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ABSTRACT

3D printing techniques allow for the precise placement of living cells, biological substances, and biochemical components, establishing
themselves as a promising approach in bioengineering. Recently, 3D printing has been applied to develop human-relevant in vitro cancer
models with highly controlled complexity and as a potential method for drug screening and disease modeling. Compared to 2D culture,
3D-printed in vitro cancer models more closely replicate the in vivo microenvironment. Additionally, they offer a reduction in the complex-
ity and ethical issues associated with using in vivo animal models. This focused review discusses the relevance of 3D printing technologies
and the applied cells and materials used in cutting-edge in vitro cancer models and microfluidic device systems. Future prospective solutions
were discussed to establish 3D-printed in vitro models as reliable tools for drug screening and understanding cancer disease mechanisms.
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I. INTRODUCTION With the availability of an extensive suite of human normal tissue
and cancer cell lines, as well as the increased use of primary, patient-
derived cells, in vitro systems have the advantage of using human-
relevant cells. 2D cell-culture models are suitable for high-throughput
screening of various treatments under different conditions but lack
the complexity of the in vivo context; cell-cell and cell-environment
interactions in 2D are different than in vivo. Animal models are

Cancer is a significant burden of disease and a cause of death
worldwide. Despite extensive research efforts over the past decades,
the development of cancer treatments for many cancer types proved
to be challenging due to the high tumor heterogeneity, making it dif-
ficult to find a universal treatment. Carcinogenesis, the process of
cancer development during which normal cells are transformed into

cancer cells, is characterized by genetic and epigenetic changes, widely used in basic cancer research and pre-clinical testing. They are
which are accompanied by disruption of cell signaling and abnormal instrumental in understanding the mechanisms of tumor initiation,
cell division. These processes are very complex, and the various steps development, and behavior. They not only allow the study of the
in cancer development are still not fully understood. Traditional effect of a treatment on the tumor but also take into account phar-
approaches to understanding cancer initiation and progression macokinetics and drug metabolism. However, in addition to a rise in
involve two-dimensional (2D) cell cultures and animal models."”” 2D ethical concerns about the use of animal tests, in vivo models are
in vitro models are simple and more helpful in dissecting basic mech- expensive and time-consuming for researchers to produce and main-
anistic changes or the effects of a treatment on individual endpoints. tain. Furthermore, animal models are not always good models for
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human physiology and often fail to recapitulate critical aspects of =~ models from simple 2D to complex 3D-printed models. 3D-printed

human tissues due to inter-species biological differences.™* in vitro cancer or tumor models demonstrate better in vitro to

3D printing techniques facilitate the accurate positioning of  in vivo correlation in drug screening, cancer metastasis, and
(human) cells, bioactive factors, and biomaterials, allowing for the prognosis studies. While there are several other techniques for devel-
recreation of multiple features associated with the in vivo tumor oping 3D in vitro models, such as electrospinning®™ and solvent
microenvironment.” Figure 1(a) shows the evolution of cell-culture casting,'”"" 3D printing offers the advantage of precisely controlling
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FIG. 1. (a) Various in vitro cancer models and evolution of cell-culture models from simple 2D to complex 3D-printed models. (b) Schematic depicting the development of

3D in vitro cancer models and their applications. (a) is reproduced with permission from Augustine et al., Transl. Oncol. 14(4), 101015 (2021); Copyright 2021 Author(s),

licensed under a Creative Commons Attribution (CC BY) License.’ (b) is reproduced with permission from Samavedi and Joy, Curr. Opin. Biomed. Eng. 2, 35-42 (2017).

Copyright 2017 Elsevier.”
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the macro- and micro-inner structures of developed 3D models by
depositing materials layer by layer.'””'* 3D printing allows the crea-
tion of defined scaffold structures with controlled pore size and inter-
connectivity, as well as the ability to support cell growth and tissue
formation."”™"* In vitro tumor models created through 3D printing
can function as resilient platforms for investigating disease progres-
sion mechanisms, conducting high-throughput drug screening, and
facilitating the advancement of next-generation molecular therapies.
Samavedi et al.” discussed a schematic of the development and appli-
cations of 3D tumor models, as shown in Fig. 1(b). The customiza-
tion desired in the in vitro cancer model can be produced accurately
by 3D printing. 3D printing accuracy (e.g., shape fidelity) signifi-
cantly influences cancer modeling and studies using cancer models
in treatment and diagnosis.

Various 3D printing applications, such as tumor organ scaf-
folds, 3D-printed tumor models, personalized dosage forms for drug
delivery, bio-printed organs, organ-on-chip models, and devices for
drug delivery and diagnosis, have demonstrated their significance in
the field of medical sciences. This paper mainly focuses on the appli-
cations of 3D printing used to study in vitro cancer models such as
the pancreas, colon, skin, liver, kidney, breast, bone, and 3D-printed
microfluidic device for drug screening and delivery.

Il. 3D PRINTING TECHNIQUES FOR IN VITRO
CANCER MODELS

3D printing allows for modifying diverse product parameters
using computer-aided design (CAD) software, including geometry,
shape, size, thickness, mechanical properties, and surface properties.
The CAD file is then converted into Standard Tessellation Language
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(STL), a format understood by 3D printers. This technology creates
reproducible complex geometries, offering the advantages of reduced
manufacturing costs and time. These benefits have given rise to
various 3D printing techniques, with the choice depending on the
specifications and applications of the end product. Techniques
like fused deposition modeling,'”™*' 3D bioprinting,'>**"** and
stereolithography”®™® have been applied to develop in vitro
cancer models.

