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Abstract

Using structured materials and special molecules,
scientists can create synthetic materials that
can change their properties in a controlled and =g
efficient way, resulting in useful functions. These
characteristics remind us of the most popular
designs found in nature. Specifically, they can
produce strong structures when needed, store
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(3D) printing technology that can respond to
human physiological conditions. In this review,
the reasons for this progress are explained, and the
potential future developments for macromolecules with specific functions are discussed. This

Key W‘.’"?"' ) review delves into the advancements in 3D printing technology and polymeric nanomaterials,
i]ﬁefr’ ;g’et:tllgc Tg:ri;ques particularly in the diagnosis and therapy of cancer. In addition, it highlights the versatility
Tammtiity of these materials in creating intricate scaffolds with enhanced therapeutic properties,
Polymeric nanomaterials leveraging nanotechnology to improve cell interactions.

Cancer therapy

Cancer diagnosis

Introduction

Three-dimensional (3D) printing technology generates
new purposes for controlled polymeric nanomaterial
placement based on biocompatible polymers to create
complex 3D scaffolds with high resolution and accuracy.'?
Isolating and culturing human cells, printing cell-laden
scaffolds, and applying the scaffolds for treatment and
disease modeling have been indicated in the bioprinting
process for therapeutic applications (Fig. 1).

Three material sources that scaffolds can be made from
are synthetic polymers, natural polymers, and polymer
derivatives.” Nanotechnology can provide various
materials on the nano-scale with unique therapeutic
characteristics and biomaterial-cell interactions suitable
for cell health.*"" When 3D printing tissue engineering
scaffolds, nanomaterials improve shape accuracy and
printability, and provide various biological functions to
bioinks.>* In this regard, mechanical and rheological
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Review Highlights

What is the current knowledge?

o 3D printing technology provides excellent potential
to transform medical cancer practices in diagnostic
procedures and therapeutic methods with surgical
operations.

o Development in 3D printing technology promotes
accurate tissue engineering procedures for authentic
tumor modeling systems for pharmaceutical drug trials,
along with patient-specific treatments.

«  Current investigations are focusing mostly on case
reports and pre-clinical studies, with few clinical studies
involving small samples.

What is new here?

o Early cancer detection, advanced biomarker discovery,
and circulating tumor cell collection can be possible
through 3D printing technology.

o Thesurgical application of 3D printing supports surgical
planning before operations.

o The revolutionary nature of 3D printing applications
based on next-generation bioinks using nanomaterials
in cancer care becomes clear as it changes how clinicians
diagnose diseases and treat patients.

e In next-generation 3D  printing technology,

comprehensive clinical studies are needed to fully

evaluate the efficacy of 3D printing technology in larger

patient  groups.

features, printability, and bioactivity may be augmented
via the colloidal network between synthetic (polylactic
acid [PLA], poly(lactic-co-glycolic acid) [PLGA], and
polycaprolactone [PCL]) or natural (cellulose, gelatin,
chitosan, and alginate) polymeric nanoparticles (NPs)."*-
> For example, shape stability can result from the
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interactions between the solid NPs, such as nanosilicates.'

During the past decades, natural polymers gained
momentum as leading bioactive materials.””** Natural
biopolymers contain multiple biofunctional molecules
that provide both biological activity, regenerative
properties, and biomimicry capacity. Living organisms
contain natural polymers such as chitosan, cellulose,
alginate, dextran, gelatin, and collagen.”?' Synthetic
polymers, which are created by chemical processes, can
be adjustable structures and features.”> Some synthetic
polymers, as biodegradable materials, can be decomposed
by microbes and bodily fluids. Biodegradable synthetic
polymers commonly used in industry include the
materials PLA as well as PLGA, PCL, polyurethane, and
polyvinyl alcohol.*** The polymers need to be employed
with additional agents because they by themselves
fail to fulfill all the requirements needed for creating
bioartificial organs applying 3D printing technology.
The challenge requires a solution that combines these
polymers together with nanomaterials which have both
controlled production methods and strong mechanical
properties.” Natural polymer functionalization produces
advanced products such as gelatin derivatives as well as
chitosan derivatives and cellulose derivatives.”**” Such
functionalized derivatives possess higher sophistication
and complexity levels.?

Physicochemical and biomedical properties

Polymeric nanomaterials achieve better mechanical
properties and process stability through chemical
linkages between adjacent chains, which develop from
crosslinking techniques. The outcome of this processing
method enables printed structures to maintain long-term
durability.** Biomedical applications determine how
printed polymeric nanomaterials should be structured.
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Fig. 1. The bioprinting process for therapeutic applications. Reprinted under the terms and conditions of the Creative Commons Attribution (CC BY) license

(https://creativecommons.org/licenses/by/4.0/).*
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The varying structure of printed polymeric nanomaterials
includes porous scaffolds, which serve tissue engineering
as well as intricate patterns used for microfluidic
devices.?*

By strategically tailoring both the core structure
of the polymer and the peripheral side chain
groups, macromolecular assemblies with molecular
responsiveness have surfaced as prospective contenders
for a wide range of uses, ranging from pharmaceutical
delivery to applications in microelectronics.”® Adding
controlled dynamic elements to these configurations
creates exciting potentials for innovative applications,
which  include  catch-and-release  functionality.*
Traditionally, polymeric NPs have been generated
by covalently crosslinking single-chain copolymers
under sparse conditions, leading to the formation of
intramolecularly collapsed polymeric NPs.>> While these
systems exhibit fascinating physical attributes, their
lack of responsiveness constrains the range of potential
applications. The development of supramolecular
crosslinking through quadruple-hydrogen-based units
serves as a proposed method by Foster et al to revitalize
this research and discover new scientific prospects.
This strategy enables the reversible condensation of
individual macromolecules into crosslinked NPs.*® In a
sparse solution, particles were produced by irradiating
o-nitrobenzyl-protected 2-ureido-pyrimidinone units,
which were attached to the polymer backbone and
featured self-complementary hydrogen bonding. The
photodeprotection of the o-nitrobenzyl group removed
obstacles to hydrogen bonding. In a sparse solution,
this led to the creation of transient single-chain polymer
NPs.*” The introduction of acidity disrupted the
hydrogen-bonded connections, causing the NPs to revert
to coiled single-chain macromolecules. Demonstrating
their metastable nature, these structures were initially
transformed into uniform nanofilms, capitalizing on their
high solubility and low viscosity. When the temperature
reached a certain level, the single-chain NPs began to
"unfold", leading to insoluble extended networks through
supra-molecular  crosslinking.  Significant  changes
in physical and mechanical characteristics emerged
after the transformation of initial NPs occurred. Such
nanostructures made from multiple polymer chains, such
as micelles and vesicles, represent essential transport
carriers of hydrophobic substances through aqueous
solutions. The formation of these particles can now
be selectively induced through recent methods under
varied environmental conditions.”> Amir and colleagues
used enzymatic methods to detach phosphate groups
from one segment of a diblock copolymer, resulting in
amphiphilicity formation. The polymer assembled as
colloidal nanostructures after undergoing this method.*

