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Abstract

Biomaterials play a pivotal role in advancing tissue engineering, offering significant potential in 3D bioprinting and translational
medicine. Their development has led to the creation of innovative solutions in medical devices, dental implants, and prosthetics,
where they serve to restore function and enhance patient quality of life. The success of these biomaterials is primarily dependent on
important characteristics that guarantee their safe integration with the body and promote tissue regeneration, such as biocompatibility,
biodegradability, and bifunctionality. This review explores recent advancements in these areas, with a particular focus on the
role of nanotechnology in enhancing biomaterial properties. Biomaterials have opened many avenues by improving mechanical,
biological, and functional properties for targeted treatments, precision therapies, improved therapeutic effectiveness, and better
results. Additionally, the rise of 3D printing technologies has transformed the design and fabrication of biomaterials, enabling the
production of customized implants and scaffolds with intricate geometries suited to individual patient needs. This review examines
the current state of research, challenges faced in the field, and emerging trends in the integration of nanotechnology and additive
manufacturing to push the boundaries of biomaterial applications in tissue engineering and regenerative medicine.
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l. Introduction is probably because 3D spheroid culture replicates a native-
like tissue microenvironment that enables direct cell-cell
signaling and cell-matrix interactions [2].

Three-dimensional (3D) bioprinting offers the po-

A biomaterial is any material or substance that is designed
to interact with biological systems therapeutically and

medicinally. Implants, prostheses, medical devices, drug
delivery systems, and tissue engineering are among the
common applications for these materials. Biomaterials,
which can be produced in a lab or obtained from natu-
ral sources, are designed to interact with living tissue to
replace or restore a biological function that has been dis-
rupted. These biomaterials, regardless of their origin, are
designed to help certain cell populations adhere, maintain,
proliferate, and occasionally differentiate [1].

In contrast to cells cultivated in two-dimensional
(2D) monolayers, recent research has demonstrated that
3D spheroids exhibit improved biological functions. This

tential to produce custom tissue-engineered structures,
eliminating the complications associated with donor sites,
enabling the production of intricate organs tailored to indi-
vidual needs, and ushering in a breakthrough in biological
sciences and medical research [3].

It is an emerging innovative technology revolution-
izing the field of biomedical applications by combining
engineering, manufacturing, art, education, and medicine.
This process involves incorporating the cells with biocom-
patible materials to design the required tissue or organ
model in situ for various in vivo applications. To generate
the desired 3D structure, 3D printing involves the layer-by-
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layer deposition of bioinks (such as tissue spheroids, mi-
crocarriers, cell pellets, etc.) in a specially planned man-
ner, guided by a software-supported system. Previously,
this method was limited to using molds to create the re-
quired three-dimensional structures out of biological ma-
terials [4].

The rapidly developing technique of 3D printing in
the medical field enables the creation of comparable struc-
tures from various cellular, tissue, and organ models. It
is employed in the production of prosthetic devices, or-
thoses, and scaffolds for various biomedical uses. A vari-
ety of natural and synthetic materials are used to print 3D
structures. In addition to being mechanically reinforced,
possessing tunable mechanical properties, being biocom-
patible, having adequate degradation kinetics, having non-
toxic degradation byproducts, biomimetics, and the ability
to release therapeutic agents in a controlled manner, print-
able materials should also have sufficient viscosity and
the ability to form 3D structures in a specific amount of
time. Biomaterials must also be easily produced and pro-
cessed, cost-effective, and commercially available. Natu-
ral polymers such as alginate, gelatin, chitosan, collagen,
silk, hyaluronic acid (HA), fibrinogen, and agar are used
to create 3D models, either alone or combined with other
polymers or fillers [4].

3D bioprinting, a novel technique with huge poten-
tial for personalized medicine, has been explored to in-
vestigate the relationship between biomaterials and regen-
erative medicine. This cutting-edge technique is being
explored to develop patient-specific tissue structures for
improved therapeutic applications. The quick advance-
ment in this discipline highlights its potential to transform
tissue engineering and drug discovery. However, chal-
lenges remain in creating anatomically realistic structures
with fully developed biological functions. Another area
of biomaterials research is microfluidic organ-on-a-chip
devices, which serve as platforms for incredibly accurate
modeling of intricate organ systems. Recent applications
of microfluidic organ-on-a-chip technology have included
the use of sophisticated ex vivo models to enhance our un-
derstanding of tissue engineering. Researchers are well-
positioned to ascertain the complexities of human physi-
ology and create innovative approaches for disease mod-
eling and drug screening [5-7].

