage
Quality Control In-process monitoring improves product consistency. Advantage

Printing Speed Limited by layer-by-layer deposition; scalability challenges for large organs. Limitation

Vascularization Difficulty in fabricating functional vascular networks for thick tissues. Limitation

Table 2. Different methods of comparative analysis for structure construction

Technique Disadvantages Advantages
impl
Conventional Simple .
Large Larger layer thickness (~100 pm)

bulk materials .
scale production

Controlled interface behavior with variety of

Freeze casting
toughness, controlled thickness

materials, bulk materials production with high

Mineral volume fractions are not equivalent to nacre composition
Difficult control the segmented overlap minerals

Controlled thickness with nano dimension,

Layer-by-layer deposition fabricate homogeneous film

1f- bl
Self-assembly layer materials

Rapid production, printing of

Possibility of molecular level assembly, bulk

comparative loading of mineral phase, ability to ~ Time consuming method

Scaling is difficult reduced mechanical properties at higher
concentration

Difficult to scaled fabrication

complex

structure, on demand printing, possibility of

structural customization, Ability to print

Self-assembly 3D printing

higher mineral concentration, utilized as

Printing of limited number of materials, inability to combine

various biological inspired architecture with  nanoscale printing with macroscale design

Control over surface quality

efficient predictive tool for improved synthetic

materials
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Fig. 1. Schematic representation of the generalized 3d bioprinting workflow.

[7]. The fundamental components of 3D printing
consist of a printer, ink, and image files, which,
along with the software components, define the
desired structure for the user. In this article,
various 3D printing methods and their capabilities
are first reviewed, followed by a discussion on
the importance of geometric infill. Subsequently,
bioinks are introduced, with a particular focus on
the examination of hydrogels [15].

TYPES OF 3D PRINTING METHODS

Today, there are different methods for this
purpose, and each method requires inks with
mechanical and physical properties tailored to it.
The most important characteristics are summarized
in (Figure 1) [16, 17]. Figure 1 illustrates the
fundamental additive manufacturing principle
underlying tissue engineering applications. The
process involves the sequential layer-by-layer
deposition of specialized biological inks (bioinks),
guided by digital design files (e.g., CAD models
derived from medical imaging), utilizing precise
hardware systems (printers). Key stages include
the conversion of a digital 3D model into machine
instructions (slicing), the controlled extrusion,
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jetting, or laser-assisted deposition of cell-laden or
scaffold materials, and the formation of complex
3D structures through geometric infill patterns.
This core methodology enables the fabrication
of intricate, customized tissue constructs with
defined architectures for biomedical research
and regenerative medicine. From a hardware
perspective, there are various methods of 3D
printing, each differing in their ink distribution
system (Figure 2). Ink distribution systems have
evolved over time. Among the methods used for
printing, stereolithography and molten modeling,
despite their use in various industries, are not
considered suitable methods for printing cellular
structures due to their exposure to harmful
radiation, solvent use,and high temperatures. Inkjet,
extrusion, and laser-based printing are considered
the three main technologies for bio-printing. These
methods have the capability of shaping high-cell-
density biological structures, each with its own
specific strengths and weaknesses. The choice of
the appropriate method is made based on factors
such as cost, resolution capability, gelation speed,
desired number of layers, cell viability, and other
considerations [18, 19].
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Fig. 2. Bioprinting-compatible techniques: (A) extrusion and co-axial extrusion, (B) fused deposition modelling, (C) inkjet bioprint-
ing, (D) laser assisted bioprinting, and (E) stereolithography.

Laser-based bioprinting

Laser-based bioprinting is illustrated in (Figure
2). In this method, cells are initially trypsinized,
dispersed, and subsequently suspended in a
medium, such as a hydrogel. This mixture is spread
onto a glass slide containing a light-absorbing
coating usually made of gold or titanium. The
receiving layer is positioned parallel to the first
layer and placed slightly below it by a few microns
to a few millimeters. Laser pulses are directed
onto the absorbing layer and selectively evaporate
it locally. After generating significant gas pressure
due to evaporation, cellular contents are propelled
towards the receiving layer [20]. It should be
noted that biomaterials with high viscosity are not
easily transferable in droplet form, and rapid flow
formation facilitates the transfer process (Figure
3) [21]. This method’s role in bioprinting lies in
designing intricate scaffolds, and due to its precise
layering and cell alignment capabilities, it has led
to numerous studies in stem cell differentiation.
Laser bioprinting, like inkjet bioprinting, is a non-
contact method. Thus, there is no need for applying
high pressures commonly seen in contact-based
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methods. Therefore, it is considered an effective
method for creating cellular patterns and scaffold-
free cell culture [22].