Lee and colleagues introduced a novel micelle disruption
method that used photochromic spiropyran units and
the isomerization reaction between 365 nm and 620 nm
light wavelengths. The spiropyran ring system underwent
activation by 365 nm light, which generated a hydrophilic

zwitterionic structure that altered the amphiphilic
equilibrium of the block copolymer until it dissolved
the polymer micelle. The hydrophobic spiropyran ring
system underwent conversion back to its original state
after 620 nm irradiation, causing its regeneration and
restoring the amphiphilic behavior, enabling micellar
structure reformation. Molecular rearrangements that
modify hydrophilic/hydrophobic properties produce
a sequential process that builds and then disassembles
nanostructures. This mechanism holds the potential
for selectively storing and releasing hydrophobic
molecular cargo within the nanostructures. A comparable
responsive behavior was engineered into vesicles
composed of amphiphilic amide dendrons, incorporating
either photocleavable o-nitrobenzyl protecting groups or
photoswitchable azobenzene moieties at the core.*® Park
and colleagues successfully accomplished the irreversible
breakdown of vesicular structures and the liberation of
guest molecules by employing the photoinduced removal
of the o-nitrobenzyl protecting group. This triggered
event perturbed the amphiphilic characteristics of the
dendrons. Alternatively, the authors observed that the
photoirradiation of vesicles containing azobenzene
derivatives at the dendron focal point induced a transient
elevation in the permeability of the vesicle walls, thereby
facilitating the release of guest molecules.”* Klaikherd
et al synergistically attached these collective effects by
incorporating multiple orthogonal triggers, leading to
the expansion of multi-responsive assembling polymer
construction. They integrated temperature-sensitive
poly(N-isopropylacrylamide), redox-sensitive (disulfide
linkage), and acid-sensitive (acetal) functionalities within
adiblock copolymer structure, yielding polymeric micelles
capable of disassembling in response to any of the specified
inputs. An intriguing future avenue for these multi-
responsive systems involves exploring logic operations,
where a desired response would only be triggered upon
the simultaneous application of multiple stimuli.* In an
advanced fusion of small molecule and macromolecule
capabilities, Aldaye and colleagues have developed
distinct DNA nanostructures that showcase dynamic
responsiveness in terms of assembly and disassembly. The
precise structuring of DNA assemblies depends heavily
on rigid shape-directing small molecules, which must be
integrated into DNA oligomers with single chains.* By
carefully choosing specific base-pairing configurations,
the hybridization of DNA structures enables the
creation of nanotubes, underscoring the substantial
architectural impact afforded by orthogonal handles.
Beyond meticulous self-assembly, this research group
demonstrated the selective expansion and contraction
of nanotube compartments through DNA hybridization
events initiated by the introduction of complementary
single-stranded DNA. This was exemplified through the
encapsulation and release of gold (Au) NPs cargo within
the containers formed by DNA nanotubes. A significant
forthcoming goal is to establish release mechanisms
triggered by DNA/RNA for the precise intracellular
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delivery of therapeutics in physiological contexts.*
Printed form of polymeric nanobiomaterials in toxicity
focuses on the potential toxicity associated with the
utilization of printed polymeric nanomaterials in the field
of biomaterials.*>*

The evaluation of nanomaterials' toxicity with their
environmental and human health side effects becomes
essential.*® Extensive research and testing protocols
determine the safety of printable polymeric nanomaterials
by reducing potential negative consequences. The use of
3D printing technology enables the precise fabrication
of polymeric nanomaterials, allowing for the creation
of customized structures and designs tailored for
biomaterial applications.” These printed polymeric
nanobiomaterials have gained significant attention in
various biomedical applications, such as drug delivery
carriers, tissue scaffolds, and medical implants due to
their unique properties and potential benefits.*” However,
one crucial aspect of the application of such materials
is the evaluation of their toxicity. Researchers need to
thoroughly assess the potential adverse effects and risks
associated with the interaction of these materials with
living organisms, particularly at the nanoscale.”® Toxicity
studies involve assessing cell viability, inflammation,
genotoxicity, immunological reactions, and long-term
effects under different physicochemical properties and
doses of nanomaterials.*”* Ensuring the biocompatibility
of printed polymeric nano-biomaterials is a critical
factor for the application in physiological conditions.™
In this way, researchers should design materials that are
non-toxic, biodegradable, and capable of promoting the
regeneration and healing processes within biological
systems.”” By understanding the toxicity of printed
polymeric nanobiomaterials, researchers can make
informed decisions about their safe and effective use in
various biomedical applications.”® Modern understanding
of nanotoxicology leads scientists toward developing safer
biocompatible materials, which extend opportunities in
the healthcare and biotechnology domain.™

In 3D printing applications, the fundamental
requirement is to assess the biocompatible nature of the
applied materials. ISO 10993 represents an extensive
collection of International Organization of Standards
evaluation standards for medical device materials
biocompatibility assessment. The successful regulation
of these standards becomes essential for manufacturers
to gain approval from the authorities.®® Standards used
in the traditional manufacturing field present special
obstacles when implemented in 3D-printed materials.
The properties of raw materials may change during 3D
printing because the process consists of factors such
as cross-linking and melting in addition to creating
porosity.”

Relying exclusively on raw material tests does not
give sufficient protection for the safety of 3D-printed
medical equipment. It becomes imperative to extend
assessments to include additives introduced during
manufacturing, such as reinforced materials or cross-

linker molecules. Assessment of these materials during
and after manufacturing is fundamental both for cleaning
procedures and keeping ISO 10993 requirements for
finished medical devices. Accurate examination of
biodegradable 3D printed scaffold degradation needs
complete testing through both laboratory and animal
studies. In order to evaluate the shelf-life of finished
devices, investigators may conduct degradation testing
procedures. Emphasizing sterility is pivotal for minimizing
the risk of infection associated with implantable medical
devices.”” Consequently, 3D-printed implants might
require the same validation procedures as any other
medical implant, with the results submitted to the Food
and Drug Administration (FDA) (ISO 10993-5).

Biocompatibility denotes a material's capacity to interact
with living organisms without producing unwanted
effects. Researchers can improve the biocompatibility
of polymeric nanomaterials by modifying their
composition and surface properties. This optimization
renders them suitable for various applications, including
tissue engineering, drug delivery systems, and medical
implants.*®

As polymer science advanced during the 1960s,
researchers delved into creating synthetic polymeric
matrices to address medical challenges. Synthetic
polymers have displayed extensive development through
numerous creations, which led to extensive scientific
evaluation for biomedical purposes. Achieving success
for clinical applications of synthetic polymers required
overcoming three critical barriers, including poor
biocompatibility, as well as toxic synthesis chemicals
and deleterious degradation product effects. The
advantages of synthetic polymers prove superior to their
disadvantages, especially when no alternative systems are
available. The development of polymeric materials for
biomedical applications brought substantial achievement
during the last two decades through the creation of
biocompatible and non-toxic materials. Biodegradable
synthetic polymers, in particular, have emerged as
favored candidates for constructing prosthetic materials,
tissue engineering scaffolds, and carriers for controlled-
release drug delivery. Each of these applications demands
materials with well-defined physical, chemical, biological,
biomechanical, and degradation properties to provide
effective therapeutic solutions. The subsequent sections
present an overview of some of the most biocompatible
polymer matrices.”

Hoshino and colleagues crafted artificial polymer NPs,
approximately 50 nm in size, to replicate the role of
natural antibodies that attach to particular biomolecules.
These synthetic antibody-like particles, made of plastic,
prove valuable in personalized therapies when the patient
is unable to generate antibodies for a known antigen.
Due to their cost-effectiveness and safety attributes,
as well as their stable nature, these plastic antibodies
present versatility as biomaterials for biomedical
applications, including biomolecule separation, biosensor
development, diagnostic tools, toxic agents, and virus
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countermeasures. Scientists imprinted binding sites on
polymer NP surfaces through molecular interactions
that use a target molecule to create them.®*¢' Molecular
imprinting in polymers originated during the 1950s,
which established this scientific approach as historically
significant. The application of polymer molecular
imprinting for synthesizing synthetic antibodies
through nanotechnology reached its discovery point in
the late 1980s.° The synthesis of polymer NPs in water
used N-isopropyl acrylamide monomers as backbone,
followed by N,N’-methylene bisacrylamide cross-linkers
together with various acrylamides that added hydrogen
bonding and hydrophobic contact and charge-charge
binding capabilities. The synthesis method for polymers
excludes both organic solvents and heating, which it can
protect the biomacromolecules during imprinting from
denaturation.®>**

Overall, the utilization of 3D printing technology in the
formation of polymeric nanomaterials provides exciting
possibilities for designing and fabricating materials with
precise structures, desirable properties, low toxicity, and
improved biocompatibility. These developments have the
power to completely transform a number of sectors and
aid in the creation of creative solutions for a wide variety
of applications.