Regenerative medicine has recently emerged as one
of the most promising fields in biomedical engineering.
Advancing regenerative medicine requires enhancing cell
activity, as the natural ability of tissues to heal is often
insufficient for effective cell migration, proliferation, and
differentiation in damaged or injured tissues. If scientific
technology can improve the natural healing potential of
damaged cells, “patient-friendly” tissue regeneration may

become a reality, as shown in Figure 1. For in vitro re-
search, the use of living cells with viable and functional
properties is recommended. Typically, cells are cultivated
in polystyrene-based dishes—an artificial environment
that significantly differs from the native tissue conditions.
In contrast to the in vivo setting, where cells interact well
with one another and with the extracellular matrix (ECM)
to promote differentiation, proliferation, metabolism, and
cytokine secretion, the altered cell state in vitro cultures
often results in decreased cell activity. Due to variations in
cell state or activity, the drug effect shown under in vitro
drug screening settings may not necessarily be the same
as that observed in a preclinical or clinical trial. Effective
drug evaluation requires the use of high-activity cells, as
their responses are more likely to reflect actual physio-
logical outcomes. Therefore, improving cell function and
activity in both in vivo and in vitro settings is crucial for
the advancement of regenerative medicine [8].
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Figure I: This figure illustrates how biomaterials enhance cell ac-
tivity in regenerative medicine. In in vitro research, they improve
traditional culture conditions by mimicking in vivo environments.
In in vivo therapy, biomaterials aid cell seeding in damaged tis-
sues, promoting regeneration [9,10]. Courtesy of Murthy et al.,
ijrpr, October 2023. Created using MS Paint.

For in vitro cell culture, biologists and bioengineers
have explored a variety of three-dimensional (3D) scaf-
folds that mimic elements of the natural cellular microen-
vironment. Of these, hydrogels—crosslinked networks
with high water content—have proven particularly effec-
tive as 3D cell culture matrices. Nowadays, a wide range
of hydrogels is used for mammalian cell culture, ranging
from entirely natural to entirely synthetic materials. Each
hydrogel system has its advantages and limitations. As
the field advances, there is a growing demand for matrices
that combine the benefits of both synthetic and natural hy-
drogels. Additionally, identifying the crucial biophysical
and biochemical signals necessary for inclusion in these
artificial extracellular matrix (ECM) analogs remains an
important area of research [11].

Although 3D bioprinting is capable of producing
tissue and organ structures with ease, improvements are
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still needed in areas such as bioink development and the
commercialization of 3D printed products. For urgent
medical demands, this technique can help create more
intricate 3D structures tailored to each patient. It offers
many benefits, including control over mechanical proper-
ties, biodegradation, usage of particular cell lines, printing
modes, and design flexibility. Cell-laden hydrogels are
one of the most popular methods for creating these three-
dimensional structures. This review has covered the many
available bioinks, their characteristics, and the numerous
selection criteria for bioinks. The process of creating the
ideal bioink is still ongoing, but because of the tremen-
dous contributions made by researchers all over the world,
it may soon be feasible to apply this technology in com-
mercial applications. ECM-based bioinks, decellularized
bioinks, cell aggregates, and spheroids are also demon-
strating encouraging outcomes in the production of func-
tional tissues and organs using 3D bioprinting technology,
even though cell-laden biomaterial bioinks remain widely
used. However, these methods require a large number of
specific cells, which restricts their application in many or-
gans and tissues. In addition to bioinks, it is believed that
the development of affordable, high-resolution will fur-
ther advance the field. The selection and use of bioinks
have become more promising with the recent reports of
numerous novel biomaterials with supramolecular func-
tionality, reversible crosslinking polymers, and stimuli-
responsive hydrogels. Bioinks and 3D bioprinting have
a bright future ahead, leading to the creation of sophisti-
cated patient-specific tissues, organs, and devices [12].

2. 3D Bioprinting and Biomaterials

2.1. Biomaterials for 3D Printing

Three-dimensional (3D) printing can create complicated
structures and patient-specific designs, while also enabling
fast and cost-effective production. It is frequently em-
ployed in tissue engineering to create scaffolds and de-
vices. However, the limited variety of “biomaterial inks”
remains a major obstacle in biomanufacturing [13]. Bio-
materials that interact with biological systems are cate-
gorized according to their composition, biodegradability,
and modification generations [14]. Concerning Food and
Drug Administration (FDA) approval, every biomaterial
has distinct characteristics, processing techniques, and
cell interactions [15]. The technology employed deter-
mines printability; inks made of hydrogels, polymers, and
ceramics are among the options [ 13]. While bio-paper (hy-
drogel) was created to incorporate living cells or spheroids
during bioprinting, bio-ink, which was first associated
with organ printing, comprises bioactive chemicals, bio-

materials, and cells to create scaffolds [16]. Hydrogels
are ideal for scaffolds in tissue engineering because they
are primarily water-based, biocompatible, adjustable, and
resemble the extracellular matrix (ECM) [17]. Hydrogels
can be categorized as natural, synthetic, or hybrid materi-
als [18].

