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Abstract: The development of therapeutic drugs and methods has been greatly facilitated by the emergence of tumor models.
However, due to their inherent complexity, establishing a model that can fully replicate the tumor tissue situation remains extremely
challenging. With the development of tissue engineering, the advancement of bioprinting technology has facilitated the upgrading of
tumor models. This article focuses on the latest advancements in bioprinting, specifically highlighting the construction of 3D tumor
models, and underscores the integration of these two technologies. Furthermore, it discusses the challenges and future directions of
related techniques, while also emphasizing the effective recreation of the tumor microenvironment through the emergence of 3D tumor
models that resemble in vitro organs, thereby accelerating the development of new anticancer therapies.
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Introduction

According to 2020 data, approximately 19.3 million new cancer cases were reported globally, resulting in around
10 million related deaths." With the high incidence and mortality rates of cancer posing a serious threat to human
health, there is an urgent demand for the development of more effective anticancer drugs. Nonetheless, the screening of
such drugs remains a highly challenging and burdensome task due to these statistics.” Typically, tumor models are used to
assess their anticancer effects, providing highly intuitive results.

The construction of tumor models has evolved from 2D to animal models and then to 3D models such as organoids,
representing a gradual development. Although simple to use and economical, 2D cell culture models do not effectively
replicate the in vivo environment. Animal models are widely used currently, offering a more complex biological
environment. However, the major issue lies in the inevitable physiological differences between animals and humans,
casting doubt on the reliability of the results.

Due to advancements in tissue engineering, bioprinting technology has emerged as a significant tool in the field of
oncology. This technique involves the use of 3D printing to assemble cells, biomaterials, and growth factors in a precise
and quantitative manner. The technology can create three-dimensional tumor tissue models that simulate the micro-
environment of tumor occurrence and development. These models provide a more realistic representation of cell-cell and
cell-matrix interactions, closely resembling the biological characteristics of in vivo tumors. This aids in the in-depth
study of tumor growth, progression, metastasis, and other mechanisms, enabling rapid, high-throughput assessment of
drug efficacy and toxicity, thereby facilitating personalized medicine. Today, 3D tumor spheroids, organoids, and tumor
chips are successful products cultivated by the era. The combination of these tumor models with bioprinting technology
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holds promise to provide faster and more accurate solutions for screening tumor treatment methods, ultimately benefiting
millions of cancer patients. In simple terms, biological inks are synthesized from cells, bio-polymers, and other auxiliary
components, followed by the use of appropriate bioprinting techniques to fabricate tumor models (Figure 1). This article
provides an overview of the latest developments in bioprinting and 3D tumor models from a biomedical perspective, such
as tumor spheroids, organoids, and tumor chips. We begin with a brief summary of the current state of size-based
bioprinting technology, followed by a description of the latest advancements in closely related bioinks. Finally, we
discuss tumor models in detail, outlining the challenges and prospects of bioprinting technology in the construction of

tumor models.

Overview of Bioprinting Technology

Bioprinting technology, as a crucial component of the two fundamental elements of bioprinting (bioprinting technology
and bioinks), refers to the technique of creating three-dimensional objects by digitally controlled, continuous layer
deposition of living cells and tissues as materials. From the earliest inkjet printing to the present, bioprinting technology
has evolved into various forms and categories. The common ones we encounter include Inkjet bioprinting, Acoustic
droplet ejection bioprinting, Laser-assisted bioprinting, Microfilament bioprinting, Stereolithography bioprinting, and
Digital light processing (Figure 2). The classification can be based on the presence or absence of a nozzle, which includes
nozzle-based jetting or extrusion printing, as well as nozzle-free, open-platform printing. To succinctly summarize these
printing technologies, we have categorized existing techniques based on the additive manufacturing characteristics of
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Figure | Schematic diagram of bioprinting application in tumor model construction.
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Figure 2 Schematic diagram of bioprinting technology.

bioprinting, using the following classification: zero-dimensional droplet-based, one-dimensional filament-based, and two-
dimensional plane-based (Table 1).*7

Zero-Dimensional Microdrop Bioprinting

This type of technology uses controllable cell-containing micro-drops as the structural forming unit, mainly including
inkjet, acoustic, laser-assisted, and laser-induced transfer.>'>~'7 During the cell printing process, all four methods
mentioned above have potential sources of cell damage, including thermal effects, tension from bubble rupture,
instantaneous impact force during droplet ejection, and dehydration due to droplet evaporation. Overall, through effective
process optimization, the micro-droplet-based printing process can achieve a cell survival rate of over 85%. In terms of
shaping, the prominent advantages of these micro-droplet-based methods are high forming accuracy and fast printing
speed, while the main drawback is the low ink viscosity, making droplet fixation difficult and thus challenging for
forming larger complex three-dimensional structures.

Bioprinting using inkjet technology was first developed in 2003 and officially patented in 2006. This method is
based on the traditional 2D inkjet printer, where the ink is replaced with bioink and the platform is switched to
X-Y-Z control, enabling the 3D fabrication of biologically relevant objects. Bioink is deposited by controlled
deformation of the nozzle’s internal space as it flows through, driven by piezoelectric or digitally controlled thermal
forces, causing the controlled volume to generate droplets through the nozzle. These droplets distribute the liquid
onto a collection platform, forming layers in the z-direction to ultimately create a 3D object. Inkjet bioprinting has
advantages such as a simple system and relatively low cost.'® Multiple print heads can work in parallel, achieving
high-resolution (=30 pm) and fast manufacturing.'® However, there are limitations to inkjet bioprinting, such as the
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Table | Advantages and Disadvantages of Bioprinting Technology
Dimensionality | Printing Advantage Disadvantage Cell Reference
Technology Survival
Rate
Zero- dimension | Inkjet printing High molding The system is simple and | The viscosity of the ink is low, >85% [6]
accuracy and fast | the cost is relatively low | and it is difficult to shape the
printing speed droplets, so it is difficult to
Sonic printing Simple structure, small form large complex three- >85% [7]
manufacturing obstacles, dimensional structures
compact size, non-
contact operation,
reduce the critical shear
stress
Laser-induced High cell viability High cost >95% [8]
transfer printing
One-dimensional | Microfilament Large scale complex structures can be formed, | The shearing effect of extrusion on cells is 40-80% [9-11]
printing and natural or synthetic polymer materials the main source of cell damage
with different crosslinking mechanisms and
rheological properties can be formed.
There is no cell damage caused by bubble
rupture and instantaneous impact
Two-dimensional | Stereolithography Higher printing speed, high cell survival rate Waste of ink, difficulty in structural >85% [9,12]
printing detachment, oxygen inhibition, greater
photostimulation and photoinitiator toxicity
Digital light Higher resolution, relatively faster printing Limited by the projection area of digital light | >95% [13,14]
processing speed, and flexibility in material selection. projection, Digital light processing is typically
used for printing smaller objects.

relatively low cell density (<10° cells/mL) used for bioprinting and the ability to print only bioinks with viscosities
in the range of 3.5-12 mPa s. Christensen et al successfully printed branched vascular structures using inkjet
bioprinting by controlling and uniformizing the channel diameter.?

Bioprinters currently available with nozzles have limitations in printing resolution, as they are expected to cause
clogging when the size is less than 100 pm.?! Additionally, decreasing the nozzle diameter increases shear stress during
the printing process. When subjected to critical shear stress, mechanical damage to the printed cells may lead to cell
death.?” In order to address these drawbacks, Jentsch et al’ introduced a novel 3D bioprinting technique based on the
principle of acoustic droplet ejection (ADE). Ultrasonic signals emitted by transducers pass through a water tank, then
through the bottom of a small coupling reservoir filled with a hydrogel suspension containing cells, ultimately producing
ejected droplets containing cells. These droplets move upwards and adhere to a movable construction platform. This
method eliminates the need for a nozzle, reducing critical shear stress. Numerical simulations indicate that the maximum
shear stress in the ADE process is 2.7 times lower than that of a 150 pm microvalve nozzle.

Laser-assisted bioprinting utilizes laser direct writing or laser induction forward transfer. The first application of laser-

assisted printing to bioprinting was documented by Guillotin et al**

in 2010, outlining bioprinting using micro-droplet
arrays, setting the stage for its application in biomedicine. The system employing this technique typically comprises three
layers from top to bottom: an energy absorption layer, a donor layer, and a bioink layer. The pivotal component in this
system is the donor layer, which reacts to the applied laser beam. At the top of this donor layer is an energy absorption
layer (such as titanium or gold), and at the bottom, a thin layer of bioink is suspended for bioprinting. When a selective
laser beam is directed at the energy absorption layer, the corresponding area of the donor layer beneath it vaporizes,
generating a high-pressure bubble at this interface. This pressure propels the bioink, leading to droplet deposition on the
collection platform. By controlling the z-level of the collector, a 3D structure is eventually created. The advantage of
laser-assisted bioprinting is that cells are not directly subjected to high shear stress. In fact, there is no contact between
the dispenser and the bioink during the bioprinting process. Therefore, this bioprinting method can achieve a relatively
high cell viability (>95%) and can deposit highly viscous substances (1-300 mPa.s). However, the main drawback of this
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system is its high cost, primarily due to the necessity for a high-resolution and high-intensity laser diode. Additionally,
concerns have been raised that using a laser beam to impact the basal layer may result in the release of metal particles,
which could compromise the process’s cell compatibility.®

One-Dimensional Microfilament Bioprinting

This technology involves the utilization of one-dimensional gel microfilaments as the basic building block for bioprint-
ing, specifically in reference to microextrusion-based 3D bioprinting. Microextrusion-based bioprinting stands as one of
the earliest developed and most widely applied bioprinting techniques because of its capacity to construct intricate large-
scale structures and to accommodate the creation of natural or synthetic high molecular weight polymer materials with
varied crosslinking mechanisms and rheological properties.” Unlike droplet-based printing methods, microextrusion-
based methods do not suffer from issues such as bubble bursting or instantaneous impact that can cause cell damage. The
main source of cellular injury from this method is the shearing action on the cells during the extrusion process, especially

when the ink material has a high viscosity,'*"!

as shown by data demonstrating a 13% decrease in cell viability after
printing.**

The fundamental mechanism of using extrusion for 3D bioprinting in the field of biology was first described by Iwan
et al in 2002.%° Similar to the classic fused deposition modeling (FDM) process, this technique involves the extrusion of
materials into filaments, which are then layered to construct a structure. Two main fluid distribution systems have shown
high performance in bioprinting applications: pneumatic and mechanical drives.> Pneumatic systems can be valveless or
valve-based, with valveless systems being more straightforward to fabricate and thus being the most commonly used in
bioprinting.*® Valve-based systems offer various advantages in terms of pressure and pulse frequency control, enabling
precise material deposition and high-resolution bioprinting. Mechanical systems are primarily driven by pistons or
screws. Piston-based systems enable direct control over the deposition of bioink onto the platform. Screw-driven systems
are better suited for high-viscosity bioink due to their improved spatial control, but they may pose a risk to cells due to
the increased pressure drop at the nozzle outlet.?