Cancer disease
Cancer exists as a primary global disease, which presents
difficultiesin medical treatmentbecause of its sophisticated
nature and tendency to return. Standard therapies face two
major limitations of tumor heterogeneity, together with
elevated side effects. Doctors have found 3D bioprinting
to be an effective answer, which generates laboratory
models with realistic cancer tissue characteristics. The
manufacturing process includes three stages that start
with model digitalization, then proceed to bio-ink creation
through cellular integration with growth factors, followed
by exact printing and biological activation of tissues for
functionality. Science-based drug screening benefits from
this technology, which allows the development of complex
tumor models. The technology finds practical uses in
surgical education and medical plans for organ transplants
as well as procedures involving cancer treatment. 3D
printing enables dose control of tablets, which helps the
manufacturing process of personalized medicines. The
technology serves multiple purposes when developing
therapy training simulators and anatomical models
while enabling nanomedicine creation. 3D printing
technology affects cancer management through multiple
operational fields that involve surgery, drug testing, and
cancer-on-a-chip testing, along with cancer detection
practices and cancer cell metastasis research. 3D printing
advances implantable medical device development by
improving biocompatibility and drug delivery control
while demonstrating its broad application scope in cancer
studies and treatment approaches.*>

Osteosarcoma is the main bone cancer that requires
various clinical treatments depending on tumor grade

because low-grade lesions require surgery, but high-
grade lesions need aggressive approaches. These clinical
challenges persist because patients frequently develop
resistance to chemotherapy treatment in combination with
the difficulties that appear after bone surgery. Insufficient
amounts of intrinsic hydrogen peroxide (H,0,),
recognized for encouraging osteoclast formation, and the
restricted intratumoral penetrability of this molecule in
chemotherapeutic-insensitive malignancies contribute
to these problems. The exciting solution of 3D printing
allows scientists to develop new scaffolds incorporating
chemotherapeutics and growth factors, which stimulate
bone repair along with precise cancer therapies.”” A recent
proposal by Sawaftah and colleagues addresses these
challenges by introducing a multifunctional biomaterial
embedded in a 3D-printed scaffold utilizing akermanite.
This biomaterial integrates calcium peroxide (CaO,) and
iron oxide (Fe,O,) NPs. The magnetite NPs act as catalysts
for the generation of H,O, from CaO,, functioning as
a reservoir of Ca’*jons to facilitate bone regeneration.
Furthermore, magnetic hyperthermia induced by Fe,O,
NPs under alternative magnetic fields contributes to
additional anticancer effects.*®

3D Printing strategies

Research on cancer diagnosis and treatment heavily relies
on 3D printing methods, as explained in this section. There
exists substantial discussion about three-dimensional
printing technology, which serves multiple purposes,
including tumor modeling and organ development, and
implant manufacturing. Table 1 displays how 3D printing
consists of multiple approaches, which include extrusion-
based printing, inkjet-based printing, SLA-based printing,
and laser-induced forward transfer-based printing.®® In
addition, Table 2 compares various 3D printing methods
employed in cancer diagnosis and therapy, with a focus
on identifying knowledge gaps and clinical translation
barriers.

Extrusion-based printing
Extrusion-based bioprinting stands as the most common
technique in research for cancer applications because
of its cost-effectiveness and adaptability. Employing a
temperature-controlled cartridge, this method extrudes
bio-ink from a fine nozzle, utilizing various extrusion
forces. Noteworthy studies in the context of cancer
include the development of cervical cancer models and
the creation of stable constructs for tissue biomimetics
using hydroxyethyl cellulose-based bio-inks.*
Gospodinova et al conducted research about the
extrusion printing of bioinks constructed with high-
viscosity thixotropichydroxyethylcellulosein combination
with various sodium alginate amounts, and HeLa cells,
which investigated the extrusion printing of bioinks with
high viscosity and thixotropic hydroxyethylcellulose
containing different sodium alginate concentrations
alongside HeLa cells. The research showed that as sodium
alginate concentration in relative amounts decreased, cell
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Table 1. The strengths and weaknesses associated with various bio-printing methods

3D Bioprinting Technique Advantages

Disadvantages

Ref.

Stereolithography (SLA)

Inkjet bioprinting

Elimination of the necessity for X-Y movement is
achieved through the concurrent crosslinking of the
entire 2D layer.

Cell viability is maintained at a level exceeding 85%.
A broad range of bioinks can be effectively utilized.
Bioprinting attains a high resolution, approximately
1pm.

A straightforward bioprinting approach.
Cost-effective.

Suitable for multi-material bioprinting.
Achieves high resolution, approximately 30 um.
Maintains high cell viability within the range of

The crosslinking process necessitates a
transparent and photosensitive bioink,
restricting the options for additives and

limiting the cell density to 1078 cells mL-1.

The system is relatively intricate in
comparison.

Restricted to low cell density ( < 1076 cells
mL-1).

Confined to bioinks with a viscosity within
the range of 3.5-12 mPa-s.

69

70

80-90%.

. . I o
Laser-assisted bioprinting Achieves high cell viability ( > 95%).

Accommodates a variety of printable bioinks within a

. Limited to low cell density ( < 1076 cells

mL-1). 71

LAB Invol intricat tem.
( ) viscosity range of 1-300 mPa-s. nvo .ves an !n rlca.e system
. Entails relatively high expenses.
. Capability to print highly viscous bioinks within the Relatively low printing speed
range of 30—6 x 107 mPa-s. . . .

. I o L . Low-to-medium resolution, highly
Extrusion-based . Ability to print high cell densities, including cell 7
bioprintin spheroids dependent on setup

P & pheroids. ) N . Moderate cell viability (40-80%),
. Applicability for multi-material bioprinting.
. . L dependent on setup
. Involves a relatively simple bioprinting process.
. Direct bioprinting of cell-laden constructs
Electrospinning-based . Achieves high resolution (<1 um). is not viable. 7
bioprinting . Particularly suitable for the fabrication of scaffolds. . Encompasses a complex system.
. Involves elevated costs.

viability increased up to 81.5% over one day of incubation.
The hydrogel matrix showed strong biocompatibility
properties which promoted cell multiplication while
ensuring a substantial increase in the total cell numbers
during seven days of incubation. The method of extrusion
printing caused a primarily negative effect on cell survival
rates during the hydrogel embedding process when cells
were added to the system. Notably, embedding HeLa
cells in blends with 1% and 2.5% sodium alginate did not
significantly affect cell viability, even with residence times
up to 90 minutes prior to the extrusion of the bioink. The
printed structures from this process hold potential for use
as a cervical tumor model.”?

Zou et al created lung cancer tumors through their
in vitro three-dimensional model using a 3D bioprinter
with a threaded pump, which extruded A549 cells within
hydrogel scaffolds. The temperature-sensitive hydrogels
allowed easier printing at low temperatures, which
improved the success rates of the printing procedure.
Lower temperatures also contributed to a reduced
metabolic rate of the cells in the hydrogel, promoting
higher cell survival post-printing. Following preset
parameters, the bio-ink was extruded and deposited onto
a grid hydrogel on the scaffold. The spacing between
the cellular hydrogel scaffold and the medium remained
consistent in the grid arrangement. After the completion
of the crosslinking process involving the cellular sodium
alginate/gelatine/fibrinogen hydrogel scaffold and the
CaCl /TGesa/thrombin crosslinking agent, the resulting
medium could freely permeate the hydrogel scaffold.
This facilitated the unrestricted absorption of nutrients

and release of metabolites by the cells within the hydrogel
scaffold. A 3D-printed biological ink designed for lung
cancer modeling used A549 cells in combination with
sodium alginate/gelatine/fibrinogen. The 3D-bioprinted
lung cancer model developed a cell-friendly porous
architecture that presents better resemblance to natural
lung conditions than standard 2D cell-line models. The cell
survival numbers demonstrated no substantial distinction
between the 2D and 3D printer groups. The proliferation
rate for cells followed different patterns between 2D and
3D groups and showed initial quick growth in the 2D group
and a later reduction and slower continuous growth in the
3D group. The biological regulation of A549 cells suffered
changes detected by RNA-seq that identified 3112 altered
genes, which could lead to better lung cancer research.
The study demonstrates the ability of 3D bioprinting to
generate sustainable in vitro tumor models, which serve as
a new platform for studying lung cancer and performing
anticancer drug analyses according to Figs. 2 and 3.