Extrusion bioprinting

Extrusion bioprinting, also known as direct
ink writing, is a widely used method in additive
manufacturing based on extrusion. In this method,
a liquid phase of small nozzles is distributed at a
controlled flow rate and deposited layer by layer
along defined patterns. The ink used in this method
is distributed either mechanically (via a screw or
piston) or pneumatically (through compressed
gas or air). The use of piston and screw methods
allows for better control of material flow rates.
However, increased applied pressure may have a
negative impact on cell viability [23]. In addition
to piston pressure, the geometry of the nozzles is
another factor affecting the applied pressure on
the material. Tall cylindrical nozzles apply more
shear stress compared to conical nozzles but may
have better resolution capabilities [24]. Bioprinting
inks for direct writing typically consist of resins
or aqueous or organic solutions (solvents with
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Fig. 3. A summary of the bioprinting stages of an organ (skin).

low boiling points such as dichloromethane or
tetrahydrofuran) that rapidly evaporate after
extrusion. Subsequently, a solid polymer matrix
remains intact, preserving its structure [19].
Extrusion bioprinting accommodates precursor
materials within a limited concentration and
viscosity range while supporting diverse cell types.
Furthermore, its configurational versatility and
capacity for multi-material deposition enhance
adaptability across applications. Consequently,
this technique enables the fabrication of tissue
constructs with tailored mechanical properties
[23].

Inkjet bioprinting

In inkjet bioprinting, droplets of materials are
ejected from the cartridge following the pressure
generated by the formation and expulsion of
microbubbles in the ink. The expulsion of bubbles
can be achieved through thermal, piezoelectric,
or electromagnetic stimuli. Thermal ink jetting
is believed to have better biocompatibility
because the frequencies used in piezoelectric and
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electromagnetic methods can degrade the cell
membrane due to their turbulence [19]. Inkjet
printers are divided into two groups based on the
mechanism of droplet generation: continuous inkjet
printing and drop-on-demand inkjet printing. In
continuous inkjet printing, there is a continuous
flow of fluid from the ink, and by breaking it up,
droplets with a diameter of approximately 100 um
are produced, and unused ink can be recycled.
In drop-on-demand inkjet printing, droplets are
produced individually, if necessary, with diameters
ranging from 25 to 50 pm [19]. The printer deposits
the desired material in a predefined pattern, and
the ink is networked through physical or chemical
means (UV light). Droplet formation by thermal
means is achieved using a fluid chamber and single
or multiple nozzles. In the bioprinting ink chamber,
heat is generated, leading to the production of
pressure pulses. Although this method is relatively
more expensive due to the complexity of the process
compared to other methods, inkjet technologies
generally offer better performance efficiency, and
besides non-living materials, droplets containing
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encapsulated cells can be printed with high
dimensional accuracy [18].

GEOMETRY IN 3D PRINTING

In 3D printing, the default nozzle diameter
for most modern printers is typically 0.4 mm, and
depending on the printer’s usage, the nozzle can
be replaceable. In addition to the nozzle diameter,
which can affect printing speed and quality,
an important consideration is the relationship
between layer height and nozzle diameter [20]. In
general, the layer height should not exceed 80%
of the nozzle diameter. When using a standard 0.4
mm nozzle, the maximum layer height should be
0.32 mm. However, with a 0.6 mm nozzle, a layer
height of up to 0.48 mm can be achieved. Another
important aspect is the geometry of the nozzle. In
addition to single-direction nozzles, various types
with special geometries have been developed for
specific designs. Two of the most important ones
are discussed below [25].

THE EVOLUTION OF 3D PRINTERS’ INKS
multi-material systems have been developed
to design heterogeneous structures composed
of multiple types of ink. The architecture of
heterogeneous structures involves sequential
printing of separate materials using multiple nozzles
[26]. Cells are mixed with the desired precursor
material, and it is possible to print different inks
simultaneously. The main drawback of this method
is its limitation in using a single ink in each unit,
which not only slows down the process but also
makes it impossible to use it in the design of multi-
material structures [27]. Moreover, switching
between different series requires stopping the ink
flow, precise alignment of nozzles, and restarting
ink flow. 3D printing using coaxial nozzles has been
reported to create structures based on core-shell
filaments, which are heterogeneous and porous.
With bio-printing core-shell structures, it’s possible
to significantly alter the mechanical properties of
pure materials. For example, core-shell composite
inks such as polyethylene glycol diacrylate-alginate
(with polyethylene glycol diacrylate as the shell
and alginate as the core) exhibit higher tensile
strength and modulus compared to pure alginate.
Additionally, structures printed using core-shell
bioinks have been observed to facilitate shape
recovery (after deformation) [28]. Furthermore, a
hydrogel based on a cell-loaded extracellular matrix
can be printed as the core, while the shell consists
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of a hydrogel filled with protective cells [29].