2.2. Types of Biomaterials

Biomaterials can be classified into different categories as
described in Figure 2. Natural biomaterials are derived
from plants, animals (xenogenic), or humans (allogenic)
and can exist as non-viable decellularized extracellular
matrix (ECM) or derivatives, or as viable living cells (al-
logenic or autologous). These biomaterials mimic native
tissue structures, supporting tissue reconstruction, repair,
and regeneration [19]. Synthetic biomaterials are classi-
fied into four categories: (1) polymers, including natural
types like collagen, sodium alginate, and cellulose, and
synthetic types such as silicone rubber, PMMA, PVC,
and PLGA; (2) metals; (3) ceramics; and (4) compos-
ites. Metals, such as titanium alloys, stainless steel, and
Co—Cr alloys, are widely used in dental and orthopedic
fields. Ceramics, like calcium phosphates (CaP), alumina
(Al,03), and bioglass, are used for hard tissue repair, es-
pecially as coatings or in non-load-bearing applications.
Polymer—ceramic composites are the most widely utilized
type among composite biomaterials [20].

2.3. Properties of Biomaterials

Biomaterials exhibit unique physical, chemical, and bi-
ological properties influenced by their surface and bulk
characteristics, as surface properties differ due to unsatis-
fied bonds at the outer layer [20]. Physically, they require
mechanical strength (e.g., titanium alloys for implants),
suitable surface morphology (e.g., porous hydrogels for
cell growth), and controlled degradation rates (e.g., PLGA
for scaffolding) [17,18,20]. Chemically, biomaterials of-
fer tunable compositions (e.g., collagen, PLA), stability
under physiological conditions (e.g., stainless steel, alu-
mina), and functionalized surfaces for tissue bonding (e.g.,
bioactive glass) [13,19,20]. Biologically, they must en-
sure biocompatibility (e.g., hydrogels mimicking ECM),
bioactivity for regeneration (e.g., calcium phosphates for
osteogenesis), and low immunogenicity (e.g., processed
collagen) [14,20,22].

The characteristics of biomaterials are defined by
their biocompatibility, mechanical strength, surface prop-
erties, degradability, chemical stability, bioactivity, and
low immunogenicity, ensuring their effectiveness in biomed-
ical applications. Hydrogels mimic the ECM to support
cell attachment [22], while titanium alloys provide strength
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Figure 2: Types of biomaterials [20,21].

for orthopedic implants [20]. Surface porosity enhances
tissue integration, as seen in hydrogels [17], and PLGA
scaffolds offer controlled degradation for tissue replace-
ment [18]. Corrosion-resistant materials like stainless
steel and alumina ensure stability [20], while bioactive
calcium phosphates promote bone regeneration [20]. Pro-
cessed collagen minimizes immune reactions, enhanc-
ing biocompatibility [14]. These properties make bioma-
terials essential for tissue engineering and regenerative
medicine.

2.4. Advantages of Biomaterials

Biomaterials have several major benefits for tissue cul-
ture, including aiding cell adhesion and proliferation by
imitating the extracellular matrix (ECM), with hydrogels
providing an ideal environment for tissue formation [22].
For long-term culture and implantation, these materials
are essential because they are biocompatible, non-toxic,
and well-tolerated by live tissues, reducing immunolog-
ical reactions [14]. The use of biomaterials to facilitate
the creation of robust and useful 3D structures signif-
icantly increases the efficiency and adaptability of 3D
bioprinting. Nanomaterials promote vascularization, en-
suring that 3D-printed tissues receive adequate nutrients
and oxygen, which are essential for their viability and
function. They are also used to promote healing and re-
generation in 3D-printed tissues, reducing the need for
animal models and facilitating more ethical and effective
clinical and research applications. By altering mechanical
strength and rates of degradation, biomaterials can be tai-
lored to match the unique requirements of various tissues,
including bone and cartilage [19]. Bioactive compounds,
such as calcium phosphates, promote tissue regeneration

by releasing osteogenic ions, while materials like PLGA
degrade in a controlled manner, enabling natural tissue to
gradually replace the scaffold [18,20].

2.5. 3D Bioprinting Techniques

3D Bioprinting is a technology where a 3D bioprinter uses
living cells, deposited layer by layer, to create biologi-
cal tissue structures. Bioinks, which are soft biomateri-
als loaded with living cells used to create biological struc-
tures, are typically used by bioprinters to accomplish this
goal. Another way to support and shield cells vertically
during printing is to utilize secondary dissolvable mate-
rials. Normally, 3D bioprinting relies on precisely plac-
ing biological components, biochemicals, and living cells
layer by layer through spatial management of the func-
tional components of the 3D construction. 3D bioprint-
ing relies on three basic techniques: (a) biomimicry or
biomimetics, (b) autonomous self-assembly, and(c) mini-
tissue building blocks [23]. Thus, a key component of
3D bioprinting is the techniques used to design and build
the architecture; different bioprinting methodologies de-
pend on fundamental working principles, including differ-
ent techniques [24]. Various features and applications of
different types of bioprinting techniques are described pre-
cisely in Table 1.