A. Fused deposition modeling

Fused deposition modeling (FDM) is a 3D printing technology
that involves the layer-by-layer deposition of melted thermoplastic
material filaments to create three-dimensional objects.'” The filament
is typically heated to a molten state and subsequently extruded
through the nozzle of the 3D printer, as depicted in Fig. 2(a).
Continuous feeding of the filament through the extruder and
nozzle is achieved by the two rollers rotating in opposite directions.
The nozzle head moves with three degrees of freedom to deposit
the extruded molten on the build plate per the engineered pro-
gramming language (e.g., G-code) instructions.

The extrusions are sequentially deposited on the build plate,
layer by layer, until the desired shape and size of the product are
attained. Throughout the layering process, the printer nozzle moves
back and forth based on the spatial coordinates outlined in the
original CAD model within the G-code files. This continuous navi-
gation ensures the final component matches the specified size
and shape.”” In certain FDM 3D printers, the use of multiple
extrusion nozzles becomes feasible, particularly when creating com-
ponents with compositional gradients.'™"' The effectiveness and
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FIG. 2. Schematic of 3D printing techniques used for cancer model fabrication: (a) fused deposition modeling, (b) inkjet bioprinting, (c) microextrusion bioprinting, (d) laser-
assisted bioprinting, and (e) stereolithography. (b)—(e) are reproduced with permission from Foyt et al., Adv. Healthcare Mater. 7(8), 1700939 (2018). Copyright 2018

Author(s), licensed under a Creative Commons Attribution (CC BY) license.””
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resolution of the extrusion process significantly relies on the fila-
ment’s properties, such as thermoplastic characteristics, and
various printing parameters like nozzle size and printing speed.”*”’

B. 3D bioprinting

Bioprinting technologies are classified by the stimuli used in
print deposition. They can be divided into three groups, including
inkjet bioprinting (thermal and piezoelectric effects), extrusion bio-
printing (pressurized air and mechanical effects), and laser-assisted
bioprinting (light energy)24 as shown in Figs. 2(b)-2(d). Inkjet bio-
printers dispense tiny bioink droplets (10-50 um diameter; 1-100 pl)
with controlled volumes forming part of the final construct.”* There
are two commonly used inkjet printing approaches: thermal inkjet
printing and piezoelectric inkjet printing.”* Thermal inkjet printers
apply an electronic heating element in the print head, heating the
bioink locally and vaporizing it to produce pulses of pressure that
expel droplets from the nozzle onto a substrate. In piezoelectric
inkjet printing, the formation of droplets is initiated through a piezo-
electric element linked to the printing nozzle. Applying precise
voltage pulses generates a pressure wave within the nozzle, leading to
the expulsion of ink in the droplet form.

Extrusion-based bioprinters are equipped with pneumatic or
mechanical (screw-driven or piston) bioink dispensing systems, com-
plemented by three-axis robotic stages that facilitate precise relative
motion between the printhead and substrate along the x, y, and z
axes. This system exerts robotically controlled pressure on the bioink,
resulting in the continuous extrusion of cell-encapsulated cylindrical
filaments from the extrusion printhead onto a substrate. The x and y
stages govern the deposition and patterning of filaments in two
dimensions, forming a layer. Subsequently, under the guidance of
the z stage, the substrate or printhead moves along the axis to
deposit another layer, which is supported by the previously deposited
1ayer(s).22’23

Laser-assisted bioprinting uses a laser-induced forward trans-
fer technique to pattern metal particles; it has been applied to print
cells and liquid materials with cell-level resolution for tissue engi-
neering.” Briefly, a thin layer of laser-absorbing material is coated
on the ribbon, which is transparent to the laser. The bioink, which
contains heat-sensitive biological materials, is then spread on the
laser-absorbing material that was coated on the ribbon. A laser
pulse goes through the ribbon, causing vaporization of the laser-
absorbing material film and the neighboring molecular layers of
the bioink, which generates vapor bubbles. The vapor bubbles
cause the bioink to jet and break into droplets, which are deposited

on the substrate.”*°

C. Stereolithography

The production of 3D objects through stereolithography relies
on the controlled solidification of a liquid resin via photo-
polymerization in a spatially directed manner.”” In this process, a
pattern is projected onto the resin’s surface using a computer-
controlled laser beam or a digital light projector with a computer-
driven building stage, as illustrated in Fig. 2(e). The resin within the
pattern undergoes precise solidification to a specified depth, adhering
to a support platform. After the photo-polymerization of the initial
layer, the platform is moved away from the surface, and the formed

REVIEW pubs.aip.org/aip/jap

layer is once again coated with liquid resin. A pattern is then cured
within this second layer, ensuring strong adherence to the first layer
due to the slightly greater depth of curing compared to the platform
step height.”*~**