Laser-assisted 3D bioprinting (LAB)
LAB serves as a bioprinting technology, which utilizes
laser energy to develop artificial tissues. The technique
performs according to the laser-induced forward-transfer
(LIFT) principle to deposit both biomaterials and living
cells and enables precise layer construction of scaffold-
free 3D cell systems, which lead to sturdy gel structures.'”**
A LAB system incorporates three essential parts,
starting with a pulsed laser source, followed by a biological
material depository target and concluding with a substrate
that receives printed material. A nozzle-free configuration
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Table 2. A comparative table presenting various 3D printing methods applied in cancer diagnosis and therapy

3D Printin . . . Application in cancer Knowledge gaps/clinical translation
& Application in cancer diagnosis  Ref. PP Ref. . ge gaps/ Ref.

methods therapy barriers

Applied for producing tumor . Limited resolution and accuracy for fine

PP p . g Can be exploited to produce . R v

models for visualization. . . details of microstructures.

Fused . . . customized drug delivery . . .
. Creation of patient-specific a7 5 Inconsistent material properties across .

deposition g systems.

modeling (FDM)

SLA

Selective laser
sintering (SLS)

Inkjet
bioprinting

Extrusion-based
bioprinting

LAB

anatomical models for surgical
planning and preoperative
simulation.

Generation of highly detailed
tumor models for imaging and
study.

Potential for bioprinting

of tumor tissues for better
understanding of the tumor
microenvironment.

Employed for the production of
porous, customized scaffolds for
cell culture models to simulate
tumor growth.

Development of microfluidic
devices for cancer cell analysis.

Production of cell-laden tumor
models for drug screening.
Microfluidic devices for early
cancer detection (e.g., liquid
biopsy).

Development of 3D cell models
to mimic tumor environments
for diagnostic purposes.
Printing of structures that
allow for high-throughput drug
screening.

Printing of tumor models with
high precision.

Fabrication of scaffolds with
controlled cell-laden deposition
for diagnostic analysis.

High-resolution tumor models

81

Design of scaffolds for tissue
engineering.

Can print precise structures
for organ/tumor therapy.
Development of customized
scaffolds for cell growth and
drug testing.

Personalized treatment
solutions such as drug-
loaded scaffolds.
Printing of thermoplastic
structures for supporting
cancer cell cultures.

Bioprinting of personalized
tumor models for testing
therapies.

Printing of cells and
biomaterials to create
tumor-like structures for in
vivo studies.

Creation of bioprinted
implants for localized tumor
therapy.

Personalized drug delivery
systems for targeted
therapy.

Forming of functional tissue
models for cancer therapy
research.

Personalized cancer
vaccines or immune cell
therapy applications.

Providing custom scaffolds
for regenerative cancer

79

81

83

85

87

different 3D printers.

Challenges in scaling production for

clinical application.

Long printing times for larger models.
Limited availability of biocompatible

materials for SLA printing.
High cost and complexity.

Limited resolution for creating highly

detailed microstructures.

Complex post-processing steps required.
Need for better material options for in

vivo applications.

Lack of precise control over cell density

and arrangement.

Difficulty in achieving functional tissue

structures.

Limited regulatory approval for clinical

use.

Low resolution and complexity in
creating microvascular networks.
Limited understanding of tumor
microenvironment interactions.

Material compatibility with biological

tissues.

Technical challenges with laser precision

and material properties.

Expensive and technically complex

equipment.

Slow translation into clinical practice

due to cost and scalability issues.

Limited availability of biocompatible and

functional materials for DLP.

80

81

84

86

88

for preoperative planning.
Application of patient-specific 89
data for better representation

of cancerous tissues.

Digital Light
Processing (DLP)

therapies.

Complex drug delivery
systems where different
materials can be used to
control release rates.
Personalized cancer
treatment devices, such
as custom implants or
prosthetics.

Enables the printing of tumor
models with varying properties
for more accurate diagnosis.
Can be used to generate multi-
layered cancer tissue models.

Multi-material
3D printing

Bioprinting of tissue-
engineered cancer models
for research and therapy.

Printing speed is slower compared to
other methods.

Issues with the strength and mechanical
properties of printed structures.

89 90

Lack of standardization in multi-material
printing processes.
Need for better integration of multiple

% materials that mimic the tumor o
microenvironment.
Regulatory hurdles in adopting multi-
material approaches in clinical settings.

of laser-assisted bioprinting enables accurate delivery of
near-infrared pulsed laser beams to biological materials
by using a focus system with scanning mirrors. The target
receives laser pulses through CAD modeling that builds
high-pressure vapor pockets at the designated area. A cell
droplet forms as a result of laser-triggered pressure rise so
that cells reach the receiving substrate for cross-linking.
The technology successfully avoids cell clogging problems
while maintaining the health of cells in use. The improved
high-throughput operation and reliable reproducibility

of LAB enable researchers to produce 3D-printed pre-
cancerous and cancerous tissue models.”*

Hakobyan et al applied LAB to develop a GelMA-based
hydrogel model of ADM in AR42]-B-13 rat acinar cells
through LAB procedures. The cellular environment of
this model functions to assess the transdifferentiated
acinar cells during initial PDAC development. GelMA
possesses characteristics that allow precise bioprinting
through its cell-friendly properties toward cells, resulting
in high definition and survival rates of cells. This
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Fig. 2. The evaluation of viable and non-viable cells within the hydrogel scaffold, housing A549 cells, after 15-day cultivation in the 3D-bioprinted hydrogel
is demonstrated. Panels (A—C) exhibit live cells stained with calcein in green and deceased cells stained with Pl in red. Panel (D) illustrates the successful
printing of a grid-patterned hydrogel scaffold containing cells. Panel (E) provides a comparison of the cell proliferation rate between the 2D and 3D models.
Panels (F-M) visually capture the progression of the cellular hydrogel under a light microscope on days 1, 5, 10, and 15. Reprinted under the terms and
conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).%

research investigation demonstrates three distinct growth
patterns from acinar and ductal cell structures, as well
as coculture spheroids, which exhibit increased ductal
cell proliferation, probably due to cellular interaction.
Research data that includes Ki67 and EGFR results shows
that the established model effectively reproduces early
PDAC conditions, thus making it suitable for studying
cancer beginnings.*’

SLA-based printing

In the realm of 3D bioprinting, SLA has significantly
impacted the field since its inception in 1986. Originally
used in reconstructive head surgery, it has evolved
into a promising method for bioprinting, showcasing
improved speed compared to nozzle-based approaches.
SLA bioprinters utilize photo-polymerization to solidify
cell-laden bio-ink in a layer-by-layer process, allowing
the creation of intricate 3D structures without the need
for an x-y printhead. This method ensures high cell
viability (>85%) by minimizing shear stress. Despite the
requirement for a transparent liquid, limiting cell density
to ~108 cells mL™', SLA's rapid, shear-free bioprinting
with high resolution (~1 pm) holds particular promise in
cancer-related research fields. SLA has found applications
in the medical field through the creation of drug delivery
devices with personalized medicine tablets and synthetic

bone models used for surgical practice. Several biomedical
applications demonstrate the versatility of SLA because
it enables the production of drug-delivering tablets with
extended drug delivery and synthetic bone structures
with superior strength properties. Medical technology
advancement demonstrates the potential of SLA because
researchers have created a 3D-printed transdermal
microneedle for insulin delivery and developed
polyporous scaffolds for treating bone defects.*>%