BIOPRINTING

Bioprinting, utilizing common inks and
necessary features for printing Bioprinting
technology is a method for shaping bio-materials
through precise deposition and crosslinking,
enabling the 3D printing of scaffolds in a
predefined, adjustable, and reproducible manner
[30]. This technology is important due to its
capability of three-dimensional cell cultivation
compared to existing two-dimensional methods
[31]. The reason for this is the possibility of
loading and anchoring different cells in various
spatial positions. The use of bioprinting has been
reported in the fabrication of synthetic bones,
cartilage, liver, skin, as well as in studies related to
tumor growth, simulation of vascular networks,
and differentiation of stem cells. various types of
bioprinting along with the process methods are
presented. The stages of bioprinting and body
organs include three main steps: preprocessing,
printing, and post-processing. In the preprocessing
stage, the precise structure of the target organ is
designed using microscopic imaging and MRI, and
this information is then used as addresses for each
cell component to construct tissues or recognized
organs [27]. Multiple modalities, including clinical
imaging, histological section analysis, mathematical
modeling, and computational simulations enable
characterization of anatomical structure, tissue
histology, composition, and organ topology. In
the post-processing stage, the printed structure
is used to create functional tissues and biological
structures under laboratory conditions, requiring
the maintenance of cell mass viability, growth, and
induction of function (differentiation). In this stage,
placing the sample in a bioreactor ensures the basic
needs of cells, including oxygen, pH, moisture,
temperature, nutrients, and osmotic pressure, are
maintained appropriately [32].(Figure 3)

BIOLOGICAL INKS

Biological inks are recognized as liquid
polymer materials rich in cells, which may contain
extracellular matrix components or growth factors
and essential elements for cells. Some of the printed
scaffolds are formed from two or more different
inks, at least one of which is biological and cellular
in nature [32]. (Figure 4).

Polymer and composite materials are valuable
for diverse applications [33-37]. Their unique
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properties, combined with low weight, significantly
enhance material design and enable researchers
to develop high-quality materials [38-42].
Composite structures composed of alternating
layers of biological ink and plastic (e.g., dry
polymer materials), where the latter acts as the
main supportive and rigid column, contributing
to the strength of the scaffold [43]. Heterogeneous
structures are the result of printing different
layers of various inks with different compositions
[44]. Complex structures where various particles
such as drug carriers, nanoparticles, or chemical
substances are incorporated into bioinks [45].
Various materials have been used as bio-materials
in the bioprinting process. Common bioinks
used in bioprinting include synthetic and natural
hydrophilic ~ polymers, extracellular —matrix
components, microcarriers, tissue spheroids and
strands, cellular aggregates, or some advanced
biological linkages such as multilateral bioinks,
permeable networks, nanocomposites, and hyper
molecular ones. In this regard, natural hydrogels
are advantageous due to their properties such as
biocompatibility, gel formation, viscosity, and
providing a substrate for cell culture [46].

Biological ink should generally possess
printability, shape fidelity, mechanical stability,
biocompatibility, insolubility in the culture
environment, non-toxicity, non-immunogenicity,
facilitation of cell adhesion enhancement,
appropriate degradation kinetics, and be free from
secondary degradation products [47]. Achieving
suitable printability of a bio-ink requires a balance
among all these parameters. The required properties
for a bio-ink depend on the printing method and
the target tissue. Inkjet printing, for instance,
requires low viscosity and thermal conductivity
to prevent nozzle clogging and thermal damage.
An extrusion-based bioprinting can tolerate much
higher viscosity but requires attention to other
properties, such as shear thinning with increasing
mechanical damage potential to cells [48]. The
polymer concentration in a bio-ink is another
crucial factor.

An appropriate balance between viscosity and
scaffold modulus should be maintained to ensure
that the process is carried out without adversely
affecting cell viability and migration [49]. Increasing
the concentration beyond the optimal range of ink
can lead to undesirable effects on cell viability by
preventing cell migration and proliferation. The
major challenge in creating organs or tissues using
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3D printing technology is achieving mechanical,
chemical, and morphological properties similar to
real organs and tissues. Therefore, biological inks
play a crucial role in addressing these properties.
They must protect cells from structural processes
such as extrusion and unfavorable environments
[50]. Typically, a single biological material in a bio-
ink cannot provideall the mechanical and functional
requirements for tissue structure production. The
use of additives such as polyethylene glycol enables
modulation of physical properties necessary for the
structure through molecular weight alteration and
direct bonding. However, synthetic polymers of this
type lack biological properties for cell adhesion,
proliferation, and growth. On the other hand, the
use of natural and cell-compatible biomaterials such
as gelatin and fibrin face limitations due to their
weak mechanical properties. Therefore, combining
synthetic and natural polymers has been a strategic
approach that has attracted researchers’ attention
[51].