In comparison to previously mentioned platforms, extrusion-based bioprinting offers several benefits, such as the
capability to deposit high-viscosity bioink (30 mPa s to > 6x107 mPa.s) and higher cell density (> 10® cells/mL to cell
spheroids).”?” Extrusion-based bioprinting systems have the capacity to continuously and consistently extrude bioink,
making them more suitable for most applications due to the preservation of the printed tissue structure. As cells undergo
significant shear stress during the extrusion process, the typical cell viability after extrusion-based bioprinting ranges
around 40-80%.’

The driving force solves the problem of the dynamic source of microfilament extrusion, while the formation of
microfilaments and other process treatments directly affect the quality of the final printed product. In the formation of
microfilaments and forming structures, the ink materials generally undergo gelation or crosslinking. Pre-crosslinking
treatment is used to partially crosslink the ink before printing to facilitate direct extrusion into filaments. Temperature
control treatment is used for various thermosensitive ink materials and adopts targeted heating or cooling treatments to
achieve the desired filament formation effect.”®*® Post-crosslinking treatment takes on various forms, with the general
principle that the extruded ink is crosslinked into filaments at the nozzle tail end, such as the simultaneous injection of
ink and crosslinking agents, coaxial injection, atomization treatment, and direct printing in a crosslinking agent solution,
etc., with these different forms of treatment widely used in sodium alginate hydrogel printing.’*>? As a new approach to
enhance the resolution of current bioprinting platforms, electrospinning technology makes use of the electrostatic
properties of microfilaments. This method employs rapid stretching of charged polymer solutions or melt jetting, together
with solvent evaporation and solidification, and then collects the filaments as fiber mats.*® Following the application of
voltage between the syringe and collector, the solution ejected from the metal needle transforms into a charged jet, which
is then drawn towards the collector. As the solvent evaporates during the journey from the syringe to the collector, the
diameter of the jet reduces significantly, leading to the production of numerous fibers deposited on the metal collector.
Recent advancements in electrospinning technology have enabled the production of finer-diameter fibers, making it
a promising method for enhancing the resolution of existing bioprinting platforms. Typically, the equipment comprises an
X-Y-Z robot workbench and a standard electrospinning device, incorporating a solution or molten polymer extrusion
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system equipped with an injection pump or pneumatic regulator, as well as a high-voltage power supply.**>¢

Electrospinning allows for the control of bioprinting in a continuous or intermittent manner. One of the primary
challenges in printing electrospun fibers is addressing the erratic oscillations of charged jets, which can lead to unstable
fiber and structure formation.>’

Two-Dimensional Planar Bioprinting

Stereolithography (SLA) and Digital Light Processing (DLP) are two commonly used photopolymerization techniques in
the field of bioprinting. Both utilize a light source to cure liquid photosensitive resins and can complete the bioprinting
process on a two-dimensional plane. However, there are some differences in their technical implementation and
application characteristics. Each technology has its own advantages, and the choice between SLA and DLP depends
on the specific application requirements. SLA is more suitable for manufacturing parts that require extremely high
precision, while DLP is ideal for the rapid printing of small, delicate structures. In the field of bioprinting, both of these
technologies are employed in the fabrication of biocompatible scaffolds and tissue models.

The origins of stereolithography for additive manufacturing can be dated to 1984, when Charles W. Hull outlined the
process of creating 3D objects by selectively converting the physical state of fluid in a resin layer into a solid through
layer-by-layer photopolymerization.>® Stereolithography technology utilizes a laser beam to scan liquid photosensitive
resin point by point, constructing each layer one point at a time. This method allows for very precise control over the
curing process and is suitable for the fabrication of high-precision components. However, due to the point-by-point
curing nature, the printing speed of SLA is generally slower and it is not ideal for mass production. In the medical field,
the earliest use of stereolithography involved the production of models for cranial surgery, enabling researchers to
generate highly precise and detailed skull models.*® This technology refers to stereolithography for cell printing, which is
suitable for photocrosslinking bioinks. During printing, a photocrosslinking light source is projected onto the bioinks
through a digital projector, selectively solidifying the bioinks layer by layer through photopolymerization, with the
process controlled by a movable workstation along the Z-axis. By projecting 2D images onto the bioink reservoir,
stereolithography allows for the creation of intricate 3D structures without the need for the printing head to move along
the x-y direction. This characteristic leads to a faster bioprinting speed, potentially surpassing that of droplet and
filament-based methods.'> Within the area exposed to light, the ink selectively gels based on the digital model, leading
to the layered stacking necessary for creating a three-dimensional structure.***' As one of the earliest invented 3D
printing technologies, it is widely applied in the field of rapid prototyping. High cell viability (>85%) is achieved by
bioprinters through the selective photocrosslinking of bioinks, which avoids subjecting the cells to shear stress.” For
direct cell printing, apart from ink wastage, difficulty in structural detachment, and oxygen inhibition, it may also cause
significant light stimulation and photoinitiator toxicity to the cells. Additionally, the limitation of ink material types is
a drawback of this technology. One drawback of this system is the requirement for the liquid to be transparent and for
limited scattering; otherwise, the material will not be uniformly penetrated by the light, resulting in uneven crosslinking.

Stereolithography technology has been improved by integrating a digital micromirror device (DMD) into the laser
optical path, enabling the entire layer to be cured at once without the need for point-by-point scanning. The DMD,
composed of many micro-mirrors, can rapidly switch between on and off states. Based on the loaded image information,
the DMD precisely controls the reflection of light through the optical system and irradiates the photosensitive resin
surface in a specific pattern, achieving rapid curing of the target area. DLP technology uses a digital micromirror array
(DMD) to project light patterns, thereby curing photosensitive resins. This method allows for precise control of the
curing area by changing the projected light patterns, enabling the printing of complex structures. With a high resolution
and faster printing speed due to the simultaneous curing of the entire layer, DLP is suitable for batch production.
Moreover, DLP technology can operate over a broader range of light wavelengths, increasing the flexibility of material
selection and the diversity of applications.'® These advantages make DLP technology widely applicable in bioprinting
and other high-precision 3D printing fields.

Tang et al** used digital light processing (DLP) technology for rapid bioprinting, constructing a mixed cell model
containing patient-derived glioblastoma stem cells (GSCs), macrophages, astrocytes, and neural stem cells (NSCs). For

the first time, they simulated the complex microenvironment of glioblastoma in vitro, including the infiltration of immune
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cells and the interaction between tumor cells and normal brain tissue. This demonstrated the versatility of the bioprinted
model in simulating the tumor microenvironment, including the invasiveness of tumor cells, drug resistance, and immune
interactions. Mei et al** bioprinted a non-small cell lung cancer (NSCLC) model using DLP technology and simulated
the human vascular system within the model. They precisely constructed a three-dimensional lung cancer model with
central blood vessel channels using a bioink composed of methacrylated gelatin (GeIMA). This model not only included
simulated blood vessel structures but also featured an inlet and outlet to connect to a perfusion system that could supply
nutrients and oxygen through a peristaltic pump, simulating the flow of blood in the human body. In the study by Ma
et al,'* live/dead cell staining tests conducted 1 and 7 days after printing with DLP technology showed that the cell
viability was greater than 95%, indicating that the DLP printing process did not harm the cell survival rate.

Bioink Design
Bioinks are a special type of ink used in the field of bioprinting, composed of multiple components including cells, cell

#4443 (Table 2). The following are common components found in bioinks: Cells:

scaffolds, and other auxiliary ingredients
Bioinks typically contain a variety of cells, such as stem cells, fibroblasts, chondrocytes, etc. The selection of cells
depends on the specific application purpose and the type of tissue to be constructed. Cell scaffolds: These are usually
biodegradable bio-polymers, such as gelatin, alginate, etc., which are often present in bioinks. These bio-polymers
provide structural support for cell adhesion and assist in forming the desired three-dimensional structures during the
bioprinting process. Additionally, to promote cell growth and differentiation, other components such as growth factors
and cytokines, including fibroblast growth factor (FGF) and vascular endothelial growth factor (VEGF), may be
incorporated into the bioink. These elements mimic natural biological signals, enhancing cell viability and tissue
regeneration. It is worth noting that the specific composition of bioinks can be customized and improved according to
different research and application needs. Researchers can choose the appropriate combination of ingredients to prepare
bioinks based on the target tissue structure, cell characteristics, and requirements of the printing equipment. Moreover,
the formulations and preparation methods of bioinks are continuously evolving and improving to enhance printing
performance and cell viability.