I1l. 3D-PRINTED IN VITRO CANCER MODELS
A. Pancreas cancer model

Table I summarizes the 3D-printed in vitro cancer models and
the applied 3D printing techniques, materials, and cells. Pancreatic
ductal adenocarcinoma (PDAC) is the most common malignant
cancer of the pancreas; thus, the use of emerging technologies such
as bioprinting and 3D in vitro models is important to improve
current investigations into prognosis and treatment.”**” Hakobyan
et al. developed a 3D in vitro model of acinar-to-ductal metaplasia,
considered an early stage of PDAC, by printing 10 x 10 arrays of
methacrylated gelatin (GelMA) spheroids enclosing rat acinar cells
(AR4-2]B13), transdifferentiated ductal cells, or a 1:1 combination
of both cell populations. A laser-assisted bioprinting (LAB) tech-
nique, also known as laser-induced forward transfer (LIFT), was
used to control spheroid cell density and improve cell viability
using a nozzle-free printer and optimized photoinitiator, LAP
(lithium phenyl-2,4,6 trimethylbenzoylphosphinate), concentration
for gelation. Ultimately, Hakobyan et al. created a geometrically
defined, high-throughput model that demonstrated the potential
role of ductal-phenotype cells in pancreatic cancer initiation and
their impact on growth kinetics.”® Similar bioink materials were
used in another model enclosing varying ratios of human pancre-
atic cancer cells and normal human dermal fibroblasts (NHDFs).
Huang et al. printed hydrogel beads using dot extrusion printing
(DEP) for bead uniformity and controlled deposition by direct gel
printing. As shown in Fig. 3, there is a proportional relationship
between tumor growth and stromal cell concentration, signifying a
stromal-cancer cell interaction within their co-culture model. The
presence of stromal cells also inhibited the induction of cell death
after treatment with gemcitabine, which may play a role in the
dose-dependent drug sensitivity shown when introduced to this
common chemotherapy pharmaceutical.”

Desmoplasia is a common pathological feature of pancreatic
cancer, where around 80% of total tumor volume is stromal tissue,
highlighting its key role in tumor microenvironments (TMEs)."”
Langer et al. modeled the stromal-cancer interaction in a scaffold-
free tumor microenvironment using primary patient-derived tissue
combined with a 1% sodium alginate and 6% gelatin hydrogel and
extruded into a 2 x 2 x 1 mm? structure with a cancerous core sur-
round by human umbilical vein endothelial cells (HUVECs) and
pancreatic stellate cells. Their model matched in vivo morphology
and demonstrated a similar dose-dependent drug-sensitive
response to gemcitabine. Langer et al concluded their model
allows for patient-specific tumor research and has the flexibility for
adaptation using other cancerous tissues."*

A goal among all in vitro models is the replication of in vivo
environments in the most accurate and reproducible manner. While
GelMA is a popular hydrogel choice because of its biocompatibility,
printability, and tunable biomechanical properties, novel bioinks
could offer further optimization of existing 3D models. Barros et al.
investigated a composite scaffold material of GelMA and laponite, a
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FIG. 3. Direct gel printed 3D PDAC hydrogel beads treated with a chemother-
apy drug. Live/dead assays (calcein-AM/PI) over different stroma concentrations
after one week culture and drug dosages after 72 h gemcitabine exposure. Red
(propidium iodide) fluorescence indicates dead cells, and green (calcein-AM)
fluorescence indicates live cells. Reproduced with permission from Huang et al.,
Int. J. Bioprinting 9(3), 1-13 (2023). Copyright 2023 Author(s), licensed under
a Creative Commons Attribution (CC BY) license.”

synthetic nanosilicate known for its ability to alter ink rheology
through induced shear-thinning behavior. By extruding hydrogel
droplets with a 1:1 ratio of pancreatic carcinoma cells and mouse
embryonic cells (to simulate fibroblasts and MSC interactions), they
assessed a PDAC TME model using an optimized 10% GelMA and
1.5% laponite ink. Compared to GelMA alone, the inclusion of
laponite improved mechanical and biological properties with a corre-
lation between laponite concentration, cell aggregation, and upregu-
lation of tumor-associated and fibroblast-associated genes linked to
desmoplasia and ECM accumulation.”” Habib et al. verified the
printability of a novel 4% alginate-4% carboxymethyl cellulose
(alg-CMC) hydrogel combined with human pancreatic cancer cells
(BxPC3) and crosslinked via calcium chloride. A 10x 10 x 1 mm®
lattice was extruded using a pneumatic extrusion bioprinter for char-
acterization and exhibited higher cell viability after 23 days than
within cell-laden alginate alone.”’ Utama et al. used PDAC cells and
human dermal fibroblasts to explore another hydrogel of four-arm
poly(ethylene glycol) maleimide (5% PEG-4MAL). The authors vali-
dated the ink’s tunability, high cell viability, and rapid gelation,
which are compatible with drop-on-demand printing methods."’
Similarly, Xu et al. used a pancreatic tumor cell line to assess a UV
cross-linkable gel comprised of cellulose nanofibrils (CNFs) and gal-
actoglucomannan methacrylatess (GGMMAs), demonstrating ink
tunability to achieve a strong yet lightweight gel with adequate cell
viability and ECM adhesion.*’

B. Colorectal cancer model

Colorectal cancer (CRC) is widely studied due to its high fatal-
ity and limitations in both early diagnosis and treatment. CRC is
the third most common cancer type and is highly prevalent in both
men and women.'®*”** Current pre-clinical models use standard

