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ABSTRACT

The field of bioprinting has witnessed remarkable advancements in recent years,
revolutionizing the fabrication of biological tissues and organs for research,
pharmaceutical testing, and potential clinical applications. This progress is
attributed to the development of diverse bioprinting technologies, ranging from
low-cost models utilizing microextrusion-based technology to high-end systems
employing droplet-based and laser-assisted techniques. These technologies offer
varying levels of precision, build volume, and material compatibility, catering to
a wide spectrum of research needs. Notably, microfluidic-based bioprinting has
emerged as a transformative approach, enabling fast, continuous switching and
mixing of materials, achieving nearly single-cell printing resolution. Moreover,
OPEN AclcleSsS support-free multiaxial printing and high-resolution printing using focused light
have shown promise in enhancing geometric complexity and cell viability. The
integration of modular print heads and the potential for in situ bioprinting are
*Correspondence:  poised to further expand the capabilities of bioprinting technologies. Despite
Levent Aydin ~ these advancements, current bioprinting systems exhibit certain limitations,
including constraints in motion axes, printing volume, and material compatibility.
Addressing these challenges will be crucial in realizing the full potential of
Received: 08 Oct 2023 bioprinting for tissue engineering and regenerative medicine applications.
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Bioprinting is a groundbreaking fusion of technology, biology, and medicine. This method

crafts biological tissues with the precision of an artist creating a masterpiece [1]. Central
to bioprinting is specialized equipment enabling controlled material deposition, especially
bioinks [2]. These bioinks, composed of cells, growth factors, and biomaterials, form living
structures mirroring natural tissues [3]. Unlike traditional methods, which use plastic or
metal, bioprinting harnesses the regenerative potential of biological components, holding
great promise for regenerative medicine and personalized body part fabrication [4]. It also
playsavitalrole inunderstanding disease progression, providing controlled lab environments
for research on disease mechanisms, drug testing, and personalized medicine approaches
[5]. Bioprinting is a paradigm shift in medicine and tissue engineering, offering innovative
solutions for tissue repair and replacement. Its transformative potential is evident in the

seamless integration of cutting-edge technology and intricate biology, promising a future
Scan this OR code fo o.f Precmon-manufac.tu'red, functlonal,. living tissues [6]. A key .challenge 1nv01vles c.reatlng
see  the article online  bioinks that support living cells, ensuring both structural integrity and post-fabrication cell

viability and growth [7]. Materials like hydrogels, collagen, and alginate are explored for
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their unique properties and applications [4]. Precise control
of factors like temperature, pH, and oxygen levels is vital
to safeguard cell health during printing [8]. Differentiation
of printed cells into desired tissue types without aberrant
growth is crucial [1]. Establishing functional vascular
networks within printed tissues is another pivotal aspect,
essential for tissue survival and function [9]. Researchers
are pushing bioprinting boundaries to create intricate organs
like the heart, liver, and lungs, addressing challenges like
diverse cell integration and functional vasculature systems

[3].
REVIEW OF LITERATURE

History of Bioprinting

Bioprinting, a fusion of 3D printing and biology, began
in the late 20th century [10]. A milestone came in the early
2000s when Dr. Thomas Boland and the team at Clemson
University pioneered the first bioprinting technology,
incorporating cells into hydrogels [11]. Initially, it focused
on rudimentary structures like cell layers and small tissues
[12]. In the late 2000s and early 2010s, there was a surge
in research activity, exploring various printing methods
for biomaterials like hydrogels, ceramics, and metals [6].
Precision and resolution improved, allowing printing of
intricate structures with 3D imaging and CAD software, like
blood vessels and heart tissues [3]. The evolution continued,
expanding to different cell types, particularly stem cells,
crucial for generating functional tissues and organs [ 1]. New
bioink classes, mainly hydrogels and alginates, enhanced
versatility [7]. Extrusion-based bioprinting techniques
further refined precision and complexity [4]. Beyond its
origins, bioprinting found applications in pharmaceuticals
and cosmetics, contributing to drug discovery, development,
and customized skincare [13]. Recently, there’s been a
surge in using bioprinting to create functional tissues and
organs, addressing the organ shortage crisis [3]. Integration
of machine learning and Al is being explored to enhance
efficiency and precision [14,15]. Bioprinting, at the
intersection of biology and engineering, has the potential
to revolutionize various industries and healthcare by
fabricating personalized, functional replacement tissues
and organs, marking a remarkable journey from inception
to continuous evolution.

Current Bioprinting Methods

Inkjet bioprinting

Inkjet bioprinting is an innovative method that has

emerged as a cornerstone in the field of tissue engineering
and regenerative medicine [16]. This technique leverages
the principles of traditional inkjet printing, allowing for the
precise deposition of bioinks containing living cells and
biomaterials in a layer-by-layer fashion, ultimately enabling
the creation of complex 3D tissue structures [17-18]. There
are several modalities employed in inkjet bioprinting. The
thermal method relies on localized heating to generate
pressure pulses, forcing droplets out of the nozzle. Despite
brief exposure to high temperatures (ranging from 200 to
300 °C), studies have shown minimal impact on biological
molecules or cell viability [19-20]. On the other hand,
piezoelectric-based printers utilize a piezoelectric crystal
to induce rapid shape changes, generating an acoustic
wave that breaks the liquid into droplets. While capable
of precise droplet formation, concerns regarding potential
cellular damage arise due to the employed high frequencies
[21-22]. One of the strengths of inkjet bioprinting lies
in its ability to precisely control droplet size and density
[23-24]. Electronic adjustments can vary the drop size
from minuscule picoliters to larger volumes, allowing for
the creation of intricate concentration gradients of cells,
materials, or growth factors within the 3D structure. This
technology can yield high-resolution structures, typically
ranging from 20 to 100 micrometers, instrumental in
fabricating complex tissues with fine details [25]. Inkjet
bioprinting has found significant application in functional
skin and cartilage regeneration. By depositing primary cells
and/or stem cells with precise density and subsequently
crosslinking the cell-containing material, inkjet bioprinting
enables the rapid production of viable and functional tissue
constructs. This approach holds great promise for treating
skin defects and joint injuries [26-27]. Moreover, inkjet
bioprinting is revolutionizing drug testing and disease
modeling. By creating biomimetic tissue models with
patient-specific cells, researchers can study drug responses
and disease progression in a controlled, physiologically
relevant environment. This advancement has the potential
to significantly reduce the time and cost associated with
drug development [28-29]. Another transformative aspect of
inkjet bioprinting lies in the ability to create patient-specific
implants and prosthetics. By utilizing patient-derived cells
and bioinks, it is possible to fabricate implants tailored to
individual anatomies. This holds particular relevance in
areas like orthopedics and craniofacial surgery [30-31].

Microextrusion bioprinting

Microextrusion  bioprinting encompasses  various

sub-methods, including piston-driven, pneumatic, and

screw-driven systems, all contributing to the fabrication
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of intricate biomaterial structures [32]. This technique
involves the controlled dispensing of biomaterials through
nozzles or needles, widely 210 pm and 400 pm, connected to
cartridges filled with specialized ink [33]. The adaptability
of microextrusion bioprinting allows for the integration of
multiple cartridges in a single printer, enabling the creation
of heterogeneous tissue constructs. Prior to commencing
the bioprinting process, it is imperative to ascertain crucial
parameters such as printing speed, dispensing pressure, and
movement distance. These determinants are significantly
influenced by the specific properties of both the selected cell
line and bioink. Printability, a vital aspect, is evaluated based
on the ease with which the bioink can be printed with good
resolution, while still maintaining its structural integrity
post-printing. This assessment encompasses considerations
of shape fidelity, resolution, biocompatibility, and cell
supportive capabilities [34-36]. Despite notable progress,
achieving optimal printability and cell function in bioinks
continues to be an active area of research. Balancing bioink
viscosity for cell support and printability is of paramount
importance [37]. In some cases, this may entail subjecting
cells to a certain degree of stress during printing or accepting
a compromise in printability. Researchers have explored
various strategies, including adjustments to printing
parameters and alterations in printing techniques such as
FRESH bioprinting, to enhance the printability of bioinks
with optimal cell support [38]. Both Newtonian and non-
Newtonian bioinks have been employed, with meticulous
optimization of their printable viscosity. For shear-thinning
bioinks, viscosity decreases with increasing strain rate,
ultimately enhancing cell protection and resolution [39].
The achievable resolution typically spans from 5 pm
to millimeters in width, while cell viability falls within
the range of approximately 40-80% [40-41]. Previous
observations indicated that microextrusion was associated
with lower cell survival compared to inkjet and laser-based
bioprinting (40-86%) due to the extrusion pressure and
shear stress [42]. However, studies have reported improved
cell viability with pressure extrusion printing, reaching as
high as 97% on day 7, 64.4% with a piezoelectric inkjet
on day 21, and 98% with a thermal inkjet on day 21 post-
printing [43-45].

Laser assisted bioprinting

Laser-Assisted Bioprinting (LAB) Laser-

Induced Forward Transfer (LIFT) technology, originally

leverages

designed for precise metal patterning in semiconductor

manufacturing [46]. This advanced process involves
three core components: a pulsed laser source, a ribbon,

and a receiving substrate [47]. By utilizing nanosecond

lasers at specific wavelengths, such as 193 nm, 248 nm,
or 1064 nm, LAB achieves controlled energy deposition,
typically ranging from 1-20 pJ per pulse [48]. The ribbon,
a multi-layered structure with transparent glass, a laser-
absorbing metal layer (commonly gold or titanium), and
a suspended bioink layer comprising cells, hydrogels,
and bioactive factors, plays a pivotal role. When the laser
impinges on the ribbon, the metal layer vaporizes, leading
to the creation of a high-pressure bubble, ejecting bioink
droplets onto the receiving substrate [49]. This process
ensures a remarkable resolution, varying from picometer
to micrometer size, influenced by factors like bioink layer
thickness, viscosity, surface tension, substrate wettability,
laser parameters, and air gap [50]. LAB stands out for its
ability to print high-density bioinks (up to ~108 cells mL-
1) with resolution ranging from 10-100 pm, achieving this
without imposing mechanical stress on cells [51]. It excels in
printing individual cells or cell aggregates per droplet with
exceptional accuracy and cell viability. In the realm of tissue
engineering, LAB’s precision and resolution hold significant
promise. It facilitates the accurate reproduction of internal
tissue structures, cellular orientation, and arrangement
in various tissues and organs. For instance, in bone
engineering, LAB significantly improves vascularization
and tissue integration in 3D bone-engineered constructs
[52]. Mesenchymal stromal cells were in situ printed within
a collagen and nHA matrix, leading to substantial bone
formation [53]. In skin tissue engineering, LAB enables the
construction of tissue-engineered skin, closely mimicking
native skin composition and spatial arrangement. This
approach shows promise in grafting and epidermis-like
tissue formation [54]. Similarly, LAB aids in fabricating
cornea-mimicking structures, offering potential solutions
for corneal diseases in cornea regeneration. The 3D printed
scaffolds exhibit promising integration with host tissue
[55]. On the other hand, in adipose tissue engineering, LAB
allows for the printing of human adipose-derived stem cells
(hASCs) in a 3D grid pattern, demonstrating proliferation
and differentiation without compromising viability while
it demonstrates the printing of multiple cell types in a 3D
array, fostering vascular-like structure formation in vascular
engineering [56-57]. However, despite its potential, LAB
does face challenges, including cost and limitations in
printing mechanisms. Ongoing research aims to overcome
these hurdles and further integrate LAB with other 3D
bioprinting techniques for enhanced tissue constructs [58].
Additionally, LAB offers a unique capability to create
artificial cell niches, crucial for cancer and drug research.
The fabricated constructs closely mimic the structural
and functional orientation of native tissues, providing a
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powerful tool for in vitro drug screening and toxicological
testing [59].

Stereolithography bioprinting

Stereolithography (SLA) bioprinting has emerged as
a highly promising technique for fabricating scaffolds,
offering versatility for both cell-free and cell-laden forms
[60-61]. This method leverages digital micromirror arrays
to precisely modulate light intensity, allowing for the
layer-by-layer polymerization of light-sensitive polymer
materials [62]. It presents substantial advantages over other
bioprinting methodologies. One of the pivotal strengths of
SLA lies in its capacity to sequentially print light-sensitive
hydrogels, irrespective of their complexity or size. This
results in consistent printing times for each layer, with
the total duration primarily hinging on the structure’s
thickness. Studies have noted that the printing time with
stereolithography averages around 30 minutes [63]. This
efficiency can significantly expedite the overall printing
process, rendering it an enticing choice for bioprinting
applications. Furthermore, SLA distinguishes itself as a
nozzle-free printing technique, leading to high cell viability,
often exceeding 90%, and an impressive resolution down to
10 um [64-65]. This heightened cell viability is a crucial
factor in bioprinting, ensuring that the printed cells remain
viable and functional. When comparing various bioprinting
systems, a succinct assessment highlights stereolithography
as an exceptionally competitive technique, characterized by
a significant combination of high resolution, speed, and cell
viability [66]. However, it is crucial to recognize specific
limitations linked to current SLA bioprinting methods.
For instance, some implementations incorporate UV light
sources for polymerization, which have been reported to
potentially harm cells [67]. Consequently, researchers have
sought alternative strategies to mitigate these concerns. One
such approach involves the utilization of an cosin Y based
photoinitiator, specifically engineered for crosslinking
hydrogels under green light (around 514 nm) [68]. Eosin
Y has been recognized for its reduced toxicity compared
to other photoinitiators like Irgacure 2959, rendering it an
excellent choice for bioprinting systems [69]. This technique
enables visible light stereolithography-based bioprinting,
substantially minimizing potential risks associated with UV
light exposure.

Mask projection stereolithography bioprinting

Mask-Image Projection Stereolithography (MPSL) is a
cutting-edge 3D printing technique that employs Liquid
Ultraviolet (UV) curable photo-polymer and a UV laser
to construct solid objects through the layer-by-layer

polymerization of thin liquid layers [70]. This method stands
out for its ability to create intricate shapes with internal
structures, alongside easy removal of unpolymerized resin
and an impressive feature resolution of approximately 1
um [71]. Manufacturing with MPSL necessitates a photo-
crosslinkable site within the polymeric (or monomeric)
material. This involves integrating an inert core with
photo-crosslinkable moieties like acrylates or epoxies into
the polymeric design [72]. Recent applications of MPSL
have ventured into the fabrication of complex scaffolds
designed for tissue and cell growth [73-74]. However,
it’s important to note that the biological focus of these
applications has primarily limited the field to aliphatic
polymers and oligomers, characterized by relatively lower
thermal decomposition temperatures (Td) below 400 °C and
glass transition temperatures (Tg) typically under 100 °C
[75]. The availability of high-Td, 3D printable polymers
remain limited, with a few exceptions like cyanate ester
resins [76]. Furthermore, the range of engineering polymers
suitable for MPSL-based 3D printing is primarily confined
to thermosets due to inherent molecular design constraints.
The development of new functional polymeric materials
is crucial for unlocking the full potential of 3D printing
with MPSL. In addition to MPSL, other techniques within
stereolithography like Laser Direct Writing (LDW) or beam
scanning rely on a laser to solidify liquid-based resins
within a bio-ink reservoir, with resolution being exposure-
dependent [77]. However, it’s worth noting that earlier
printed layers can be repeatedly exposed to the laser in
LDW, potentially leading to uneven mechanical strength of
the final structure [78]. In contrast, MPSL utilizes a digital-
light procession technique, allowing for the simultaneous
solidification of an entire patterned layer [79]. This
approach is notably faster compared to the laser beam
technique. On the other hand, Continuous Liquid Interface
Production (CLIP) technology has significantly increased
the fabrication speed of MPSL by continuously building
the layers of a 3D part above a “dead zone” formed by
oxygen inhibition of photopolymerization [80]. While this
has drastically enhanced the speed of MPSL, it is important
to note that CLIP may have limitations when it comes to
fabricating larger-sized parts, as the heat generated during
the polymerization process may not dissipate adequately in
time [81-82].

Digital light processing bioprinting

Digital Light Processing (DLP) bioprinting is an
innovative additive manufacturing technique that employs
digitalized light, including Ultraviolet (UV), blue, Near-
Infrared (NIR), or other visible light, to induce in situ
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photopolymerization. This process facilitates the conversion
of liquid polymer materials into solid 3D structures with
exceptional resolution and intricate architectures [83-84].
The DLP printer, driven by a Digital Micromirror Device
(DMD) projector, plays a pivotal role in this process.
It enables the rapid solidification of an entire layer of
monomer at a time, marking a significant advancement over
extrusion-based bioprinting methods [85]. This attribute
grants DLP technology a substantial advantage in achieving
complex structures. DLP bioprinting has been successfully
employed in fabricating a diverse range of tissues,
including heart, blood vessels, bone, cartilage, liver, lung,
eye, neuronal tissue, and pancreatic tissue [86-88]. This
showcases the broad applicability of DLP technology in
various biomedical contexts. One of the key advantages of
DLP bioprinting lies in its ability to customize the stiffness
of printed scaffolds. By adjusting exposure time and light
intensity, it becomes possible to encapsulate different cell
types within the scaffold matrix [84,89]. This dynamic
capability further enhances the utility of DLP bioprinting in
tissue engineering applications. Moreover, DLP bioprinting
has enabled the creation of multi-material components within
3D tissue constructs. This is made possible through novel
Extracellular Matrix (ECM) improvements, expanding the
repertoire of achievable tissue models [90-91]. In practice,
DLP bioprinters are characterized by their user-friendliness,
cost-effectiveness, and high accuracy/efficiency. They have
found wide-ranging applications in drug screening, disease
modeling, and tissue regeneration. Notably, they have been
instrumental in designing liver-inspired 3D tissue models
for efficient toxin trapping [83]. Additionally, hydrogel-
based microfluidic chips have been employed to simulate
fluid-solid interactions for drug delivery studies [92-93].
Furthermore, DLP bioprinting has enabled the fabrication of
heart valve hydrogels with complex structures, showcasing
high fatigue resistance [94]. These achievements underscore
the transformative potential of DLP bioprinting in various
biomedical domains. To achieve successful DLP-based
bioprinting, meticulous consideration must be given to the
selection of suitable photopolymers, photoinitiators, and
photoabsorbers [95]. Various photopolymerizable polymer
systems, including PEGDA, PEGMA, GelMA, and others,
have been utilized, each possessing distinct mechanical and
biocompatible properties [96]. This underscores the pivotal
role of material selection in optimizing DLP bioprinting
processes.