Table 2 The Composition of Bioink

The Classification | Example Characteristic Reference
composition
of Bioink
Cells Existing cell Hela cells, K7M2 cells It can be cultured in vitro for a long time and is easily
line obtained
Patient It is isolated after tumor resection and subjected Personalized tumor models can be made
primary cells to limited in vitro expansion before being used to
build tumor models
Stem cell Bone marrow mesenchymal stem cells Simulation of tumor initiation and progression, simulation of | [46]
tumor heterogeneity, suitable for long-term culture and
expansion
Cell scaffolds Natural and Alginate, silk protein, gelatin, collagen, chitosan, Easy to obtain and prepare, with good biocompatibility [47-52]
synthetic agarose, hyaluronic acid
hydrogels
dECM Bioink Formulated using fat, cartilage and heart tissue Contains important non-cellular components such as growth | [53]
factors, providing a superior microenvironment for the
growth of specific tissues
Other Growth factor | Fibroblast growth factor (FGF) Can directly or indirectly affect cell behavior and tissue [54-56]
auxiliary Transforming Growth factor-f3 (TGF-) development
components Vascular endothelial growth factor (VEGF)
International Journal of Nanomedicine 2024:19 https: 6553
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Cells in Bioink

In the construction of tumor models using bioinks, there are various options for cell sources based on the research or
experimental objectives. Established cell lines, commonly referred to as cell lines, are a popular choice for cell sources
because they can be cultured in vitro for extended periods and are readily available. Examples of commonly used tumor cell
lines include HeLa cells and K7M2 cells, which originate from different types of tumors and can be selected for cultivation
and use according to specific needs. Patient-derived primary cells: To more closely simulate the actual tumor environment,
researchers may choose to use primary cells obtained from tumor patients (typically mature, terminally differentiated cell
types). These cells can be isolated after resection and undergo limited in vitro expansion before being utilized to construct
tumor models. This cell source retains the biological characteristics of the original tumor, enabling the creation of
personalized tumor models. However, due to the complexity of their tissue origin, there may be variations in cell types
and biological properties. Stem cells, with their potential for self-renewal and multilineage differentiation, can also serve as
a cell source for constructing tumor models. Stem cells, with their capacity for self-renewal and differentiation, can mimic
the behavior of tumor-initiating cells, which are often responsible for tumor initiation, progression, and recurrence. They
can also generate cell populations containing various stages of differentiation, thereby better simulating the heterogeneity
within tumors.>” As an alternative solution to address the limited availability of cells, mesenchymal stem cells from adult
bone marrow are among the most commonly used stem cells.*® They have the ability to differentiate into various tissue
types and can be expanded and differentiated into mesenchymal tissues such as bone, cartilage, tendon, fat, and bone
marrow stroma both in vitro and in vivo.”® Furthermore, stem cells derived from perinatal or amniotic sources can also be
expanded and differentiated into multiple cell lineages, including adipocytes, osteoblasts, myogenic cells, endothelial cells,
neuronal cells, and hepatocytes, thus serving as an alternative source of multipotent cells.>”

For constructing tumor models using bioinks, there are several options for cell sources depending on the research or
experimental objectives. Established cell lines, known as cell lines, are a common choice for cell sources because they
can be cultured in vitro for extended periods and are easily accessible. Commonly used tumor cell lines include HelLa
cells, K7M2 cells, etc., derived from different types of tumors, and can be selected for cultivation and use based on
specific needs. Patient-derived primary cells: To closely simulate the real tumor environment, researchers may opt to use
primary cells obtained from tumor patients (usually mature, terminally differentiated cell types). These cells can be
isolated after resection and undergo limited in vitro expansion before being used to construct tumor models. This cell
source retains the biological characteristics of the original tumor, achieving personalized tumor models; however, due to
the complexity of tissue origin, there may be variations in cell types and biological properties. Stem cells, which have the
potential for self-renewal and multipotent differentiation, can also serve as a cell source for constructing tumor models.
Stem cells, with their ability to self-renew and differentiate, can be used to simulate the behavior of tumor-initiating cells,
which are typically responsible for the initiation, progression, and recurrence of tumors. They can also generate cell
populations containing different stages of differentiation, thereby better simulating the heterogeneity within tumors.”’ As
an alternative solution to the limited availability of cells, mesenchymal stem cells from adult bone marrow are the most
commonly used stem cells.*® They can differentiate into various tissue types and can be expanded and differentiated into
mesenchymal tissues such as bone, cartilage, tendon, fat, and bone marrow stroma in vitro or in vivo.>® Additionally,
stem cells derived from perinatal or amniotic sources can also be expanded and differentiated into multiple cell lines,
including adipocytes, osteoblasts, myogenic cells, endothelial cells, neuronal cells, and hepatocytes, thus serving as an
alternative source of multipotent cells.””

Cell Scaffolds in Bioink

Tissues are not composed of a single type of cell. The function of the liver primarily relies on hepatocytes, but other
essential cells such as cholangiocytes, hepatic stellate cells, and Kupffer cells are also crucial. In the brain, billions of
neurons are surrounded by astrocytes, which provide necessary nutrients to neurons and contribute to immune
modulation.’™®' Human tissues are typically composed of cells, extracellular matrix (ECM), various growth factors
and bioactive molecules, all existing in a complex and coordinated manner.®**% The extracellular matrix (ECM) is
a complex network of macromolecules synthesized and secreted by various tissues and cells in the body, including
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fibroblasts, mesenchymal cells, and epithelial cells. These molecules are distributed and accumulate in the cell surface
and interstitial substances. The ECM forms the cellular scaffold of tissues and organs, providing a microenvironment for
cell survival and growth. It significantly influences cell adhesion, differentiation, proliferation, migration, and functional
expression. Natural and synthetic hydrogels have the capacity to mimic the microenvironment of human tissues, with
good biocompatibility that promotes the exchange of nutrients and waste with cells and can partially restore ECM
functions, making them ideal materials for cell scaffolds.®*

Over the past few decades, several natural and synthetic hydrogels have shown great potential as cell scaffolds in
bioprinting. Alginate, silk fibroin, gelatin, collagen, chitosan, agarose, and hyaluronic acid have all been extensively
studied as bio-inks for cell scaffolds.”” These cell scaffolds exhibit a range of sensitive properties, including ionic
sensitivity, photopolymerization, thermosensitivity, enzymatic sensitivity, and pH sensitivity, allowing simple gels to
form solid 3D structures before, during, or after the bioprinting process. Alginate is a commonly used bio-ink component
in medical and bioprinting applications due to its adhesive properties and straightforward calcium chloride crosslinking
mechanism, making it an attractive material for bioprinting.***° However, its chemical structure often hinders cell
adhesion, requiring the addition of other natural polymers, such as gelatin-based materials, collagen, or silk fibroin, to
induce cell adhesion and bioactivity.”' Gelatin and methacrylated gelatin (GelMA) are also widely used in bioprinting
due to their excellent cell compatibility and mechanical properties.’® However, the use of GelMA requires photoinitiators
for crosslinking and solidification, which may be toxic to cells at high concentrations.”' Similarly, hyaluronic acid and
chitosan, due to their biodegradability and good biocompatibility, can be modified into printable cell scaffolds for the
construction of cell-loaded structures, providing tunable performance and mechanical properties.’>%

At the macroscopic level, synthetic materials offer superior physical properties, enabling the manipulation of the
mechanical, structural, and geometric characteristics of bioinks, including elastic modulus, tensile strength, porosity, and
alignment. In contrast, natural materials provide an appropriate structural and biochemical environment for cell
encapsulation and positioning. We need a material that can combine the advantages of both types of materials while
closely replicating the structure and environment of human tissues. A successful bioprinting material should possess the
following characteristics: printability, biocompatibility, mechanical properties, and shape and structure. (1) Printability:
The material should be suitable for deposition during the printing process, with appropriate viscosity, shear properties,
response transition times, and suitable sol-gel transition stimuli. Extrusion-based techniques typically require materials
with higher viscosity and shear thinning properties, while inkjet-based techniques require low viscosity materials with
very short sol-gel response and transition times. (2) Biocompatibility: In the field of bioprinting, bioinks must have
appropriate degradability, support cell adhesion, and not cause severe immune reactions or toxicity.°® (3) Mechanical
properties: The mechanical properties of bioinks in terms of stiffness, elasticity, and strength should be consistent with
the target tissue’s mechanical properties. (4) Shape and structure: The printed structures should closely resemble the
shape and structure of natural tissues.

Compared to hydrogels with more uniform compositions, the ECM in the body is secreted and composed of many
cells. Specifically, cells release specific molecules and proteins in the appropriate environment, which aggregate to form
the ECM. This includes collagen, fibronectin, proteoglycans, and bone matrix proteins, among others.®” During the ECM
secretion process, cells selectively release specific ECM molecules based on their environment and functional needs.
These molecules form a three-dimensional structure on the cell surface, providing support and influencing the environ-
ment for cell morphology, differentiation, and function. The ECM also regulates biological processes such as cell
signaling, cell-cell interactions, and cell migration. Notably, the composition of ECM components secreted by different
types of cells may vary depending on the cell type and the tissue or organ in which they are located. For example, in bone
tissue, osteocytes secrete an ECM rich in collagen and bone matrix proteins, while in connective tissue, fibroblasts
secrete an ECM rich in collagen. Various sources, such as dermis, bladder, small intestine, mesothelium, pericardium,

heart valves, and different species, can provide ECM.® Nagao et al®

identified methods for extracting hydrogels from
human renal cortex. Compared to normal renal tissue, this renal ECM (K-ECM) hydrogel contains a large amount of
natural matrix proteins, providing niches that simulate the natural microenvironment of the respective bodies (Nagao
et al, 2016). Bi et al recently discovered that liver-derived ECM (L-ECM) obtained from pigs can induce the

differentiation of rat mesenchymal stem cells into hepatocytes.”” In the construction of tumor models, it is crucial to
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retain non-cellular components such as growth factors, which play an important role in cell growth, differentiation,
migration, and tissue regeneration. For example, fibroblast growth factor (FGF) can promote cell proliferation and
neovascularization, which is essential for tissue repair and regeneration, and the state of FGF can affect the rate of tumor
progression.”* Transforming growth factor-p (TGF-B) is responsible for regulating cell proliferation, differentiation, and
migration, and is also involved in tissue remodeling and fibrosis processes, which can slow down tumor progression
under certain conditions.>® Vascular endothelial growth factor (VEGF) specifically promotes the proliferation of vascular
endothelial cells and the formation of new blood vessels, which is crucial for vascularization in tissue engineering. In the
study by Jain et al,’° inhibition of VEGF led to a reduction in vascular permeability, thereby increasing the delivery of
oxygen and therapeutic drugs to tumors. These growth factors and cytokines are usually present in bioinks in an active
form and can directly or indirectly influence cell behavior and tissue development. By precisely controlling the release
and concentration of these factors, bioinks can provide an optimized growth environment for specific tissue engineering
applications.