INK BASED ON HYDROGEL PRECURSORS
One of the most important biomaterials is
hydrogels, as they contain a significant amount
of water molecules and possess excellent swelling
properties [52]. Hydrogels have numerous
attractive features for use as bioinks. Some of these
biomaterials are light-sensitive in their modified
forms and have the ability to establish cross-links.
Numerous review articles have been published on
the application of hydrogels in bioprinting [53].
Depending on the nature of the network precursors,
a bio-ink can be transformed into either a physical
or chemical hydrogel. In a chemical hydrogel,
gelation occurs through the formation of covalent
bonds between functional groups present in the
polymers with the assistance of a crosslinking
agent. Whereas, the crosslinking agent in physical
gels involves secondary interactions. Ideally, the
gelation process should be rapid and non-toxic to
cells. Physical or chemical gelation processes can
be reversible or irreversible. In all cases, physical
and chemical parameters such as temperature and
precursor concentration affect the gelation kinetics,
appearance, and final properties of the scaffold [49].
Hydrogels, besides their application in ink, are
also used as the base for strands aimed at improving
the printability of inks with high viscosity and low
curing rates, such as Type I collagen. The ability
to break the cross-links of hydrogels by applying
stress resulting from the alignment of the strands,

101



R. Barbaz-Isfahani et al. / Advanced Bioprinting Methodologies

as well as the possibility of removing them without
damaging the printed structure, are among the
most important features of hydrogel-based bioinks
[54].

PHYSICAL GELATION

The stimuli for physical gelation can be divided
into weak intermolecular and intramolecular
interactions. These hydrogels are reversible (with
temperature, pressure, or other stimuli), but their
bonding strength is sufficient to prevent structure
dissolution in an aqueous environment. Hydrogels
with physical interactions are derived from
natural polysaccharides, poly (vinyl alcohol), poly
(ethylene glycol), poly(N-isopropylacrylamide),
poly (acrylic acid), and poly(vinyl imidazole),
which can be used in the bioprinting process with
various compositions [55]. In physical hydrogels,
there is no need for additional chemical reactants
(except ions in ionic gelation). Gelation is rapid and
biocompatible, which has led to a focus on utilizing
physical hydrogels in bioprinting [56].

Supramolecular interactions are among the
most useful interactions in the design of physical
gels, and depending on the strategy and goal,
various types of these interactions can be employed.
In this regard, modifying chitosan polymer with
poly (ethylene glycol) and crosslinking it with
cyclodextrin compounds can be mentioned.
The resulting polytrioxane exhibits acceptable
strain tolerance for cells, and depending on the
secondary network concentration, a wide range of
mechanical properties is accessible [57]. Compared
to chemical hydrogels, physical hydrogels exhibit
higher degradation rates and inferior mechanical
properties, limiting their utility in long-term
scaffolding applications. Nevertheless, post-
printing characterization reveals advantageous
features including self-healing capability, reduced
cellular shear stress, and broad compatibility
with  diverse 3D printing technologies—
excluding photolithography, which necessitates
photocrosslinking [56]. Establishing bonds through
hydrogen and van der Waals interactions can
suspend the structure adequately for the printing
process. When detecting a specific sequence in the
polymer chain is feasible, it is called self-alignment.
However, when alignment occurs only by weak
and non-specific bonding, aggregation takes place.
Common physical hydrogels include collagen,
hyaluronic acid, and gelatin [58]. Ionic gelation
begins by mixing a cation with the available
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anionic parts in two or more polymer chains.
For example, the establishment of connections
between divalent cations like Ca’* and at least two
units of oligosaccharides can be cited. In the first
stage, cations can be dissolved in the bioink before
printing, thereby increasing the viscosity of the
precursor material. It's worth mentioning that, to
increase viscosity, they can be mixed with sacrificial
ink [44]. Upon contact between two layers of ink,
cations penetrate the bioink containing network
precursors, forming bonds. Additionally, the
bioink precursor network can directly deposit on
a printed reservoir or on bio-paper containing
cations, which, upon contact, gel the bioink. It’s
worth noting that reservoirs are more suitable
for extrusion or inkjet printing, and bio-paper is
suitable for laser printing. Finally, when the printed
scaffold can maintain porosity sufficiently and for a
long time, it can be immersed in cations for several
minutes to establish additional bonds [45].

CHEMICAL GELATION

Involving covalent bonding of network
precursors, is an irreversible process. Therefore,
the resulting structure will not revert to a
soluble state. However, it’s possible to regulate its
degradation rate with external factors such as pH,
enzymes, UV light, and others [59]. A threshold
precursor concentration is needed to establish
chemical crosslinking. It's worth noting that, with
increased concentration, structural elements and
optimization of the cell-polymer rate are achieved.
Since cells are a source of matrix remodeling
proteases, the degradation rate of hydrogels is also
controllable [60]. Polymer structures often need
chemical modification before bioink preparation
to have suitable reactive groups for permanent gel
formation. On the other hand, attention must also
be paid to biocompatibility and network formation
reactions. In other words, besides ensuring that
all reactants, catalysts, solvents, and products are
non-toxic, reaction conditions such as temperature
and pH may require specialized printers, for
example, a heating system and a UV lamp for
curing. In this case, their biocompatibility should
also be considered [56]. A combination of physical
and chemical gelation is an important solution
for modulating printability and mechanical
properties. For instance, in an ink composed of
methacrylate gelatin-alginate, a combination of
covalent and ionic networks has been used to
adjust ink properties and induce heterogeneous
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.