REVIEW pubs.aip.org/aip/jap

polystyrene tissue cell plates (TCPs) as cell-culture substrates;
however, biofabrication has a high potential for improving the
complexity and reproducibility of in vitro cancer models. Rosa
et al. challenged traditional methods using inkjet microbeads to
create an early-stage model of CRC using a human colorectal
cancer cell line (HCT-116) in a 2% alginate solution and saw the
microbeads maintained a high cell viability, increased in stemness,
and reduction of hypoxia in comparison to 2D TCPs and 3D
spheroids.” Chen et al. used a custom-built electro-hydrodynamic
jet printer to extrude a collagen-PCL lattice scaffold subsequently
seeded with HCT116, cancer-associated fibroblasts (CAFs), and
tumor-associated endothelial cells (TECs). In comparison to 2D
cultures, the 3D scaffold was more physiologically relevant and able
to better mimic the in vivo TME indicated by increased expression
of MMP-2 (matrix remodeling), CD133 (stemness), and ki67
(cancer cell proliferation), upregulation of CAF markers, and
higher tumorigenicity and reduced drug sensitivity.*’ Sbirkov et al.
further improved their 3D model in comparison to 2D cultures
using a BioX extrusion-based bioprinter to print a simple two-layer
cylindrical model of CELLINK RGD bioink [alginate, R-arginine,
G-glycine, and D-aspartic acid (RGD)-modifier, and nanofibrillar
cellulose] encapsulating Caco-2 colorectal cancer cells. A significant
number of gene expression changes were seen between the two
models associated with hypoxia, cell adhesion, apoptosis, and cell
cycle arrest in addition to a decrease in drug sensitivity to irinote-
can and 5-fluoruracil (5-FU), two standard chemotherapies.”

A major issue for CRC is metastasis and heterogeneity between
patient tumors. Zhang et al. used a combination of the CRC line,
SW480, and primary CRC cells from surgical specimens to create
GelMA-laponite-based in vitro models to target cancer stem cells
(CSCs), the source of tumor recurrence and metastasis. Figure 4
shows the 3D printing experiment setup. They found that hydrogel
structures were able to induce higher CSC yield through activation
of the Wnt/B-catenin signaling pathway and demonstrated overall
improved stemness, self-renewal capabilities, and differentiation
markers potentially, providing a model for CSC-targeted therapies.*®
Similarly, Sun et al. developed individualized in vitro models using
patient-derived CRC cells in a gelatin-sodium alginate (gel-SA) ink.
They compared a microextruded 6x6x1.2mm’ grid model to
patient-derived organoid models. While the 3D in vitro models
depicted morphological similarities to in vivo tumor samples, the
authors observed differences in the response of the models to chemo-
therapy drugs using different patient-derived cells, but a significant
correlation between the personalized model and the corresponding
real patient outcomes.'® An important aspect of drug screening pre-
dictions is model longevity. McGuckin et al. aimed to create a model
that could mimic patient outcomes synchronously with their treat-
ment plan. A BioX CELLINK printer was used to extrude CELLINK
RGD bioink encapsulating primary CRLM cells and tracking cell via-
bility and therapeutic response over six months, the longest in vitro
study to date.”’

C. Skin cancer model

Melanoma is responsible for 90% of all death-related skin
tumors due to its extreme invasiveness.” 3D bioprinting tech-
niques have been used to create proof-of-concept models targeting
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FIG. 4. Schematic of developing GelMA-nanoclay hydrogel lattice structures for CSC spheroid models. (a) Ink preparation, (b) extrusion bioprinting, (c) CSC enrichment,
and (d) spheroid isolation for drug screening. Reproduced with permission from Zhang et al.,, Small 18(18), 2200364 (2022). Copyright 2022 John Wiley and Sons.**

a better understanding of melanoma metastasis.”>”' Meng et al.

constructed an in vitro vascularized tumor model of human mela-
noma cell (M4A4) and endothelial cell (HUVEC) droplets into
GelMA matrices to explore the mechanisms of metastasis such as
invasion, intravasation, and angiogenesis.50 Schmidt et al. devel-
oped a proof-of-concept in vitro melanoma model to test existing
limitations depending on bioink composition. Matrigel®, a gold
standard for mimicking native ECM, is compared to four commer-
cial bioinks (CELLINK bioink, CELLINK RGD, GelXA, and GelXA
Laminink+). Two melanoma cell lines were assessed. Neither pro-
liferated in the CELLINK bioinks in comparison to the other
hydrogels, and while Matrigel® demonstrated the best cell viability,
it had the poorest printability. Therefore, model results strongly
depend on cell types and biomaterial composition, and these com-
ponents should be specifically assigned based on model
application.”

To improve model mimicry of the native TME, in vitro
designs require increasing complexity. Sang et al. compared the
response of a multicellular model using a human melanoma cell
line and fibroblasts encapsulated within a 1:1 GelMA/PEGDA grid
hydrogel to a monoculture model of the same design. The addition
of fibroblasts modified the morphology, migration, proliferation,
drug sensitivity, and expression levels of metastasis-related genes.’”
Besides cellular additions, model complexity can be increased
through the selected bioprinting technique and the structure of
the hydrogel matrix. Reynolds et al. printed a novel microporogen-
structured (WPOROS) matrix by embedding sacrificial microparticles
of gelatin and chitosan within a collagen matrix as seen in Fig. 5.
The embedded particles modified the rheology and porosity of the

TME, enhancing cell migration and proliferation. Additionally, they
used this matrix to demonstrate antitumor targets are antigen spe-
cific. By co-culturing pmel-1 CD8+ T cells, which are known for
slowing tumor growth via the pmel-17 antigen, with murine mela-
noma tumor cells, results showed successful cell migration, infiltra-
tion, and a volumetric reduction in tumor size compared to
uPOROS matrices with wild-type CD8+ T cells.”” Browning et al.
developed a 3D-bioprinted cutaneous squamous cell carcinoma
(cSCC) skin model that included dermis, basal membrane, and epi-
dermis layers with embedded cancerous spheroids. They used
imaging biomarkers [ZsGreen green fluorescent protein (Zs-GFP)
and tdTomato red fluorescent protein (tdT-RFP)] to track cell
numbers within the tissue and saw a dose-dependent response to
5-FU drug treatment that decreased viable cell numbers within the
cSCC models in comparison to healthy keratinocyte.”