2.5.1. Extrusion-Based Bioprinting

Extrusion-based bioprinters typically use a mechanical
screw or compressed air to extrude the material, depend-
ing on its viscosity. Extrusion-based printers can print
more viscous materials and have higher cell densities than
inkjet and laser-based printers. Lower-viscosity materials
are preferable for biological activities, whereas greater-
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Table I: Features and applications of different strategies of 3D bioprinting [24].

3D Advantages Disadvantages Resolution Cell Clogging Applications References
Bioprinting Density Possibility
Strategy
Extrusion -Suitable for -Slow printing -Low to -High -Yes -Hepatocellular [25-28]
based multi-material speed medium carcinoma
bioprinting bioprinting -Lower dependent on model
applications resolution setup of -Colorectal
-Capable of -Reduced cell bioprinter cancer model
printing with viability -Blood vessels
high cell density
-Easy-to-use
bioprinting
process
Laser-assisted - Optimal cell -Lower cell -High (<500 -Low -No -Pancreatic cell [29-32]
bioprinting survival density nm) network
-Versatile bioink ~ -Complicated -Glioblastoma
compatibility setup and tumor model
system -Epithelium
-Expensive cost mimicking
structures
-Voluminious
bone tissue
Inkjet- -Cell survival -Restricted by -High (>50 -Low -Yes -Microvascular [33-36]
bioprinting excellence bioink viscosity pm) tissue
-Cost effective -Frequent nozzle -Mille-Feuille-
-Precision blockages like 3D structure
printing -Inconsistent -Skin
-User friendly drop sizes -Blood vessels
Magnetic -Scalable -Constrained by ~ -High -High -No -Prostate tumor [37-39]
bioprinting production available -Adipose tissue
-Budget friendly  -bioink materials -Lung
-Aortic valve
Coaxial -Microchannel -Slow printing -Low to -High -Yes -Microvasular [40,41]
bioprinting integration rate medium tissue
-Customisable -Reduced cell depends on -Liver sinusoid
tissue properties  viability bioprinter
Acostic -High cell -Constrained by ~ -High (5-300 -High -No -Colorectal [42,43]
bioprinting density printing bioink pnm) cancer-cancer
properties

viscosity materials give scaffolds better structural support.
This is because, while extrusion printers can print a wide
variety of materials, the cells undergo additional mechan-
ical pressures during the printing process that are propor-
tionate to the printed part’s pressure, viscosity, form, and
speed [44]. This occurs because cells experience varying
velocity gradients based on their radial position, due to
pressurized bioinks flowing through a nozzle with fixed
geometry. Material slippage along a plane parallel to the
direction of stress results in the cells experiencing the
largest shear stress and velocity gradient near the nozzle
walls. In extrusion-based printing, this is the main factor
causing cell deformation and apoptosis [45].

2.5.2. Laser-Assisted Bioprinting

The purpose of laser-assisted printing was to deposit met-
als onto an optically transparent substrate. Then, in 2000,
Odde and Renn, along with Ren, used this method to
print the spinal cords of embryonic chicks, demonstrat-
ing that it can be used to precisely create arrays of hun-
dreds of cells at the micrometer scale. In contemporary

laser-assisted bioprinting procedures, cells are deposited
from a ribbon or donor slide onto the receiving substrate
(as shown in Figure 3A) below in a predetermined pattern
using laser pulses [3]. A layer of glass, metal, and bio-
ink typically makes up the donor slide. When the laser
strikes the metal, the metal absorbs the energy, causing
the hydrogel to evaporate and releasing the freshly sepa-
rated cells. Laser-assisted bioprinting typically offers the
highest yield (cell viability >95%) and resolutions of up to
one cell among the bioprinting methods covered. This is
because various printing parameters, such as laser energy,
surface tension, wettability, the air gap between the donor
slide and substrate, and bioink viscosity, can be precisely
adjusted [46].

2.5.3. Inkjet Bioprinting

The Hewlett-Packard Company developed inkjet technol-
ogy, a 2D printing technique, in the 1970s, and it was
the first bioprinting technology of additive manufactur-
ing. In 1992, a chamber and a z-axis-moving elevator
platform were added to this device, creating a 3D bioprint-
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ing system [43,47]. For tissue engineering applications,
thermal and piezoelectric inkjet bioprinters are more com-
monly utilized. In thermal inkjet bioprinting, an ink car-
tridge is filled with a prepolymer solution called bioink,
which may contain cells. The cartridge is inserted into the
computer-controlled printer head, where tiny ink droplets
are released with the help of small air bubbles generated
by the heat from the printer head, as shown in Figure 3B.
The gradient of applied temperature, the frequency of the
current pulse, and the viscosity of the ink can all alter the
size of the droplet [48].