Decellularized extracellular matrix (dECM) is a natural scaffold produced by removing cellular components from
tissues or organs while retaining their three-dimensional structure and some native fibrous components, such as collagen
fibers. Due to its natural biocompatibility, tissue specificity, and ease of fabrication into usable bioinks, dECM is gaining
increasing attention.”' Simple hydrogel preparation does not possess these advantages. dECM derived from various
tissues has been shown to serve as a bioink for 3D bioprinting. Jang and colleagues™ created innovative tissue-specific
dECM bioinks using adipose, cartilage, and cardiac tissues. Specific cells from each tissue type were able to proliferate
for at least 14 days in these tissue-specific bioinks. These cell-laden dECM bioinks can be deposited through extrusion
from a nozzle and then gelate at physiological temperatures to maintain the generated 3D structures. These bioinks
immediately gelate at 15°C and form a stable crosslinked hydrogel within 30 minutes at 37°C, without the need for any
stringent crosslinking conditions or gelation additives. Overall, dECM is a promising biomaterial that can serve as an
essential component of bioinks, providing an optimized microenvironment for the growth of specific tissues, including
but not limited to cartilage, cardiac, adipose, and liver tissues. Bioinks derived from ECM offer unparalleled biocompat-
ibility, providing a favorable environment for tissue regeneration. The gel-like natural biomaterials are conducive to
encapsulating cells and growth factors. In cell printing technology, various types of printers are typically used to directly
print the corresponding structures with bioinks. However, their limited mechanical properties pose a challenge to their
contribution to the physical properties of tissues, making the 3D shape of printed structures composed solely of hydrogels
very challenging.”® Nevertheless, bioinks can be crosslinked and modified chemically to alter their mechanical strength
or degradation time.”

Bioinks generally need to meet various criteria. For instance, the viscosity must be low enough to be extruded through
a printing head while preventing high shear rates within the loaded units, but it should also be high enough to maintain
the 3D shape after extrusion. These requirements have led to a significant focus on shear-thinning hydrogels in many
bioprinting applications. Shear-thinning hydrogels exhibit low viscosity under high shear stress and return to their
original viscosity once the shear stress is removed.>’* The addition of supplements like graphene nanosheets can
significantly enhance the tensile strength of soft hydrogels.”> The incorporation of a small amount of graphene (0.1—
0.3 wt%) into chitosan can increase the elastic modulus of chitosan by about 200%. In vitro colorimetric and cell
adhesion test results indicate that chitosan with graphene still possesses good biocompatibility. Beyond the passive
effects on loaded cells through mechanical forces, bioinks should also directly influence cell survival and behavior. The
biological properties and biocompatibility of bioinks play a crucial role in ensuring the generation of the desired tissue.
The performance of an ideal bioactive hydrogel scaffold should reflect the structural and biological characteristics of
natural tissue ECM. Currently, hydrogels still face significant challenges in replicating the diverse biological functions
and mechanical properties of ECM.

Overview of Tumor Model Construction
From a temporal perspective, the development of tumor models can be broadly categorized into three types: two-
dimensional cell culture models, animal models, and models that can replicate the tumor microenvironment.
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(1) Two-dimensional cell culture models (Time span: early 20th century to present): The earliest tumor models involved
the growth of cancer cells in two-dimensional cell culture dishes. These models were used to study the fundamental
processes of cell growth, metabolism, and the effects of drugs on cells. However, 2D cell culture models have limited
capabilities in simulating the complex tumor microenvironment within the human body, and struggle to replicate the diverse
phenotypes,’® gene and protein expressions,”’ and in vivo drug responses’® of cancer cells under 2D conditions.

(2) Animal models (Time span: 1950s to present): To gain a comprehensive understanding of tumor development and
assess the effectiveness of new therapeutic methods, scientists began using animal models, such as mice and rats. Even
today, animal models remain the benchmark for drug screening and cancer research, providing a more complex and
realistic physiological environment for studying tumor growth, metastasis, and treatment responses. Animal models offer
insights into more complex biological environments, whole-system responses, and in vivo drug metabolism and side
effects. However, these models still fail to faithfully replicate the essential elements of the human tumor microenviron-
ment (TME). The extensive use of animals in laboratory research has also raised ethical concerns, emphasizing the need
for alternative methods to more accurately and clinically relevantly recreate the in vivo TME. Specifically, they only
provide the mouse physiological microenvironment for human tumor cells, lacking key features of natural human organ
and biological system functions. Moreover, the compromised immune system in mice may affect cancer progression,
reducing their reliability in drug testing.”” To address these challenges, humanized mouse models have recently been
developed, utilizing gene-editing technologies to study the interaction between cancer and the human immune system.

(3) The tumor model replicates the tumor microenvironment (Time span: 1970s to present): The extracellular
matrix (ECM) provides structural support for cells. In the context of the tumor microenvironment, the ECM plays
a crucial role in controlling the behavior and interactions of tumor cells. As a component of the human tumor
microenvironment (TME), the ECM interacts with tumor cells, immune cells, and other factors, influencing tumor
formation and progression. The TME is a multifaceted environment, including tumor cells and surrounding non-
cellular components, such as immune cells, blood vessels, fibroblasts, and matrix molecules. To accurately create
corresponding tumor models in vitro, we must strive to replicate the tumor microenvironment as much as possible. To
better simulate the real growth environment of tumors, scientists have begun to culture tumor cells in a way that
captures their essence. Among these are the most representative 3D tumor spheroids, organoids, and tumor chips

(Table 3), which are three different but interconnected technologies, each with unique applications yet overlapping and

Table 3 The Tumor Model Replicates the Tumor Microenvironment

The Tumor Model | Classification | Time Span Characteristic Specific Techniques and Methods Reference
Replicates the
Tumor
Microenvironment
3D tumor spheroids Scaffold-Free Early 20th Simplified culture conditions; High cell Specially designed culture plates (eg, low [82,83]
3D tumor century to density; Formation of hypoxia and adhesion or non-adhesion surfaces) or
spheroids present metabolic gradient; High throughput specific culture techniques (eg, hanging
screening drop method, rotary culture method) are
often used to promote the formation of
spheroids
Scaffold-Based Early 20th Good biocompatibility; Simulate the Support cell growth and tissue formation [84]
3D tumor century to internal environment; Structural stability; | by using natural or synthetic biological
spheroids present It can simulate cellular interactions; Drug | materials (such as extracellular matrix,
delivery studies may be conducted hydrogels, etc.) as scaffolds
Organoid 1950s to present | Stable three-dimensional structure; It The shape, size, and composition of [85-87]
contains multiple cell types that can organoids can be precisely controlled
simulate the complexity of the tumor using micropatterns, microfluidic chips, or
microenvironment bioprinting
Tumor chip 1970s to present | Microfluidic channels provide a dynamic Microfluidic technology was used to [88-90]
culture environment for tumor cells. Can | simulate the tumor microenvironment. 3D
simulate the tumor microenvironment; tumor structures were formed using
Multi-parameter monitoring is possible bioprinting techniques. Data can be
monitored in real time by integrating
micro-sensors on the chip
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complementary relationships.®' These tumor models allow for better simulation of the interactions between tumor cells
within tissues and multicellular tissue structures, providing more physiologically relevant models that can offer a more
realistic and accurate representation of the tumor microenvironment, aiding in the study of tumor formation, growth
mechanisms, and drug responses. Three-dimensional tumor spheroids partially replicate the tumor microenvironment,
allowing for better simulation of the interactions between tumor cells within tissues and multicellular tissue structures,
providing more physiologically relevant models. Organoid models capture the essence of tumors at the organ level,
offering a dynamic 3D model that can provide deeper insights into the mechanisms of tumor progression and has
shown great potential in cancer drug screening. Tumor chips are a microfluidic technology that studies the physiolo-
gical and pathological processes of organs by constructing microenvironments simulating human organs on micro-
chips. Bioprinting technology allows for the precise 3D arrangement of cells and support structures, thereby simulating
complex tumor tissues. There is a close connection between these three technologies. For example, 3D tumor spheroids
can serve as the basic units for constructing tumor chips and organoids to simulate the tumor microenvironment and
study tumor biological characteristics. At the same time, the development of organoid and tumor chip technologies
also provides new tools and methods for the study of 3D tumor spheroids, such as precisely controlling culture
conditions through microfluidic technology to enhance the physiological relevance and application range of 3D tumor
spheroids.

In summary, driven by continuous advancements in science and technology and our understanding, the construction
of tumor models has evolved from two-dimensional cell cultures to animal models, and now to organoids and other
tumor models that can replicate the tumor microenvironment.