D. Liver cancer model

Hepatocellular carcinoma (HCC) has the second highest mor-
tality rate of cancers worldwide, being the fifth most common
malignant cancer.”” Due to the common and aggressive prognosis
of HCC, many researchers work toward improving existing models
used for anti-cancer drug screening.”” """ Three-dimensional
models have shown improvement over the current standard of 2D
cultures and animal models, which are restricted by model mor-
phology and species-specific biology.”*%*"°" Sun et al. established
a 3D HCC model composed of HepG2 cells within a gel-SA hydro-
gel. In comparison to 2D cultured cells, the bioprinted 3D model
expressed a consistently increasing growth rate over 10 days, higher
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UPOROS Collagen Matrix Collagen-only Matrix

FIG. 5. Schematic for microporogen-structured (WPOROS) collagen matrices for 3D-printed melanoma tumors. (a) Gelatin-chitosan sacrificial microparticles in blue with
the collagen matrix in black. Melted microparticles leave gray pores behind. The melanoma biocink can be embedded within the remaining matrix structure. (b) Murine mela-
noma ink deposited within tPOROS collagen vs a collagen-only matrix. Scale bar =4 mm. Reproduced with permission from Reynolds et al., Adv. Mater. 35(33), 2210748

(2023). Copyright 2023 John Wiley and Sons.”

levels of tumor-related mRNA and proteins, and improved drug
sensitivity to cisplatin, sorafenib, and regorafenib.”” Li et al. com-
pared the migration ability, protein expression, and drug response
of a 3D-printed HCC co-culture model with microfluidics (3DPF)
to a model without microfluidics (3DP) and a 2D planar culture. A
thermo-sensitive hydroxypropyl chitin (HPCH) hydrogel combined
with 10% Matrigel® was used as a bioink with encapsulated human
HCC cells (C3A cell line) and peripheral blood mononuclear cells
(PBMCs). An antibody drug, metuzumab, was used to assess
model drug sensitivity. Unsurprisingly, the 2D model was the most
sensitive and showed the least amount of migratory activity and
decreased proliferation. The 3DPF model was more sensitive to
drug dosage than the 3DP and a better match for previous animal
models.”'

Ma et al. approached current in vitro model insufficiencies
by incorporating liver-specific decellularized extracellular matrix
(dECM) into a 5% GelMA bioink to emulate the distinct biochemi-
cal properties of the hepatic in vivo microenvironments. The
HepG2 hepatocellular carcinoma line was printed into a three-
layered hexagonal structure to mimic a singular liver lobule and
compared against a GelMA scaffold and collagen-based dECM
scaffold. An SLA technique called digital light printing (DLP) uses
a digital micromirror device (DMD)-based system to rapidly poly-
merize each ink layer with varying mechanical properties. Ma et al.
developed a photocrosslinkable liver-specific dECM-based hydrogel
biomaterial that enhanced HepG2 cell proliferation and metabolic
markers in comparison to both collagen I-based and GelMA-based
scaffolds. Tuning the dECM-based scaffold stiffness to replicate a
cirrhotic liver environment reduced HepG2 cell growth and viabil-
ity but upregulated invasion and migration markers compared to
dECM scaffolds with healthy matrix stiffness levels.”” Fan et al. also
utilized the high spatial precision of 3D bioprinting to mimic liver
lobule structures using a C3A hepatocellular carcinoma cell and

HUVEC-laden GelMA bioink in DEP to pattern the hydrogel
microbeads into a three-layered hexagonal structure shown in
Figs. 6(a) and 6(b). This morphology, although lacking vasculariza-
tion, enhanced sorafenib drug sensitivity compared to mono-
culture models or 3D spheroids.”®

Beyond HCC recapitulation within in vitro models to study
cancer biology, 3D bioprinting opens the door for personalized
treatment plans. Xie et al. utilized extrusion-based bioprinting to
develop a 3D-bioprinted HCC gel-SA in vitro model with primary
tumor-derived cells. These models retained the biological and
genetic profiles of the original patient tumors over the course of
two to six weeks. They were used to evaluate multiple anti-cancer
drug responses to tumor mutations. Although a common hydrogel,
the use of gelatin and sodium alginate could not support the
models for the past five months before the structures became too
stiff to maintain cell viability.”