LASER
GENERATOR

FOCUSING
LENS

A RIBBON
SUBSTRATE

BIOMATERIAL

PIEZOELECTRIC/
THERMAL
ACTUATOR

NOZZLE

O———————BIOMATERIAL
o INK DROPLET

(=]

B — SCAFFOLDS
PLATFORM

SHEATH FLUID

CORE FLUID

STAGE

C i— STAGE

Figure 3: Schematic figures of 3D bioprinting modalities (A)
Laser-assisted bioprinting [46], (B) Inkjet-based bioprinting [47]
(C) Coaxial bioprinting [24]. Created using MS Paint.

2.5.4. Coaxial Bioprinting

Coaxial bioprinting, which uses a coaxial nozzle (as seen
in Figure 3C), is a relatively recent bioprinting technique
[49]. This technique is particularly well-suited for creat-
ing tissue with integrated microchannels or vertical struc-
tures with heterogeneous properties, as the sheath and core
channels can be supplied with biomaterials that possess
distinct physicochemical characteristics [24]. Various tis-
sues can be created with coaxial bioprinting when mechan-
ical parameters such as toughness, shear force, viscosity,
and compression are adjusted by selecting the appropriate
biomaterials. Materials suitable for bioprinting vascular-
ized structures include alginate and gelatin methacryloyl
(GelMA)/gelatin [50-52].

2.5.5. Acoustic Bioprinting

The new technique, known as “acoustic bioprinting,” is
founded on the idea of “acoustic droplet ejection.” The
focus of the ultrasonic signal is near the air-liquid con-
tact, and the acoustic printer uses an open cartridge. A
flow against the surface and the creation of a dome on
the liquid surface result from the acoustic streaming ef-
fect. When the sound pressure from the ultrasonic sig-
nal and the kinetic flow energy are generated and over-
come the surface tension of the liquid, droplets of liquid
are ejected. The substrate collects the liquid droplets [53].
The printer can print single cells, high-density cells, and
even cell spheroids with flexibility because it doesn’t have
a nozzle, which also reduces cell damage. When it comes
to high resolution, acoustic bioprinting offers the benefit
of easy and adaptable placement of tumor cells, normal
cells, fibroblasts, and extracellular matrix, which greatly
contributes to the replication of the tumor microenviron-
ment.

2.5.6. Magnetic Bioprinting

Haisler et al. (2013) reported a magnetic levitation-based
3D culture technique in which cells were made magnetic
by attaching magnetic nanoparticles to them [54]. An
external magnetic field may lift and concentrate the mag-
netic cells at the air-liquid interface once they are resus-
pended in the medium. The cells were gathered through-
out this procedure to create three-dimensional cultures.
This technique served as the basis for the development of
magnetic 3D bioprinting. Without the use of additional
synthetic protein substrates, this method can produce an
endogenous extracellular matrix and offer precise spatial
control. It can also print a high-throughput pattern of
many tissue-like structures. Tissue engineering has used
similar technologies for a variety of purposes, including
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aortic valve, lungs, adipose tissue [55], prostate tumor,
and so on. The capacity of magnetic bioprinting to cre-
ate native-like tissue in a high-throughput manner is its
primary benefit. In the first extensive screening project,
Fernandez-Vega et al. used this technique to finish high-
throughput screening (HTS).

2.5.7. Digital Light Projection Bioprinting

Figure 4 illustrates digital light projection (DLP) bioprint-
ing, which is comparable to laser-assisted printing, except
it uses a UV source to beam light onto a liquid resin, cur-
ing it into a series of square 3D pixels. In contrast to the
majority of similar laser-assisted bioprinters, newer DLP
bioprinters can produce models with much higher fidelity
(<20 microns) at quicker fabrication speeds because the
print resolution is determined by a single pixel [56]. Ad-
ditionally, DLP printing is more adaptable and permits
variations in the UV light intensity for different resins,
in contrast to laser-assisted printing, which employs a
fixed-intensity laser beam [57]. This adaptability has
contributed to the development of novel techniques for
creating different microtissue models in the field, includ-
ing tumor organoid and tumor-on-chip modeling. Al-
though DLP systems can optically create simple microvas-
cular models, significant advancements in light-absorbing
bioinks are required before multi-material DLP bioprint-
ers and intricate vasculature become widespread [58].