3D Tumor Spheroids

The 3D tumor spheroid is a model of three-dimensional cell culture utilized to mimic tumor tissues in vitro, created through
the aggregation of cancer cells in a 3D cell culture environment. In contrast to conventional 2D cell culture models, this
three-dimensional structure offers a more faithful representation of cell-cell interactions, cell-matrix interactions, and
responses to external signals within tumor tissues. These spheroids can replicate cell-cell interactions,”’ growth kinetics,
and the deposition of new ECM similar to human solid tumors.® Furthermore, accumulating evidence indicates that the
dense ECM deposition and strong cell-cell contact within tumor spheroid aggregates can establish physical barriers
resembling those present in the body, hindering the infiltration of drugs and immune cells, thus mirroring
chemoresistance.”® By virtue of their tumor-like characteristics, tumor spheroids have become established models for

drug screening, with the goal of reducing drug development expenses and unnecessary animal experimentation.”**’

Scaffold-Free 3D Tumor Spheroids

Scaffold-Free 3D tumor spheroids do not rely on external scaffold materials but instead naturally form spheroid
structures through the inherent adhesion and proliferation capabilities of cells. These models typically utilize specially
designed culture plates (such as low-adhesion or non-adhesive surfaces) or specific culture techniques (such as the
hanging drop method, rotating culture) to facilitate spheroid formation.*® These methods generally promote cell-cell
interactions by preventing cell-substrate interactions, thereby facilitating the rapid self-assembly of cells into multi-
cellular aggregates. These approaches are relatively simple, offer high-throughput capabilities, and provide flexibility in
combining various cell types.*® Scaffold-Free 3D tumor spheroids does not require complex scaffold materials; cells
naturally aggregate to form spheroids, and the culture conditions are relatively simple with a high cell density. Scaffold-
Free spheroids are typically cultured in standard 96- or 384-well plates, which also means they are more suitable for
high-throughput drug screening. Since tumor cells are combined in the form of spheroids, when the size of these tumor
spheroids exceeds 400 pm, they generate oxygen and nutrient gradients within the body, leading to core necrosis,
a quiescent middle area, and a proliferative thick shell due to limited molecular transport. Roper et al’® stained tumor
spheroids using immunohistochemistry and found that hypoxia-related biomarkers (CA9) marked distinct hypoxic and
non-hypoxic areas (Figure 3D), showing rapid and stable growth in three-dimensional tumor spheroids (Figure 3E),

which is crucial for studying the tumor microenvironment and drug response.
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Figure 3 Manufacturing process of 3D tumor spheroids and related experimental results. (A) Culture protocol for 3D cell colony spheroids for implementation of 3D-ASM.
Reproduced with permission from Lee SY, Hwang H], Lee DW. Optimization of 3D-aggregated spheroid model (3D-ASM) for selecting high efficacy drugs. Sci Rep. 2022;12
(1):18937. http://creativecommons.org/licenses/by/4.0/.”” Copyright 2022, Springer Nature Ltd. (B) The surface of the 384 column plate and the bottom of the wet chamber.
Reproduced with permission from Lee SY, Hwang H], Lee DW. Optimization of 3D-aggregated spheroid model (3D-ASM) for selecting high efficacy drugs. Sci Rep. 2022;12
(1):18937. http://creativecommons.org/licenses/by/4.0/.”” Copyright 2022, Springer Nature Ltd. (C) Schematic diagram of combined proton beam-drug screening.
Reproduced with permission from Lee DW, Kim JE, Lee GH, et al. High-Throughput 3D Tumor Spheroid Array Platform for Evaluating Sensitivity of Proton-Drug
Combinations. Int | Mol Sci. 2022;23(2). http://creativecommons.org/licenses/by/4.0/.”® Copyright 2022, MDPI Ltd. (D) Immunohistochemical staining of hypoxic (CA9)
markers of tumor spheroids at day 21 (scale:|00um). Reproduced with permission from Roper S, Coyle B. Establishing an In Vitro 3D Spheroid Model to Study
Medulloblastoma Drug Response and Tumor Dissemination. Curr Protoc. 2022;2(1):e357.°¢ Copyright 2022, Wiley-Blackwell Ltd. (E) Representative images of 3D
tumor spheroids over a 2I-day period (scale:|00pm). Reproduced with permission from Roper S, Coyle B. Establishing an In Vitro 3D Spheroid Model to Study
Medulloblastoma Drug Response and Tumor Dissemination. Curr Protoc. 2022;2(1):e357.% Copyright 2022, Wiley-Blackwell Ltd.

In recent years, researchers led by Li have developed a new method using hydrophobic silica nanoparticles to
encapsulate liquid culture tumor spheroids and drug screening.”” Compared to traditional hanging drop methods, this
approach not only enables real-time in situ imaging and motion control but also more closely replicates the microenvir-
onment of in vivo tumor tissues. However, despite some achievements in tumor spheroid culture with these traditional

methods, they face challenges in constructing scalable tumor spheroid models. These methods require a large number of
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cells and compounds as initial materials, which poses a barrier to applications involving rare cell-derived spheroids (eg,
patient tumor biopsy samples). To overcome these limitations, researchers are exploring new strategies. One approach is
to reduce the consumption of materials and cells to study spheroids from rare cells. Additionally, new methods such as
using novel supporting matrices, microfluidic chip technologies are being explored to construct and control tumor
spheroid models, better simulating in vivo physiological environments. In summary, the work of Li et al provides new
insights and pathways for tumor spheroid culture, but further development and refinement are needed to better apply to
the screening of rare cell-derived spheroids and personalized medicine. Researchers are committed to addressing these
challenges to further advance tumor spheroid research.

In the study by Popova et al,'%

a platform called Droplet Microarray (DMA) was used to form highly uniform,
separated, and stable nanoliter droplets on hydrophilic spots in an ultrahydrophobic background, with each droplet
capturing cells to serve as a reservoir for individual biological experiments. The mentioned DMA platform significantly
reduces the use of compounds, reagents, and cells, thereby reducing screening costs while increasing throughput. Several
common cancer cell lines were used to construct tumor spheroids (such as MCF-7, HEK293, and HeLa cells), with tumor
spheroids formed in 100 nL droplets starting from only 150 cells per droplet within 24 to 48 hours. In the study by Xia

et al,101

an ultrahydrophilic-ultrahydrophobic microarray platform combined with acoustic droplet technology was used.
The acoustic droplet ejection device used could precisely inject drug solutions into the droplets, with the entire process
completed within 20 milliseconds, achieving precise drug delivery to cell spheroids and improving the accuracy and

efficiency of drug screening.

Scaffold-Based 3D Tumor Spheroids
Scaffold-Based 3D tumor spheroids are created by utilizing natural or synthetic biomaterials, such as extracellular matrix
components and hydrogels, to support cell growth and tissue formation. Tumor cells grow on a matrix that mimics the
tumor cell extracellular matrix. This scaffold not only promotes cell growth but also provides essential cues from the
natural biophysics and biochemical environment, which are crucial for regulating tumor cell functions.** Currently,
scaffolds for in vitro cancer modeling have evolved from natural hydrogels (such as proteins, polysaccharides), synthetic
hydrogels (such as polyethylene glycol, peptides), and hybrid materials (with high water content, tissue-like biorespon-
siveness, viscoelasticity, and mechanical properties). Advances in microfabrication techniques in recent years have
enabled more complex and precise hydrogel platforms, which can replicate the fundamental characteristics of the
tumor microenvironment (TME). Compared to Scaffold-Free 3D tumor spheroids, these platforms offer better biocom-
patibility and structural stability due to the addition of scaffold materials, allowing for a more accurate simulation of the
in vivo environment and the study of cell interactions.

Alginate, hyaluronic acid, and chitosan have been widely used to fabricate 3D tumor spheroids. For example,

Sabhachandani and colleagues'®?

used a microfluidic-based droplet platform to generate single and co-culture spheroids
of breast cancer in alginate hydrogel and explored their potential for therapeutic effect screening, showing that co-culture
spheroids exhibited higher drug resistance than single culture spheroids. To better mimic the natural TME, further
research by the team incorporated oxygen gradient generators and immune cells into their spheroid system to study the
roles of hypoxia and immune cells in spheroid growth and drug response.'®'** A recent study by the team also explored
the impact of immune cells on tumor response and progression.'®

Matrigel is a commercially available basement membrane extract and has been the most commonly used three-
dimensional cell culture matrix for constructing tumor spheroids in recent years. Matrigel’s origins date back more than
40 years and are primarily composed of mouse tumor cell laminin (laminin), type IV collagen, nidogen (entactin), and
heparan sulfate proteoglycan extracted from Engelbreth-Holm-Swarm (EHS) tumors. It is a complex mixture of proteins

that can solidify into a gel-like state at 37°C, simulating the natural environment of the extracellular matrix (ECM).'*%!

Lee et al'®

created large uniform dense spheroids by attaching Matrigel to a 96-well plate to simulate the tumor
microenvironment of hepatocellular carcinoma. Through high-throughput drug screening, the tumor model was com-
pared with traditional 2D tumor models, showing higher drug resistance, indicating that the newly constructed 3D tumor
spheroid model is closer to in vivo conditions. Lee et al’’ also used Matrigel to create an optimized 3D tumor spheroid

model for drug screening. Cells and matrix gel mixtures were distributed on the surface of a 384-well plate using a 3D
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cell injector. After placing the 384-well plate in a humid chamber and refrigerating for 2 hours, the cells would aggregate
at one location under CO2 incubator conditions. If the humid chamber and 384-well plate do not adhere properly,
excessive gelation may occur. Under humid incubator and humid chamber conditions, the 3D cell mixture stabilizes after
20 minutes of gelation (5 minutes for gelation, 30 minutes for excessive gelation) (Figure 3A). In the case of a stable
three-dimensional cell mixture, an aggregated cell colony can be observed on the surface of the 384-well plate, with no
detached gel or free-floating cells observed at the bottom of the humid chamber (Figure 3B). Another research group”®
used Matrigel to construct 3D tumor spheroids on a 384-well plate to study the therapeutic effect of proton beam therapy
on squamous cell carcinoma of the head and neck and observed the therapeutic effect on the spheroids by controlling the
irradiation dose (Figure 3C).