Fig. 4. Representative 3D-bioprinted constructs showing structural diversity and material innovation (Schematic illustration).

mechanical properties in the printed part.
Polymer concentration and component ratios
determine rheological properties, sample modulus,
swelling amount, and degradation kinetics [61].
Methylcellulose represents another biomaterial of
significant biotechnological relevance, necessitating
both reversible and irreversible crosslinking to
attain requisite mechanical properties. Grafting
temperature-responsive  amino  groups and
introducing thermosensitive hydrophobic moieties
onto the polymer backbone yields a bioink that
enhances mechanical performance while imparting
favorable cohesive strength through partial network
formation prior to injection [62].

Chemical modification of network precursors
usually requires initial modification of the precursor
molecules, whether they are biological molecules
or synthetic polymers [63]. The most common
chemical modification of network precursors
involves introducing vinyl groups. Monomers
based on acrylates and methacrylates are the most
important carriers of vinyl groups. The second
method for functionalizing polymers involves
introducing thiol groups into the structure, which
can contribute to crosslinking or the formation of
disulfide bridges [64].

CROSSLINKING WITH LIGHT

Crosslinking can be initiated by exposure to
ultraviolet (UV) or visible light in proximity to a
photo initiator. While UV radiation is primarily
fundamental in stereolithography printers, many
bio-printers are also equipped with UV irradiation
capabilities. Light-catalyzed gelation is very fast
(a few seconds), and ink containing cells can be
gelled immediately after exiting the printer. The
precise fabrication of structures with desired
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dimensional accuracy depends on two factors: the
speed of gelation and the viscosity of the ink [56,
65]. The main challenges in this method include
the presence of photo initiators and the potential
toxicity thereof, and only a small number of them
can be used at low concentrations and properly
dispersed in an aqueous environment. Depending
on the power and duration of irradiation, cell death
and changes in cell morphology are unavoidable.
Various methods have been proposed for carrying
out polymerization reactions. Generally, a photo
initiator is dissolved in the bio-ink or sacrificial
ink, and UV curing is performed during or
after printing. The two main mechanisms are
photoinitiated crosslinking with chain growth and
photoinitiated step-growth polymerization using
two reactants, an alkene and a thiol [56].

CROSSLINKING ADHESIVES

Some hydrogels are synthesized using a
crosslinker by establishing covalent interactions
between two polymer chains. Various crosslinkers,
such as epichlorohydrin, glutaraldehyde, and
polyiodides, have been used to prepare different
natural and synthetic polymer networks. Compared
to dynamic bonds that are widely used, these
covalent bonds are stable and irreversible under
environmental conditions and the presence of
stable cellular secretions. Consequently, hydrogels
will have better mechanical properties and greater
resistance. The main drawback of this type of bonds
is the possibility of unintentional gelation in the
reservoir and clogging of the dispenser [46].

NETWORK-BASED HYDROGELS
Whilenaturalhydrogelshavebettercompatibility
with cells, synthetic hydrogels demonstrate better
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Table 3. Descriptive statistics for key physicochemical and biological properties of the evaluated bioinks.

Variables Viscosity Print Cell Viability Mechanical Elastic Degradation Growth Factor
Speed Strength Modulus Rate Release
Min 0.200 7.00 75.00 1.200 80.0 7.00 150.0
Max 1.200 15.00 95.00 2.500 200.0 30.00 220.0
Range 1.0 8.0 20.00 1.3 120.0 23.0 70.0
Mean 0.550 10.17 83.83 1.867 136.7 16.17 183.3
Ist Qu. 0.325 8.25 78.50 1.575 105.0 11.00 165.0
Median 0.450 9.50 82.50 1.900 725 14.50 185.0
3st Qu. 0.650 11.50 88.75 2.150 165.0 19.50 197.5
SD 0.36 2.93 7.63 0.47 45.02 8.28 25.82
Skew 0.76 0.50 0.26 -0.08 0.11 0.51 0.04
Kurtosis -1.07 -1.45 -1.80 -1.69 -1.80 -1.38 -1.72

processability, such as printability and shape
retention [66]. To combine these two advantages,
hybrids of natural and synthetic hydrogels have
been developed. In these structures, the synthetic
component enhances the mechanical properties of
the sample, while the natural component maintains
cell viability, adhesion, and cellular function by
providing a cell-friendly environment similar to the
extracellular matrix. Typically, in these structures,
the synthetic polymer has a rigid nature, and its
crosslinks are formed by establishing covalent
bonds. The secondary network has a low modulus
and is formed through secondary interactions,
such as hydrogen bonds, ionic interactions, and
coacervates. The final structure and properties
of these types of structures can be adjusted by
modifying the first network along with the second
network [56].