Kenzan bioprinting

The Kenzan bioprinting method, conceived by Koich
Nakayama, stands as a remarkable leap forward in scaffold-

free 3D bioprinting [97]. This technique hinges on the
intrinsic tendency of cells to self-aggregate, forming high-
density cellular structures by positioning cell spheroids
on a fine needle array [98]. The methodological principle
is rooted in the fusion of cell spheroids, facilitated by the
temporary support of stainless-steel microneedles known
as “kenzans” [99]. These kenzans, organized in patterns of
either 9x9 or 26x26, play a crucial role as a scaffold during
the fusion process [100]. The Regenova bioprinter, designed
by Cyfuse Biomedical K.K., is purpose-built for Kenzan
bioprinting, employing a sophisticated system featuring
a camera-based machine vision system, a plate handling
platform, a disposal chamber, and a container holding the
Kenzan needle array submerged in PBS [101]. During
the bioprinting procedure, the Regenova system employs
the vision system to identify and inspect a spheroid. This
selected spheroid is then retrieved from the culture plate
using suction from the nozzle and precisely positioned onto
a needle on the Kenzan array, adhering to a preprogrammed
3D pattern. This precision placement allows for the fusion
of adjacent spheroids, culminating in the creation of a tissue
construct. This method enables the fabrication of high-
density cellular structures with exceptional precision [102-
103]. It’s worth noting that the efficiency and resolution
of Kenzan bioprinting are influenced by factors such
as the size and distribution of spheroids, as well as their
compaction. While the technique is potent, it’s important to
acknowledge its associated challenges. It can be relatively
high-cost and time-consuming, especially for larger tissue
constructs [104]. Moreover, careful consideration must be
given to the post-bioprinting and implantation workflow to
ensure the integrity and functionality of the printed tissue
constructs [105]. On the other hand, Kenzan method has
found diverse applications, ranging from the fabrication of
nerve conduits, cardiac patches, and bone constructs, to the
reconstruction of tissues like liver, tendon/ligament, and
bladder tissues [106-108]. Researchers have even pushed
the boundaries of the method by using it for the creation
of trachea-like tubes, offering promising prospects for the
restoration of lost epithelium and capillaries due to surgical
resection [109].

Acoustic bioprinting

Acoustic bioprinting, also referred to as Acoustic Droplet
Ejection (ADE), stands out as a highly promising platform for
droplet generation in biological applications. This method
harnesses ultrasonic waves focused at the interface of fluid
and air, resulting in radiation pressure that expels droplets
from the surface. The size of the ejected droplet is inversely
proportional to the frequency of the transducer, ranging
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from 300 um with 5 MHz waves to 5 pm with 300 MHz
waves [111]. Unlike conventional inkjet printers, which rely
on physical nozzles, ADE controls droplet characteristics
entirely through sound waves, offering unprecedented
advantages in handling biological samples. It mitigates
issues such as clogging, sample contamination, and damage
to cells or biomarker structures due to shear forces [112].
This nozzleless technology has been pivotal in achieving
high-throughput droplet generation, processing fluids at
impressive rates of up to 25000 droplets/s, or roughly 50
nL/s per ejector head. Notably, Micro-electromechanical
System (MEMS) based arrays with 1024 ejector heads have
demonstrated the potential to process over 180 mL of fluid
in under an hour, a significant improvement over existing
microfluidic cell separation method [113]. Similarly, ADE’s
reliance on acoustic waves, enabling them to propagate
through a matched coupling media with minimal loss of
acoustic energy, while ensuring no direct contact between
the sample and the transducer. This effectively eliminates
the risk of cross-sample contamination and maintains
sterility [114]. Conversely, traditional nozzle-based printing
methods encounter limitations related to print resolution,
particularly due to nozzle size, which leads to frequent
clogging, especially when processing cell-laden bioinks.
Moreover, as the nozzle diameter decreases, the shear
stress on cells escalates, potentially resulting in irreversible
damage and cell death [115].

Magnetic bioprinting

Magnetic bioprinting, a cutting-edge technique in tissue
engineering, leverages the power of magnetic forces to
manipulate and assemble cells into desired configurations.
This method relies on two primary strategies. The first
strategy involves the incubation of cells with nanoparticles,
specifically utilizing Fe,O, magnetic fields to induce gel
formation through electrostatic interactions [116]. This
process initiates the binding of cells to a nanoparticle
assembly known as a Nanoshuttle [116]. This assembly
comprises magnetic iron oxide nanoparticles that render
the cells magnetic. Subsequently, the magnetized cells are
cultured in an incubator, a crucial step in cell cultivation
[117]. During this phase, the cells self-organize, forming 3D
structures at the air-liquid interface. This dynamic allows for
the rapid creation of dense cultures capable of synthesizing
extracellular matrix [118-119]. The second strategy is
characterized by the combination of label-free cells with a
paramagnetic buffer in the presence of an external magnetic
field [120-121]. This interaction prompts cell movement
towards regions of lower magnetic field strength, enabling
precise control over the shape of 3D cell assemblies. The

spatial arrangement of these assemblies can be manipulated
by altering the magnetic template’s shape, offering further
versatility in microtissue assembly [122]. The advantages
of magnetic bioprinting are manifold. Its speed and ease of
handling are particularly noteworthy. This technique yields
cultures within a remarkably short timeframe, ranging from
15 minutes to a few hours, and allows for easy manipulation
and transfer of cells using magnetic forces [123]. Moreover,
this method is highly adaptable to mobile device-based
imaging, which significantly enhances accuracy and
throughput. Furthermore, in the context of hyperthermia-
based cancer treatments, magnetic bioprinting plays a
pivotal role. The inclusion of magnetic particles in a
hydrogel matrix enables precise control over the delivery of
therapeutic agents, allowing for targeted treatment of cancer
cells. This approach capitalizes on the ability of magnetic
particles to generate heat in the presence of an alternating
magnetic field, selectively damaging or destroying cancer

cells [124].

Coaxial bioprinting

Coaxial bioprinting, an extrusion-based 3D bioprinting
technology, has emerged as a promising method in tissue
engineering and regenerative medicine [125]. This technique
involves the simultaneous extrusion of multiple bioinks
through coaxial nozzles to create strands with distinct
compartments, including an inner core and an outer shell. It
offers several advantages in creating complex hierarchical
tubular structures with tunable biological and mechanical
properties [126]. The core and shell materials used in
coaxial bioprinting must meet specific criteria [127-128].
Firstly, they should exhibit low viscosity to minimize shear
force-induced damage to cells during the printing process,
thus facilitating the printing of biologically suitable tissues.
Secondly, these materials should demonstrate degradation
behavior that can be controlled in both short-term and long-
term functions. The resulting degradation products should
be non-toxic and harmless, ensuring the normal function of
the tissue without sudden collapse at the graft site [129].
Additionally, they should possess certain mechanical
properties to meet the stretching and compression
requirements of the implant site [ 130]. Coaxial bioprinting
excels in generating hierarchical tubular structures, a
crucial aspect in tissue engineering. By utilizing sacrificial
materials in the core, it enables the creation of hollow or
tubular structures that mimic natural vascular networks
[131]. This is pivotal in ensuring the viability of cells
within the construct. Moreover, coaxial bioprinting allows
for the combination of different biomaterials, each serving
a specific function. For instance, a softer, biocompatible
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material can be used for the core to support cell viability,
while a stronger material forms the shell for mechanical
support [132]. This versatility is essential for success in
tissue engineering applications. Despite its advantages,
coaxial bioprinting is not without its challenges. Alginate,
a commonly used material in coaxial bioprinting, may
have limitations in supporting normal cell growth and
development due to its poor biological performance [126].
Achieving optimal printability and shape fidelity, especially
with different properties of biomaterials in the core and
shell, may require careful parameter optimization.

FRESH bioprinting

Freeform Reversible Embedding of Suspended Hydrogels
(FRESH) bioprinting addresses a critical challenge in
3D printing soft structures, which is their tendency to
collapse during the printing process [133]. This prompted
the development of gel-based support baths, breaking the
link between gelation time and mechanics. These baths
physically support the extrusion printing of soft hydrogels,
enabling the creation of stiffer scaffolds that can self-
support post-support bath removal [134]. While natural
polymers like alginate, collagen, and GelMA have been
commonly used in FRESH bioprinting, there is potential
for the utilization of synthetic polymer-based bioinks to
gain control over interfacial, mechanical, and degradation
properties of the printed scaffolds [135-136]. However, there
has been limited success in 3D printing such bioinks using
an embedded printing strategy [137]. Notable exceptions
include the work by Hull et al. with their FRESH bioprinting
of UNIversal Orthogonal Network (UNION) bioinks, based
on Strain-Promoted Azide-Alkyne Cycloaddition (SPAAC)
[138]. It’s worth noting that SPAAC click chemistry, while
effective, is inherently nonreversible under physiological
conditions, which may present challenges in the long-term
degradation of synthetic polymer-based bioinks [139-
140]. A significant advancement in FRESH v2.0 lies in
the preparation of the support bath. Instead of pulverizing
large gelatin blocks in a consumer-grade blender, support
bath particles are now generated through a coacervation
approach. This results in smaller, more spherical, and more
uniform microparticles, enhancing print resolution. With
FRESH v2.0, the authors have achieved impressive results,
printing individual collagen filaments as thin as 20 pm in
diameter [141]. The FRESH technique has made substantial
contributions to the field of bioprinting, allowing for the
creation of complex 3D tissue and organ models with a wide
range of biocompatible hydrogel and cell-laden bioinks.
This method’s unique aspects include the viscoplastic
behavior of the support bath, customizable aqueous phase

compatible with various gelation mechanisms, and support
bath liquification for nondestructive print release under
biologically compatible conditions [142]. It has found
applications in printing functional and cellularized tissue
constructs, medical devices, and even organs at the scale of
ventricle-like heart chambers [143-144].

Microfluidic bioprinting

Microfluidic
advancement at the intersection of engineering, physics,

bioprinting represents a significant
chemistry, and biotechnology. This technology leverages the
precise manipulation of minute volumes of fluids, cells, and
molecules within microchannels, ranging from nanometers
to hundreds of micrometers [145]. Microfluidic systems
have found applications in various fields, including disease
diagnostics, drug delivery, and biosensing [146-147]. When
applied to tissue engineering, the integration of microfluidic
techniques with bioprinting has led to notable progress
in the fabrication of complex tissue constructs [148].
Microfluidic chips, characterized by intricate networks of
microchannels, enable the creation of zonally heterogeneous
tissue constructs, a crucial feature for accurately replicating
the complexity and functionality of native tissues, which
rarely consist of homogenous cell populations [149-150].
These chips have been effectively incorporated into various
bioprinting techniques, including Digital Light Processing
(DLP) bioprinting and Extrusion-Based Bioprinting (EBB)
[151-152]. DLP bioprinting, for example, involves a closed
chamber microfluidic chip that facilitates rapid switching
between different bioinks, enabling the creation of multi-
layered structures and multi-material tissue patterns [153].
Additionally, EBB bioprinting, traditionally involving
layer-by-layer extrusion of bioink, was enhanced by
integrating a microfluidic chip to achieve laminar flow and
facilitate smooth transitions between different biomaterials
[154]. Furthermore, the unification of microfluidic systems
yielded
technologies for generating 3D tissue models, organ-

with bioprinting techniques has innovative
on-a-chip devices, and lab-on-a-chip platforms [155-
156]. Amir et al. demonstrated a stereolithography-based
bioprinting platform employing a microfluidic device to
fabricate multicomponent hydrogel constructs, thereby
enabling precise control over the deposition of different
bioinks [157]. Ghorbanian et al. developed a microfluidic
direct writer capable of delivering two different alginate
gel solutions alternatively, allowing for the fabrication
of complex 3D hydrogel constructs [158]. Hardin et al.
designed a microfluidic printhead that facilitated the
printing of multiple viscoelastic inks, providing a versatile
approach for creating heterogeneous tissue structures [159].
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Despite these promising advancements, challenges persist in
the field of microfluidic-enhanced bioprinting. Issues such
as scaling up tissue structures, handling fragile hydrogel
fibers, and achieving desired geometrical outcomes remain
areas of active research [160]. Integration of microfluidic
systems within AM-assisted extrusion bioprinters is a
recent trend aimed at addressing these challenges, enabling
layered scale-up of precise tissue constructs [161-162].
Additionally, ongoing research focuses on improving
the speed, versatility, and material compatibility of
microfluidic-enhanced bioprinting technologies [163].

Volumetric bioprinting

Volumetric bioprinting is a pioneering approach empowers
the swift creation of 3D constructs, spanning diverse
sizes and intricate architectures, within an astonishingly
compressed temporal window, ranging from mere seconds
to tens of seconds [164]. At its fundamental core, volumetric
additive manufacturing hinges on the projection of an array
of 2D patterned optical light fields within a volume of a
photosensitive polymer. These 2D light patterns accumulate
cumulatively to yield an optical 3D dose distribution,
instigating the polymerization of the irradiated material
into the desired object [165]. In its initial conceptualization,
this method gave rise to rudimentary objects by irradiating
a reservoir of photosensitive polymer with a superposition
of multiple beams from fixed, predetermined orientations
[166]. Subsequent strides in volumetric printing, inspired by
Computed Tomography (CT), have incorporated dynamic
2D light fields, enabling the production of more intricate
and complex objects [167]. Notable headway has been made
with technical photopolymers like acrylates and elastomeric
resins, showcasing the capacity to resolve features as fine
as 80 pm [168]. Volumetric bioprinting holds immense
promise in advancing medicine by facilitating the rapid
creation of large-scale structures. Integrating it with other
printing methods such as 4D bioprinting may leverage
their individual strengths, offering a more comprehensive
approach to tissue engineering and biofabrication [169].

4D bioprinting

4D bioprinting is an advancement in fabrication
technology, building upon the principles of 3D printing by
introducing an additional dimension, referred to as time
[170]. This innovation was pioneered by Tibbits at the
Massachusetts Institute of Technology, who demonstrated
its potential by printing prototypes that could self-transform
in response to external stimuli. In this scope, a printed
strand initially straightened itself into the letters “MIT”

when immersed in water [171]. Qi and other research

groups at the Georgia Institute of Technology have also
contributed to the development of 4D printing [172]. Since
its inception, 4D printing has garnered significant attention,
leading to a proliferation of published research papers.
This technique has transcended research boundaries and
found applications in diverse fields such as education, art,
industry, and biomedicine [173]. Recently, 4D printing has
evolved into 4D bioprinting, a groundbreaking concept that
involves printing biocompatible materials or living cells
into complex constructs [174]. This extension of 4D printing
is characterized by the ability of the printed bioconstruct
to undergo changes in size, shape, and functionality over
time. This transformation can be either spontaneous or
triggered by an external stimulus [175]. Unlike traditional
3D bioprinting, 4D bioprinting offers solutions to some of
its limitations. For instance, 3D bioprinting struggles with
fabricating complex structures like blood vessels, due to the
risk of collapse [176]. 4D bioprinting, on the other hand,
provides a pathway to overcome this challenge by printing
initially flat biological structures and then inducing the
transformation into functional tubular structures, like blood
vessels, through external stimuli [177]. The applications
of 4D bioprinting are vast and promising, particularly in
fields such as tissue engineering, drug delivery, and wound
repair [178-180]. One noteworthy application is in vessel
fabrication, where 4D bioprinting enables the creation of
intricate structures that would be challenging or impossible
to achieve using conventional methods [181]. To achieve
these transformations, 4D bioprinting relies on stimulus-
responsive or “smart” materials. These materials react to
various stimuli, including physical (e.g., water, temperature,
light, electric field, and magnetic field), chemical (e.g., pH
value and ion concentration), or biological (e.g., glucose
and enzymes) signals [182]. Therefore, water-responsive
materials can induce swelling, twisting, folding, and other
deformations when exposed to moisture [ 183]. Temperature-
responsive materials, like shape memory alloys, enable
reversible deformations, expanding the possibilities for
4D bioprinting [184]. Electric, light, and magnetic fields
are also utilized as stimuli, influencing the behavior of
polyelectrolytes and composites of magnetic nanoparticles
[185]. Additionally, chemical and biological stimuli, such
as pH value, ion concentration, glucose, and enzymes,
play a vital role in triggering transformations in printed
structures [186]. Various printing techniques, including
extrusion-based, inkjet-based, and laser-based methods, can
also be employed for 4D bioprinting [187-188]. In terms
of material composition, 4D bioprinted constructs can be
categorized into single-material structures and multiple-
structures. involve

material Single-material structures

using a single material that deforms due to either spatially
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nonuniform designs or nonuniform external stimuli
[189]. Conversely, multiple-material structures employ a
combination of materials with varying responses to external
[190].

Recent advances in 4D bioprinting have demonstrated

stimuli, enabling programmable deformations
its potential in biomedical applications. Smart stents,
responsive to stimuli like temperature and pH changes,
offer promising solutions for treating vascular stenosis and
other endoluminal body structures [190]. Moreover, 4D
bioprinting shows great promise in drug delivery systems,
enabling precise control over drug release in response to
physiological changes [191]. 4D bioprinting has been also
applied to develop shape-changing scaffolds for bone repair
and tissue engineering, as well as adaptive conduits for

nerve regeneration [192-193].