Cholangiocarcinoma (CCA) is a common intrahepatic tumor
that afflicts liver bile ducts. Recent work has attempted to replicate
the complexity of the CCA TME in an in vitro model. Mao et al.
utilized an ALPHA-CPT1 3D bioprinter by SunP Biotech to print
a 10 x 10 mm? six-layered CCA hydrogel model consisting of 1%
sodium alginate, 30% Matrigel®, and 3.75% gelatin. The 3D scaffold
demonstrated higher growth and malignancy rates, enhanced
stemness, and lower drug sensitivity (sorafenib, cisplatin, and
5-fluorouracil) when compared to traditional 2D cultures.’®
A printed construct of CCA RBE cells surrounded by stromal cells
aimed to recapitulate not only the biochemical TME cues but also
the biophysical environment. Li et al. compared the influence of
tumor-associated stromal cells on a tumor cell population. As shown
in Fig. 6(c), the fabricated 3D model responded to different stromal
cell roles, specifically tumor-associated fibroblasts (TAFs) and tumor-
associated macrophages (TAMs) promoted malignancy and tumori-
genic cell phenotypes as well as upregulation of drug-resistance
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FIG. 6. Schematic to construct endothelialized liver lobule-like 3D models. (a) 3D printing process in four steps. (b) F-actin staining of cell morphology on day 1 and day
14. Scale bar=200um. (c) Schematic of 3D cholangiocarcinoma immune microenvironment. Extrusion printed RBE cell-laden hydrogel (blue) surrounded by tumor-
associated stromal cell-laden hydrogel (gray). (a) and (b) are reproduced with permission from Fan et al., Micromachines 14(4), 878 (2023). Copyright 2023 Author(s),
licensed under a Creative Commons Attribution (CC BY) license.” (c) is reproduced with permission from Li et al., Front. Immunol. 13, 941289 (2022). Copyright 2022

Author(s), licensed under a Creative Commons Attribution (CC BY) license.*”

genes specifically through an activated Wnt/B-catenin pathway as a
mechanism to increase tumor invasion and metastasis. The tumor-
associated endothelial cells played little role in their immune tumor
immune microenvironment model.”’

E. Kidney cancer model

Unlike other cancer types, few studies have recently investi-
gated in vitro modeling of renal cancer utilizing 3D printing tech-
nology despite renal cell carcinoma (RCC) being within the top ten
most common cancers.”” One such study investigated a sub-type of
RCC, papillary RCC (pRCC). Three-dimensional spheroids com-
prised of an inner core of patient-derived pRCC cells encased in a
layer of human fibroblasts were made using magnetic bioprinting
methods and maintained for 96 h. Small magnets placed beneath

each plate well-designated cell aggregation through incorporated
NanoShuttle magnetic nanoparticles. In comparison to 2D mono-
layers, these 3D spheroids demonstrated better biological function
as well as similar dose-dependent responses to capmatinib, a MET
oncogene inhibitor, to published in vivo data.”* Herrada-Manchén
et al. developed a proof-of-concept in vitro model laden with RCC
cells in a hydrogel disk construct to study intercellular communica-
tion and transport through tunneling nanotubes (TNTs), tiny pro-
jections that extend between neighboring cells. The 3D models
were viable for at least 15 days of culture and demonstrated the
ability to produce TNT-like structures, indicating the potential for
cancer cell communication studies via the in vitro model’s
TNT-like projections.’”

High mortality rates associated with cancer metastasis are a
well-known issue. Cancer types with high migration potential are
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important to study for this reason. Primary renal neuroblastomas
are not common; Wu et al. filled the knowledge gap of tumor cells
within a non-malignant renal TME. In a simplified metastasis
model, an inner neuroblastoma core is surrounded by concentric
layers of healthy kidney fibroblasts using a commercially available
extrusion printer. Two-dimensional and three-dimensional models
were compared for anti-cancer drug sensitivity and cytotoxicity
using panobinostat and blasticidin, respectively. Both models dis-
played a clear distinction between the cancer chemotherapy drug,
which mainly targeted the cancer cells, and the cytotoxic antibiotic
drug, which targeted all cells present. Yet, fibroblasts within the 3D
model had a lower sensitivity to the anti-cancer drug than in their
respective monolayers. As previously mentioned in other studies,
TME and cell type have a significant impact on drug sensitivity.”’
More investigations and developments of in vitro models are
required to increase in vitro complexity and understanding in order
to replace current animal models that, at best, produce a 3.4% suc-
cessful translation from trial phase to clinical use.”

F. Breast cancer model

The utilization of 3D printing emerged as a valuable technique
in engineering breast cancer models, given its ability to exert
precise spatial control over cell types, biochemical composition,
and the stiffness of the printed models.” Reid et al. developed
human mammary organoids within 3D collagen matrices through
3D bioprinting. The results showed there were superior efficiency
and consistency in organoid morphology compared to manually
embedded models.”’ Swaminathan et al. utilized 3D printing to
create spheroids of non-tumorigenic MCF-10A and MDA-MB-231
breast cancer cells in gelatin/alginate and collagen/alginate bioinks,
demonstrating enhanced resistance to paclitaxel treatment com-
pared to 2D culture.”” Wang et al. utilized 3D bioprinting to con-
struct breast cancer models that closely mimic in vivo conditions
for drug screening purposes. They printed a stromal compartment
using adipose-derived mesenchymal stem cells (ADSC) and a
central tumor compartment with 21PT breast cancer cells. Their
findings revealed that ADSCs impeded tumor cells from undergo-
ing apoptosis at low doxorubicin concentrations.”

With a co-extrusion-based 3D bioprinting approach as shown
in Fig. 7(a), Grolman et al. employed human breast cancer cells
(MDA-MB-231) and mouse macrophages to construct various
geometries for anti-cancer drug screening.”* The morphology of
the 3D-printed microchannel, which accommodates macrophages
at its core, was found to impact their migration behavior and inter-
action with breast cancer cells in the surrounding circumferential
shell layer. The results showed the formation of a paracrine loop
between cancer cells and macrophages, resulting in heightened
motility of the macrophage cells.