19109

Currently, cancer cells are embedded in protein-based hydrogels (such as Matrige fibronectin,''* and

collagen'!"'2

to prepare various tumor spheroids. These hydrogels combine specific cell adhesion sequences and
enzyme-mediated matrix degradation, which are beneficial for cell proliferation. Aisenbrey et al''> discussed the
limitations of Matrigel as a cell culture matrix and the applications and advantages of synthetic materials as alternatives
to it in cell culture, regenerative medicine, and organoid assembly. Matrigel is a basement membrane matrix extracted
from a specific type of mouse tumor, and its complex, ill-defined, and variable composition leads to uncertainty and lack

of reproducibility in cell culture experiments. In the study by Kim et al,'"*

an extracellular matrix (ECM) hydrogel
derived from gastrointestinal (GI) tissue was used as an alternative to traditional Matrigel. The results demonstrated that
through optimized decellularization treatment, the hydrogel retained a rich ECM component, reduced batch-to-batch

variation, and improved hydrogel biocompatibility and safety.

Organoid

Because primary tumor tissues have complex biological and clinical characteristics, their replication is limited., tumor
spheroids have been constrained in their precise prediction of individual patient responses to drugs. In contrast, organoids
have overcome this limitation and are now being used as effective tools for disease modeling, drug screening, and the
advancement of personalized medicine. Unlike tumor spheroids, organoids refer to cell aggregates cultured in vitro with
a specific size and shape, capable of simulating and demonstrating partial features and functions of the corresponding
tissues or organs. Typically, they are derived from stem cells or progenitor cells, and they demonstrate essential
characteristics observed in native organs, such as distinctive tissue structures, gene expressions, cellular functions, and
intricate multicellular features.®®” Importantly, tumor organoids retain the key structural and functional features of their
in vivo counterparts, potentially providing an unprecedented predictive relevant in vitro platform for clinical decision-
making.

Tumor organoids are typically generated in gels made from Matrigel, which is the “gold standard” hydrogel for 3D
culture. The main components include four major basement membrane proteins: approximately 60% laminin, about 30%
type IV collagen, about 8% entactin, and 2—3% heparan sulfate proteoglycan.''® Despite their proven applicability, the
presence of immunogenicity and batch-to-batch variability continues to trouble researchers, reducing the reliability of
Matrigel as a matrix source for patient-derived organoid (PDO) model culture. Due to the limitations of matrix gels in
terms of physical and biochemical manipulation, adjusting the matrix to promote specific cell behaviors and achieve
desired biological outcomes is challenging.''* Biomimetic hydrogels, including proteins, polysaccharides, and synthetic
hydrogels, have emerged as excellent alternatives to matrix gels. Ng et al''® demonstrated that enzymatically crosslinked
gelatin, which has the ability to independently modulate stiffness and composition, can support the growth and
metabolism of colorectal cancer organoids compared to cells cultured in Geltrex.

In a static three-dimensional culture, organoids mainly depend on passive diffusion to enable the transfer of nutrients
and removal of waste. However, as the organoids grow and mature, diffusion transport becomes insufficient to meet their
demands. To overcome this challenge, organoid chip platforms combining microfluidic technology have become one of
the solutions.''” This platform has the capability to dynamically provide nutrients under physiological flow conditions,
supporting the growth and development of organoids. An example is the lung cancer chip platform developed by Jung
et al, which includes 29 microchambers and a flow microchannel. This platform is used for cultivating and conducting
drug sensitivity testing on primary lung PDOs under continuous flow conditions.''® In comparison to static culture
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conditions, the three-dimensional lung cancer organoids showed increased sensitivity to cisplatin and etoposide in the
microfluidic platform, attributed to improved drug permeability. This platform effectively preserves the patient’s original
tumor morphology and genetic characteristics. These results indicate that the platform can provide a more physiologi-
cally relevant three-dimensional tumor environment for predicting drug responses.

In another research, Shirure et al created a vascularized tumor organoid to replicate the pathological flow conditions
within blood vessels.''” By co-culturing tumor organoids and perfused three-dimensional microvascular networks in
a five-channel microfluidic device, this model can replicate the realistic in vivo vascular supply and transport character-
istics. These vascularized organoids can be maintained under physiologic flow for 22 days. The study also demonstrated
a significant reduction in tumor proliferation after paclitaxel vascular perfusion, showing the potential to assess
individual responses to chemotherapy in clinical trials, based on the specific patients.

In summary, the organoid chip platform combined with microfluidic technology can overcome the challenges of
nutrient supply faced by organoids under static culture conditions. These systems offer a more relevant physiological
setting for simulating drug reactions and assessing treatment approaches for diseases. Furthermore, vascularized organoid
chips can also mimic in vivo vascular supply and transport characteristics, providing a more realistic model for studying
tumor development and drug efficacy.

Organoids play a crucial role in the field of tissue engineering and regenerative medicine research, offering a more
realistic in vitro model that closely resembles the structure and function of human organs. By regulating culture
conditions, organoids can be developed with specific cell types and tissue structures, allowing them to simulate particular
physiological or pathological processes.'?’ Excellent tools like organoids have been utilized for disease modeling, drug
screening, and the advancement of personalized medicine. Over the last decade, there has been significant advancement

in creating a variety of human organoids, including the brain,'*""'** kidney,'**"'** retina,'*> lung,'**'*’ 128

129,130

prostate,
liver, and gastrointestinal tissues.'>''** The use of tumor organoids enables drug screening and the investigation of
tumor development processes. Therefore, this multifaceted technology is considered the next generation of tumor models,
promoting the development of various novel human tumor models.

In the context of breast cancer, Sachs aimed to effectively generate representative and robust BC models to
supplement molecular and pathological breast cancer-related analyses. In their work, Sachs et al'** detailed a method
for the extended cultivation of human breast epithelial organoids. This led to the development of over 100 primary and
metastatic breast cancer organoid lines that broadly mirror the diversity of the disease. The success rate of establishing
breast cancer organoids has been improved to over 80%. The morphology of breast cancer organoids aligns with the
histopathology, hormone receptor status, and HER2 status of the original tumors. No deviation in histological subtypes,
grading, or receptor status compared to the original breast cancer was observed. Camilla Calandrini and colleagues'>’
have established the first organoid biobank for pediatric kidney cancers, deriving tumor and matched normal kidney
organoids from over 50 children with various subtypes of renal cancers. This includes Wilms tumors, malignant rhabdoid
tumors, renal cell carcinomas, and congenital mesoblastic nephromas. These pediatric kidney tumor organoids retain key
characteristics of the original tumors, which is highly beneficial for uncovering patient-specific drug sensitivities. The
research team has conducted histological characterization of the pediatric renal cancer organoids, indicating that the
tumor organoids closely resemble their parent tumor tissues. Furthermore, the triphasic nature of Wilms tumors,
comprising epithelial, stromal, and blastemal components, appears to be preserved in organoid cultures (Figure 4A).
Schuth et al'*® conducted research on the role of cancer-associated fibroblasts (CAFs) in pancreatic ductal adenocarci-
noma (PDAC) progression and chemoresistance. They established direct three-dimensional co-cultures of primary PDAC
organoids and patient-matched CAFs to confirm the impact of CAFs on sensitivity to gemcitabine, 5-fluorouracil, and
paclitaxel treatment. The results, demonstrated in Figure 4B and C, revealed increased proliferation and reduced
chemotherapy-induced cell death of PDAC organoids when co-cultured with CAFs. This underscores the potential of
personalized PDAC co-culture models for not only drug response analysis but also for elucidating the molecular
mechanisms of tumor stroma chemotherapy resistance support.

Using primary mouse and human induced pluripotent stem cell-derived lung epithelial cells, Dost et al'*”'** created
organoid systems to mimic early-stage lung adenocarcinoma. Their aim was to investigate the molecular changes
occurring shortly after the activation of the oncogenic KRAS gene in lung epithelial cells. Additionally, van de
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Wetering et al'* reported the development of tumor organoid cultures from 20 consecutive colorectal cancer (CRC)
patients, where they identified abnormal Wnt signaling pathway mutations. Furthermore, they observed variations in the
number of primary tumor organoids among patient samples, ranging from thousands in some tumors to only 10-20 in
others. This derived difference may reflect the heterogeneous composition of the tumors. Additionally, successful
construction of various other tumor organoids'**'*? has been documented, fully demonstrating the role of organoid
technology in bridging the gap between cancer genetics and patient trials, supplementing drug research based on cell
lines and xenografts, and promoting personalized treatment design.

Organoids offer a novel platform for personalized medicine and drug development. They enable the evaluation of
drug effectiveness and potential side effects based on individual conditions. These structures can reproduce the structural
and functional traits of the tumor microenvironment (TME) and are considered advanced 3D in vitro models for drug
testing and fundamental cancer biology research. Currently, human clinical trials have commenced incorporating
organoids for drug screening.'*® Yet, there are still challenges that must be overcome to streamline this process. One
such challenge involves refining the culture conditions necessary for generating organoids to improve their growth,
development, and stability. Additionally, efforts are required to minimize the time and cost of organoid culture, thereby
expanding their applications in the fields of medicine and drug development. Another challenge is how to incorporate
stromal cells, especially immune cells, to better reflect the cell interactions and immune responses in the tumor
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microenvironment. By overcoming these challenges, organoids can provide more accurate and reliable predictive models
for personalized medicine and drug development, aiding in the selection of the most effective treatment and reducing the
failure rate in the drug development process. Through the utilization of organoids, we can enhance our comprehension of
the intricacies of diseases and establish a strong basis for precision medicine.