Electrospinning bioprinting

Electrospinning is a highly versatile technique employed
in tissue engineering, allowing for the creation of micro-/
nanofibers from polymer solutions or melts through the
manipulation of electrostatic forces [194]. This process
necessitates a setup comprising a syringe containing the
polymer solution connected to a metallic needle, a syringe
pump for flow rate regulation, a high voltage power supply,
and a metallic collector. When voltage is applied between
the syringe and collector, the solution extruded through
the needle forms an electrically charged jet, which is
subsequently drawn toward the collector. As the solvent
evaporates during its travel, the jet’s diameter undergoes
significant reduction, culminating in the deposition of
a mass of fibers on the metallic collector [195]. This
methodology has found application in diverse areas such
as vascular grafts, osteochondral tissue engineering, bone
[196-198].
Notably, electrospun fibers integrated within 3D-printed

substitutes, and wound healing strategies
structures have demonstrated the controlled delivery of
[199-200]. Noteworthy combinations

include gelatin and collagen electrospun fibers with

bioactive agents

3D-bioprinted scaffolds, as well as urinary bladder matrix
electrospun meshes integrated with 3D-bioprinted structures
for specialized culture devices [201]. The combination
of 3D bioprinting and electrospinning offers a promising
strategy for fabricating scaffolds with controlled pore
structures and nano-scale features, which closely mimic the
natural ECM morphology and size [202]. Recently, there
has been a concerted effort to understand and optimize the
interactions between cells and scaffolds for effective tissue
regeneration, particularly in contexts like skeletal muscle
[203]. Factors such as scaffold thickness, hydrophilicity,
porosity, stiffness, surface

roughness, charges, and

incorporation of cell attachment moieties (RGD) play
pivotal roles in directing cellular behaviors critical for tissue
regeneration [204]. Microgrooves in scaffolds have been
demonstrated to promote cellular alignment and myofiber
formation, while mechanical and electroconductive
properties are crucial for mimicking native muscle tissue
[205]. To enhance the mechanical properties and structural
complexity of scaffolds for skeletal muscle regeneration, a
combination of electrospinning and 3D printing has shown
great promise [206]. This approach offers constructs with
a large surface-area-to-volume ratio, improved mechanical
properties, better interconnectivity, high porosity, enhanced
cell attachment, unidirectional cell alignment, and fibrous
tissue formation. Additionally, the integration of melt
electrospun meshes with 3D bioprinted hydrogel constructs
holds potential for achieving heterogeneous mechanical

characteristics akin to native articular cartilage [207].

Recent Bioprinter Technologies

In recent years, the field of bioprinting methods

and bioprinter systems have witnessed remarkable
advancements, revolutionizing the way biological tissues
and organs are fabricated for research, pharmaceutical
[208]

employing

testing, and potentially clinical applications

(Supplement 1). Low-cost bioprinters
microextrusion-based technology have gained traction due
to their affordability and accessibility [148]. Moreover, the
integration of microfluidic components offers unparalleled
control over the bio-printing process, opening new avenues
for tissue fabrication. Support-free multiaxial printing,
offering increased geometric complexity without the
need for support structures, represents another promising
trend. While currently prevalent in high-end systems, this
technology holds immense potential for in vivo applications.
High-resolution printing using focused light, a departure
from traditional extrusion-based methods, offers substantial
improvements in speed, resolution, and cell viability.
As new developments like Computed Axial Lithography
(CAL) enter the bioprinting arena, existing technologies
are poised to become more affordable and integrated into
low-cost systems [167,209]. The future of bioprinting is
poised for significant evolution, with several key trends
shaping the landscape. Modular print heads are emerging
as a transformative feature, allowing users to interchange
printing tools for different bio-inks and technologies [210].
This modularity extends the capabilities of bioprinters,
enhancing their versatility at a relatively minor additional
investment. Furthermore, microfluidic technologies,
currently present in high-end systems, are expected to

become more accessible as costs decrease, revolutionizing
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low-cost bioprinting [211]. Figure 1 illustrates the recent
bioprinter technologies and working principle.

Clinical Applications of Current Methods

3D bioprinting holds immense promise in reshaping the
landscape of clinical applications. The trajectory of its
advancement is driven by a confluence of critical medical
needs, including the demands of aging populations, the
scarcity of organ donors, and the imperative to reduce
reliance on animal testing in therapeutic development. As
bioprinting technology matures, it stands at the forefront of

regenerative medicine, offering solutions to repair, replace,
or regenerate a spectrum of tissues. These encompass vital
structures like cartilage, bone, skin, and periodontal tissues,
alongside the intricate vascular and cardiovascular systems
[212]. This capability transcends the boundaries of traditional
medicine, heralding a new era where patient-specific drug
screening and disease modeling can be conducted on
bioprinted tissues [213]. The potential to customize drug
responses based on individual patient profiles is poised to
revolutionize pharmaceutical interventions. Furthermore,
bioprinting is poised to play a pivotal role in transplantation
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medicine. The ability to fabricate full or partial organs
addresses a longstanding global challenge - the shortage of
viable organ donors. This breakthrough, if realized, could
significantly reduce transplant waiting lists and alleviate the
suffering of countless patients. Additionally, the integration
of 3D bioprinting with other advanced techniques, such as
microfluidics and computed axial lithography, is expanding
the horizons of what can be achieved. This convergence of
technologies is particularly promising in the fabrication of
zonally heterogeneous tissue constructs and the creation
of support-free, volumetric geometries. In parallel, the
emergence of 3D bioprinting for medications stands as a
testament to the technology’s potential to individualize
treatment. Personalized dosages, quick-dissolving pills, and
the elimination of intolerant fillers represent a paradigm
shift in pharmaceutical manufacturing. Medications like
levetiracetam exemplify the transformative potential of
3D-printed drugs, offering improved therapeutic outcomes
for patients [214]. In the realm of clinical education, 3D
bioprinting is proving to be an invaluable tool. Anatomical
models created through bioprinting serve as powerful
educational aids, enhancing the training of clinicians
across diverse specialties. From neurosurgery to vascular
surgery, these models provide a tangible platform for
practicing complex procedures and visualizing intricate
anatomical structures. Such advancements not only benefit
trainee clinicians but also serve as valuable resources
for experienced practitioners preparing for intricate
interventions [215]. Moreover, these technologies extend
their impact to patient education [216-217]. Complex
medical conditions, like congenital heart disease or liver
cancer, can be visually and tactically explained to patients
through custom-printed anatomical models. This not only
fosters a deeper understanding of their condition but also
facilitates more informed consent processes. Patients
can now actively engage in their healthcare decisions,
empowered by a clearer comprehension of their own
anatomy and the proposed medical interventions. Beyond
these transformative applications, 3D bioprinting is
[218].
designed objects, known as phantoms, are crafted to

revolutionizing imaging technologies Specially
precisely mimic human tissues. These phantoms serve as
essential tools for testing and calibrating medical imaging
systems, ensuring their accuracy and reliability in clinical
settings. The clinical applications of 3D bioprinting are
poised to redefine the landscape of healthcare. From tissue
regeneration to drug personalization, from transplantation
breakthroughs to enhanced medical education, the potential
impact of this technology is boundless. As research
continues to push boundaries and technology advances,
we stand on the brink of a new era in medicine, one where

individualized, precision healthcare is not just an aspiration,
but a tangible reality.

Limitations of Current Systems

Each bioprinting technique offers distinct advantages and
encounters specific challenges. Coaxial bioprinting, known
for its proficiency in creating intricate tubular structures,
excels in combining diverse biomaterials for specialized
functions. This method is particularly adept at emulating
natural vascular networks, a critical factor for sustaining
cell viability within constructs. However, it grapples with
potential limitations, particularly with commonly utilized
materials like alginate, which may pose constraints on
supporting optimal cell growth. In contrast, FRESH
bioprinting addresses a prevalent issue in 3D printing-
the susceptibility of soft structures to collapse during the
printing process. By employing gel-based support baths,
it enables the fabrication of stiffer scaffolds, obviating
the need for additional support structures. This innovative
feature significantly streamlines the printing process.
However, challenges persist in the 3D printing of synthetic
polymer-based bioinks using an embedded strategy. This
method demands continued research to refine its application.
Microfluidic bioprinting, situated at the convergence of
engineering, physics, chemistry, and biotechnology, allows
for the meticulous manipulation of fluids and molecules
within microchannels. This integration has propelled
significant advancements in fabricating tissue constructs
with accurately replicated complexity and functionality.
The intricate networks of microchannels within microfluidic
chips play a pivotal role in creating tissues with finely tuned
properties. Nonetheless, ongoing research is essential to
enhance the speed, versatility, and material compatibility
of this bioprinting technology. Volumetric bioprinting
marks a transformative leap in additive manufacturing,
enabling the rapid fabrication of cell-laden constructs
with diverse sizes and intricate architectures. This method
holds immense promise, particularly in the creation of
large-scale functional organs. However, its full potential
hinges on seamless integration with other techniques and
further development of stimulus-responsive materials. 4D
bioprinting, introducing the dimension of time, has emerged
as a solution to the challenges faced by traditional 3D
bioprinting, especially in fabricating complex structures
like blood vessels. Its potential applications span tissue
engineering, drug delivery, and wound repair, but its efficacy
relies on the availability of stimulus-responsive materials.
Furthermore, the integration of electrospinning with 3D
bioprinting has shown remarkable promise in enhancing
scaffold properties for applications in skeletal muscle tissue
engineering. The combination of electrospun meshes with
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3D bioprinted hydrogel constructs yields structures with
improved mechanical properties, cell attachment, and tissue
formation. However, precise parameter tuning remains
critical for optimal results. While each bioprinting method
presents promising avenues in tissue engineering and
regenerative medicine, ongoing research and innovation are
imperative to surmount their respective challenges and fully
harness their potential.

Future Perspectives

The evaluation covered a diverse range of bioprinter
models, each with unique printing technologies, print head
configurations, and XYZ positional accuracy. Build volume
specifications were examined to understand the bioprinters’

capacity for intricate structures. Temperature control
features for both the print bed and head were assessed for
accommodating various biomaterials. The provision of a
sterile environment was considered crucial for construct
integrity and viability. User-friendly interfaces and display
options were evaluated for ease of operation. Photocuring
capabilities were examined for compatibility with light-
curable materials. The inclusion of a camera system for
real-time monitoring and quality control was also assessed.
Calibration methods were investigated to determine
precision and accuracy. For precise and up-to-date details,
researchers are advised to consult official company
documentation. Refer to Table 1 for a comprehensive view

of bioprinters according to supplier datasheets.

Table 1: A comprehensive view of commercially available bioprinters.

On-
Print (XYZ Accura-| Build Volume Bed Head ... .. | On-board| Photocur- |board| Calibra-
Company Model Technology Temp. | Temp. |[Sterilization| . . .
Heads| cy (um) (mm) o o Display | ing (nm) |Cam-| tion
co) | o) -
Extru- Air: HEPA
Inkredible+ | sion-Based 2 10/10/100 130x80x100  [up to 65 Up to 130 13 Yes 365, 405 No | Manual
(Pneumatic)
UV: None
Air: HEPA
14
Extru- lr]l)t;:sgprlz;t;d 365. 405 Manual
BIO X i:on-Base':d 3 1/1/2001 130x90x70 41065 | 410250 | v yv.C DNA 485, 520 No |and Agto-
CELLINK (Pneumatic) (275nm), Studio matic
20mW
Air: 2xHEPA]
Extrt 14
xtru-
BIOX6 | sion-Based | 6 1/1/2001 128%90x90 | 41065 | 4 t0 250 CT(“)‘EGL?; 16855’ ‘;(;5(‘)’ No |Automatic|
(Pneumatic) UV: UV-C P ’
(275nm),
30mW
Low: 0
3D-Bioplotter to 70 .
Developer Mocd}l:;ir eTr"Ol 3 1/1/2001 | 150x150x150 |-10 to 80 Pamjﬁ filter) N0 365 Yes |Automatic
Series g High: 30 Y
EnvisionTEC] t0 250
3D Low: 0
3D-Bioplotter to 70 .
Manufacturer [Vodular Tooll 5 1/1/2001 150x150x150 |-10 to 80 Particleand | =\ 365 S 1A Lomatic
. Changer High: 30 | sterile filter ard
Series igh:
to 250
Modular:
Modular 410 80 .
R-GEN 100 . 5 0.5/0.5/0.5 130x90x65 5t0 80 No No 365,405 | Yes |Automatic
Print Heads Melt: up
to 240
RegenHU
Modular:
Modular 410 80
R-GEN 200 . 5 0.5/0.5/0.5 130x90x65 5to0 80 Class II BSC Yes 365, 405 Yes [Automatic
Print Heads Melt: up
to 240
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Modular
Print Heads
BioAssembly-|  (4-axis Unavailable | 27.9x17.8x69 |10t0 60| <4 to 150 | 1% HEPA 1o pad| 365,405 | Yes [Automatid
Bot 200 filter
Robotic Arm)
Advanced
Solution
Modular
Print Heads Air: 99.97%
BioAssembly-|  (6-axis . of particles .
Unavailable | 30.5x25.4x17.8 |10 to 60| -4 to 150 Touch Pad| 365, 405 Yes [Automatic
Bot 400 t0 0.3 p (w/
HEPA)
Robotic Arm)
-20 to 100,
Modular -20 to | Thermo- 365, 385, .
BIO V1 Print Heads 150x150x0.4 | 150x160x110 100 plastic No No 405 No |Automatic
extruder:
up to 250
Regemat 3D
-20 to 100,
Modular 200 | Thermo- 365, 385
REGA4LIFE Print Heads 150x150x0.4 | 120x120x100 100 plastic No No 405 No [Automatic
extruder:
up to 250
Extru-
Allevi 1 sion-Based 7.5x7.5x1 90x60x130 No 4 to 160 No No 365, 405 No [Automatic|
(Pneumatic)
El: Up to
Extru- 160
Allevi Allevi 2 sion-Based 5x5x1 90x60x130 No No No 365, 405 No [Automatic
(Pneumatic) E2: Up
to 70
Extru-
Allevi 3 sion-Based 1x1x1 90x60x130  |Upto 60| 4 to 160 No No 365,405 | No |Automatic
(Pneumatic)
Aspect Bio- RX1 Modular 0.5x0.5x0.5 90x150x70 No No No No No Yes |Automatic
systems Print Heads
Air: HEPA
Modular Down to filter 365,395, | Op- .
Axo0-A3 Print Heads 1x1x1 130x90x80 -10 3t0 265 No 405 tional [Automatic|
Axolotl UV:UV-C
Biosystems
Air: HEPA
Modular Down to filter 365,395, | Op- .
Ax0-A6 Print Heads 1x1x1 130x90x80 -10 3t0 265 No 405 tional [Automatic|
UV: UV-C
. Modular Up to UV: UV-C 365, 405, .
Brinter CORE Print Heads 3x3x3 150x110x40 100 410250 (265nm) No 450 Yes |Automatic
Brinter
Brinter ONE | V1odular Tool 3x3x3 304x174x80  [410100] 410250 | UV UVC N | 395305 1 ves |Automatic
Changer (265nm) 450
Extru- 4 to 80,
GeSim  |BioScaffolder| sion-Based 2x2x10 124.4x345.4x40.6 [Optional (Up to 190, No No Optional | Yes [Automatic
Bioprinter Up t0 250
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In-
Fluicell Biopixlar | Robot Arm 3 2x2x2 35{50 standard - Unavail-] Unavail- Unavailable No 370 to 680 Ve.rted Automatic
dish holders able able Micro-
scope
Modular
Poictis | NOB-R Bio-| PrintHeads | 51y 10 o [o-welland 12-welll ool 3016 50 |Class 1BSC|]  Yes | 365,405 | O |Automatic
printer  |(6-axis robot- plates tional
ic arm)
Modular Up to . . . .
Jetlab 4 Print Heads 4 30x30x30 200x150x50 100 Optional | Optional No Optional | Yes [Automatic
MicroFab
Modular Up to . . . .
Jetlab 11 Print Heads 4 4x4x4 300x300x40 100 Optional | Optional No Optional | Yes [Automatic
Bioprinting, a revolutionary technology in tissue enhanced bioprinting technologies [163]. Additionally,
engineering and regenerative medicine, encompasses integration of microfluidic systems within AM-assisted

several cutting-edge methods, each with its unique strengths
and challenges. Among these, the Freeform Reversible
Embedding of Suspended Hydrogels (FRESH) bioprinting
technique addresses a critical challenge in 3D printing soft
structures. By utilizing gel-based support baths, it enables
the creation of stiffer scaffolds and allows for post-support
bath removal. This breakthrough has paved the way for
the fabrication of complex 3D tissue and organ models.
Natural polymers like alginate, collagen, and GeIMA have
been commonly used in FRESH bioprinting, but there is a
growing potential for the utilization of synthetic polymer-
based bioinks. However, challenges persist in 3D printing
such bioinks using an embedded strategy, with notable
exceptions like the work by Hull et al. using strain-
promoted azide-alkyne cycloaddition (SPAAC) chemistry
[138]. Although SPAAC click chemistry is effective, it is
inherently nonreversible under physiological conditions,
which may pose challenges in long-term degradation
[139-140]. Microfluidic bioprinting, at the crossroads
of engineering, physics, chemistry, and biotechnology,
allows for precise manipulation of fluids, cells, and
molecules within microchannels. This integration has led
to significant progress in fabricating zonally heterogeneous
[149-150]. The
of microchannels in microfluidic chips are pivotal in

tissue constructs intricate networks
creating tissues with accurately replicated complexity and
functionality. Techniques like DLP bioprinting and EBB
have been enhanced with the integration of microfluidic
chips, enabling the creation of multi-layered structures
and facilitating smooth transitions between different
biomaterials. Ongoing research aims to improve the speed,

versatility, and material compatibility of microfluidic-

extrusion bioprinters is a promising trend to address
challenges like scaling up tissue structures and achieving
desired geometrical outcomes. Volumetric printing marks
a transformative leap in additive manufacturing, allowing
for the rapid fabrication with diverse sizes and intricate
architectures. The future of volumetric bioprinting in
medicine is promising especially in the creation of large-
scale functional organs. However, integration with other
methods and further development of stimulus-responsive
materials may be more useful in fully realizing its
potential. Similarly, 4D bioprinting overcomes some of the
limitations faced by traditional 3D bioprinting, particularly
in fabricating complex structures like blood vessels [175].
The potential applications of 4D bioprinting in tissue
engineering, drug delivery, and wound repair are extensive
and promising. Furthermore, electrospinning integration
with 3D bioprinting has shown promise in enhancing
scaffold properties for applications in skeletal muscle tissue
engineering [205]. The combination of electrospun meshes
with 3D bioprinted hydrogel constructs offers constructs
with improved mechanical properties, cell attachment, and
tissue formation.