The research by Parrish presents a versatile platform,
which resolves the predictive challenges of standard 2D
and small-scale 3D tissue cultures. A platform serves as the
proposed solution to resolve three main issues, involving
throughput, system complexity, and tissue complexity. The
platform features design flexibility that allows usage across
diverse construction techniques through its microplate
and docking station, which follows ANSI/SLAS standards
either from SLA production or precision machine
methods. It can support up to 96 samples, equipped with
two independently controllable fluid circuits (192 in
total), loading access, and a viewing window for imaging
during perfusion. To demonstrate its functionalities,
ovarian cancer models were bio-fabricated to allow in situ
evaluation using microscopy and a perfused resazurin-
based metabolic activity assay. The platform provides in
situ assessment methods that work with different sample
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Fig. 3. (A) Overview of the 3D bioprinting process depicted in a flowchart. (B) Diagram illustrating the crosslinking of hydrogel in the bioprinting procedure.
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geometries for various tissue constructs. The platform
demonstrates its capabilities through a combination of in
situ microscopy with perfused metabolic activity assays
when building ovarian cancer models. The platform
functions to screen drugs by generating dose-response
data in real-time, which matches how static well plate
cultures operate. The soft tissue components, in addition
to hard tissue components can have their quantitative
analysis performed using spectral computed tomography
scanning technology. The research showed that

mechanistic high-throughput screening becomes possible
through the use of endothelial and mesenchymal stem cell
(HUVEC-MSC) vascular coculture models. Suspension
of cells in a gelatin-norbornene hydrogel occurred while
they remained inside three-dimensional printed good
inserts made from SLA technology. The obtained results
demonstrate that the dual perfusion bioreactor platform
offers scalable possibilities for tissue construct production
of parenchymal and barrier tissues, which serve diverse
needs in future multi-organ-on-a-chip systems.”
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Inkjet-based printing

The inkjet-based printing method established itself as
a crucial innovation of bioprinting technologies after
extrusion-based printing. The inkjet printing method
consists of essential dual operations: (I) droplet release
toward a substrate and (II) droplet-substrate contact.
Drop-on-demand Inkjet printing technology provides
better printing resolution along with fewer drop outputs
than continuous inkjet printing. Continuous inkjet
printing involves higher frequencies of drop generation
but is accompanied by concerns related to sterility.'”*
An investigation delved into the utilization of matrix
materials (Compritol and the model drug Fenofibrate)
to formulate loaded inks, either devoid of drugs or
combined with a drug, aiming to craft personalized
printed dosage forms through hot-melt inkjet printing.
The utilization of Compritol, whether a standalone or in
conjunction with a drug, resulted in the production of
personalized solid dosage forms with multiple materials.
The findings illustrated that the release of the drug
is contingent upon its localization within the printed
formulation. Another inquiry focused on formulating
a water-based ink, utilizing polyvinylpyrrolidone and
thiamine hydrochloride (as a model drug). Tablets were
printed on polyethylene terephthalate (PET) films using
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inkjet printing, demonstrating rapid drug release without
the necessity for solvents and presenting an approach for
creating water-soluble drug formulations.”

Cheng et al introduced an innovative method called
"inkjet-printed morphogenesis" (iPM) for fabricating
tumoroids with a densely packed and mechanically
dynamic tumor-stroma interface. Aiming to emulate
native tumor characteristics, the approach is grounded in
the notion that cellular contractile forces can proficiently
reshape a polymer matrix laden with cells, resulting in
intricately structured tissue constructs. The study develops
two distinct bioinks containing tumor cells as well as
cancer-associated fibroblasts (CAFs) that are printed
using an inkjet method through a collagen-poly(N-
isopropyl acrylamide-co-methyl methacrylate) solvent
mix in multi-line or multi-layer sequences. Researchers
study how the morphogenesis process changes when they
modify the interplay between cellular contractile force
and matrix stiffness. The development of "morphogenetic
printing" characterizes a breakthrough technology that
determines enhanced capacities beyond present-day 3D
bioprinting procedures (Fig. 4).'°

Cancer diagnosis
The development of early cancer detection depends on
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Fig. 4. The proposed theory for inkjet-printed tumoroid morphogenesis explaining (A) polymer matrix compression through the efforts of cancer-associated
fibroblasts (CAFs) and cancer cells and (B) a sequence depicting the inkjet printing technique using cell-rich interpenetrating-polymer inks and The
tissue compaction mechanism is explained by the following diagram; (C) SEM images of interpenetrating-polymer inks (IPls) demonstrate microstructure
features and elastic moduli with 1 ym scale bar; (D) Contraction assays analyzed contractile actions by measuring the contraction index of Panc10.05
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10 | Biolmpacts. 2026;16:32895


https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

Farrokhpour et al

patient outcomes because sensor arrays built with 3D
printing technologies offer better diagnostic precision
rates.'”" 3D printing produces objects having dimensional
characteristics of height, width, and depth while standing
apart from standard 2D printing methods. Digital design
information served by this capability results in sequential
three-dimensional object production. Three-dimensional
printing technology in cancer diagnostics enables
medical practitioners to develop innovative personalized
diagnostic instruments.'*

Researchers used the benefits of 3D printing to
associate nanoscale features in biosensors which extended
diagnostic opportunities for various clinical conditions.
The application of 3D-printed biosensor arrays improves
diagnostic instrument sensitivity and specificity which
becomes pivotal when searching for small biomarkers
especially for cancer detection purposes.'®*%

3D printing technologies produce revolutionary
changes to cancer applications through their specific
operational methods. Multiple design techniques for
desktop 3D printers integrate factors related to printing
principles and substrate printing capabilities. Each
material type requires distinct printing technologies
because substrates include three basic categories:
materials that can polymerize, thermoplastics, and inks
that can be modified through polymerization processes.
FDM established itself as a leading cancer diagnosis
approach because it enables cost-efficient manufacturing
of ABS and PLA-based thermoplastics structures as
well as electronic components. The cure mechanism
through light exposure of DLP and SLA systems can be
illustrated by a study achieving miRNA-21 detection
through droplet-based PCR in printed microfluidic
devices. Through two-photon polymerization (2PP)
engineers gain accurate micrometer-scale capabilities that
are useful for developing drug-delivery microneedles.
A printing method known as direct ink writing (DIW)
lets users adjust their material printing on demand
by using inkjet print heads. The SLS technique allows
intricate powder beads to melt into complex structures
without needing internal support, but it remains scarce
for sensor production. The sensitive nature of biological
materials finds appropriate solutions through syringe-
based extrusion and laser-induced bioprinting methods,
which apply to tissue engineering and cancer research
applications. These different 3D printing technologies
demonstrate their power to transform cancer diagnostics
as well as microfluidics and personalized medicine while
enabling creative patient-specific solutions for cancer
research.'”®

Tang and colleagues present an economical and
automated protein detection method utilizinga 3D-printed
unibody microfluidic device. Constructed through SLA,
the device incorporates three reagent reservoirs, a three-
dimensional mixing network, and a transparent detection
chamber employed for the chemiluminescence detection
of prostate cancer biomarkers, specifically prostate-
specific antigen (PSA) and platelet factor 4. The sandwich-

type assay, employing a multi-labeled detection antibody-
polyHRP, achieves a remarkable sensitivity, achieving
detection limits as low as 0.5 pg/mL and a dynamic range
spanning four orders of magnitude. The automated
system runs its complete procedure within 30 minutes
using a programmable syringe pump to decrease human
involvement during operations. The device demonstrates
accurate performance in assessing human serum when
results are validated when compared to ELISA. The
unibody 3D printing approach gives the device superior
mechanical properties while reducing leaks, thus making
the device an attractive tool for quick analysis of multiple
proteins at facilities with limited resources.'”®