Z-Stage/ Build
Plate

Cutput

Photocuring
Bioink

Reservoir

e Lens

Digital Mirror Device(DMD)

Figure 4: Bioprinting technology- digital light projection (DLP)
bioprinting [59]. Created using MS Paint.

2.5.8. Droplet-Based Bioprinting

In contrast to extrusion-based bioprinting, droplet-based
bioprinting uses microscopic ink droplets produced mainly
by thermal, piezoelectric, or electromagnetic actuators to

replicate designs onto a substrate without making contact.
These actuators, with resolutions ranging from 20 to 100
microns, allow for selective control of droplet flow. Al-
though the production time of droplet-based bioprinting
is substantially slower than extrusion-based bioprinting, it
offers higher accuracy and precision [60].

2.6. FRESH (Freeform Reversible
Embedding of Suspended Hydrogels)

The freeform reversible embedding of suspended hydro-
gels (FRESH) is a newly developed 3D bioprinting method.
FRESH is a very flexible and affordable biological AM
platform that uses a thermoreversible support bath to al-
low hydrogel deposition in intricate, three-dimensional
biological structures. It is implemented with open-source
tools. The fundamental novelty of FRESH is the depo-
sition and embedding of the hydrogel(s) being printed
within a second hydrogel support bath, which preserves
the intended structure throughout the print process and
majorly enhances print fidelity [61,62].

2.7. Contemporary Overview

The field of 3D bioprinting, a new area of additive man-
ufacturing (AM) technology, has significant room for
growth. The scientific literature has shown a remarkable
amount of interest in this field in recent years, drawing nu-
merous inventors and generating new, intriguing markets.
All of these indicators suggest that we may be witness-
ing the development of a long-term research avenue. The
purpose of this study was to give the reader a thorough
overview of the academic and industry landscape of 3D
bioprinting, rather than to prepare another review paper.
In this way, experienced academics can get an updated
snapshot of the current state of this rapidly evolving field,
and new researchers can use it as a compass to explore
exciting emerging technologies [9].

As 3D bioprinting evolves, nanomaterials have be-
come increasingly important in regenerative medicine [10,
63]. They are being used to create scaffolds that mimic the
extracellular matrix found in nature, which is essential for
improving tissue growth and healing. These advanced ma-
terials are helping to enhance the quality and effectiveness
of bio-printed tissues.

The volumetric printing technique, also known as
holographic printing or multi-beam additive manufactur-
ing, offers isotropic mechanical properties and high print-
ing speeds [64,65]. By irradiating a volume of photosen-
sitive resin from various angles, volumetric printing cre-
ates the complete 3D object at once, unlike the traditional
layer-by-layer method. This technology can be applied in
two ways: (1) tomographic reconstruction, which projects
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a sequence of two-dimensional light patterns that are cal-
culated using a Radon transform synchronously into a ro-
tating resin container [65], and (2) using a system architec-
ture that consists of mirrors that split a single light beam
into three orthogonal beams, from which a holographic
figure is projected into a photosensitive resin to create the
desired object [64]. Printing time can be significantly re-
duced by fabricating the desired 3D structure in a single
step by superposing many 2D images of the same object
taken from various angles. By delivering 2D light patterns
to each plane of the photosensitive resin, the patterns accu-
mulate to create the necessary 3D structure in a single step,
significantly cutting down on printing time. Each light ex-
posure does not provide enough light doses to crosslink
the photosensitive resin. After being exposed to the pro-
jected 2D light patterns repeatedly, light doses accumu-
late in particular regions that are specified by the intended
3D geometry. Localized regions where the total absorbed
light dose beyond the crosslinking threshold subsequently
experience photopolymerization [66].

2.8. Disease Modeling Using 3D in Vitro
Models

Before the invention of techniques for 3D in vitro model
development, animal models like pigs, rabbits, rodents,
and monkeys were mainly preferred for research and ther-
apeutic studies due to their genetic similarity with humans,
and many other factors like size, structure, gestation pe-
riod, and high population. Conventional 2D cell culture
models have limitations because they cannot replicate
the in vivo extracellular matrix (ECM) interactions and
microenvironment. As a result, research in drug discov-
ery, cancer studies, and human disease modeling requires
more advanced cellular systems. To address this, scien-
tists have developed 3D cell culture models. Spheroids
are developed from a single cell type with low struc-
tural complexity and hence preferred for drug screening
studies whereas organoids can be developed from adult,
and pluripotent stem cells and hence mimic the histolog-
ical and genetic features of the source sample, and prop-
erties like ease of generation, long term culture ability
and cryopreservation makes them suitable for various re-
search applications [10,67,68]. Today, the personalized
3D in vitro models (as shown in Figure 5)—organoids
and spheroids have completely revolutionized the area of
research and therapeutics. Between 2024 and 2034, glob-
ally, the organoids and spheroids products market are pre-
dicted to grow with a 23.12% compound annual growth
rate from USD 0.781 billion in 2023 to USD 7.70 billion
by 2034 [69]. A few of the organoid disease models are
discussed below.