Recent advancements in bioprinter technologies have led
to arange of low-cost models to high-end systems. Low-cost
bioprinters with microextrusion-based technology provide
accessible options with suitable resolution for various
[148]. High-end droplet-based bioprinters
excel in precision and performance, offering larger build

applications

spaces for complex tissue production. Emerging trends,
such as multi-material printing, in situ bioprinting, and Al
integration, are poised to further enhance the capabilities of
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bioprinting technologies [14]. Each bioprinting technique
brings unique advantages and challenges, necessitating
ongoing research and innovation. On the other hand,
bioprinters have witnessed an extraordinary evolution,
offering a diverse range of precision instruments tailored
to specific research needs (Supplement 1, Data Sources).
CELLINK’s Inkredible+ bioprinter redefines the boundaries
of accuracy with an XYZ precision of 10x10x100 pm.
This exceptional precision grants researchers the power
to construct tissue models with unparalleled intricacy and
accuracy. EnvisionTEC’s 3D-Bioplotter Developer Series
ascends to even greater heights, boasting a precision of
Ix1x1 pm. This staggering precision paves the way for
the creation of highly detailed and intricately structured
tissue constructs, setting a new standard for bioprinting
precision. RegenHU’s R-GEN 100, a paragon of versatility,
melds precision with adaptability. Featuring a precision of
0.5x0.5x0.5 um and a spacious build volume of 130x90x65
mm, this bioprinter embodies a remarkable capacity to
cater to an extensive spectrum of tissue types. Its versatility
positions it as an invaluable instrument for researchers
navigating the diverse landscape of tissue engineering.
Taking a departure from convention, Advanced Solution’s
BioAssemblyBot 200 harnesses the formidable capabilities
of a 4-axis robotic arm, introducing a new dimension of
motion control precision. This innovative feature empowers
the fabrication of intricate tissue structures within its
27.9x17.8x6.9 mm build volume. The system’s robotic arm
introduces an unparalleled level of flexibility and precision,
proving particularly advantageous for intricate tissue
engineering applications. Regemat 3D’s BIO V1 assumes
a prominent role with its impressive XYZ precision of
150x150x0.4 pm. This high degree of precision enables
the creation of intricate and detailed tissue constructs
within its substantial build volume of 150x160x110 mm.
The BIO V1 stands as an invaluable tool for researchers
seeking to replicate the intricate architecture of native
tissues. Although compact in size, Allevi’s Allevi 1 upholds
impressive precision, boasting a precision of 7.5x7.5x1
um. This precision ensures accuracy in the fabrication of
smaller tissue models within its build volume of 90x60x130
mm. Despite its smaller footprint, the Allevi 1 proves to
be a valuable asset for researchers focused on creating
precise and detailed tissue constructs. Beyond precision, the
sterilization capabilities offered by these bioprinting systems

are paramount. Poietis’s NGB-R Bioprinter, equipped with
Class II BSC sterilization, ensures aseptic conditions that are
indispensable for sensitive applications in tissue engineering
and regenerative medicine. Brinter CORE and Brinter ONE
leverage UV-C photocuring at 265nm, a wavelength known
for its effectiveness in initiating the crosslinking of certain
bio-inks. This feature augments the structural integrity of
the printed tissues, ensuring they maintain their form and
function over time. Additionally, several systems offer
automated calibration features, streamlining the setup
process and ensuring consistent and reliable printing results.
The CELLINK BIO X6 distinguishes itself with support for
up to six different bio-inks, a capability of immense value for
researchers aiming to create complex, multi-material tissue
constructs that closely emulate the heterogeneity found in
native tissues. In terms of build volume, EnvisionTEC’s
3D-Bioplotter, RegenHU’s R-GEN 100, and RegenHU’s
R-GEN 200 offer expansive workspaces. These ample
build volumes provide abundant room for fabricating large
and intricate tissue structures, opening up new horizons
for tissue engineering applications. Furthermore, precise
temperature control proves to be a critical feature when
working with temperature-sensitive bio-inks and materials.
This feature is offered by several systems, such as advanced
solution’s BioAssemblyBot 200 and 400, ensuring that the
printing process is meticulously optimized for the specific
materials being used.

CONCLUSION

The review provides valuable insights into the diverse
range of bioprinting methods, systems and their collective
potential to advance tissue engineering and regenerative
medicine. It highlights the potential for integration with
other printing methods and the development of biomimetic
materials to further enhance the capabilities of bioprinting
technologies. This collective array of capabilities is
propelling the field forward, ushering in a new era of
possibilities for creating functional and lifelike biological
constructs.

ACKNOWLEDGEMENT

This study received no specific grant from any funding
agency in the public, commercial, or not-for-profit sectors.

www.medliber.com

37

Volume 1 | Issue 1


https://medliber.com/journal/mrm

Aydin L

References

20.

Murphy SV, Atala A. 3D bioprinting of tissues and organs. Nat Biotechnol.
2014;32(8):773-785.

Mironov V, Reis N, Derby B. Bioprinting: a beginning. Tissue Eng.
2006;12(4):631-634.

Kang HW, Lee SJ, Ko IK, Kengla C, Yoo JJ, Atala A. A 3D bioprinting
system to produce human-scale tissue constructs with structural

integrity. Nat Biotechnol. 2016;34(3):312-319.

Ozbolat IT, Hospodiuk M. Current advances and future perspectives in

extrusion-based bioprinting. Biomaterials. 2016;76:321-343.

Mandrycky C, Wang Z, Kim K, Kim DH. 3D bioprinting for engineering
complex tissues. Biotechnol Adv. 2016;34(4):422-434.

Groll J, Boland T, Blunk T, et al. Biofabrication: reappraising the
definition of an evolving field. Biofabrication. 2016;8(1):013001.

Holzl K, Lin S, Tytgat L, Van Vlierberghe S, Gu L, Ovsianikov A. Bioink
properties before, during and after 3D bioprinting. Biofabrication.
2016;8(3):032002.

Ringeisen BR, Kim H, Barron JA, et al. Laser printing of pluripotent
embryonal carcinoma cells. Tissue Eng. 2004;10(3-4):483-491.

Miller JS, Stevens KR, Yang MT, et al. Rapid casting of patterned vascular
networks for perfusable engineered three-dimensional tissues. Nat

Mater. 2012;11(9):768-774.

Mironov V, Boland T, Trusk T, Forgacs G, Markwald RR. Organ printing:
computer-aided jet-based 3D tissue engineering. Trends Biotechnol.

2003;21(4):157-161.

Boland T, Mironov V, Gutowska A, Roth EA, Markwald RR. (2003). Cell
and organ printing 2: fusion of cell aggregates in three-dimensional gels.
Anat Rec A Discov Mol Cell Evol Biol. 2003;207(6):377-391.

Nakamura M, Kobayashi A, Takagi F, et al. Biocompatible inkjet printing
technique for designed seeding of individual living cells. Tissue Eng.

2005;11(11-12):1658-1666.

Mota C, Puppi D, Chiellini F, Chiellini E. Additive manufacturing
techniques in the tissue engineering of ceramics: a review. J Tissue Eng

Regen Med. 2015;6(1):9-26.

Rana D, Zreiqat H, Benkirane-Jessel N, Ramakrishna S, Ramalingam
M. Development of decellularized scaffolds for stem cell-driven tissue

engineering. J Tissue Eng Regen Med. 2017;11(4):942-965.

Lee H. Engineering In vitro models: Bioprinting of organoids with

artificial intelligence. Cyborg Bionic Syst. 2023;4:0018.

Park JA, Lee Y, Jung S. Inkjet-based bioprinting for tissue engineering.
Organoid. 2023;3(el12):1-16.

Kim W, Lee Y, Kang D, Kwak T, Lee HR, Jung S. 3D inkjet-bioprinted
lung-on-a-chip. ACS Biomater Sci Eng. 2023;9(5):2806-2815.

Ng WL, Huang X, Shkolnikov V, Suntornnond R, Yeong WY.
Polyvinylpyrrolidone-based bioink: influence of bioink properties
on printing performance and cell proliferation during inkjet-based

bioprinting. Bio-Des Manuf. 2023:1-15.

Wang Q, Liao Y, Ho Y, et al. A study on cell viability based on thermal
inkjet three-dimensional bioprinting. Phys Fluids. 2023;35(8).

Sharma Y, Shankar V. Technologies for the fabrication of crosslinked

polysaccharide-based hydrogels and its role in microbial three-

dimensional bioprinting-A review. Int ] Biol Macromol. 2023;126194.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Mohaghegh S, Nokhbatolfoghahaei H. Application of bioprinting
technology in oral and maxillofacial surgery. in: Emerging technologies

in oral and maxillofacial surgery. Springer Nat Singapore. 2023:345-354.

Lv H, Deng G, Lai J, Yu Y, Chen F, Yao J. Advances in 3D bioprinting
of biomimetic and engineered meniscal grafts. Macromol Biosci.

2023;2300199.

Ayan S, Yildirim R, Ekren N, Gunduz O, Ustundag CB. 3D Bioprinting
of Hydrogels for Bones and Skin Tissue Regeneration. In: Functional

Biomaterials: Advances in Design and Biomedical Applications; 2023:99.

Li W, Liu Z, Tang F, et al. Application of 3D bioprinting in liver diseases.
Micromachines. 2023;14(8):1648.

Lam EH, Yu F, Zhu S, Wang Z. 3D bioprinting for next-generation
personalized medicine. Int ] Mol Sci. 2023;24(7):6357.

Zhao W, Hu C, Xu T. In vivo bioprinting: Broadening the therapeutic
horizon for tissue injuries. Bioact Mater. 2023;25:201-222.

Dayanc A, Canlidinc M, Karakoc F. 3d-Printed Bio Applications Using
Additive Manufacturing. Innovat Res Eng. 2023:23-38.

Dixit M, Singh N, Das P, Datta P. Bioprinting in Pharmaceuticals. In:
Additive Manufacturing in Pharmaceuticals. Springer Nature Singapore.

2023:293-325.

Zhang M, Zhang C, Li Z, Fu X, Huang S. Advances in 3D skin
bioprinting for wound healing and disease modeling. Regen Biomater.

2023;10:rbac105.

Datta S, Barua R, Das S. Role and challenges of bioprinting in bone tissue
engineering. In: Handbook of Research on advanced functional materials

for orthopedic applications. IGI Global; 2023:205-218.

McMillan A, McMillan N, Gupta N, Kanotra SP, Salem AK. 3D bioprinting
in otolaryngology: A review. Adv Healthc Mater. 2023;2203268.

Narayan RJ. Advances in 3d Bioprinting. 3rd Edition. CRC Press. 2024.

Mappa TA, Liu CM, Tseng CC, et al. An innovative biofunctional
composite hydrogel with enhanced printability, rheological properties,
and structural

2023;15(15):3223.

integrity for cell scaffold applications. Polymers.

Torre M, Giannitelli SM, Mauri E, et al. Printability assessment workflow
of a thermosensitive photocurable biomaterial ink for microextrusion
bioprinting. Bioprinting. 2023;30:e00262.

Raees S, Ullah F, Javed F, et al. Classification, processing, and applications

of bioink and 3D bioprinting: A detailed review. Int J Biol Macromol.
2023;123476.

Ahmadi Soufivand A, Faber J, Hinrichsen J, Budday S. Multilayer 3D

bioprinting and complex mechanical properties of alginate-gelatin

mesostructures. Sci Rep. 2023;13(1):11253.

Ding YW, Zhang XW, Mi CH, Qi XY, Zhou J, Wei DX. Recent advances in
hyaluronic acid-based hydrogels for 3D bioprinting in tissue engineering
applications. Smart Mater Med. 2023;4(49):59-68.

Liu S, Cheng L, Liu Y, et al
Current development and translational implications. J Tissue Eng.

2023;14:20417314231187113.

3D Bioprinting tissue analogs:

Emebu S, Ogunleye RO, Achbergerova E, et al. Review and proposition
for model-based multivariable-multiobjective optimisation of extrusion-

based bioprinting. Appl Mater Today. 2023;34:101914.

Cui H, Nowicki M, Fisher JP, Zhang LG. 3D bioprinting for organ

www.medliber.com

38

Volume 1 | Issue 1


https://medliber.com/journal/mrm
https://pubmed.ncbi.nlm.nih.gov/25093879/
https://pubmed.ncbi.nlm.nih.gov/25093879/
https://www.researchgate.net/publication/7107177_Review_Bioprinting_A_Beginning
https://www.researchgate.net/publication/7107177_Review_Bioprinting_A_Beginning
https://www.nature.com/articles/nbt.3413
https://www.nature.com/articles/nbt.3413
https://www.nature.com/articles/nbt.3413
https://pubmed.ncbi.nlm.nih.gov/26561931/
https://pubmed.ncbi.nlm.nih.gov/26561931/
https://pubmed.ncbi.nlm.nih.gov/26724184/
https://pubmed.ncbi.nlm.nih.gov/26724184/
https://pubmed.ncbi.nlm.nih.gov/26744832/
https://pubmed.ncbi.nlm.nih.gov/26744832/
https://pubmed.ncbi.nlm.nih.gov/27658612/
https://pubmed.ncbi.nlm.nih.gov/27658612/
https://pubmed.ncbi.nlm.nih.gov/27658612/
https://pubmed.ncbi.nlm.nih.gov/27658612/
https://pubmed.ncbi.nlm.nih.gov/27658612/
https://pubmed.ncbi.nlm.nih.gov/22751181/
https://pubmed.ncbi.nlm.nih.gov/22751181/
https://pubmed.ncbi.nlm.nih.gov/22751181/
https://pubmed.ncbi.nlm.nih.gov/12679063/
https://pubmed.ncbi.nlm.nih.gov/12679063/
https://pubmed.ncbi.nlm.nih.gov/12679063/
https://pubmed.ncbi.nlm.nih.gov/12740943/
https://pubmed.ncbi.nlm.nih.gov/12740943/
https://pubmed.ncbi.nlm.nih.gov/12740943/
https://pubmed.ncbi.nlm.nih.gov/16411811/
https://pubmed.ncbi.nlm.nih.gov/16411811/
https://pubmed.ncbi.nlm.nih.gov/16411811/
https://pubmed.ncbi.nlm.nih.gov/23172792/
https://pubmed.ncbi.nlm.nih.gov/23172792/
https://pubmed.ncbi.nlm.nih.gov/23172792/
https://pubmed.ncbi.nlm.nih.gov/26119160/
https://pubmed.ncbi.nlm.nih.gov/26119160/
https://pubmed.ncbi.nlm.nih.gov/26119160/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10057937/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10057937/
https://j-organoid.org/journal/view.php?number=56&viewtype=pubreader
https://j-organoid.org/journal/view.php?number=56&viewtype=pubreader
https://pubmed.ncbi.nlm.nih.gov/37079915/
https://pubmed.ncbi.nlm.nih.gov/37079915/
https://ui.adsabs.harvard.edu/abs/2023PhFl...35h2007W/abstract
https://ui.adsabs.harvard.edu/abs/2023PhFl...35h2007W/abstract
https://pubmed.ncbi.nlm.nih.gov/37562476/
https://pubmed.ncbi.nlm.nih.gov/37562476/
https://pubmed.ncbi.nlm.nih.gov/37562476/
https://ouci.dntb.gov.ua/works/l1rAMeO9/
https://ouci.dntb.gov.ua/works/l1rAMeO9/
https://ouci.dntb.gov.ua/works/l1rAMeO9/
https://pubmed.ncbi.nlm.nih.gov/37436941/
https://pubmed.ncbi.nlm.nih.gov/37436941/
https://pubmed.ncbi.nlm.nih.gov/37436941/
https://www.mdpi.com/2072-666X/14/8/1648
https://www.mdpi.com/2072-666X/14/8/1648
https://www.mdpi.com/2072-666X/14/8/1648
https://www.mdpi.com/2072-666X/14/8/1648
https://www.mdpi.com/2072-666X/14/8/1648
https://www.mdpi.com/2072-666X/14/8/1648
https://pubmed.ncbi.nlm.nih.gov/36683757/
https://pubmed.ncbi.nlm.nih.gov/36683757/
https://pubmed.ncbi.nlm.nih.gov/36683757/
https://pubmed.ncbi.nlm.nih.gov/36683757/
https://pubmed.ncbi.nlm.nih.gov/36683757/
https://pubmed.ncbi.nlm.nih.gov/36921327/
https://pubmed.ncbi.nlm.nih.gov/36921327/
https://www.routledge.com/Advances-in-3D-Bioprinting/Narayan/p/book/9781138478756
https://www.mdpi.com/2073-4360/15/15/3223
https://www.mdpi.com/2073-4360/15/15/3223
https://www.mdpi.com/2073-4360/15/15/3223
https://www.mdpi.com/2073-4360/15/15/3223
https://ouci.dntb.gov.ua/en/works/7AwPzMJl/
https://ouci.dntb.gov.ua/en/works/7AwPzMJl/
https://ouci.dntb.gov.ua/en/works/7AwPzMJl/
https://pubmed.ncbi.nlm.nih.gov/36731696/
https://pubmed.ncbi.nlm.nih.gov/36731696/
https://pubmed.ncbi.nlm.nih.gov/36731696/
https://www.nature.com/articles/s41598-023-38323-2
https://www.nature.com/articles/s41598-023-38323-2
https://www.nature.com/articles/s41598-023-38323-2
https://www.researchgate.net/publication/362377239_Recent_advances_in_hyaluronic_acid-based_hydrogels_for_3D_bioprinting_in_tissue_engineering_applications
https://www.researchgate.net/publication/362377239_Recent_advances_in_hyaluronic_acid-based_hydrogels_for_3D_bioprinting_in_tissue_engineering_applications
https://www.researchgate.net/publication/362377239_Recent_advances_in_hyaluronic_acid-based_hydrogels_for_3D_bioprinting_in_tissue_engineering_applications
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10350769/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10350769/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10350769/
https://www.sciencedirect.com/science/article/pii/S2352940723001841
https://www.sciencedirect.com/science/article/pii/S2352940723001841
https://www.sciencedirect.com/science/article/pii/S2352940723001841
https://pubmed.ncbi.nlm.nih.gov/27995751/

AydinL

41.