Park et al developed an innovative system that
demonstrates advanced ability for blood-based circulating
tumor cells (CTCs) detection. The proposed methodology
solves the drawbacks of standard ATP luminescence
methods through a new 3D-printed immunomagnetic
concentrator (3DPIC), which boosts blood-based CTC
isolation and accumulation. The structural design of
3DPIC enables fast and efficient cancer cell concentration
in blood samples up to 100-fold in 10 mL of blood
volume. By enhancing the ATP luminescence assay, this
improvement enables observation of 10 cancer cells in
a blood sample, while the method surpasses traditional
commercial box kits by ten times. The method concludes
its operations within 30 minutes, requiring limited
operator interaction to demonstrate such efficiency. The
3DPIC proves superior to commercial CTC separation
kits when dealing with large blood volumes of up to 100
mL due to its enhanced sensitivity and reliability. Blood
sample spiking tests show that the detection limit reaches
10 cells/mL as part of method validation. The integration
of 3D printing with immunomagnetic separation and ATP
luminescence assay creates a promising platform for fast
CTC detection with high sensitivity and specificity, which
may become useful for cancer diagnosis and monitoring
by analyzing liquid biopsy samples.'®

A microfluidic device used to capture CTCs from
blood samples was developed by Chen et al through 3D
printing. The device improved its CTC capture efficiency
through the addition of anti-EpCAM antibodies to tackle
low CTC abundance. The optimized 3D printing system
enabled researchers to determine channel dimensions
and fluid rates, which resulted in capture success rates
surpassing 90%. An evaluation of the device utilized
MCEF-7 breast cancer cells and SW480 colon cancer
cells to validate its performance. CTC isolation methods
face low capture success rates, which makes researchers
pursue 3D printing solutions as an alternative. The device
successfully modified its structure and applied antibody
interactions to achieve targeted EpCAM-positive tumor
cell acquisition with 95% efficiency when testing MCEF-
7/GFP cells in synthetic blood samples. The strategy that
connects 3D printing with antibody functionalization
and parameter optimization presents itself as a beneficial
method for enhancing CTC detection performance in
both diagnostic and therapeutic applications.'””
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3D bio-printing for cancer models

Innovative bioengineered models, organoid systems, and
advanced innovations like 3D bioprinting have brought
significant advancements to create more sophisticated in
vitro platforms for tumor modeling. The development of
clinically advanced 3D in vitro models is imperative to
replicate intricate interactions among tumor and stromal
cells. These models serve as essential tools for gaining a
deeper understanding of molecular mechanisms and for
testing the effectiveness of anticancer therapies.'%'1°

Several experiments that assess anticancer drugs in
cancer research continue to use either 2D co-cultures or
xenografts or syngeneic mouse models. The simple design
of 2D models fails to reproduce the complex dynamic
structure found in tumor microenvironments (TME).
Cells that grow under this model configuration spread
across flat plastic surfaces while residing in monolayers,
which may disrupt essential signaling pathways between
cells and alter their stimulus responses.'"!

The authentic shape and the polarization behavior
of cells do not persist within 2D cultures as reported in
Table 1. The drawback of animal models exists in their
high expense, their complex nature, and ethical barriers
to using them effectively. These models face challenges
related to analyzing effects that fail to represent human-
specific events, which restricts their general usability.'”!'?

Tumors contain a stroma network that includes an
extracellular matrix (ECM) together with CAFs and
endothelial and immune support cells that engage
in active molecular relationships with tumor cells
impacting cancer's sophisticated metabolic networks.
The experimental techniques, including 2D cocultures
and animal models, face criticism because they fail to
reproduce the complete intricacies present in TME.!”!?

In contrast, multicellular 3D in vitro systems provide a
solution to the limitations mentioned earlier, effectively
bridging the disparity between experimental feasibility
and physiological connection. These 3D models have
the ability to mimic crucial mechanical and biochemical
cues essential for cancer evolution. This includes factors
such as morphology, tissue stiffness, cell-cell/cell-ECM
interactions, and particular gradients.'

It is crucial to acknowledge that these models often
concentrate on specific connections between one element
of the TME and tumor cells. Despite that, current progress
in 3D cancer models carries substantial potential to (i)
improve drug discovery, (ii) act as robust platforms for
drug testing, and (iii) support the creation of personalized
cancer treatments.'”!**

The research team of Gebeyehu et al created 3D-printed
tumor models through the application of polysaccharide
hydrogel for chemotherapeutic drug screening. Bioinks
at optimized printability from the VitroGel system
included Ink H4 and its modified version, Ink H4-RGD,
with RGD peptides. The bioinks demonstrated 90% cell
viability and earned shear-thinning behavior together
with quick shear recovery abilities that allowed extrusion
bioprinting without needing UV curing or temperature

changes. The 3D-printed models developed with patient-
derived non-small-cell lung cancer cells formed spheroids
that maintained their stability for 15 days while reaching
spheroid formation in one week. The chemotherapeutic
resistance of docetaxel, doxorubicin, and erlotinib drugs
was higher when tested against 3D spheroids instead
of 2D monolayers. The research demonstrates how
polysaccharide-based three-dimensional tumor systems
facilitate better drug evaluation procedures for achieving
patient-specific cancer therapies.'

However, xenograft models from human cancer patients
can be applied, but their turnaround time is insufficient
for clinical applications. Thus, there is an urgent need
for designed ex vivo models that faithfully reproduce
in vivo tumor biology. This is particularly crucial for
managing PDAC, known for high cancer stem cell (CSC)
content and a dense stromal environment. Current ex
vivo models, such as organoid and sphere cultures, only
partially replicate these features. In a recent investigation,
Osuna de la Pena and et al presented an inclusive and
highly adaptable ex vivo model of PDAC. This model
is established through the 3D co-assembly of peptide
amphiphiles (PA) with personalized ECM components.
These cultures maintain the distinctive transcriptional
profiles of individual patients, demonstrate functionality
characteristic of CSC, and exhibit robust tumorigenicity
in vivo. Due to its adaptable nature, the system allows
researchers to precisely control the niche-linked traits
that encompass epithelial-to-mesenchymal transition
and matrix deposition. The matrisome and extracellular
matrix proteins of self-assembled 3D cultures demonstrate
better protein similarities during analysis than organoids.
Importantly, the self-assembled cultures more accurately
replicate patient-specific in vivo drug responses than
other models. The research shows that adjustable self-
assembling platforms should be used for cancer studies
as they create paths toward future precision medicine
methods (Fig. 5I)."¢

Conducted by Shi et al, the research delved into
the bioprinting of breast tumor cells and organoids
using low-concentration collagen-based bioinks. The
study explores diverse breast cancer cell subtypes and
CAFs, demonstrating successful bioprinting within a
complex collagen hydrogel model. Shifting the focus
to bioprinting primary tumor tissues, the researchers
employed organoids derived from mouse tumor tissue
specifically obtained from C3(1)-tag transgenic mice, a
model mirroring human basal-like triple-negative breast
cancer progression. The embedded bioprinting method
facilitates the high-throughput generation of tumor
organoid models. Comparative analyses with Matrigel
and collagen models reveal the collagen hydrogel
bioink's superior maintenance of spatial organization
and phenotype, closely resembling in vivo tumor tissue.
The study highlights the pivotal role of embedded
bioprinting in breast tumor research, providing insights
into 3D culture systems for tumor cells and organoids
(Fig. 51I).'"7
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Fig. 5. (1) (A) PA hydrogel co-assembly with ECM in PDAC modeling. (B) PA fibers depicted in a transmission electron micrograph. (C—E) Scanning electron
micrographs of PA hydrogels co-assembled with collagen, fibronectin, and all ECM components. (F) PA fiber size measured from TEM micrographs. (G) PA
fiber circular dichroism spectrum. (H) Stiffness comparison with PDX tissue and Matrigel. Reprinted under the terms and conditions of the Creative Commons
Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).® (ll) The tumor organoids printed with CH bio-ink accurately replicated the
morphology of in vivo tumors. (A) Tumor organoids from the breast, harvested from C3(1)-tag mice. (B) Visualization of FITC-labeled CH bioink within the
support bath of the SF hydrogel; side view of CH bioink-loaded organoids under UV light. (C) Evaluation of the morphology of breast tumor organoids on
day 1. (D) Hematoxylin and eosin (H&E) staining of breast tumor organoids on day 7. (E&F) Immunofluorescence staining depicting E-cadherin and a-SMA
proteins. (G) Quantitative analysis of the a-SMA positive area ratio across three bioinks and the primary tumor. Reprinted under the terms and conditions
of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/)."""
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Tumor-on-chip