2.8.1. Brain Disease Modeling

In early 2000, embryoid bodies generated from embryonic
stem cells were used to form in vitro brain models [70].
By 2013, a cerebral organoid generation system was devel-
oped, and since then, new procedures and techniques have
been introduced to generate brain organoids that closely
mimic the human brain. Using brain organoids developed
from different types of stem cells (induced pluripotent,
pluripotent, embryonic) as disease models breakthrough
achievements have been reported for brain disorders like
microcephaly, macrocephaly, autism spectrum disorder,
Schizophrenia, Rett syndrome, Sandhoff disease, Miller-
Dieker syndrome, Zika virus infection, Alzheimer’s, and
Parkinson’s disease [67].

2.8.2. Cancer Modeling

Tumor organoids, also known as tumoroids, are being
used to understand, investigate, and cure cancer. The
genetic mutations in the DNA result in unusual cellular
processes. Using gene editing techniques to make genetic
alterations in healthy organoids and tumoroids helps iden-
tify: (a) the signaling cascade affecting oncogenic phe-
notypes, and (b) events associated with tumor initiation,
development, and progression [68]. So far, human tu-
moroids have been developed from esophageal, stomach,
lung, colon, liver, pancreas, brain, prostate, breast, blad-
der, and endometrial tumor samples. Recently, in a cancer
drug trial, a 90% similar drug response was recorded in
patients and organoid cultures [67].

2.8.3. Cardiac Disease Modeling

A major limitation in cardiac disease drug discovery and
the study of congenital heart defects is the limited sup-
ply of cardiac tissue samples and inadequate in vitro cul-
ture conditions. In the past decade, researchers have
made significant efforts to develop cardiac organoid mod-
els using tissue engineering techniques. However, these
models have often been expensive, labor-intensive, dif-
ficult to scale, and inconsistent with the heart’s native
cell composition and structure. Recently, self-assembling
organoid techniques have been developed to generate self-
assembling cardiac organoids using stem cells. Most no-
tably, Lewis-Israeli et al. developed a self-assembling
cardiac organoid using human pluripotent stem cells and a
three-step Wnt signaling cascade modulation strategy [71].
Human cardiac organoids have been developed and used
as disease models to investigate Barth syndrome, Dilated
cardiomyopathy, Hypertrophic cardiomyopathy, Acute
myocardial infarction, and Duchenne muscular dystro-

phy [67].
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2.9. Challenges and Their Solution

Dynamic processes like tissue formation, disease progres-
sion, and recovery require adaptable in vitro models with
tunable biochemical, structural, and mechanical proper-
ties. Traditional hydrogels lack this flexibility, but com-
posite hydrogels with reversible crosslinking offer en-
hanced control over degradation and mechanical prop-
erties, improving cell activity and supporting long-term
culture [72,73]. Challenges in 3D bioprinting vascular
networks include cell-material compatibility and matu-
ration time [74,75]. Bioreactors sustain tissue activity,
while self-sacrificing materials may facilitate large ves-
sel printing, with capillaries forming through stem cell
differentiation and smaller vessels forming via host ex-
pansion. Vascularization strategies involve integrating
angiogenic factors, pre-vascularization techniques, and
co-culture systems, requiring careful optimization of cell
types, seeding methods, and microenvironments. For in-
stance, VEGF-infused electrospun PCL scaffolds have
successfully promoted endothelial cell growth [27,76,77].
Current 3D in vitro models struggle to replicate the intri-
cate microenvironments of tissues and diseases, includ-
ing their complex structures and diverse cell types. A
systematic approach using big data and Al to analyze hy-
drogel databases can identify key factors for developing
more accurate models, enhancing tissue niches, and guid-
ing cell behavior [4]. For example, Lee et al. created a
3D-printed liver-on-a-chip using porcine liver dECM as
bioink, incorporating hepatocytes, endothelial cells, and
cholangiocytes to simulate liver functions. The inclusion

of the biliary system improved liver function and drug
sensitivity. They also developed a liver fibrosis model
using dECM, gelatin bioink, and activated stellate cells to
mimic fibrosis characteristics like collagen deposition and
reduced liver functionality [78—80]. Balancing bioink’s
tissue regeneration ability with printability is difficult. In-
creasing concentration or crosslinking density enhances
printability but can reduce biocompatibility, necessitat-
ing optimization for customized performance. Sophisti-
cated bioprinting methods are essential to extend the bio-
fabrication window. Advances in bioinks, like stimuli-
responsive hydrogels with low initial viscosity, enhance
shape fidelity and printability, enabling precise tissue con-
structs [81]. Decellularized bioinks face challenges due to
low mechanical properties and poor deposition ability in
3D bioprinting [82,83]. Strategies to address these include
novel printing techniques and adding crosslinking agents
to dECM bioinks. Overcoming precise bioink deposition
and complex structure creation, such as overhangs, in-
volves using thermoresponsive hydrogels like gelatin and
PF-127 to improve deposition capacity. These hydrogels
also support sacrificial bioinks for intricate, stable 3D ar-
chitectures [81].