42.

43.

EZS

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

regeneration. Adv Healthc Mater. 2017;6(1):1601118.

Goémez-Blanco JC, Pagador JB, Galvan-Chacon VP, et al. Computational
simulation-based comparative analysis of standard 3D printing and
conical nozzles for pneumatic and piston-driven bioprinting. Int ]

Bioprinting. 2023;9(4)730.

Ashammakhi N, Hasan A, Kaarela O, et al. Advancing frontiers in bone

bioprinting. Adv Healthc Mater. 2019;8(7):e1801048.

O’Connell CD, Bella CD, Thompson F, et al. Development of the biopen:
a handheld device for surgical printing of adipose stem cells at a chondral

wound site. Biofabrication. 2016;8(1):015019.

Poldervaart MT, Goversen B, De Ruijter M, et al. 3D bioprinting
of methacrylated hyaluronic acid (MeHA) hydrogel with intrinsic
osteogenicity. PLoS One. 2017;12(6):e0177628.

Duarte CDF, Blaeser A, Buellesbach K, et al. Bioprinting organotypic
hydrogels with improved mesenchymal stem cell remodeling and
mineralization properties for bone tissue engineering. Adv Healthc

Mater. 2016;5(11):1336-1345.

Gugulothu SB, Asthana S, Homer-Vanniasinkam S, Chatterjee K. Trends
in photopolymerizable bioinks for 3D Bioprinting of tumor models.

JACS Au. 2023;3(2):2086-2106.

Veeravalli RS, Vejandla B, Savani S, Nelluri A, Peddi NC. Three-
dimensional bioprinting in medicine: A comprehensive overview of

current progress and challenges faced. Cureus. 2023;15(7).

Guillemot F, Souquet A, Catros S, Guillotin B. Laser-assisted cell
printing: principle, physical parameters versus cell fate and perspectives

in tissue engineering. Nanomedicine (Lond). 2010;5(3):507-515.

Dou C, Perez V, Qu J, Tsin A, Xu B, Li J. A state-of-the-art review of
laser-assisted bioprinting and its future research trends. ChemBioEng

Rev. 2021;8(5):517-534.

Bera AK, Pati F. 3D Bioprinting of Skin Tissue Model. In: Skin 3-D
Models and Cosmetics Toxicity. Springer Nat Singapore. 2023:83-104.

Matai I, Kaur G, Seyedsalehi A, McClinton A, Laurencin CT. Progress
in 3D bioprinting technology for tissue/organ regenerative engineering.

Biomaterials. 2020;226:119536.

Mohd N, Razali M, Fauzi MB, Abu Kasim NH. In vitro and in vivo
biological assessments of 3D-bioprinted scaffolds for dental applications.

Int J Mol Sci. 2023;24(16):12881.

Keriquel V, Oliveira H, Rémy M, et al. In situ printing of mesenchymal
stromal cells, by laser-assisted bioprinting, for in vivo bone regeneration

applications. Sci Rep. 2017;7(1):1778.

Michael S, Sorg H, Peck CT, et al. Tissue engineered skin substitutes
created by laser-assisted bioprinting form skin-like structures in the

dorsal skin fold chamber in mice. PLoS One. 2013;8(3):e57741.

Sorkio A, Koch L, Koivusalo L, et al. Human stem cell based corneal
tissue mimicking structures using laser-assisted 3D bioprinting and

functional bioinks. Biomaterials. 2018;171:57-71.

Gruene M, Pflaum M, Hess C, et al. Laser printing of three-dimensional
multicellular arrays for studies of cell-cell and cell-environment

interactions. Tissue Eng Part C Methods. 2011;17(10):973-982.

Gruene M, Pflaum M, Deiwick A, et al. Adipogenic differentiation of
laser-printed 3D tissue grafts consisting of human adipose-derived stem

cells. Biofabrication. 2011;3(1):015005.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Wu CA, Zhu Y, Woo YJ. Advances in 3D bioprinting: Techniques,
applications, and future directions for cardiac tissue engineering.

Bioengineering. 2023;10(7):842.

Kim SJ, Kim MG, Kim J, Jeon JS, Park J, Yi HG. Bioprinting methods
for fabricating in vitro tubular blood vessel models. Cyborg Bionic Syst.

2023;4:0043.

Madrid-Wolff J, Toombs J, Rizzo R, et al. A review of materials used in
tomographic volumetric additive manufacturing. MRS Commun. 2023:1-

22.

Joseph JP, Gugulothu SB, Nandi D, Chatterjee K. Mechanical properties
affect primary T cell activation in 3D bioprinted hydrogels. ACS Macro
Lett. 2023;12(8):1085-1093.

Aher TR, Mokle BA, Sanap GS. Introduction to 3d bioprinting. Wor |
Pharma Res. 2023.

Puri A, Sahai N, Ahmed T, Saxena K. 3D bioprinting for diagnostic and
therapeutic application. Mater Today Proc. 2023.

Gugulothu SB, Asthana S, Homer-Vanniasinkam S, Chatterjee K. Trends
in photopolymerizable bioinks for 3D bioprinting of tumor models. JACS
Au. 2023;3(8):2086-2106.

Nie L, Sun Y, Okoro OV, Deng Y, Jiang G, Shavandi A. Click chemistry
for 3D bioprinting. Mater Horiz. 2023;10(8):2727-2763.

Ding YW, Zhang XW, Mi CH, Qi XY, Zhou J, Wei DX. Recent advances in
hyaluronic acid-based hydrogels for 3D bioprinting in tissue engineering

applications. Smart Mater Med. 2023;4(49):59-68.

Torras N, Zabalo J, Abril E, Carré A, Garcia-Diaz M, Martinez E.
A bioprinted 3D gut model with crypt-villus structures to mimic
the intestinal epithelial-stromal microenvironment. Biomater Adv.

2023;213534.

Hafa L, Breideband L, Posada LR, et al. Laser patterning bioprinting
using a light sheet-based system equipped with light sheet imaging

produces long-term viable skin constructs. bioRxiv. 2023.

Bahney C S, Lujan T J, Hsu C W, Bottlang M, West J L and Johnstone
B 2011 Visible light photoinitiation of mesenchymal stem cell-laden
bioresponsive hydrogels. Eur Cells Mater. 2011;22:43-55.

Umur E, Bayrak E, Arslan F, et al. Advances in three dimensional
bioprinting for wound healing: A comprehensive review. Appl Sci.

2023;13(18):10269.

Zhang X, Jiang XN, Sun C. Micro-stereolithography of polymeric and
ceramic microstructures. Sens Actuators Phys. 1999;77(2):149-156.

Madrid-Wolff J, Toombs J, Rizzo R, et al. A review of materials used in
tomographic volumetric additive manufacturing. MRS Commun. 2023:1-

22.

Garcia DN, Kalogeropoulou M, Bhusal A, Cecen B, Miri AK, Moroni
L. bottom-up and top-down vat photopolymerization bioprinting for
rapid fabrication of multi-material microtissues. MRS Communications.

2023;13:764-785.

Kong Z, Wang X. Bioprinting technologies and bioinks for vascular

model establishment. Int ] Mol Sci. 2023;24(1):891.

Hegde M, Meenakshisundaram V, Chartrain N, et al. 3D printing all-
aromatic polyimides using mask-projection stereolithography: processing

the nonprocessable. Adv Mater. 2017;29(31):1701240.

CE 221. Carbon3D website. https://www.carbon3d.com/materials/ce-

www.medliber.com

39

Volume 1 | Issue 1


https://medliber.com/journal/mrm
https://pubmed.ncbi.nlm.nih.gov/27995751/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10261129/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10261129/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10261129/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10261129/
https://pubmed.ncbi.nlm.nih.gov/30734530/
https://pubmed.ncbi.nlm.nih.gov/30734530/
https://www.researchgate.net/publication/299405540_Development_of_the_Biopen_a_handheld_device_for_surgical_printing_of_adipose_stem_cells_at_a_chondral_wound_site
https://www.researchgate.net/publication/299405540_Development_of_the_Biopen_a_handheld_device_for_surgical_printing_of_adipose_stem_cells_at_a_chondral_wound_site
https://www.researchgate.net/publication/299405540_Development_of_the_Biopen_a_handheld_device_for_surgical_printing_of_adipose_stem_cells_at_a_chondral_wound_site
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0177628
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0177628
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0177628
https://pubmed.ncbi.nlm.nih.gov/27072652/
https://pubmed.ncbi.nlm.nih.gov/27072652/
https://pubmed.ncbi.nlm.nih.gov/27072652/
https://pubmed.ncbi.nlm.nih.gov/27072652/
https://pubs.acs.org/doi/10.1021/jacsau.3c00281
https://pubs.acs.org/doi/10.1021/jacsau.3c00281
https://pubs.acs.org/doi/10.1021/jacsau.3c00281
https://pubs.acs.org/doi/10.1021/jacsau.3c00281
https://pubs.acs.org/doi/10.1021/jacsau.3c00281
https://pubs.acs.org/doi/10.1021/jacsau.3c00281
https://pubmed.ncbi.nlm.nih.gov/20394540/
https://pubmed.ncbi.nlm.nih.gov/20394540/
https://pubmed.ncbi.nlm.nih.gov/20394540/
https://pubmed.ncbi.nlm.nih.gov/20394540/
https://pubmed.ncbi.nlm.nih.gov/20394540/
https://pubmed.ncbi.nlm.nih.gov/20394540/
https://pubmed.ncbi.nlm.nih.gov/31648135/
https://pubmed.ncbi.nlm.nih.gov/31648135/
https://pubmed.ncbi.nlm.nih.gov/31648135/
https://pubmed.ncbi.nlm.nih.gov/37629064/
https://pubmed.ncbi.nlm.nih.gov/37629064/
https://pubmed.ncbi.nlm.nih.gov/37629064/
https://pubmed.ncbi.nlm.nih.gov/28496103/
https://pubmed.ncbi.nlm.nih.gov/28496103/
https://pubmed.ncbi.nlm.nih.gov/28496103/
https://pubmed.ncbi.nlm.nih.gov/23469227/
https://pubmed.ncbi.nlm.nih.gov/23469227/
https://pubmed.ncbi.nlm.nih.gov/23469227/
https://www.sciencedirect.com/science/article/pii/S0142961218302898
https://www.sciencedirect.com/science/article/pii/S0142961218302898
https://www.sciencedirect.com/science/article/pii/S0142961218302898
https://pubmed.ncbi.nlm.nih.gov/21585313/
https://pubmed.ncbi.nlm.nih.gov/21585313/
https://pubmed.ncbi.nlm.nih.gov/21585313/
https://pubmed.ncbi.nlm.nih.gov/21358040/
https://pubmed.ncbi.nlm.nih.gov/21358040/
https://pubmed.ncbi.nlm.nih.gov/21358040/
https://pubmed.ncbi.nlm.nih.gov/21358040/
https://pubmed.ncbi.nlm.nih.gov/21358040/
https://pubmed.ncbi.nlm.nih.gov/21358040/
https://spj.science.org/doi/10.34133/cbsystems.0043
https://spj.science.org/doi/10.34133/cbsystems.0043
https://spj.science.org/doi/10.34133/cbsystems.0043
https://link.springer.com/article/10.1557/s43579-023-00447-x
https://link.springer.com/article/10.1557/s43579-023-00447-x
https://link.springer.com/article/10.1557/s43579-023-00447-x
https://pubmed.ncbi.nlm.nih.gov/37466277/
https://pubmed.ncbi.nlm.nih.gov/37466277/
https://pubmed.ncbi.nlm.nih.gov/37466277/
https://www.researchgate.net/publication/369791458_REVIEW_INTRODUCTION_TO_3D_BIOPRINTING
https://www.researchgate.net/publication/369791458_REVIEW_INTRODUCTION_TO_3D_BIOPRINTING
https://www.researchgate.net/publication/373169588_3D_bioprinting_for_diagnostic_and_therapeutic_application
https://www.researchgate.net/publication/373169588_3D_bioprinting_for_diagnostic_and_therapeutic_application
https://pubs.acs.org/doi/10.1021/jacsau.3c00281
https://pubs.acs.org/doi/10.1021/jacsau.3c00281
https://pubs.acs.org/doi/10.1021/jacsau.3c00281
https://pubs.rsc.org/en/content/articlelanding/2023/mh/d3mh00516j
https://pubs.rsc.org/en/content/articlelanding/2023/mh/d3mh00516j
https://www.researchgate.net/publication/362377239_Recent_advances_in_hyaluronic_acid-based_hydrogels_for_3D_bioprinting_in_tissue_engineering_applications
https://www.researchgate.net/publication/362377239_Recent_advances_in_hyaluronic_acid-based_hydrogels_for_3D_bioprinting_in_tissue_engineering_applications
https://www.researchgate.net/publication/362377239_Recent_advances_in_hyaluronic_acid-based_hydrogels_for_3D_bioprinting_in_tissue_engineering_applications
https://pubmed.ncbi.nlm.nih.gov/37356284/
https://pubmed.ncbi.nlm.nih.gov/37356284/
https://pubmed.ncbi.nlm.nih.gov/37356284/
https://pubmed.ncbi.nlm.nih.gov/37356284/
https://www.biorxiv.org/content/10.1101/2023.05.10.539793v1
https://www.biorxiv.org/content/10.1101/2023.05.10.539793v1
https://www.biorxiv.org/content/10.1101/2023.05.10.539793v1
https://pubmed.ncbi.nlm.nih.gov/21761391/
https://pubmed.ncbi.nlm.nih.gov/21761391/
https://pubmed.ncbi.nlm.nih.gov/21761391/
https://www.mdpi.com/2076-3417/13/18/10269
https://www.mdpi.com/2076-3417/13/18/10269
https://www.mdpi.com/2076-3417/13/18/10269
https://www.sciencedirect.com/science/article/abs/pii/S0924424799001892?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0924424799001892?via%3Dihub
https://link.springer.com/article/10.1557/s43579-023-00447-x
https://link.springer.com/article/10.1557/s43579-023-00447-x
https://link.springer.com/article/10.1557/s43579-023-00447-x
https://link.springer.com/article/10.1557/s43579-023-00447-x#citeas
https://link.springer.com/article/10.1557/s43579-023-00447-x#citeas
https://link.springer.com/article/10.1557/s43579-023-00447-x#citeas
https://link.springer.com/article/10.1557/s43579-023-00447-x#citeas
https://pubmed.ncbi.nlm.nih.gov/36614332/
https://pubmed.ncbi.nlm.nih.gov/36614332/
https://pubmed.ncbi.nlm.nih.gov/28626968/
https://pubmed.ncbi.nlm.nih.gov/28626968/
https://pubmed.ncbi.nlm.nih.gov/28626968/

Aydin L

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

221. Accessed September 2023.

Dadhich P, Kumar P, Roy A, Bitar KN. Advances in 3D Printing
Technology for Tissue Engineering. In: Chakravorty, N., Shukla, P.C.
(eds) Regenerative Medicine. Springer Singapre. 2023:181-206.

Cui H, Nowicki M, Fisher JP, Zhang LG. 3D bioprinting for organ
regeneration. Adv Healthc Mater. 2017;6(1):1601118.

Jemghili R, Taleb AA, Mansouri K. Additive manufacturing technology,
process parameters influencing product quality and its applications. Int J

Adv Technol Eng Explor. 2022;9(97):1678-1703.

Kunwar P, Poudel A, Aryal U, et al. Meniscus-enabled projection
stereolithography (MAPS). bioRxiv. 2023.

Tumbleston JR, Shirvanyants D, Ermoshkin N, et al. Continuous liquid

interface production of 3D objects. Science. 2015;347(6228):1349-1352.

Pan Y, He H, Xu J, Feinerman A. Study of separation force in constrained
surface projection stereolithography. Rapid Prototyping J. 2017;23(2):353-
361.

Li H, Dai J, Wang Z, et al. Digital light processing (DLP)-based (bio)
printing strategies for tissue modeling and regeneration. Aggregate.

2023;4(2):€270.

Li W, Wang M, Ma H, et al. Stereolithography apparatus and digital light
processing-based 3D bioprinting for tissue fabrication. Iscience. 2023.

26(2):106039.

Tavares-Negrete JA, Babayigit C, Najafikoshnoo S, et al. A novel
3D-bioprinting technology of orderly extruded multi-materials via

photopolymerization. Adv Mater Technol. 2023;8(12):2201926.

Hosseinabadi HG, Nieto D, Yousefinejad A, et al. Ink material selection
and optical design considerations in DLP 3D printing. Appl Mater Today.
2023;30(2):101721.