Tumor Chip

Statistics show that approximately 90% of cancer-related deaths are caused by tumor metastasis. Our knowledge of the
potential cellular and molecular mechanisms propelling the metastatic process remains limited, and traditional models
face challenges in fully reproducing this highly intricate process.*™*” Consequently, numerous microfluidic models have
been created to investigate the cellular and molecular functions involved in the series of tumor metastasis., which is
crucial for uncovering therapeutic intervention opportunities in early metastatic spread. The tumor chip, a miniature
experimental platform, is used to simulate and study the biological characteristics and treatment responses of tumors. By
arranging tumor-related cells, tissues, or molecules on a chip, it can simulate the complex and diverse tumor environment
in vitro. The tumor chip, typically consisting of microfluidics and microstructures, has the ability to mimic and control
the interactions between cells within the tumor and between cells and the stroma, providing a reliable biological
environment for studying tumor growth, metastasis, drug resistance, and development processes.

In recent decades, the development of microfluidic technology and bioprinting has led to the emergence of water-
based hydrogel microfluidic platforms. These systems replicate crucial elements of the tumor microenvironment, like the
cascade of cancer metastasis, dynamic blood flow, interactions between cells and the stroma, and have the capability to
predict patient responses accurately. Thus, they are positioned to replace conventional experimental models as they can
precisely control various microenvironmental factors and combine different cell types in vitro. Moreover, due to the
lower cell quantities required for microfluidic models compared to traditional patient biopsy samples, they offer distinct
advantages. By creating cancer metastasis cascade models on chips, we can study angiogenesis, tumor cell invasion, and
simulate the intravasation and extravasation of tumor cells. Microfluidic platforms can be used for cancer drug screening
and the development of personalized cancer treatment. Tumor chips serve as a dependable research platform, enhancing
our comprehension of the intricate process of tumor metastasis and presenting fresh opportunities for early intervention
in metastatic spread.

Additionally, the exceptional regulation of fluid flow makes vascularized tumor chips particularly useful for
studying how tumors respond to medications under natural blood flow conditions. Angiogenesis plays a crucial role
in cancer progression, signifying the shift from tumor growth to advancement,’® making it a key factor in managing
cancer growth and advancement. Various microfluidic devices based on water-based hydrogels have been created to
assess the role of tumor cells in promoting angiogenesis. Furthermore, angiogenic factors (such as VEGF, HGF, B-
FGF, etc.) can stimulate the development of vascular sprouts.'**'*® Research by Nguyen et al demonstrated an
organotypic microfluidic platform that reproduced the formation of vascular sprouts and new microvessels using
engineered vessels in a collagen matrix.'** Through this model, researchers observed the invasion of capillary sprouts
and their connection to the surrounding stroma, eventually integrating with functional new vessels upon perfusion of
nearby lumens with angiogenic factors. Vascularized tumor chips are particularly suitable for studying the response of
tumors to drugs under physiological blood flow conditions. The progression of cancer is significantly influenced by
angiogenesis, and water-based hydrogel microfluidic devices can help us understand the mechanisms of tumor cell-
induced angiogenesis and achieve valuable results in simulating the formation of vascular sprouts and new
microvessels.

To achieve metastasis, cancer cells must first degrade the surrounding extracellular matrix (ECM) and then
penetrate the matrix. Throughout this process, cancer cells interact and communicate with all elements within the
tumor microenvironment (TME) that affect the outcome of metastasis, including endothelial cells, stromal cells,
immune cells, hypoxia, chemokines, and ECM components.'*” For instance, factors secreted by tumor cells induce
the differentiation of stromal cells into cancer-associated fibroblasts (CAFs), which, as the primary depositors of the
ECM, support tumor growth by secreting various ECM components and enzymes, such as transforming growth factor-
beta (TGF-B) and platelet-derived growth factor (PDGF).'**'*° Additionally, endothelial cells promote the adhesion
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and extravasation of tumor cells by secreting ECM components like fibronectin.'>® Immune cells, particularly
macrophages and neutrophils, participate in ECM remodeling by secreting ECM-degrading enzymes, such as matrix
metalloproteinases (MMPs), thereby influencing tumor invasion and metastasis.'>' These findings reveal the critical
role of ECM remodeling in cancer development and metastasis and provide potential targets for the development of
novel therapeutic strategies targeting the ECM remodeling process. For example, drugs targeting specific ECM
components or their receptors could be designed to block or alter signaling pathways that promote cancer progression.
Moreover, modulating the physical properties of the ECM, such as its stiffness or architecture, may help inhibit cancer
cell invasion and metastasis.

Microfluidic technology has been widely applied to elucidate the functions of different types of cells in tumor cell
migration and invasion. In one study, researchers used a microfluidic device combined with a 3D hydrogel matrix to
detect the paracrine interactions between human SUMI159 breast cancer cells and patient-derived tumor-associated
fibroblasts (CAFs).'>* By inducing the expression of the non-metastatic glycoprotein B (GPNMB) in breast cancer
cells, CAFs significantly increased the migration speed of breast tumor cells in the three-dimensional matrix. In addition
to stromal cells, endothelial cells and immune cells also influence the invasive ability of cancer cells. Nagaraju and
colleagues designed a microfluidic device with three layers to facilitate the co-culturing of MDA-MB-231 breast cancer
cells and HUVECs endothelial cells in separate channels. The device allows for the interaction between the two cell types
under controlled conditions. The results showed enhanced invasiveness of tumor cells in association with spontaneously
formed vessels. Additionally, the blood vessels formed in the presence of tumor cells exhibited greater permeability and
were thinner when compared to in vivo studies.'”® Nguyen and colleagues'>* established a chip model for pancreatic
ductal adenocarcinoma (PDAC) to validate the invasive nature of PDAC cells (PD7591 cell line) into the vascular
lumen., where they disintegrate endothelial cells, leaving behind a tumor-filled lumen structure. The microfluidic device
comprises a matrix with two hollow cylindrical channels. One channel is seeded with human umbilical vein endothelial
cells (HUVEC) to create a perfusable biomimetic vessel, while the other is seeded with pancreatic cancer cells to form
a pancreatic ductal adenocarcinoma (Figure 5A). This model replicates vascular invasion and tumor-vascular interac-
tions, offering insight into PDAC-vascular interactions. The findings indicated that the presence of HUVEC increased the
migration speed of PD7591 (Figure 5B), demonstrating the model’s effectiveness. In later stages of the experiment,
PD7591 cells were observed invading around the vessels and inducing apoptosis of the human umbilical vein endothelial
cells (Figure 5C).

The invasive abilities of cancer cells are also influenced by the biochemical and biophysical signals present in the
tumor microenvironment (TME). By integrating three-dimensional hydrogels into microfluidic platforms, stable chemical
gradients can be established for studying three-dimensional invasion trends. In their study, researchers created oxygen
gradients using chemical gradients to explore the effects of hypoxia on cancer cell migration in a three-dimensional
culture.'>® Microfluidic technology has been extensively utilized to investigate the roles of different cell types in cancer
cell migration and invasion. Through the integration of 3D hydrogel matrices and the establishment of chemical
gradients, microfluidic platforms offer a robust approach to studying the impact of various factors in the tumor
microenvironment on cancer cell invasion.

Vascularization of Tumor Models
When tumor cells grow rapidly, their demand for oxygen and nutrients also increases. The rapid growth of tumor tissue
leads to insufficient blood supply, causing a lack of adequate oxygen and resulting in hypoxia, which is a significant

hallmark of the tumor microenvironment.'>®

Hypoxia is present in almost all cancers, defined as areas with oxygen levels
below 2%. The rapid growth of tumor cells and the resulting mismatched oxygen supply lead to this imbalance. Hypoxia
in turn can induce various biological changes in cancer cells, including modifications in gene expression and metabolism,
fostering increased aggressiveness and resistance to chemotherapy.'>’

The growth and spread of cancer rely on the essential role of the vascular system connected to endothelial cells in
delivering oxygen and nutrients.'>® Hypoxic signals activate the expression of vascular endothelial growth factor (VEGF)
and other angiogenic factors, stimulating the formation of new blood vessels through molecular pathways.'>® This

process, referred to as angiogenesis, is a critical feature of cancer. With the assistance of new blood vessels, tumors can
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expand to a diameter of 2—3 millimeters or larger.'® For instance, under hypoxic conditions, the accumulation of HIF
protein occurs due to the inability of the tumor suppressor protein to degrade, as HIF-1 has been identified as a key
regulator in mammalian cell response to hypoxia. In recent years, there has been significant interest in treatments
targeting HIF-1."®" These factors contribute to the dispersion and migration of endothelial cells, ultimately leading to the
formation of new vascular structures. These newly formed blood vessels can supply the necessary oxygen and nutrients
to the tumor tissue, aiding in its continued growth and proliferation.

Blood vessels are the cornerstone of survival for nearly all functional tissues. These perfusable networks function to
carry nutrients, oxygen, and bioactive substances to various organs or locations within the tissue, while also eliminating
metabolic waste products like acids and carbon dioxide, aiming to uphold the body’s internal environment
equilibrium.'®*'® Without an interconnected network of blood vessels, tissues cannot survive independently.
However, compared to the normal vascular system, the tumor vascular system displays abnormal morphological and
functional characteristics, such as irregular vessel networks, leakage, and uneven blood flow. These alterations in the
vascular network result in heightened interstitial fluid pressure (IFP) and hypoxic regions, ultimately supporting tumor
survival and metastasis.'®*'®> Additionally, the abnormal vascular system also restricts the impact of new immune cells
and anti-cancer therapies on the tumor, ultimately reducing the effectiveness of cancer treatment.'®® Therefore, simulat-
ing the vascular system in tumor models is crucial and necessary.

In the production of tumor models, in vitro conditions, such as in perfused bioreactors, can provide a vascular
structure for the supply of oxygen and nutrients. However, once implanted in the body, the delivery of oxygen and
nutrients is often restricted by diffusion kinetics. Due to the relatively slow rate of oxygen diffusion in tissue compared to
consumption, oxygen becomes a crucial factor limiting cell survival. Therefore, when tissue thickness surpasses the limit
of nutrient diffusion, the need for vascularization becomes paramount, particularly for tissues with high oxygen
consumption rates, such as the heart, pancreas, and liver tissues. Most cells cannot tolerate distances from blood vessels
exceeding 200 um, and sensitive cells like islets may experience reduced activity or even necrosis if the oxygen diffusion
distance exceeds 100 um. Conversely, cartilage cells typically exhibit greater resistance and can remain viable in
transplants with a thickness exceeding 1mm.'®” Hence, the construction of tumor models requires the integration of
multi-scale vascular, lymphatic, and/or neural networks.