Cancer constitutes an intricate three-dimensional tissue
with the ability for dynamic communication with adjacent
tissues through various signaling pathways. Consequently,
a 3D culture system is better equipped to replicate the
architectural complexity of cancer tissue when compared
to a 2D culture system (Fig. 6I)."*® Nonetheless, 3D
cultures face limitations in accurately simulating the
dynamic aspects of the TME. In this context, cancer-on-a-
chip represents a microfluidic device specifically designed
to replicate tumor physiology. It enables the continuous
delivery of nutrients or therapeutic compounds, providing
a more accurate representation of the dynamic TME.' 19

Aung et al conducted a study introducing a tumor-on-
a-chip device for evaluating T-cell recruitment in breast
cancer-immune cell interactions. The engineered device
features a multi-layered GelMA hydrogel structure with
co-cultured cell types, including HUVECs, breast cancer
cells, monocytes, and T-cells. Breast cancer cell spheroids
are generated using specific techniques. The device
serves as a platform to investigate T-cell recruitment
dynamics in the context of breast cancer. The study
details the fabrication process, including glass surface
methacrylation, microfluidic device creation with PAm
hydrogels, and additive photopatterning of cell-laden
GelMA hydrogels. The device's ability to co-culture
diverse cell types within bi-layer hydrogels makes it a
versatile tool for studying cellular interactions, offering
potential insights for cancer research and therapeutic
development in the TME.'®

Carvalho and colleagues have pioneered the
development of a colorectal tumor-on-a-chip system, a
state-of-the-art 3D tool for precision onco-nanomedicine.
Employing a rigorous fabrication process, they craft
a microfluidic device that faithfully reproduces the
complex colorectal TME, surpassing the limitations of
conventional 2D cultures. Within this innovative chip,
colorectal cancer cells are cultured, culminating in the
establishment of a realistic tumor model that closely
mimics in vivo conditions. The subsequent analysis
focuses on monitoring various parameters, including
cell viability, proliferation rates, and the distribution of
nanomedicine. Microfluidic channels enable controlled
nutrient and oxygen delivery to the tumor model,
while advanced imaging techniques visualize real-time
interactions. This comprehensive approach provides
valuable insights into onco-nanomedicine performance,
enhancing our understanding of therapeutic responses
in colorectal cancer. The system's innovation lies in its
integration of nanomedicine, introducing NPs loaded
with therapeutic agents to assess precision and efficacy
within the 3D TME.**!

Hassell and colleagues developed lung airway and
alveolus chip models through a precise fabrication
method. This involved casting polydimethylsiloxane
(PDMS) for microfluidic devices and cultivating various
cell types, including human primary airway and alveolar
epithelial cells, lung microvascular endothelial cells, and

GFP-labeled non-small cell lung cancer (NSCLC) tumor
cells. Co-culture experiments included endothelial cells
in Transwell inserts, and organ chips simulated breathing
motions with cyclic mechanical deformation. This
research emphasizes the profound impact of local lung
microenvironmental factors and mechanical breathing
motions on the in vitro growth of NSCLC. By employing
orthotopic cancer chip models, the study accurately
replicates the growth patterns observed in human
adenocarcinoma patients, including NSCLC in vivo,
emulating resistance development, including the T790M
mutation seen in late-stage NSCLC patients unresponsive
to third-generation tyrosine kinase inhibitors (TKIs).
Moreover, the study mirrors overexpression and
phosphorylation of c-Met, observed in EGFR-mutated
patients resistant to third-generation TKIs, and replicates
clinical trial findings, such as the reduction of interleukin-8
(IL-8) levels in response to TKI treatment. The capability
to maintain H1975 cancer cells in a dormant state within
an organ-relevant microenvironment offers valuable
insights into addressing tumor dormancy and cancer
recurrence challenges (Fig. 61I).'*

Cancer therapy
The following section details how 3D bioprinting
enables cancer treatment through specific drug release
methods, as well as multiple drug delivery formats
and laboratory tumor three-dimensional models for
medication assessment. 3D bioprinting technology is vital
for pharmaceutical preparation development because it
provides exact drug release precision through managed
dosage systems with multiple distribution capabilities.
The FDA has endorsed the epilepsy treatment drug
Spritam®, which demonstrates the possibilities of this
methodology. The research explores oral drug delivery
through 3D printing, which permits quick production
of solid dosage forms with improved parameters. 3D
printing provides solutions to transdermal drug delivery
by advancing skin cancer therapy while optimizing drug
availability levels. The research discusses implant delivery
to show how drug-loaded 3D-printed implants provide
sustained localized drug delivery with restrained systemic
side effects. Biomimetic scaffolds are built through
3D bioprinting methods for drug screening to create a
sophisticated evaluation platform that analyzes tumor
cell and benign cell activities within near-realistic three-
dimensional media. This method delivers critical findings
about medication effectiveness as well as drug-to-drug
behavior that supports better cancer treatment methods.”
The research of Uddin et al analyzed the development
of transdermal drug delivery through cross-shaped
microneedles fabricated by 3D printing as a treatment
method for epidermoid skin carcinoma. SLA technology
enabled the fabrication of microneedles for inkjet
printing, which coated cisplatin along with polyvinyl
caprolactam-polyvinyl acetate-polyethylene glycol (SOL).
The SLA printing process produced microneedles with
20 microneedles arranged in five rows that could finish
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in only ten minutes. Optimal inkjet-printed penetration
through porcine skin was confirmed by optical coherence
tomography imaging. The anti-tumor activity of the
cells was measured using mouse models validated with
A431 squamous carcinoma cells. The treatment of
tumors caused incomplete regression alongside possible
microneedle dislodgement, but systemic delivery
became possible when placing the non-tumor site first.
The treatment of a different area on day eight caused a
substantial decrease in tumor dimensions. Research
using histopathological techniques validated these results
by showing proper cancer cell growth control in the
treatments outside tumor areas. Studied findings prove
that 3D-printed microneedles used outside tumor sites
provide an efficient and risk-free anticancer therapeutic
solution, which signifies their prospects in pharmaceutical
delivery.'?

A breast cancer drug delivery system via
electrohydrodynamic jet (E-jet) 3D printing comes from
Yang et al. Research investigators produced scaffolds
from 5-Fluorouracil (5-FU) and NVP-BEZ235 PLGA that
had controlled aperture sizes ranging from 50-200 pm
for regulating drug release. The developed drug delivery
system demonstrated both uniform drug distribution
and adjustable pore size, along with diverse mechanical
characteristics. In vitro, tests verified a 30-day period of
drug release together with successful MDA-MB-231 cell-
blocking effects. The study demonstrated tumor reduction
with fewer side effects than standard chemotherapy while
testing these methods in living subjects. Breast cancer
treatment benefits from the local delivery system as a
potential therapeutic method.'**

Yi et al invented a 3D-printed biocompatible adhesive
patch for the treatment of pancreatic cancer recurrence
sites. The PLGA and polycaprolactone device, in
combination with 5-FU, delivered drugs precisely at
controlled rates. The comprehensive characterization
tests verified both the elasticity of the construct and
the detailed release pattern of 5-FU during a four-week
period, and its successful cancer suppression results in
murine subjects. The cytotoxicity tests performed in test
tubes indicated that cancer cells died while non-cancerous
cells remained unharmed. The P100 patch showed
better cancer cell reduction compared to P150 during in
vivo experiments, which led to a substantial tumor size
decrease. Histological examination revealed apoptosis at
the treatment site, while systemic testing confirmed that
drug substances spread minimally throughout the body,
and the liver experienced very little harm. Targeted cancer
therapy shows great potential through the application of
3D-printed patches, according to research findings.'*