Sun L, Bian F, Xu D, Luo Y, Wang Y, Zhao Y. Tailoring biomaterials for
biomimetic organs-on-chips. Mater Horiz. 2023;10(11):4724-4745.

Wang D, Guo Y, Zhu J, et al. Hyaluronic acid methacrylate/pancreatic
extracellular matrix as a potential 3D printing bioink for constructing

islet organoids. Acta Biomater. 2023;165:86-101.

Zhang F, Zhu L, Li Z, et al. The recent development of vat
photopolymerization: A review. Addit Manuf. 2021;48:102423.

Ravanbakhsh H, Karamzadeh V, Bao G, Mongeau L, Juncker D, Zhang
YS. Emerging technologies in multi-material bioprinting. Adv Mater.

2021;33(49):2104730.

Wang M, Li W, Mille LS, et al. Digital light processing based bioprinting
with composable gradients. Adv Mater. 2022;34(1):2107038.

Bhusal A, Dogan E, Nguyen HA, et al. Multi-material digital
light processing bioprinting of hydrogel-based microfluidic chips.

Biofabrication. 2021;14(1):014103.

Levato R, Lim KS, Li W, et al. High-resolution lithographic biofabrication
of hydrogels with complex microchannels from low-temperature-soluble

gelatin bioresins. Materials Today Bio. 2021;12:100162.

Yang H, Ji M, Yang M, et al. Fabricating hydrogels to mimic biological

tissues resistance. Matter.

2021;4(6):1935-1946.

of complex shapes and high fatigue

Levato R, Dudaryeva O, Garciamendez-Mijares CE, et al. Light-based
vat-polymerization bioprinting. Nat Rev Methods Primers. 2023;3(47).

Gao J, Li M, Cheng J, et al. 3D-Printed GelMA/PEGDA/F127DA scaffolds

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

for bone regeneration. J Funct Biomater. 2023;14(2):96.

Farhat W, Chatelain F, Marret A, et al. Trends in 3D bioprinting

for esophageal tissue and reconstruction. Biomaterials.

2021;267:120465.

repair

Banerjee D, Singh YP, Datta P, et al. Strategies for 3D bioprinting of

spheroids: A comprehensive review. Biomaterials. 2022;121881.

Moldovan L, Babbey CM, Murphy MP, Moldovan NI. Comparison
of biomaterial-dependent and-independent bioprinting methods for

cardiovascular medicine. Curr Opin Biomed Eng. 2017;2:124-131.

Aguilar IN, Smith LJ, Olivos III DJ, et al. Scaffold-free bioprinting of
mesenchymal stem cells with the regenova printer: Optimization of

printing parameters. Bioprinting. 2019;15:¢00048.

Altunbek M, Afghah F, Caliskan OS, Yoo JJ, Koc B. Design and
bioprinting for tissue interfaces. Biofabrication. 2023; 15(2).

Kim SJ, Kim MG, Kim J, Jeon JS, Park J, Yi HG. Bioprinting methods
for fabricating in vitro tubular blood vessel models. Cyborg Bionic Sys.

2023;4:0043.

Nie M, Truckenmiiller R, Takeuchi S. Microfabrication technology in
tissue engineering. Tissue Engineering. 2023:283-310.

Di Caprio N, Burdick JA. Engineered biomaterials to guide spheroid
formation, function, and fabrication into 3D tissue constructs. Acta

Biomater. 2023;165:4-18.

Amourizi FZ, Malek-Khatabi AZ, Zare-Dorabei R. Polymeric and

Composite-based Microneedles in Drug Delivery: Regenerative
Medicine, Microbial Infection Therapy, and Cancer Treatment. Mater

Chem Horiz. 2023.

Cross-Najafi AA, Farag K, Chen AM, et al. The long road to develop
custom-built livers: current status of 3D liver bioprinting. Transplantation.

2023:10-1097.

Murata D, Arai K, Nakayama K. Scaffold-free bio-3D printing using
spheroids as “Bio-Inks” for tissue (Re) construction and drug response

tests. Adv Healthc Mater. 2020;9(15):1901831.

Nonaka T, Nagaishi Y, Murata D, Hara H, Nakayama K. 3D Printing in
Nephrology. In Innovations in Nephrology: Breakthrough Technologies
in Kidney Disease Care. Geraldo Bezerra da Silva Junior (Editor),
Masaomi (Editor).
Publishing; 2022:141-156.

Nangaku 1st Edition. Springer International

Machino R, Matsumoto K, Taniguchi D, et al. Replacement of rat
tracheas by layered, trachea-like, scaffold-free structures of human cells

using a bio-3D printing system. Adv Healthc Mater. 2019;8(7):1800983.

Safir F, Vu N, Tadesse LF, et al. Combining acoustic bioprinting with
Al-assisted raman spectroscopy for high-throughput identification of

bacteria in blood. Nano Letters. 2023;23(6):2065-2073.

Mohaghegh S, Nokhbatolfoghahaei H. Application of bioprinting
technology in oral and maxillofacial surgery. in emerging technologies
in oral and maxillofacial surgery. Singapore: Springer Nature Singapore;

2023:345-354.

Hadimioglu B, Elrod S, Sprague R. Acoustic ink printing: an application
of ultrasonics for photographic quality printing at high speed. In 2001
IEEE Ultrasonics Symposium. Proceedings. An International Symposium

(Cat. No. 01CH37263). 2001;1:627-635.

Shields IV CW, Reyes CD, Lopez GP. Microfluidic cell sorting: a review

of the advances in the separation of cells from debulking to rare cell

www.medliber.com

40

Volume 1 | Issue 1


https://medliber.com/journal/mrm
https://link.springer.com/chapter/10.1007/978-981-19-6008-6_9#citeas
https://link.springer.com/chapter/10.1007/978-981-19-6008-6_9#citeas
https://link.springer.com/chapter/10.1007/978-981-19-6008-6_9#citeas
https://pubmed.ncbi.nlm.nih.gov/27995751/
https://pubmed.ncbi.nlm.nih.gov/27995751/
https://www.proquest.com/openview/30cc0f175e96f02c388d31337d22f87e/1?pq-origsite=gscholar&cbl=2037694
https://www.proquest.com/openview/30cc0f175e96f02c388d31337d22f87e/1?pq-origsite=gscholar&cbl=2037694
https://www.proquest.com/openview/30cc0f175e96f02c388d31337d22f87e/1?pq-origsite=gscholar&cbl=2037694
https://www.biorxiv.org/content/10.1101/2023.06.12.544584v1
https://www.biorxiv.org/content/10.1101/2023.06.12.544584v1
https://fab.cba.mit.edu/classes/865.18/additive/clip.pdf
https://fab.cba.mit.edu/classes/865.18/additive/clip.pdf
https://fab.cba.mit.edu/classes/865.18/additive/clip.pdf
https://fab.cba.mit.edu/classes/865.18/additive/clip.pdf
https://fab.cba.mit.edu/classes/865.18/additive/clip.pdf
https://onlinelibrary.wiley.com/doi/full/10.1002/agt2.270
https://onlinelibrary.wiley.com/doi/full/10.1002/agt2.270
https://onlinelibrary.wiley.com/doi/full/10.1002/agt2.270
https://www.sciencedirect.com/science/article/pii/S2589004223001165
https://www.sciencedirect.com/science/article/pii/S2589004223001165
https://www.sciencedirect.com/science/article/pii/S2589004223001165
https://www.researchgate.net/publication/369805541_A_Novel_3D-Bioprinting_Technology_of_Orderly_Extruded_Multi-Materials_via_Photopolymerization
https://www.researchgate.net/publication/369805541_A_Novel_3D-Bioprinting_Technology_of_Orderly_Extruded_Multi-Materials_via_Photopolymerization
https://www.researchgate.net/publication/369805541_A_Novel_3D-Bioprinting_Technology_of_Orderly_Extruded_Multi-Materials_via_Photopolymerization
https://www.researchgate.net/publication/366426419_Ink_material_selection_and_optical_design_considerations_in_DLP_3D_printing
https://www.researchgate.net/publication/366426419_Ink_material_selection_and_optical_design_considerations_in_DLP_3D_printing
https://www.researchgate.net/publication/366426419_Ink_material_selection_and_optical_design_considerations_in_DLP_3D_printing
https://pubmed.ncbi.nlm.nih.gov/37697735/
https://pubmed.ncbi.nlm.nih.gov/37697735/
https://pubmed.ncbi.nlm.nih.gov/35803504/
https://pubmed.ncbi.nlm.nih.gov/35803504/
https://pubmed.ncbi.nlm.nih.gov/35803504/
https://www.sciencedirect.com/science/article/abs/pii/S2214860421005753
https://www.sciencedirect.com/science/article/abs/pii/S2214860421005753
https://onlinelibrary.wiley.com/doi/abs/10.1002/adma.202104730
https://onlinelibrary.wiley.com/doi/abs/10.1002/adma.202104730
https://onlinelibrary.wiley.com/doi/abs/10.1002/adma.202104730
https://pubmed.ncbi.nlm.nih.gov/34609032/
https://pubmed.ncbi.nlm.nih.gov/34609032/
https://www.researchgate.net/publication/355125629_Multi-material_digital_light_processing_bioprinting_of_hydrogel-based_microfluidic_chips
https://www.researchgate.net/publication/355125629_Multi-material_digital_light_processing_bioprinting_of_hydrogel-based_microfluidic_chips
https://www.researchgate.net/publication/355125629_Multi-material_digital_light_processing_bioprinting_of_hydrogel-based_microfluidic_chips
https://pubmed.ncbi.nlm.nih.gov/34870141/
https://pubmed.ncbi.nlm.nih.gov/34870141/
https://pubmed.ncbi.nlm.nih.gov/34870141/
https://www.cell.com/matter/pdf/S2590-2385(21)00118-1.pdf
https://www.cell.com/matter/pdf/S2590-2385(21)00118-1.pdf
https://www.cell.com/matter/pdf/S2590-2385(21)00118-1.pdf
https://www.researchgate.net/publication/371780618_Light-based_vat-polymerization_bioprinting
https://www.researchgate.net/publication/371780618_Light-based_vat-polymerization_bioprinting
https://www.mdpi.com/2079-4983/14/2/96
https://www.mdpi.com/2079-4983/14/2/96
https://www.sciencedirect.com/science/article/pii/S0142961220307110
https://www.sciencedirect.com/science/article/pii/S0142961220307110
https://www.sciencedirect.com/science/article/pii/S0142961220307110
https://pubmed.ncbi.nlm.nih.gov/36335718/
https://pubmed.ncbi.nlm.nih.gov/36335718/
https://www.researchgate.net/figure/Comparison-of-Biomaterial-Dependent-and-Independent-Bioprinting-Methods_tbl1_311421475
https://www.researchgate.net/figure/Comparison-of-Biomaterial-Dependent-and-Independent-Bioprinting-Methods_tbl1_311421475
https://www.researchgate.net/figure/Comparison-of-Biomaterial-Dependent-and-Independent-Bioprinting-Methods_tbl1_311421475
https://pubmed.ncbi.nlm.nih.gov/31457110/
https://pubmed.ncbi.nlm.nih.gov/31457110/
https://pubmed.ncbi.nlm.nih.gov/31457110/
https://www.researchgate.net/publication/367547566_Design_and_bioprinting_for_tissue_interfaces
https://www.researchgate.net/publication/367547566_Design_and_bioprinting_for_tissue_interfaces
https://spj.science.org/doi/10.34133/cbsystems.0043
https://spj.science.org/doi/10.34133/cbsystems.0043
https://spj.science.org/doi/10.34133/cbsystems.0043
https://www.researchgate.net/publication/288203143_Microfabrication_Technology_in_Tissue_Engineering
https://www.researchgate.net/publication/288203143_Microfabrication_Technology_in_Tissue_Engineering
https://pubmed.ncbi.nlm.nih.gov/36167240/
https://pubmed.ncbi.nlm.nih.gov/36167240/
https://pubmed.ncbi.nlm.nih.gov/36167240/
https://pubmed.ncbi.nlm.nih.gov/37322580/
https://pubmed.ncbi.nlm.nih.gov/37322580/
https://pubmed.ncbi.nlm.nih.gov/37322580/
https://onlinelibrary.wiley.com/doi/full/10.1002/adhm.201901831
https://onlinelibrary.wiley.com/doi/full/10.1002/adhm.201901831
https://onlinelibrary.wiley.com/doi/full/10.1002/adhm.201901831
https://www.barnesandnoble.com/w/innovations-in-nephrology-geraldo-bezerra-da-silva-junior/1141656141
https://www.barnesandnoble.com/w/innovations-in-nephrology-geraldo-bezerra-da-silva-junior/1141656141
https://www.barnesandnoble.com/w/innovations-in-nephrology-geraldo-bezerra-da-silva-junior/1141656141
https://www.barnesandnoble.com/w/innovations-in-nephrology-geraldo-bezerra-da-silva-junior/1141656141
https://www.barnesandnoble.com/w/innovations-in-nephrology-geraldo-bezerra-da-silva-junior/1141656141
https://pubmed.ncbi.nlm.nih.gov/30632706/
https://pubmed.ncbi.nlm.nih.gov/30632706/
https://pubmed.ncbi.nlm.nih.gov/30632706/
https://pubmed.ncbi.nlm.nih.gov/36856600/
https://pubmed.ncbi.nlm.nih.gov/36856600/
https://pubmed.ncbi.nlm.nih.gov/36856600/
https://www.semanticscholar.org/paper/Acoustic-ink-printing%3A-an-application-of-for-at-Hadimioglu-Elrod/fe299314e6e7cc18a74087a897947fa1e4191b80
https://www.semanticscholar.org/paper/Acoustic-ink-printing%3A-an-application-of-for-at-Hadimioglu-Elrod/fe299314e6e7cc18a74087a897947fa1e4191b80
https://www.semanticscholar.org/paper/Acoustic-ink-printing%3A-an-application-of-for-at-Hadimioglu-Elrod/fe299314e6e7cc18a74087a897947fa1e4191b80
https://www.semanticscholar.org/paper/Acoustic-ink-printing%3A-an-application-of-for-at-Hadimioglu-Elrod/fe299314e6e7cc18a74087a897947fa1e4191b80
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4331226/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4331226/

AydinL

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

isolation. Lab Chip. 2015;15(5):1230-1249.

Gudapati H, Dey M, Ozbolat I. A comprehensive review on droplet-
based bioprinting: past, present and future. Biomaterials. 2016;102:20-42.

Ma Y, Zhang B, Sun H, et al. The dual effect of 3D-printed biological
scaffolds composed of diverse biomaterials in the treatment of bone

tumors. Int ] Nanomedicine. 2023;293-305.

Sabzevari A, Rayat Pisheh H, Ansari M, Salati A. Progress in bioprinting
technology for tissue regeneration. J Artif Organs. 2023:1-20.

Lee JM, Sing SL, Zhou M, Yeong WY. 3D bioprinting processes:
A perspective on classification and terminology. Int ] Bioprint.

2018;4(2):151.

Ayran M, Bulut B, Ulag S. Bioprinting. In Biomaterials and Tissue
Engineering. Cham: Springer International Publishing; 2023:357-384.

Fang W, Yang M, Wang L, et al. Hydrogels for 3D bioprinting in tissue
engineering and regenerative medicine: Current progress and challenges.

Int J Bioprint. 2023;9(5):759.

Tseng H, Balaoing LR, Grigoryan B, et al. A three-dimensional co-culture
model of the aortic valve using magnetic levitation. Acta Biomater.

2014;10(1):173-182.

Abdel Fattah AR, Meleca E, Mishriki S, et al. In situ 3D label-free
contactless bioprinting of cells through diamagnetophoresis. ACS

Biomater Sci Eng. 2016;2(12):2133-2138.

Adine C, Ng KK, Rungarunlert S, Souza GR, Ferreira JN. Engineering
innervated secretory epithelial organoids by magnetic three-dimensional
bioprinting for stimulating epithelial growth in salivary glands.

Biomaterials. 2018;180:52-66.

Aggarwal P, Khetrapal P. Study On Utilization Of Magnetic Levitation In
3D Bio Printing. Int J Innov Sci Eng Technol. 2014;1(9):5-7.

Vitkova L, Kazantseva N, Musilovd L, et al. Magneto-responsive
hyaluronan hydrogel for hyperthermia and bioprinting: Magnetic,
rheological

2023;7(3):036113.

properties and biocompatibility. APL bioengineering.

Kim MH, Nam SY. Assessment of coaxial printability for extrusion-
based bioprinting of alginate-based tubular constructs. Bioprinting.

2020;20:€00092.

Mohan TS, Datta P, Nesaei S, Ozbolat V, Ozbolat IT. 3D coaxial
bioprinting: process mechanisms, bioinks and applications. Prog Biomed

Eng. 2022;4(2):022003.

Taymour R, Kilian D, Ahlfeld T, Gelinsky M, Lode A. 3D bioprinting
of hepatocytes: Core-shell structured co-cultures with fibroblasts for
enhanced functionality. Sci Rep. 2021;11(1):5130.

Zhang Y, Chen H, Long X, Xu T. Three-dimensional-engineered
bioprinted in vitro human neural stem cell self-assembling culture model

constructs of Alzheimer’s disease. Bioactive Materials. 2022;11:192-205.

Haycock JW. 3D cell culture: a review of current approaches and

techniques. Methods Mol Biol; 2011:269;1-15.
Guvendiren M, Molde J, Soares RM, Kohn J. Designing biomaterials for
3D printing. ACS Biomater Sci Eng. 2016;2(10):1679-1693.

Kjar A, McFarland B, Mecham K, Harward N, Huang Y. Engineering of
tissue constructs using coaxial bioprinting. Bioact Mater. 2021;6(2):460-

471.

Obaldia EE, Jeong C, Grunenfelder LK, Kisailus D, Zavattieri P. Analysis

of the mechanical response of biomimetic materials with highly oriented

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

microstructures through 3D printing, mechanical testing and modeling.