STATISTICAL ANALYSIS

This study conducted a comprehensive
statistical evaluation of bioink performance,
employing univariate and multivariate techniques
to characterize key physicochemical and biological
properties. Initial descriptive statistical analysis
quantified central tendency metrics, dispersion
parameters, and distributional patterns for
fundamental characterization parameters,
including viscosity, print speed, cell viability,
mechanical strength, and degradation rate.
Subsequently, Pearson correlation analysis and
Lasso regression modeling were employed to
identify inter-variable relationships and determine
the most influential predictors. Hierarchical
clustering was then utilized to uncover latent
groupings based on structural and functional
similarities. ~ Principal ~Component Analysis
(PCA) and Exploratory Factor Analysis (EFA)
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were further conducted to reduce dimensionality
and extract latent constructs. Finally, the
Technique for Order Preference by Similarity to
Ideal Solution (TOPSIS) was applied to rank the
bioink formulations based on multiple criteria.
As shown in Table 3, the descriptive statistical
analysis reflects measures of central tendency,
dispersion, and distributional characteristics of
the physicochemical and biological parameters.
This analysis provides a comprehensive view of the
dataset’s statistical structure and facilitates a more
accurate interpretation of material performance
by identifying variability patterns and the intrinsic
statistical properties of each variable. Examination
of properties such as viscosity, print speed, cell
viability, elastic modulus, and degradation rate
reveals that many variables show approximately
symmetric distributions with limited variance,
while others, such as degradation rate and growth
factor release, show considerable functional
diversity.

The mean values of key features fell within
expected ranges; for instance, viscosity was 0.55
Pa-s, cell viability averaged 83.83% , and growth
factor release was approximately 183.3 ng/mL.
However, dispersion varied across variables:
elastic modulus showed the greatest structural
variability with a standard deviation of 45.02 MPa,
whereas mechanical strength had a much narrower
distribution (SD = 0.47 MPa), indicating greater
consistency in mechanical resistance compared to
structural rigidity. Analysis of skewness showed
that most variables followed near-symmetric or
mildly skewed distributions. Viscosity (0.76) and
print speed (0.50) displayed moderate positive
skewness, indicating a concentration of lower
values with a few higher outliers. Mechanical
strength (—0.08) and growth factor release {0.04)
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Fig. 5. Pearson correlation matrix of bioink properties.

demonstrated near-perfect symmetry.

In terms of kurtosis, all variables exhibited
negative values (e.g., cell viability —1.80),
reflecting platykurtic distributions, flatter than
normal curves with lighter tails. This may indicate
a reduced likelihood of extreme values in certain
biological properties. Additionally, the range of
some parameters was substantial; degradation
rate varied from 7 to 30 days (range = 23), and
growth factor release spanned from 150 to 220
ng/mL (range = 70), reflecting considerable
variation in bio-functional performance among
the studied bioink formulations. The descriptive
statistics provided a foundational understanding of
the dataset, enabling more advanced multivariate
analyses such as correlation, regression, and
dimensionality reduction. Figure 5 presents a
correlation heatmap that visualizes the pairwise
relationships between key physicochemical and
biological properties of bioinks. The matrix shows

Nanomed Res J 10(1): 95-113, Winter 2025
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distinct clusters of strongly correlated variables,
as well as inverse associations that may suggest
functional trade-offs in formulation design.

One of the most prominent patterns is the
strong positive correlation between Cell Viability
and Print Speed (r = 0.96), indicating that higher
printing speeds may enhance cell survival, possibly
by reducing shear-induced damage or exposure
time. Cell Viability also exhibits a strong negative
correlation with Viscosity (r = —0.84) and
Degradation Rate (r = —0.83), suggesting that
highly viscous or rapidly degrading formulations
may adversely affect cellular outcomes. In contrast,
Mechanical Strength and Elastic Modulus are highly
correlated with one another (r = 0.99), reflecting
their shared mechanical nature. These 2 variables
also show moderate to strong positive correlations
with Growth Factor Release (r 0.72 and 0.79
, respectively), indicating that more structurally
robust formulations may facilitate sustained
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Table 4. Properties analysis based on Lasso regression and Pearson correlation

. Most Influential i X
Features/Variables . Top Correlated Predictor Interpretation
Predictor (Lasso)
Cell Viability Print Speed Print Speed (r = 0.96) Cell viability is highly dependent on print speed

Growth Factor
Release

Elastic Modulus,
Viscosity

Mechanical Strength Elastic Modulus

Mechanical
Elastic Modulus echanica Mechanical Strength (r = 0.98)
Strength
Degradation Rate Viscosity Viscosity (r = 0.88)

Degradation Rate

Print Speed
rint spee (negative)

Viscosity Degradation Rate

Elastic Modulus (r = 0.79)

Elastic Modulus (r = 0.98)

Degradation Rate (r = -0.71)

Degradation Rate (r = 0.88)

Release is governed by mechanical and rheological
structure

Mechanical strength is driven by elastic properties

Elastic modulus is directly determined by structural
integrity

Viscosity slows degradation due to higher material
density

Degradation is inversely related to printing conditions

Degradation drives changes in viscosity behavior

molecular release.