The study conducted by Souza and team sought to
evaluate the relative efficacy of both two-dimensional and
three-dimensional cell cultures in assessing the screening,
response, and resistance of anti-tumor medications,
with a particular emphasis on prostate cancer cell lines
(PC3, LNCaP, DU145). The main goal was to determine
the most suitable model for conducting preclinical in

vitro testing of drugs. The study involved assessing the
proliferation, genetic expression, and chemoresistance
of cell lines exposed to antineoplastic drugs (paclitaxel
and docetaxel) in both 2D and magnetic 3D bioprinting
cultures. The findings revealed that 3D cell culture
displayed diminished cell proliferation rates, increased
resistance to paclitaxel and docetaxel, along with a
modified gene expression profile when compared to its 2D
counterpart. The derived conclusion emphasized that 3D
cell culture is more faithfully replicated in vivo systems,
showcasing its potential as a promising and dependable
tool for advancing new drug development. The study
underscored the significance of this methodology in
addressing the constraints of 2D cultures, including the
absence of physiologically relevant phenotypes and the
complexity inherent in in vivo conditions.'*

Kim et al examined how hydrogel application helps
NK cells in immunotherapeutic applications through
three-dimensional bioprinting for the treatment of
leukemia patients as well as solid tumor patients. The
researchers employed bioprinting to create a hydrogel
micro-macro environment, enhancing NK cell viability
with macropores. Micropore formation was controlled
by adjusting alginate-to-gelatin ratios, influencing NK
cell clusters and proliferation. The hydrogel variant
alginate/GEL-2 exhibited superior lytic activity, cytokine
secretion, and mRNA expression compared to two-
dimensional suspension cells. This hydrogel was applied
to genetically modified NK cells targeting EGFR-
overexpressing tumor cells. Alginate/GEL-2 facilitated
NK cell release after around five days, effectively lysing
target cells and displaying high expression levels
associated with proliferation and chimeric antigen
receptors (CARs) -NK cell-mediated cytotoxicity. Studies
confirmed that NKG2D and NKp30 activating receptors
increased in number. The combination of hydrogel and
three-dimensional bioprinting has developed micro/
macropores to resolve immunotherapeutic difficulties in
treating various tumors. The findings regarding Alginate/
GEL-2 show practical value in stopping cancer recurrence
and preventing metastasis after surgical tumor removal
(Fig. 7).

Clinical studies on cancer surgery and 3D printing

The field of cancer surgery has witnessed the development
of cutting-edge surgical instruments; however,
successfully implementing the necessary surgical methods
and perioperative management remains a challenge.
Lately, the integration of 3D printing approaches has
proven invaluable for surgeons. It facilitates pre-surgical
planning, reduces surgery duration, enhances therapeutic
outcomes, and underscores the significance of 3D printing
in addressing diverse cancer types.'”**® This investigation
analyzed virtual 3D modeling for eight patients who
received a diagnosis of chondrosarcoma of the petrous
apex. Every model included a representation of bone
structures along with tumor elements and vessels, with
accessory inclusion of pituitary glands and optic nerves.
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Three different models underwent multicolor 3D printing
through the usage of a plaster-based color binder jetting
system that demonstrated complex anatomical display
ability. A specialized model containing a tumor with an
emphasized internal artery demonstrated how volumetric
coloring outperformed surface coloring. The 3D-printed
physical models provided realistic surgical demonstrations
by performing tasks similar to both burr hole surgeries
and tumor removal procedures. Using plaster as a
material that mimicked bone characteristics enabled
precise examination of potential surgery pathways. The
application of volumetric coloring methods improved the
view of hidden parts containing the internal carotid artery
located inside tumors. The technique achieved an accuracy
of 0.021 mm for rigid structures based on computer
tomography verification, although soft tissue simulation
proved challenging.' Wang and colleagues evaluated the
transformative results when a non-co-planar template
from 3D printing joins CT-guided 1251 seed implantation
procedures for locally recurrent rectal cancer. The medical
field of surgery depends heavily on the 3D-printed non-
co-planar template as it enables precise seed implantation.
The customized template helps medical professionals
design detailed treatment plans that ensure precise spatial
positioning of 1251 seeds using careful methods. The
combination of 3D printing technology enables surgeons
to utilize precise prints, which help them track local rectal
cancer anatomy to achieve better surgical outcomes with
decreased procedural invasiveness. The achievements of

cancer treatments support the success of this innovative
solution. The combination of CT-guided 1251 seed
implantation with a 3D-printed template leads to a major
tumor decrease, establishing the targeted strength of this
procedure. The purpose of dosimetry analysis is to explore
how the template enhances the delivery of therapeutic
radiation doses to cancer cells without harming healthy
structures as an essential factor for patient treatment
success. The combination of 3D-printed non-co-planar
templates and CT-guided 125] seed implantation stands as
noteworthy progress in surgical recurrence management
of rectal cancer because it provides superior accuracy and
effectiveness.'*

Challenges and solutions

Several limitations, including very complex regulations,
difficult scalability, lack of standardization, and
unpredictable costs, have been indicated for 3D printing
applications in diagnostics and treatment of cancer
tumors.* Current investigations are focusing mostly on
case reports and pre-clinical studies, with few clinical
studies involving small samples. In next-generation 3D
printing technology, comprehensive clinical studies
are required to completely evaluate the efficacy and
application of 3D printing technology in larger patient
groups. In this way, the prediction of the cost of medical
materials, the validation of pharmacoeconomic models, or
the development of reliable economic simulations should
be considered. For scalability and regulatory purposes,
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interdisciplinary cooperation, cost-effective materials,
intellectual property, and medical products are needed.
In addition, uniform protocols, quality control standards,
and validation in clinical trials should be adopted to
standardize 3D printing technology for cancer diagnosis
and therapy.’!

The logical flow from material science to clinical
application in 3D printing technology for cancer
therapy and diagnosis involves several key stages, each
of which bridges advancements in material design,
technology, and medical practices. In this regard, I)
collaboration between material scientists, engineers,
and clinicians, II) customization for patients, and III)
interdisciplinary research are critical factors.”*?> For
effective implementation, close collaboration between
researchers, engineers, and clinicians is required to ensure
the designs meet medical standards and patient needs. A
major advantage of 3D printing is the ability to provide
patient-specific treatments. Personalized therapies,
such as custom implants or drug delivery systems, can
improve patient outcomes. Current interdisciplinary
research is vital for developing new materials, improving
manufacturing techniques, and overcoming challenges
such as scalability, reproducibility, and cost.®®

Conclusion

3D printing technology shows excellent potential
to transform medical cancer practices in diagnostic
procedures and therapeutic methods, along with
surgical operations. Its development promotes accurate
tissue engineering procedures for medical regeneration
applications and authentic tumor modeling systems for
pharmaceutical drug trials, along with patient-specific
treatments.

Early cancer detection, advanced biomarker discovery,
and circulating tumor cell collection can be possible
through 3D printing technology owing to its scalable
features. The development of computer-controlled drug
delivery systems using tailored tumor models through 3D
printing allows better patient care outcomes.

The surgical application of 3D printing supports surgical
planning before operations with patient-oriented models
for better treatment results. The revolutionary nature of
3D printing applications in cancer care becomes clear
as it changes how clinicians diagnose diseases and treat
patients and perform surgeries, which will create superior
personalized cancer therapies. The field of 3D printing for
cancer therapy and diagnosis is still evolving, and several
advancements, including printing with stem cells or
organoids, advanced imaging, artificial intelligence (AI)
integration, and wearable and implantable devices, are
being made. Future research may focus on 3D printing
with stem cells or organoids to recreate functional tissues
for both diagnostic and therapeutic purposes. Al-driven
models integrated with 3D printed diagnostic tools could
revolutionize early detection and treatment planning
for cancer. In the future, 3D-printed wearable devices
may continuously monitor cancer biomarkers in real

time, enabling constant surveillance and personalized
treatment adjustments.
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