J Mech Behav Biomed Mater. 2015;48:70-85.

Balogova FA, Trebunova M, Rajtukova V, Hudak R. Fresh method: 3D
bioprinting as a new approach for tissue and organ regenration. Acta

Tecnol. 2021;7:79-82.

Gershlak JR, Ott HC. Bioprinting organs-progress toward a moonshot
idea. Transplantation. 2020;104(7):1310-1311.

Kumar S, Tharayil A, Thomas S. 3D bioprinting of nature-inspired
hydrogel inks based on synthetic polymers. ACS Appl Polym Mater.
2021;3(8):3685-3701.

Khanna A, Ayan B, Undieh A A, Yang Y P, Huang N E. Advances in
three-dimensional bioprinted stem cell-based tissue engineering for

cardiovascular regeneration. ] Mol Cell Cardiol. 2022;169:13-27.

Skardal A. Perspective:“Universal” bioink technology for advancing

extrusion bioprinting-based biomanufacturing. Bioprinting.

2018;10:e00026.

Hull SM, Lindsay CD, Brunel LG, et al. 3D bioprinting using
UNlversal orthogonal network (UNION) bioinks. Adv Funct Mater.
2021;31(7):2007983.

Vanaei S, Parizi MS, Salemizadehparizi F, Vanaei HR. An overview
on materials and techniques in 3D bioprinting toward biomedical

application. Eng Regen. 2021;2:1-18.

Liu F, Wang X. Synthetic polymers for organ 3D printing. Polymers.
2020;12(8):1765.

Lee ARHA, Hudson AR, Shiwarski DJ, et al. 3D bioprinting of collagen
to rebuild components of the human heart. Science. 2019;365(6452):482-
487.

Shiwarski DJ, Hudson AR, Tashman JW, Feinberg AW. Emergence of
FRESH 3D printing as a platform for advanced tissue biofabrication. APL
Bioeng. 2021;5(1):010904.

Thakur PC, Cabrera DD, DeCarolis N, Boni AA. Innovation and

Commercialization  Strategies for Three-Dimensional-Bioprinting
Technology: a Lean Business Model Perspective. ] Commer Biotechnol.

2018;24(1):78-87.
Finkel S, Sweet S, Locke T, et al. FRESH™ 3D bioprinted cardiac tissue,

a bioengineered platform for in-vitro toxicology and pharmacology.

bioRxiv. Published March 2023. Accessed [10.10.23].

Zhang P, Shao N, Qin L. Recent advances in microfluidic platforms for

programming cell-based living materials. Adv Mater.2021;33(46):2005944.

Al-wdan OA, Sharallah OA, Abdelwahab NA, Mohammed AO, Elmowafy
E, Soliman ME. Insights into microfabrication and implementation of
microfluidics in pharmaceutical drug delivery and analysis. OpenNano.

2023;12:100156.

Li Z, Hui J, Yang P, Mao H. Microfluidic organ-on-a-chip system for
disease modeling and drug development. Biosensors. 2022;12(6):370.
Zgeib R, Wang X, Zaeri A, Zhang F, Cao K, Chang RC. Development of a

low-cost quad-extrusion 3D bioprinting system for multi-material tissue

constructs. Int J Bioprinting. 2023;0159.

Daly AC, Freeman FE, Gonzalez-Fernandez T, Critchley SE, Nulty J, Kelly
DJ. 3D bioprinting for cartilage and osteochondral tissue engineering.

Adv Healthc Mater. 2017;6(22):1700298.

Chae S, Cho DW. Biomaterial-based 3D bioprinting strategy for
orthopedic tissue engineering. Acta Biomater. 2023;156:4-20.

www.medliber.com

41

Volume 1 | Issue 1


https://medliber.com/journal/mrm
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4331226/
https://pubmed.ncbi.nlm.nih.gov/27318933/
https://pubmed.ncbi.nlm.nih.gov/27318933/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9851059/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9851059/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9851059/
https://pubmed.ncbi.nlm.nih.gov/37119315/
https://pubmed.ncbi.nlm.nih.gov/37119315/
https://pubmed.ncbi.nlm.nih.gov/37119315/
https://pubmed.ncbi.nlm.nih.gov/37119315/
https://pubmed.ncbi.nlm.nih.gov/37119315/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10339415/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10339415/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10339415/
https://pubmed.ncbi.nlm.nih.gov/24036238/
https://pubmed.ncbi.nlm.nih.gov/24036238/
https://pubmed.ncbi.nlm.nih.gov/24036238/
https://pubmed.ncbi.nlm.nih.gov/33465889/
https://pubmed.ncbi.nlm.nih.gov/33465889/
https://pubmed.ncbi.nlm.nih.gov/33465889/
https://pubmed.ncbi.nlm.nih.gov/30025245/
https://pubmed.ncbi.nlm.nih.gov/30025245/
https://pubmed.ncbi.nlm.nih.gov/30025245/
https://pubmed.ncbi.nlm.nih.gov/30025245/
https://www.ijiset.com/v1s9/IJISET_V1_I9_02.pdf
https://www.ijiset.com/v1s9/IJISET_V1_I9_02.pdf
https://pubmed.ncbi.nlm.nih.gov/37692374/
https://pubmed.ncbi.nlm.nih.gov/37692374/
https://pubmed.ncbi.nlm.nih.gov/37692374/
https://pubmed.ncbi.nlm.nih.gov/37692374/
https://www.researchgate.net/publication/343432868_Assessment_of_coaxial_printability_for_extrusion-based_bioprinting_of_alginate-based_tubular_constructs
https://www.researchgate.net/publication/343432868_Assessment_of_coaxial_printability_for_extrusion-based_bioprinting_of_alginate-based_tubular_constructs
https://www.researchgate.net/publication/343432868_Assessment_of_coaxial_printability_for_extrusion-based_bioprinting_of_alginate-based_tubular_constructs
https://pubmed.ncbi.nlm.nih.gov/35573639/
https://pubmed.ncbi.nlm.nih.gov/35573639/
https://pubmed.ncbi.nlm.nih.gov/35573639/
https://pubmed.ncbi.nlm.nih.gov/33664366/
https://pubmed.ncbi.nlm.nih.gov/33664366/
https://pubmed.ncbi.nlm.nih.gov/33664366/
https://pubmed.ncbi.nlm.nih.gov/34938923/
https://pubmed.ncbi.nlm.nih.gov/34938923/
https://pubmed.ncbi.nlm.nih.gov/34938923/
https://pubmed.ncbi.nlm.nih.gov/21042962/
https://pubmed.ncbi.nlm.nih.gov/21042962/
https://pubmed.ncbi.nlm.nih.gov/28025653/
https://pubmed.ncbi.nlm.nih.gov/28025653/
https://pubmed.ncbi.nlm.nih.gov/32995673/
https://pubmed.ncbi.nlm.nih.gov/32995673/
https://pubmed.ncbi.nlm.nih.gov/32995673/
https://www.researchgate.net/publication/275525868_Analysis_of_the_mechanical_response_of_biomimetic_materials_with_highly_oriented_microstructures_through_3D_printing_mechanical_testing_and_modeling
https://www.researchgate.net/publication/275525868_Analysis_of_the_mechanical_response_of_biomimetic_materials_with_highly_oriented_microstructures_through_3D_printing_mechanical_testing_and_modeling
https://www.researchgate.net/publication/275525868_Analysis_of_the_mechanical_response_of_biomimetic_materials_with_highly_oriented_microstructures_through_3D_printing_mechanical_testing_and_modeling
https://www.researchgate.net/publication/275525868_Analysis_of_the_mechanical_response_of_biomimetic_materials_with_highly_oriented_microstructures_through_3D_printing_mechanical_testing_and_modeling
https://www.actatecnologia.eu/issues/2021/III_2021_02_Findrik-Balogova_Trebunova_Rajtukova_Hudak.pdf
https://www.actatecnologia.eu/issues/2021/III_2021_02_Findrik-Balogova_Trebunova_Rajtukova_Hudak.pdf
https://www.actatecnologia.eu/issues/2021/III_2021_02_Findrik-Balogova_Trebunova_Rajtukova_Hudak.pdf
https://pubmed.ncbi.nlm.nih.gov/32569000/
https://pubmed.ncbi.nlm.nih.gov/32569000/
https://www.researchgate.net/publication/353062762_3D_Bioprinting_of_Nature-Inspired_Hydrogel_Inks_Based_on_Synthetic_Polymers
https://www.researchgate.net/publication/353062762_3D_Bioprinting_of_Nature-Inspired_Hydrogel_Inks_Based_on_Synthetic_Polymers
https://www.researchgate.net/publication/353062762_3D_Bioprinting_of_Nature-Inspired_Hydrogel_Inks_Based_on_Synthetic_Polymers
https://pubmed.ncbi.nlm.nih.gov/35569213/
https://pubmed.ncbi.nlm.nih.gov/35569213/
https://pubmed.ncbi.nlm.nih.gov/35569213/
https://www.researchgate.net/publication/327080007_Perspective_Universal_bioink_technology_for_advancing_extrusion_bioprinting-based_biomanufacturing
https://www.researchgate.net/publication/327080007_Perspective_Universal_bioink_technology_for_advancing_extrusion_bioprinting-based_biomanufacturing
https://www.researchgate.net/publication/327080007_Perspective_Universal_bioink_technology_for_advancing_extrusion_bioprinting-based_biomanufacturing
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7888563/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7888563/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7888563/
https://www.sciencedirect.com/science/article/pii/S266613812030013X
https://www.sciencedirect.com/science/article/pii/S266613812030013X
https://www.sciencedirect.com/science/article/pii/S266613812030013X
http://n
http://n
https://pubmed.ncbi.nlm.nih.gov/31371612/
https://pubmed.ncbi.nlm.nih.gov/31371612/
https://pubmed.ncbi.nlm.nih.gov/31371612/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7889293/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7889293/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7889293/
https://www.researchgate.net/publication/326128741_Innovation_and_Commercialization_Strategies_for_Three-Dimensional-_Bioprinting_Technology_a_Lean_Business_Model_Perspective
https://www.researchgate.net/publication/326128741_Innovation_and_Commercialization_Strategies_for_Three-Dimensional-_Bioprinting_Technology_a_Lean_Business_Model_Perspective
https://www.researchgate.net/publication/326128741_Innovation_and_Commercialization_Strategies_for_Three-Dimensional-_Bioprinting_Technology_a_Lean_Business_Model_Perspective
https://www.researchgate.net/publication/326128741_Innovation_and_Commercialization_Strategies_for_Three-Dimensional-_Bioprinting_Technology_a_Lean_Business_Model_Perspective
https://www.biorxiv.org/content/10.1101/2023.03.13.528447v1
https://www.biorxiv.org/content/10.1101/2023.03.13.528447v1
https://www.biorxiv.org/content/10.1101/2023.03.13.528447v1
https://onlinelibrary.wiley.com/doi/abs/10.1002/adma.202005944
https://onlinelibrary.wiley.com/doi/abs/10.1002/adma.202005944
https://typeset.io/papers/insights-into-microfabrication-and-implementation-of-2okrfh3g
https://typeset.io/papers/insights-into-microfabrication-and-implementation-of-2okrfh3g
https://typeset.io/papers/insights-into-microfabrication-and-implementation-of-2okrfh3g
https://typeset.io/papers/insights-into-microfabrication-and-implementation-of-2okrfh3g
https://www.mdpi.com/2079-6374/12/6/370
https://www.mdpi.com/2079-6374/12/6/370
https://accscience.com/journal/IJB/0/0/10.36922/ijb.0159
https://accscience.com/journal/IJB/0/0/10.36922/ijb.0159
https://accscience.com/journal/IJB/0/0/10.36922/ijb.0159
https://pubmed.ncbi.nlm.nih.gov/28804984/
https://pubmed.ncbi.nlm.nih.gov/28804984/
https://pubmed.ncbi.nlm.nih.gov/28804984/
https://pubmed.ncbi.nlm.nih.gov/35963520/
https://pubmed.ncbi.nlm.nih.gov/35963520/

Aydin L

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

Wu Y, Su H, Li M, Xing H. Digital light processing-based multi-material
bioprinting: Processes, applications, and perspectives. J Biomed Mater

Res A. 2023;111(4):527-542.

Ning L, Chen X. A brief review of extrusion-based tissue scaffold bio-

printing. Biotechnol J. 2017;12(8):1600671.

Miri AK, Nieto D, Iglesias L, et al. Microfluidics-enabled multimaterial
maskless stereolithographic bioprinting. Adv Mater. 2018;30(27):1800242.

Serex L, Bertsch A, Renaud P. Microfluidics: A new layer of control for

extrusion-based 3D printing. Micromachines. 2018;9(2):86.

Yu FE, Choudhury D. Microfluidic bioprinting for organ-on-a-chip
models. Drug Discov Today. 2019;24(6):1248-1257.

Hrynevich A, Li Y, Cedillo-Servin G, Malda ], Castilho M. (Bio)
fabrication of microfluidic devices and organs-on-a-chip. In: 3D Printing

in Medicine. Woodhead Publishing; 2023:273-336.

Miri AK, Mostafavi E, Khorsandi D, et al. Bioprinters for organs-on-
chips. Biofabrication. 2019;11(4):042002.

Ghorbanian S, Qasaimeh MA, Akbari M, Tamayol A, Juncker D.
Microfluidic direct writer with integrated declogging mechanism
for fabricating cell-laden hydrogel constructs. Biomed Microdevices.

2014;16:387-395.

Hardin JO, Ober TJ, Valentine AD, Lewis JA. Microfluidic printheads

for multimaterial 3D printing of viscoelastic inks. Adv Mater.

2015;27(21):3279-3284.

Zaeri A, Zgeib R, Cao K, Zhang F, Chang RC. Numerical analysis on the
effects of microfluidic-based bioprinting parameters on the microfiber

geometrical outcomes. Sci Rep. 2022;12(1):3364.

Miri AK, Mostafavi E, Khorsandi D, Hu SK, Malpica M, Khademhosseini
A. Bioprinters for organs-on-chips. Biofabrication. 2019;11(4):042002.

Chaudhry MS, Czekanski A.
Bioprinting. 2023;e00271.

In-situ bioprinting of skin-A review.

Moetazedian A, Candeo A, Liu S, et al. Versatile Microfluidics for
Biofabrication Platforms Enabled by an Agile and Inexpensive Fabrication

Pipeline. Adv Healthc Mater. 2023;2300636.

Rathia DS. Volumetric 3D Printing: A New Approach to 3D Printing. Int
] Innov Sci Res Technol. 2023;8(7):1967-1968.

Shusteff M, Browar AE, Kelly BE, et al
additive manufacturing of complex polymer structures. Sci Adv.

2017;3(12):eaa05496.

One-step volumetric

Kelly BE, Bhattacharya I, Heidari H, Shusteff M, Spadaccini CM, Taylor
HK. Volumetric additive manufacturing via tomographic reconstruction.

Science. 2019;363(6431):1075-1079.

Loterie D, Delrot P, Moser C. Volumetric 3D printing of elastomers by

tomographic back-projection. Preprint.

Grofibacher G, Bartolf-Kopp M, Gergely C, et al. Volumetric Printing
Across Melt Electrowritten Scaffolds Fabricates Multi-Material Living
Constructs with Tunable Architecture and Mechanics. Adv Mater.

2023;35(32):2300756.

Yang Q, Lv X, Gao B, Ji Y, Xu F. Mechanics of hydrogel-based bioprinting:
From 3D to 4D. Adv Appl Mech. 2021;54:285-318.

Yang Q, Ji Y, Xu F. 4D bioprinting. 3D Bioprinting in Regenerative

Engineering: Principles and Applications.

Ge Q, Qi HJ, Dunn ML. Active materials by four-dimension printing.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

Appl Phys Lett. 2013;103(13).

Yang Q, Gao B, Xu F. Recent advances in 4D bioprinting. Biotechnol J.
2020;15(1):1900086.

Amukarimi S, Mozafari M. 4D bioprinting of tissues and organs.
Bioprinting. 2021;23:e00161.

Ashammakhi N, Ahadian S, Zengjie F, et al. Advances and future
perspectives in 4D bioprinting. Biotechnol J. 2018;13(12):1800148.
Ionov L. 4D biofabrication: materials, methods, and applications. Adv

Healthc Mater. 2018;7(17):1800412.

Miri AK, Khalilpour A, Cecen B, Maharjan S, Shin SR, Khademhosseini
A. Multiscale bioprinting of vascularized models.

2019;198:204-216.

Biomaterials.

Agarwal T, Chiesa I, Costantini M, et al. Chitosan and its derivatives
in 3D/4D (bio) printing for tissue engineering and drug delivery
applications. Int | Biol Macromol. 2023;125669.

Borse K, Shende P. 3D-to-4D Structures: an Exploration in Biomedical

Applications. AAPS PharmSciTech. 2023;24(6):163.

Sheikh A, Abourehab MA, Kesharwani P. The clinical significance of 4D
printing. Drug Discov Today. 2023;28(1):103391.

Mandal A, Chatterjee K. Emerging trends in humidity-responsive 4D
bioprinting. Chem Eng J. 2023;455:140550.

Li YC, Zhang YS, Akpek A, Shin SR, Khademhosseini A. 4D bioprinting:
the next-generation technology for biofabrication enabled by stimuli-

responsive materials. Biofabrication. 2016;9(1):012001.

Zhang K, Geissler A, Standhardt M, et al. Moisture-responsive films of
cellulose stearoyl esters showing reversible shape transitions. Sci Rep.

2015;5(1):11011.

Ding Z, Yuan C, Peng X, Wang T, Qi HJ, Dunn ML. Direct 4D printing
via active composite materials. Sci Adv. 2017;3(4):e1602890.

Boruah M, Mili M, Sharma S, Gogoi B, Kumar Dolui S. Synthesis and
evaluation of swelling kinetics of electric field responsive poly (vinyl
alcohol)-g-polyacrylic acid/OMNT nanocomposite hydrogels. Polymer
Composites. 2015;36(1):34-41.