G. Breast cancer bone metastasis model

3D-printed tumor models serve as valuable tools for investi-
gating the metastasis and invasion of breast cancer cells into bone
tissue. Thibaudeau et al. applied melt electrospun PCL fibers
seeded with primary osteoblasts to fabricate a humanized bone.”””®
Subsequently, this humanized bone was implanted into mice to
investigate bone metastasis. The MDA-MB-231BO  cells
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FIG. 7. Schematic of 3D printing techniques used for breast cancer model fabri-
cation. (a) Involves co-bioprinting of immune cells and tumor cells, with immune
cells printed as blood vessel-like channels traversing the tumor. (b)
Demonstrates the capability to print scaffolds in diverse shapes using CAD. (a)
is reproduced with permission from Grolman et al, Adv. Mater. 27(37),
5512-5517 (2015). Copyright 2015 John Wiley and Sons.** (b) is reproduced
with permission from Zhu et al., Nanomed. Nanotechnol., Biol. Med. 12(1),
69-79 (2016). Copyright 2016 Elsevier.*

demonstrated metastasis to the humanized bone four weeks after
injection into the mice hearts. Co-culturing breast cancer cells with
stromal cells from the bone microenvironment, such as MSCs and
osteoblasts, is a common practice. Zhu et al. created PEG/hydroxy-
apatite (HA)-based bone mimics with a precisely controlled struc-
ture, demonstrating that cells cultured in 3D matrices exhibited
increased migration compared to 2D culture. Co-culturing human
fetal osteoblasts (hFOB) with breast cancer cells (MDA-MB-231) in
3D-printed matrices resulted in altered proliferation patterns,
revealing increased proliferation of breast cancer cells alongside
reduced proliferation of osteoblasts.”” Further, the GelMA-HA
system was utilized to 3D print osteoblasts and MSCs, forming the
bone stromal compartment, while MDA-MB-231 cells were seeded
on the matrices. This approach led to increased vascular endothelial
growth factor (VEGF) expression compared to breast cells cultured
in isolation.””

The majority of these investigations employed 3D printing
models, where cells are not embedded in the scaffold fibers but
rather seeded onto their surface. Hence, the focus is on examining
the influence of scaffold geometry and composition on cancer cell
proliferation, chemoresistance compared to 2D cultures, and
the complex interplay between stromal and cancer cells.”>"*"
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Holmes et al. utilized fused deposition modeling 3D printing to
investigate bone colonization by breast cancer cells, using
PLA-based bone scaffolds modified with carboxyl nanocrystalline
HA coatings. Different scaffold patterns were explored as shown in
Fig. 7(b), with small hexagonal pores proving to support the
highest proliferation of breast cancer cells. This study underscored
the biomimetic potential of nanosurface texturization provided by
nano HA in creating a tunable bone model that mimics the com-
plexity of native tissues.”’

H. Bone cancer model

Bone cancer, encompassing both primary and metastatic
forms, is associated with high mortality and complication rates.””
In pursuing more effective treatments, 3D printing and bioprinting
technologies have emerged as promising avenues. These innovative
approaches allow for the amalgamation of cells, biomolecules, and
biomaterials, constructing intricate structures that closely emulate
bone tissue’s complexity. Advancements in 3D osteosarcoma
models have addressed limitations inherent in traditional 2D cul-
tures by replicating specific cues from the tumor microenviron-
ment. Tan et al. used 3D printing to fabricate porous silk sponges
designed for OS cell culture. This development revealed that the
expression profiles of angiogenic factors more accurately mirrored
those found in vivo tumors.'”” Additionally, the research led by
Mano et al. showcased the creation of humanized 3D OS models
using hydrogel, highlighting the impact of cellular arrangement
and co-culture on tumor growth, invasion, and drug resistance. '’
In bone sarcomas, studies exploring the effects of bioceramic fillers
on the proliferation and mineralization of 3D-bioprinted Saos-2
osteosarcoma cell lines have provided valuable insights into poten-
tial therapeutic interventions.”">”

l. Lung cancer model

Biomimetic lung engineering has made some progress in
recent years due to the great ability of 3D printing technology to
fabricate vascularized tissues. Wang et al.'’” developed an in vitro
lung model using 3D bioprinting for cancer research. The in vitro
lung model with grid scaffold structures was fabricated using
gelatin-sodium alginate-lung cancer cell A549/95-D suspension as
the bioink. The results showed that the cells in this model are
evenly viable and can be cultured for up to 28 days to maintain
their structural integrity. Both A549 and 95-D cells from the 3D
constructs had higher invasion and migration capability than their
counterparts from the 2D culture. Thus testified, the 3D in vitro
lung cancer model was more biomimetic and helpful for biomedi-
cal research. Ng et al.”” applied polyvinylpyrrolidone-based bioink
and a nozzle with a diameter of 300 ym to print human three-layer
alveolar lung models of various human cells. The stability and
repeatability of the 3D printing process were evaluated, and the
result showed that the living cells could survive and proliferate in
the obtained 3D-printed models, providing a successful example
for manufacturing a human alveolar lung model. Choi et al.'” uti-
lized a hydrogel derived from a decellularized extracellular matrix
of pig lungs to create a model integrating lung cancer and idio-
pathic pulmonary fibrosis. In the drug-resistance assessment
results, the model exhibited more significant changes in resistance
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to sensitizing targeted anti-cancer drugs. This model partially
reproduced the drug responsiveness of the vascularized lung cancer
model with fibrosis, helping to determine appropriate treatment
methods for lung cancer patients with fibrosis. The drug-resistance
results showed the model partially replicated the drug sensitivity
seen in the vascularized lung cancer model with fibrosis, aiding in
determining suitable treatment strategies for lung cancer patients
with fibrosis.