Interestingly, Print Speed is negatively correlated
with both Degradation Rate (r = —0.89) and
Viscosity (r = —0.73) , revealing that faster-
printing formulations tend to be less viscous and
degrade more slowly. These trade-ofts evaluate the
challenge of balancing competing bioink design
parameters. To elucidate these relationships, Table
4 shows a multivariate analysis employing Lasso
regression and Pearson correlation to quantify
interdependencies among physical and biological
attributes in 3D bioprinting bioinks. The results
demonstrate differential influence patterns across
variables. Notably, Cell Viability was primarily
governed by Print Speed, which was the sole
predictor retained in the Lasso model and also
exhibited a strong positive linear correlation
(r = 096), underscoring its pivotal role in
enhancing cellular outcomes. In contrast, growth
factor release was predominantly influenced by
structural features such as elastic modulus and
viscosity. Both predictors were selected by the
Lasso model, with elastic modulus exhibiting
the highest correlation with the release profile
(r = 0.79). Mechanical characteristics such as
mechanical strength and elastic modulus displayed
a very strong mutual correlation (r & 0.98)
, reflecting their shared structural dependency.
Furthermore, viscosity was identified as the most
influential predictor of degradation rate, suggesting
that more viscous bioinks, likely due to denser
internal structures, undergo slower degradation.
These correlations align with the hierarchical
clustering patterns (Figure 6), further supporting
the categorization of bioinks based on mechanical
and rheological compatibility.
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Figure 6 shows a hierarchical clustering
dendrogram was constructed based on the
physicochemical and biological properties of
various bioink formulations. Three primary
clusters can be distinguished in the analysis. In the
first cluster, Alginate Ink and Hydrogel A are joined
at a linkage distance of 1.18, indicating their similar
rheological characteristics, including moderate
viscosity and favorable printability. Gelatin-based
Ink subsequently joins this group at a distance
of 2.44, forming a triad characterized by high
biocompatibility and relatively soft mechanical
properties. The second cluster consists of Composite
Hydrogel and Hydrogel B, which are grouped at a
distance of 1.97. Their close association may be
attributed to structural similarities, including high
mechanical strength and the presence of covalent
crosslinking networks. The previously formed triad
is then merged with this cluster at a higher distance
of 5.29, resulting in a cohesive subcluster of five
materials that share functional and structural
attributes.

In contrast, Collagen Ink appears as a distinctly
separate formulation, joining the rest only at a
much higher linkage distance of 5.55. This clear
separation is likely due to its unique characteristics,
including very low viscosity, exceptionally high
cell viability, and rapid degradation, making it
particularly suitable for soft tissue engineering
applications. The reported linkage distances
highlight the functional divergence among
bioinks and emphasize the importance of multi-
criteria design strategies in bioink formulation
and selection. The PCA presented in Table 5 and
Figures 7 and 8 shows a comprehensive view of
the underlying structure in the dataset, effectively
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Fig. 6. Hierarchical clustering dendrogram of bioinks based on physicochemical and biological features.

Table 5. PCA Contribution

Variable Dim.1 Dim.2 Dim.3 Dim.4 Dim.5
Viscosity 20.49 1.42 44.35 7.87 25.27
Print Speed 27.22 0.81 3.88 0.69 3.79
Cell Viability 27.35 0.03 0.08 9.80 39.20
Mechanical Strength 0.02 33.38 10.70 13.32 0.01
Elastic Modulus 0.00 35.04 5.45 2.56 3.30
Degradation Rate 23.45 1.59 9.42 41.32 9.67
Growth Factor Release 1.46 27.73 26.13 24.43 18.75

confirming the identified groupings. The number
of retained principal components (Dim.1 through
Dim.5) corresponds to a reduced set of orthogonal
axes derived from the original seven variables
via eigen decomposition of the correlation
matrix. Although up to seven components are
theoretically possible, only the first five were
preserved, as they cumulatively accounted for the
vast majority of the total variance in the data, while
subsequent components contributed negligible
explanatory value. Table 5 shows that Print Speed
and Cell Viability contribute most significantly
to the first principal component (Dim.1), with
respective contributions of 27.22% and 27.35%
, underscoring their dominant role in driving
overall variability. Elastic Modulus and Mechanical
Strength are the leading contributors to Dim.2

Nanomed Res J 10(1): 95-113, Winter 2025
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(35.04% and 33.38%, respectively), reflecting
their strong influence on material stiffness and
load-bearing capacity. Growth Factor Release
displays moderate contributions across multiple
dimensions, most notably Dim.2 (27.73%) and
Dim.3 (26.13%), suggesting that it captures
complex, multidimensional characteristics.
Meanwhile, Degradation Rate contributes
substantially to Dim.1 (23.45%) and even more
so to Dim.4 (41.32%), though its influence is
minimal in other components. These patterns
clearly demonstrate that feature importance is
distributed across multiple principal components,
underscoring the necessity for a detailed, multi-
dimensional interpretation of the PCA results.
Accordingly, for subsequent in-depth analyses,
only the first two principal components (Dim.1

107



R. Barbaz-Isfahani et al. / Advanced Bioprinting Methodologies

! Elastic Modulus

1.0-
Mechanj m#r
Isrowthl Factor Re
0.5-
contrib
> Degradation Rate
& y ¥= 15
< Viscosity
?f)) 0 O_ -..I _____________ e .CQ”_/ MW'\-X\_ -
~ = 14
AN |
: ' N
a : 13
1 [ ]
1
-0.5- 1
1
1
1
1
1
1
-1.0- 1
|

-1.0 -0.5

0.0

0.5 1.0

Dim1 (50.1%)

Fig. 7. PCA correlation circle illustrating the contribution of each variable to the first two principal components, with vector direction
and color indicating strength and influence.

and Dim.2) were retained, as they account for the
majority of total variance and represent the most
meaningful structural and biological variation
among the evaluated bioinks.