Ramos MLP, Gonzilez JA, Fabian L, Pérez CJ, Villanueva ME, Copello
GJ. Sustainable and smart keratin hydrogel with pH-sensitive swelling

and enhanced mechanical properties. Mater Sci Eng C. 2017;78:619-626.

Hermanovd S, Pumera M. Biodegradable polyester platform for

extrusion-based bioprinting. Bioprinting. 2022;26:€00198.

McLoughlin ST, McKenna AR, Fisher JP. 4D Bioprinting via Molecular
Network Contraction for Membranous Tissue Fabrication. Adv Healthc

Mater. 2023;2300642.

Sydney Gladman A, Matsumoto EA, Nuzzo RG, Mahadevan L, Lewis JA.
Biomimetic 4D printing. Nature Mater. 2016;15(4):413-418.

Qu G, Huang J, Gu G, Li Z, Wu X, Ren J. Smart implants: 4D-printed
shape-morphing scaffolds for medical implantation. Int ] Bioprinting.
2023;9(5).

Zhang Y, Raza A, Xue YQ, et al. Water-responsive 4D printing based
on self-assembly of hydrophobic protein “Zein” for the control of

degradation rate and drug release. Bioactive Materials. 2023;23:343-352.

Montgomery M, Ahadian S, Davenport Huyer L, et al. Flexible shape-
memory scaffold for minimally invasive delivery of functional tissues.

Nature Mater. 2017;16(10):1038-1046.

www.medliber.com

42

Volume 1 | Issue 1


https://medliber.com/journal/mrm
https://doi.org/10.1002/jbm.a.37473
https://doi.org/10.1002/jbm.a.37473
https://doi.org/10.1002/jbm.a.37473
https://doi.org/10.1002/biot.201600671
https://doi.org/10.1002/biot.201600671
https://doi.org/10.1002/adma.201800242
https://doi.org/10.1002/adma.201800242
https://doi.org/10.3390/mi9020086
https://doi.org/10.3390/mi9020086
https://doi.org/10.1016/j.drudis.2019.03.025
https://doi.org/10.1016/j.drudis.2019.03.025
https://doi.org/10.1016/B978-0-323-89831-7.00001-8
https://doi.org/10.1016/B978-0-323-89831-7.00001-8
https://doi.org/10.1016/B978-0-323-89831-7.00001-8
https://doi.org/10.1088/1758-5090/ab2798
https://doi.org/10.1088/1758-5090/ab2798
https://doi.org/10.1007/s10544-014-9842-8
https://doi.org/10.1007/s10544-014-9842-8
https://doi.org/10.1007/s10544-014-9842-8
https://doi.org/10.1007/s10544-014-9842-8
https://doi.org/10.1002/adma.201500222
https://doi.org/10.1002/adma.201500222
https://doi.org/10.1002/adma.201500222
https://www.nature.com/articles/s41598-022-07392-0
https://www.nature.com/articles/s41598-022-07392-0
https://www.nature.com/articles/s41598-022-07392-0
https://doi.org/10.1088/1758-5090/ab2798
https://doi.org/10.1088/1758-5090/ab2798
https://doi.org/10.1016/j.bprint.2023.e00271
https://doi.org/10.1016/j.bprint.2023.e00271
https://doi.org/10.1002/adhm.202300636
https://doi.org/10.1002/adhm.202300636
https://doi.org/10.1002/adhm.202300636
http://dx.doi.org/10.5281/zenodo.8216770
http://dx.doi.org/10.5281/zenodo.8216770
https://doi.org/10.1126/sciadv.aao5496
https://doi.org/10.1126/sciadv.aao5496
https://doi.org/10.1126/sciadv.aao5496
https://doi.org/10.1126/science.aau7114
https://doi.org/10.1126/science.aau7114
https://doi.org/10.1126/science.aau7114
https://doi.org/10.13140/RG.2.2.20027.46889
https://doi.org/10.13140/RG.2.2.20027.46889
https://doi.org/10.1002/adma.202300756
https://doi.org/10.1002/adma.202300756
https://doi.org/10.1002/adma.202300756
https://doi.org/10.1002/adma.202300756
https://doi.org/10.1016/bs.aams.2021.03.001
https://doi.org/10.1016/bs.aams.2021.03.001
https://doi.org/10.1201/b21916
https://doi.org/10.1201/b21916
https://faculty.sustech.edu.cn/wp-content/uploads/2020/04/2020042012411022.pdf
https://faculty.sustech.edu.cn/wp-content/uploads/2020/04/2020042012411022.pdf
https://doi.org/10.1002/biot.201900086
https://doi.org/10.1002/biot.201900086
http://dx.doi.org/10.1016/j.bprint.2021.e00161
http://dx.doi.org/10.1016/j.bprint.2021.e00161
https://doi.org/10.1002/biot.201800148
https://doi.org/10.1002/biot.201800148
https://doi.org/10.1002/adhm.201800412
https://doi.org/10.1002/adhm.201800412
https://doi.org/10.1016/j.biomaterials.2018.08.006
https://doi.org/10.1016/j.biomaterials.2018.08.006
https://doi.org/10.1016/j.biomaterials.2018.08.006
https://doi.org/10.1016/j.biomaterials.2018.08.006
https://doi.org/10.1016/j.biomaterials.2018.08.006
https://doi.org/10.1016/j.biomaterials.2018.08.006
https://doi.org/10.1208/s12249-023-02626-4
https://doi.org/10.1208/s12249-023-02626-4
https://doi.org/10.1016/j.drudis.2022.103391
https://doi.org/10.1016/j.drudis.2022.103391
http://dx.doi.org/10.1016/j.cej.2022.140550
http://dx.doi.org/10.1016/j.cej.2022.140550
http://dx.doi.org/10.1016/j.cej.2022.140550
http://dx.doi.org/10.1016/j.cej.2022.140550
http://dx.doi.org/10.1016/j.cej.2022.140550
https://doi.org/10.1038/srep11011
https://doi.org/10.1038/srep11011
https://doi.org/10.1038/srep11011
https://doi.org/10.1038/srep11011
https://doi.org/10.1038/srep11011
https://doi.org/10.1038/srep11011
https://doi.org/10.1038/srep11011
https://doi.org/10.1038/srep11011
https://doi.org/10.1038/srep11011
https://doi.org/10.1016/j.msec.2017.04.120
https://doi.org/10.1016/j.msec.2017.04.120
https://doi.org/10.1016/j.msec.2017.04.120
http://dx.doi.org/10.1016/j.bprint.2022.e00198
http://dx.doi.org/10.1016/j.bprint.2022.e00198
https://doi.org/10.1002/adhm.202300642
https://doi.org/10.1002/adhm.202300642
https://doi.org/10.1002/adhm.202300642
https://doi.org/10.1038/nmat4544
https://doi.org/10.1038/nmat4544
https://doi.org/10.18063%2Fijb.764
https://doi.org/10.18063%2Fijb.764
https://doi.org/10.18063%2Fijb.764
https://doi.org/10.18063%2Fijb.764
https://doi.org/10.18063%2Fijb.764
https://doi.org/10.18063%2Fijb.764
https://doi.org/10.1038/nmat4956
https://doi.org/10.1038/nmat4956
https://doi.org/10.1038/nmat4956

AydinL

192.

193.

194.

195.

196.

197.

198.

199.

201.

203.

204.

206.

Miao S, Cui H, Nowicki M, et al. Stereolithographic 4D bioprinting
of multiresponsive architectures for neural engineering. Adv Biosyst.

2018;2(9):1800101.

Thangadurai M, Ajith A, Budharaju H, Sethuraman S, Sundaramurthi D.
Advances in electrospinning and 3D bioprinting strategies to enhance
functional regeneration of skeletal muscle tissue. Biomaterials Advances.

2022;213135.

Reneker DH, Chun I. Nanometre diameter fibres of polymer, produced

by electrospinning. Nanotechnology. 1996;7(3):216.

Ganesh SS, Anushikaa R, Swetha Victoria VS, Lavanya K, Shanmugavadivu
A, Selvamurugan N. Recent Advancements in Electrospun Chitin and
Chitosan Nanofibers for Bone Tissue Engineering Applications. J Funct

Biomater. 2023;14(5):288.

Uhljar LE, Ambrus R. Electrospinning of Potential Medical Devices
(Wound Dressings, Tissue Engineering Scaffolds, Face Masks) and Their
Regulatory Approach. Pharmaceutics. 2023;15(2):417.

Qiu S, Du J, Zhu T, et al. Electrospun compliant heparinized elastic
vascular graft for improving the patency after implantation. Int J Biol

Macromol. 2023;126598.

Mellor LF, Huebner P, Cai S, et al. Fabrication and evaluation of

electrospun, 3D-bioplotted, and combination of electrospun/3D-
bioplotted scaffolds for tissue engineering applications. BioMed Res Int.

2017;2017.

Vadala G, Mozetic P, Rainer A, et al. Bioactive electrospun scaffold for

annulus fibrosus repair and regeneration. Eur Spine J. 2012;21:20-26.

. Li Z, Tuffin J, Lei IM, et al. Solution fibre spinning technique for the

fabrication of tuneable decellularised matrix-laden fibres and fibrous

micromembranes. Acta Biomater. 2018;78:111-122.

Zulkifli MZA, Nordin D, Shaari N, Kamarudin SK. Overview of
Electrospinning for Tissue

2023;15(11):2418.

Engineering Applications. Polymers.

. Yeo M, Kim GH. Anisotropically aligned cell-laden nanofibrous bundle

fabricated via cell electrospinning to regenerate skeletal muscle tissue.

Small. 2018;14(48):1803491.

Dhandayuthapani B, Yoshida Y, Maekawa T, Kumar DS. Polymeric

scaffolds in tissue engineering application: a review. Int J Polym Sci. 2011.

Volpi M, Paradiso A, Costantini M, Swieszkowski W. Hydrogel-based
fiber biofabrication techniques for skeletal muscle tissue engineering.

ACS Biomater Sci Eng. 2022;8(2):379-405.

. Potyondy T, Uquillas JA, Tebon PJ, et al. Recent advances in 3D

bioprinting of musculoskeletal tissues. Biofabrication. 2021;13(2):022001.

Kang MS, Lee SH, Park W7, Lee JE, Kim B, Han DW. Advanced techniques

207.

208.

209.

210.

212.

214.

216.

217.

218.

for skeletal muscle tissue engineering and regeneration. Bioengineering.

2020;7(3):99.

Tong A, Pham QL, Abatemarco P, et al. Review of Low-Cost 3D
Bioprinters: State of the Market and Observed Future Trends. SLAS
TECHNOLOGY: Translating Life Sciences Innovation. 2021;26(4):333-
366.

Loépez I, Zamora C, Sanchez MI, et al. Modifications in Gene Expression
in the Process of Osteoblastic Differentiation of Multipotent Bone
Marrow-Derived Human Mesenchymal Stem Cells Induced by a Novel
Osteoinductive Porous Medical-Grade 3D-Printed Poly(E-caprolactone)/
B-tricalcium Phosphate Composite. Int ] Mol Sci. 2021;22:11216.

Zhang P, Liu C, Modavi C, Abate A, Chen H. Printhead on a chip:
empowering droplet-based bioprinting with microfluidics. Trends

Biotechnol. 2023.

Sanz-Garcia A, Sodupe-Ortega E, Pernia-Espinoza A, Shimizu T,
Escobedo-Lucea C. A versatile open-source printhead for low-cost 3D

microextrusion-based bioprinting. Polymers. 2020;12(10):2346.

. Zhang YS, Haghiashtiani G, Hiibscher T, et al. 3D extrusion bioprinting.

Nat Rev Methods Primers. 2021;1(1):75.

Mason J, Visintini S, Quay T. An overview of clinical applications of
3-d printing and bioprinting. In: CADTH Issues in Emerging Health
Technologies. Canadian Agency for Drugs and Technologies in Health,
Ottawa (ON); 2016. PMID: 31211545.

. Mazzocchi A, Soker S, Skardal A. 3D bioprinting for high-throughput

screening: Drug screening, disease modeling, and precision medicine

applications. Appl Phys Rev. 2019;6(1).

Kogak E, Yildiz A, Acartiirk F. Three dimensional bioprinting technology:
Applications in pharmaceutical and biomedical area. Colloids Surf B

Biointerfaces. 2021;197:111396.

. Sun Z. Clinical applications of patient-specific 3D printed models in

cardiovascular disease: current status and future directions. Biomolecules.

2020;10(11):1577.

Durfee WK, Iaizzo PA. Medical applications of 3D printing. In:
Engineering in Medicine. Academic Press; 2019. p. 527-543.

Ballard DH, Trace AP, Ali S, Hodgdon T, Zygmont ME, DeBenedectis
CM, et al. Clinical applications of 3D printing: primer for radiologists.
Acad Radiol. 2018;25(1):52-65.

Rodriguez-Salvador M. Discovering new 3D bioprinting applications:

Analyzing the case of optical tissue phantoms. Int J Bioprint. 2019;5(1).

www.medliber.com

43

Volume 1 | Issue 1


https://medliber.com/journal/mrm
https://doi.org/10.3390/bioengineering7030099
https://doi.org/10.3390/bioengineering7030099
https://doi.org/10.3390/bioengineering7030099
https://doi.org/10.3390/bioengineering7030099
https://doi.org/10.3390/bioengineering7030099
https://doi.org/10.3390/bioengineering7030099
https://doi.org/10.3390/bioengineering7030099
https://doi.org/10.3390/bioengineering7030099
https://doi.org/10.3390/bioengineering7030099
https://doi.org/10.3390/bioengineering7030099
https://doi.org/10.3390/bioengineering7030099
https://doi.org/10.1016/j.tibtech.2023.09.001
https://doi.org/10.1016/j.tibtech.2023.09.001
https://doi.org/10.1016/j.tibtech.2023.09.001
https://doi.org/10.3390/polym12102346
https://doi.org/10.3390/polym12102346
https://doi.org/10.3390/polym12102346
https://experiments.springernature.com/nature/primers/10.1038/s43586-021-00073-8
https://experiments.springernature.com/nature/primers/10.1038/s43586-021-00073-8
https://pubmed.ncbi.nlm.nih.gov/31211545/
https://pubmed.ncbi.nlm.nih.gov/31211545/
https://pubmed.ncbi.nlm.nih.gov/31211545/
https://pubmed.ncbi.nlm.nih.gov/31211545/
https://doi.org/10.1063%2F1.5056188
https://doi.org/10.1063%2F1.5056188
https://doi.org/10.1063%2F1.5056188
https://doi.org/10.1063%2F1.5056188
https://doi.org/10.1063%2F1.5056188
https://doi.org/10.1063%2F1.5056188
https://doi.org/10.1063%2F1.5056188
https://doi.org/10.1063%2F1.5056188
https://doi.org/10.1063%2F1.5056188
https://experts.umn.edu/en/publications/medical-applications-of-3d-printing
https://experts.umn.edu/en/publications/medical-applications-of-3d-printing
https://experts.umn.edu/en/publications/medical-applications-of-3d-printing
https://experts.umn.edu/en/publications/medical-applications-of-3d-printing
https://experts.umn.edu/en/publications/medical-applications-of-3d-printing
https://doi.org/10.18063%2FIJB.v5i1.178
https://doi.org/10.18063%2FIJB.v5i1.178
https://doi.org/10.1038/nmat4956
https://doi.org/10.1038/nmat4956
https://doi.org/10.1038/nmat4956
https://doi.org/10.1016/j.bioadv.2022.213135
https://doi.org/10.1016/j.bioadv.2022.213135
https://doi.org/10.1016/j.bioadv.2022.213135
https://doi.org/10.1016/j.bioadv.2022.213135
https://doi.org/10.1016/j.bioadv.2022.213135
https://doi.org/10.1016/j.bioadv.2022.213135
https://doi.org/10.3390/jfb14050288
https://doi.org/10.3390/jfb14050288
https://doi.org/10.3390/jfb14050288
https://doi.org/10.3390/jfb14050288
https://doi.org/10.3390/pharmaceutics15020417
https://doi.org/10.3390/pharmaceutics15020417
https://doi.org/10.3390/pharmaceutics15020417
https://doi.org/10.3390/pharmaceutics15020417
https://doi.org/10.3390/pharmaceutics15020417
https://doi.org/10.3390/pharmaceutics15020417
https://doi.org/10.3390/pharmaceutics15020417
https://doi.org/10.3390/pharmaceutics15020417
https://doi.org/10.3390/pharmaceutics15020417
https://doi.org/10.3390/pharmaceutics15020417
https://doi.org/10.1007%2Fs00586-012-2235-x
https://doi.org/10.1007%2Fs00586-012-2235-x
https://doi.org/10.1016/j.actbio.2018.08.010
https://doi.org/10.1016/j.actbio.2018.08.010
https://doi.org/10.1016/j.actbio.2018.08.010
https://doi.org/10.3390/polym15112418
https://doi.org/10.3390/polym15112418
https://doi.org/10.3390/polym15112418
https://doi.org/10.3390/polym15112418
https://doi.org/10.3390/polym15112418
https://doi.org/10.3390/polym15112418
https://doi.org/10.3390/polym15112418
https://doi.org/10.3390/polym15112418
https://doi.org/10.3390/polym15112418
https://doi.org/10.3390/polym15112418
https://doi.org/10.3390/polym15112418
https://doi.org/10.1088/1758-5090/abc8de
https://doi.org/10.1088/1758-5090/abc8de
https://doi.org/10.3390/bioengineering7030099

	INTRODUCTION
	REVIEW OF LITERATURE
	History of Bioprinting
	Current Bioprinting Methods
	Recent Bioprinter Technologies
	Clinical Applications of Current Methods
	Limitations of Current Systems
	Future Perspectives
	CONCLUSION
	ACKNOWLEDGEMENT
	References