Photoresponsive hydrogels address crosslinking man-
agement and enhance the printability of low-viscosity bioinks
by using light to precisely control crosslinking, thereby in-
creasing bioink stability and resolution. Shear-responsive
bioinks, like silk fibroin, avoid harmful crosslinking agents,
enhancing cell compatibility and allowing control over me-
chanical properties and viscosity [81,84,85]. Single-com-
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ponent hydrogel bioinks often fail to balance printability
and cellular function, whereas multi-component bioinks
combine benefits to improve deposition, tissue specificity,
and viscosity [81,86]. Isotropic hydrogels do not repli-
cate the anisotropic nature of native ECM. Future research
should focus on hydrogels with gradient, stimuli-
responsive, and ECM-inspired properties for dynamic
control [72]. Traditional hydrogels are not adaptable, but
composite hydrogels with reversible crosslinking offer
controlled degradation and mechanical tuning, supporting
cell activity and long-term culture [72].

Static cellular models cannot mimic dynamic physi-
ological conditions such as blood flow and interstitial fluid
movement, limiting their accuracy. Incorporating fluidic
systems enhances physiological relevance. Microfluidics-
based organ-on-a-chip (OOC) systems simulate dynamic
tissue environments more realistically, improving model
fidelity [27,72,79,87]. Integrating multiple organs and
their interactions in one model is challenging due to com-
plex molecular signaling affecting organ functions. For
instance, a drug targeting the liver can impact the heart
and lungs. In cancer research, tracking malignant cell
spread requires interconnected tissue models with circula-
tory systems. Despite progress in multi-organ platforms,
developing 3D systems that accurately replicate these in-
teractions is crucial for reliable disease modeling and drug
testing [88,89].

Scientists have successfully produced organoids such
as the brain, lungs, heart, kidneys, and others using an
advanced multi-material printer capable of printing with
seven types of bioinks. The development of in situ bio-
printing technology addresses the challenges associated
with manual implantation of prefabricated tissue constructs
[90-92]. For instance, Albanna et al. developed portable
skin bioprinting technology for on-site wound care, demon-
strating faster re-epithelialization, reduced contraction,
and improved wound healing [93]. With ongoing ad-
vancements in biomaterials, bioprinting resolution, and
integrated monitoring systems, in situ bioprinting shows
great potential for constructing functional tissues directly
within the body [74]. Creating 3D models that mimic
the intricate structure of living tissues is a complex task,
but 3D bioprinting provides a viable approach. This tech-
nique enables precise control over the placement of tissue
components at the nanoscale and microscale, resulting in
biomimetic models. The process involves printing 2D
slices derived from a 3D CAD model [94,95]. While
hydrogel inks and biomaterials used in this process are
biocompatible, they often lack crucial bioactivity and me-
chanical characteristics, such as sites for cell adhesion
and degradation. To overcome this limitation, bioactive
sequences like RGD and MMP-sensitive sequences are

integrated to enhance bioactivity [96,97]. Natural pro-
tein hydrogels, including gelatin, fibrin, and collagen,
inherently possess cell-binding and degradable sites but
are hampered by weak mechanical properties. To boost
bioactivity, particularly in osteo- and osteochondral ap-
plications, bioactive particles such as calcium phosphates
(tricalcium phosphate, hydroxyapatite) are employed [97—
99]. Furthermore, various crosslinking methods are uti-
lized to manage mechanical stress and fine-tune bioprint-
ing parameters [97,100,101].

3. Conclusions

This review underscores the significant progress in 3D
bioprinting and the development of biomaterial inks for
creating spheroids, tissues, and complex organ systems.
Advances in bioink design, with tailored compositions
and biological functionalities, have enhanced the ability
to imitate natural tissue environments and model both
healthy and diseased states. Technologies like organ-
on-a-chip, which integrate multiple organs into a single
platform, allow for the simulation of complex biological
processes, such as drug metabolism, beyond the scope of
single-organ models. These breakthroughs provide pow-
erful tools for investigating disease mechanisms, optimiz-
ing drug treatments, and enabling personalized medicine.
Although challenges remain, such as achieving effective
vascularization and balancing bio-ink properties, ongoing
innovations in materials science and bio-fabrication hold
great promise for advancing tissue engineering and realiz-
ing patient-specific regenerative therapies.
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