Figure 7 illustrates that the first two principal
components (Diml and Dim2) capture over 90%
of the total variance, effectively summarizing
the multidimensional dataset. Dim1 is strongly
influenced by Cell Viability and Print Speed,
indicating their dominant role in bioprintability
performance, while Dim2 is mainly shaped
by Elastic Modulus and Mechanical Strength,
reflecting material stiffness and mechanical
behavior. The alignment of vectors such as
Viscosity and Degradation Rate with the first
principal component (Dim.1) indicates that these
two features exert a similar structural influence on
the data space. This parallel orientation suggests a
functional linkage between rheological properties
and degradation behavior in bioink formulations,
potentially arising from shared underlying material
mechanisms.

108

Figure 8 illustrates the effectiveness of PCA in
distinguishing bioprinting materials based on their
physicochemical and biological characteristics.
Notably, Collagen Ink appears in the upper-
right quadrant, clearly separated from the other
materials, likely due to its superior biocompatibility
and mechanical strength. In contrast, Composite
Hydrogel and Hydrogel B are positioned closely
together, reflecting similarities in structure and
performance. Meanwhile, Hydrogel A, Alginate
Ink, and Gelatin-based Ink are grouped in the lower
region of the plot, suggesting comparable profiles
in terms of viscosity and printability. As shown in
Figure 9, the EFA was performed to explore the
hidden pattern underlying the interactions between
the physicochemical and biological properties
of the bioinks. The results were visualized as a
bipartite network, where nodes represent both the
observed variables (e.g., Viscosity, Cell Viability,
Elastic Modulus) and the extracted latent factors,
and the edges reflect the strength and direction
of the factor loadings. The analysis identified two
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latent factors. Factor 1 captures the mechanical and
structural dimension, with very strong loadings on
Elastic Modulus (0.99), Mechanical Strength (0.98)
, and Growth Factor Release (0.81), highlighting
its alignment with material integrity and load-
bearing capability. In contrast, Factor 2 reflects the
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rheological and degradative profile of the bioinks,
dominated by Degradation Rate (0.95) and
Viscosity (0.76). Notably, Growth Factor Release
exhibits a strong negative loading (—0.96) on this
factor, suggesting a complex inverse association
between structural strength and degradability or
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Table 6. TOPSIS Ranking of Bioprinting Materials

Material TOPSIS Score Corrected Rank
Collagen Ink 1.0000 1
Composite Hydrogel 0.6692 2
Gelatin-based Ink 0.6435 3
Alginate Ink 0.5377 4
Hydrogel A 0.5271 5
Hydrogel B 0.3980 6

flow behavior. To comprehensively evaluate the
performance of candidate bioinks, a multi-criteria
decision-making (MCDM) approach based on the
Techniquefor Order Preferenceby Similarity toIdeal
Solution (TOPSIS) was employed. This evaluation
was conducted using seven quantitative criteria
that reflect critical rheological, mechanical, and
biological characteristics of the bioinks: viscosity,
print speed, cell viability, mechanical strength,
elastic modulus, degradation rate, and growth
factor release. As shown in the Table 6, Collagen
Ink achieved the highest score 1.000, indicating its
optimal performance across all evaluated criteria.
It was followed by Composite Hydrogel 0.6692 and
Gelatin-based Ink 0.6435, which demonstrate a
well-balanced profile in terms of physicochemical
and biological properties. In contrast, Hydrogel B
received the lowest score 0.3980, suggesting the
least suitability for bioprinting applications. This
ranking provides a quantitative foundation for
selecting the most appropriate materials in bioink
formulation and tissue engineering design.

CONCLUSION

Following the advent of bioprinting in
2003, substantial progress has been achieved
in this domain. While preclinical development
of bioprinted organs advances, the complexity
requisite for functional organ replacement remains
incompletely characterized due to insufficient
fundamental ~ knowledge  of  biochemical
microenvironment  behaviors.  Nevertheless,
bioprinting constitutes a foundational technology
for integrating vascular, neural, and lymphatic
networks into cohesive tissue systems. Biomaterials,
particularly natural hydrogels, demonstrate
intrinsic immunomodulatory properties and
represent promising candidates for bioprinting
applications owing to their biocompatibility. It is
evident that with an increase in understanding the
complexities mentioned, there will be a need for
platforms with intelligent features, where polymer
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science plays a crucial role, especially in the realm
of biomechanical exploration of printed substrates.
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