To overcome current limitations, two primary approaches have been designed: First, by patterning growth factors or
cells within the tissue structure to promote vascular development. Vascular endothelial growth factor (VEGF) is a short-
lived substance that effectively promotes angiogenesis. In both in vivo and in vitro experiments, controlled release of
VEGF within gelatin microspheres (GMP) has been proven to facilitate long-term vascularization.'®® Due to the high
specificity of the vascular system produced by this method, it is difficult to replicate on a one-to-one basis, leading us to
favor the second approach. Another method is to integrate microchannels without vasculature to enhance the diffusion of
oxygen and nutrients. Studies have shown that integrating microchannels into tissue structures can help nutrients diffuse
towards printed cells, effectively addressing the 200 um diffusion limitation for cell survival in engineered tissues.'®’
Bertassoni et al'’® demonstrated the formation of fully permeable microchannels by printing agarose at specific locations,
encapsulating printed cells with methacrylated gelatin (GeIMA) hydrogel, and then removing the template from the
surrounding photocrosslinked gel after gelation. The effectiveness of this method in achieving the desired microchannel
effect can be observed through contrast images of green fluorescent bioprinted templates and pink fluorescent suspen-
sions. Cell viability assays also show that cells within gels containing microchannels exhibit higher activity. This method
is typically applicable to complex tumor models with three-dimensional structures, such as 3D tumor spheroids and
organoids. Due to the insufficient strength of hydrogels to maintain long-term tubular structures under pressure, to
address this issue, Gu et al'’" introduced a strategy based on 3D printing technology for constructing nanofibrous poly
(L-lactide)/poly(e-caprolactone) (PLLA/PCL) scaffolds with interconnected perfusable microchannel networks (IPMs).
These scaffolds are designed to simulate the engineering requirements of vascularized bone tissue, achieving customized
microchannel patterns through a combination of phase separation and sacrificial template methods. The study investi-
gated the impact of microchannel structure on angiogenesis and osteogenesis, finding that 0.5/0.8-IPMs and 0.5/1-IPMs
scaffolds (with spacing to diameter ratios of 0.5/0.8 and 0.5/1, respectively) performed better in vascular network
formation compared to other groups. Additionally, migration and scratch assays revealed that the VEGF@IPMs-0.5/0.8
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Figure 6 The migration effects of HUVECs and the pro-angiogenesis effects of different samples in the CAM model. (A) The effects on HUVECs migration in the Transwell
assay. (A-a, A-b, A-c) are all 0.5/0.8 hydrogels, the VEGF concentration is 0, 200, and 500 ng/mL, respectively. (A-d, A-e, A-f) are all 0.5/] hydrogels, the VEGF
concentration is 0, 200 and 500 ng/mL. (A-g) Quantification of the Transwell assay. (B) The effects on HUVECs migration in the scratch wound assay. (B-a) control, (B-b,
B-d, B-f) are all 0.5/0.8 hydrogels, the VEGF concentration is 0, 200 and 500 ng/mL (B-c, B-e, B-g) are all 0.5/1 hydrogels, the VEGF concentration is 0, 200 and 500 ng/mL.
(C) Optical images of neo-blood vessel formation after 48 h of treatment with different samples in the CAM model. (C-a, C-b, C-c) are all 0.5/0.8 hydrogels, the VEGF
con- centration is 0, 500 and 1000 ng/mL (C-d, C-e, C-f) are all 0.5/1 hydrogels, the VEGF concentration is 0, 500 and 1000 ng/mL. (C-g) The percentage of vascular area.
*P < 0.05, **P < 0.01. Reproduced with permission from Gu J, Zhang Q, Geng M, et al. Construction of nanofibrous scaffolds with interconnected perfusable microchannel

networks for engineering of vascularized bone tissue. Bioact Mater. 2021;6(10):3254-3268. https://creativecommons.org/licenses/by-nc-nd/4.01.'”' Copyright 2021, KeAi
Communications Co.

scaffold demonstrated superior effects in promoting the migration of human umbilical vein endothelial cells (HUVECs)
and neo-vascularization (Figures 6A-C). Experiments on the expression of osteogenic genes RUNX2, OCN, OPN, and
Col I confirmed that the VEGF@0.5/0.8 IPMs scaffold group had higher mRNA expression levels of these osteogenic
markers, indicating a stronger osteogenic effect.
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Conclusions and Future Perspective

The field of 3D bioprinting has undergone rapid advancement in recent years, progressing from initial printing solely for
concept validation to the current capability of printing complex multi-tissue structures. 3D bioprinting technology has
demonstrated significant potential for organ transplantation and tissue reconstruction, such as for nerves and cartilage.
While significant progress has been made in the field of bioprinting, a current trend involves the development of systems
capable of integrating multiple materials into a single structure with diverse mechanical properties and cellular
compositions, as well as producing hollow and perfusable vascularized structures. Nevertheless, a prevalent limitation
of existing bioprinting systems is the prolonged manufacturing time for complex biomimetic tissues, primarily due to
slow bioprinting speed. This can sometimes exceed the available time limits for creating large bioprinted tissues.
Particularly in cases where switching between different materials or achieving very high bioprinting resolution is
required, the time needed to manufacture functional structures significantly increases. Even though efforts have been
directed towards reducing manufacturing time, such as employing a single nozzle to extrude multiple materials in
bioprinting, the overall speed remains inadequate for the rapid production of customized tissues, posing a future
challenge that needs to be tackled.'”> Various 3D bioprinting technologies have been created, each possessing its own
set of pros and cons., such as high precision in inkjet printing but difficulty in forming complex 3D structures, and good
three-dimensional forming capabilities but needing improvement in precision for micro-extrusion printing. In general,
there is a need for bioprinters to continue enhancing printing precision and speed, while also offering additional
functionalities such as multi-nozzle or multi-channel printing, automatic height adjustment, and intelligent process
optimization. Managing heterogeneous components within the three-dimensional structure represents a key focus for
the advancement of bioprinting technology.'”

Furthermore, to better mimic the extracellular matrix environment of tissues and organs in vivo and achieve the
corresponding functional and mechanical requirements, bioink materials generally should have certain material compo-
nent combinations or gradient distributions.'’* In addition, there is also a future emphasis on the development of
specialized inks for specific applications. To adapt to the printing process, bioink materials often require targeted
modification or component design. In addition to using single or known-component inks, future developments may
involve the use of decellularized extracellular matrix (lECM) materials for printing, which are directly obtained from
animal tissues after decellularization processing and contain all the material factors required for tissue formation and
maturation.”' Through the analysis of the composition and structure of dECM, the selection and matching of inks can be
better guided. Scientists are dedicated to developing dECM with the ability to induce organ-specific cellular behaviors
with high cell viability, activity, and inducing organ-specific behaviors for organ replication. Many different types of
bioinks have been extensively studied for manufacturing biomimetic tissues, and new bioinks are continually being
developed to improve the biological similarity of bioprinted structures. However, although these bioinks can induce
certain organ-like behaviors in cells, they often still represent a “synthetic” environment and are challenging to
completely mimic the actual composition of organ-specific ECM. To address this issue, a promising solution is the
use of decellularized ECM (dECM), as it can completely simulate the complex environmental composition of real
tissues; however, the process of extraction, purification, and modification of the matrix is time-consuming, and the
quantity of obtainable bioinks is limited.'”> However, dECM remains a highly promising source of bioinks, offering the
potential to accurately replicate the intricate environmental composition of real tissues. Further research could expand the
use of dECM in bioprinting.

To creatively address this challenge, one approach is to utilize decellularized extracellular matrix (dECM) extracted
from patient tumors.'’®'"” It is worth noting that during tumor progression, the mechanical stiffness of the surrounding
extracellular matrix continuously increases. It has been demonstrated that the increase in matrix stiffness is associated
with tumor proliferation and chemoresistance.'”® The discovery of the compelling mechanical characteristic of stress
relaxation'’® has recently been shown to impact cell behavior and drug reactions. As a result, the supportive matrix for
3D culture should replicate the biochemical and physical cues of the original tumor microenvironment. In summary,
research on bioinks is progressing towards mimicking the native tissue properties more closely, with dECM serving as
a promising source of bioink that can provide a more realistic tissue environment. Future research will further drive the
development of bioprinting technology, offering more possibilities for the manufacturing of customized tissues.
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Due to the significant heterogeneity among and within patients, leading to considerable variations in their response to
cancer treatment, developing in vitro models using patient-derived cancer cells is necessary to replicate the tumor
microenvironment (TME), with cells sourced from patients or induced pluripotent stem cells (iPSCs) being potential
options. However, creating such models is challenging due to the specific isolation protocols and culture conditions
required to maintain the functionality of different cell types. Recent research on breast cancer has demonstrated that
optimizing the culture medium can enhance this situation.'** However, it is currently unclear whether this approach is
applicable to other types of cancer, and the efficiency of tumor-like formation.'®°

Furthermore, a newly emerging concept, 4D Bioprinting, may also be a significant future development direction.'®" Tt
adds a time dimension on the basis of 3D printing, with the most common example being the printing of shape memory
materials: after the three-dimensional cell-containing structure is formed, the entire or local structure undergoes shape
deformation through the stimulation of environmental factors or spontaneous initiation. Under the influence of certain
stimulating factors, this deformation exhibits reversible and controllable characteristics. 4D bioprinting is expected to
demonstrate great potential in regulating cell behavior, vascular formation, and tissue maturation.'®*
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