Although lung carcinoma is one of the leading causes of
cancer-related death worldwide, there are still insufficient numbers
of bioprinted models that have been reported to date.”” Part of the
reason is the lungs are a highly complex structure and it requires a
further developed precision of 3D printing technology to mimic
the microstructure of natural lung tissue better."” Lung tissue con-
tains both gas exchange networks and blood supply networks. Still,
the currently developed lung in vitro models are mainly focused on
evaluating the invasion and migration ability of the cancer cells
within the constructs, so more effective methods for promoting
microangiogenesis should be developed.'**'?”

J. Gastric cancer model

Gastric cancer was ranked the fifth most common cancer in
2020 and statistics showed that survival rate from gastric cancer
remains low.'” In order to biomimetic the complex digestive
system of humans, Hsu et al. developed a gastric model which is
biocompatible in terms of mechanical strength, topographical fea-
tures, surface chemistry, and flow dynamics. Culture of H. pylori
and gastric cancer MKN-45 cell line on this model showed a higher
survival rate owing to the cells shielding effect of the rugae struc-
ture from fluid stress. Subsequent challenges with antibiotic and
anti-cancer drugs proved that this developed 3D-printed model has
the potential for high-throughput drug screening as it solves the
overestimated therapeutic activity presence in the convectional 2D
models.”® On the other hand, Kim et al. constructed vascularized
gastric cancer organoids for chemotherapy drug screening, particu-
larly beneficial to those patients who show insufficient gastric
cancer markers. The designed model is composed of patient-
derived gastric cancer organoids (PDO), perfusable endothelium
and stomach decellularized extracellular matrix. It predicts the clin-
ical response to VEGFR2-targeted therapy in gastric cancer patients
depending on the PDO molecular subtype.'* Apart from the model
structure design, it is also crucial to investigate fundamentally the
composition of bioink which houses the cells. Similar to liver
cancer model fabrication where Mao et al. proposed the combina-
tion of Matrigel®, sodium alginate and gelatin,”* Flores-Torres et al.
used the same material combination but at a different ratio in for-
mulating the cell-containing bioink. It was proven that the formu-
lated bioink allows continuous passaging where cells proliferate and
reorganize into spheroids during repeating printing, harvesting, dis-
sociation, and subsequent printing process.’® Rather contrast, Kim
and co-workers reported combination of cellulose nanoparticles
with gastric tissue-derived decellularized extracellular matrix
(g-dECM) fabricates a model with enhanced cancer-related charac-
teristics such as cell aggregation, interaction, and drug resistance
compared to conventional Matrigel” and collagen.””
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IV. 3D-PRINTED MICROFLUIDIC DEVICE FOR CANCER
STUDY

Differing from the direct printing of cancer models as afore-
mentioned, 3D printing techniques were also recently employed for
microfluidic device printing to support cancer studies and the fab-
rication of tumor-on-chip devices, as summarized in Table I. In
particular, the application of 3D printing in microfluidic device
fabrication gained popularity as microfluidics generally benefits the
research studies by reducing the amount of sample, precise han-
dling of the sample, favorable thermodynamics, and kinetic flow,
reducing the experimental duration, and mimicking in vivo envi-
ronment.'”””'"® 3D printing allows one-step fabrication of micro-
fluidics and provides flexibility for feature design by simply
changing the design of the CAD file.

At the early stage of cancer, detection, and quantification of
circulating tumor cells were generally used for early diagnosis as
they were released from the tumors. However, sensitivity and effi-
ciency of detection often remain as challenges.'”” With the aid of
3D printing techniques, Chen et al. fabricated a microfluidic device
that efficiently captures the circulating tumor cell biomarkers from
peripheral blood samples. A high surface area and fluid flow design
functionalized with antibodies via surface chemical modification
successfully captured the circulating tumor cells at a rate of around
90%, which could be promising for clinical applications. This
reveals the possibility for future complex 3D geometry structure
design to improve the capture efficiencies compared to the general
2D structure.”” Similar to Chen et al, Park et al. 3D-printed a
microfluidic immunomagnetic concentrator, which efficiently cap-
tured circulating tumor cells owing to the advantage of geometrical
design. On top of it, this printed device further supported captured
cell enrichment before feeding into the ATP luminescence assay,
which improved the assay sensitivity by lowering the limit of detec-
tion. This suggests the potential of early cancer diagnosis using
liquid biopsy analysis with the ATP luminescence assay.”’ In con-
trast to the two previous studies, Kadimisetty et al printed an
assembly of prostate cancer-targeted immunosensors.”’ The print
was later equipped with sensor electrodes and supercapacitors to
support simultaneous prostate cancer-related protein measure-
ments. More importantly, this simple and low-cost fabricated setup
reported a comparable assay result with single-protein enzyme-
linked immunosorbent assays (ELISA). Such achievements foresee
a promising future in adapting to other disease-related biomarkers
measurement when appropriate pairs of antibodies or binding
agents are identified. Similarly, Khalid et al. 3D-printed the micro-
fluidic channel to support the assembly of the lung-on-chip
system.”” The system was then seeded with lung cancer cells and
further integrated with biosensors to act as a promising tool for
cytotoxicity evaluation.

On the other hand, advancements in 3D printing techniques
in fabricating microstructures allow the combination of microflui-
dic and cell-culture technology, which leads to the idea of
tumor-on-chip. For instance, Chang and co-workers highlighted
the success of 3D printing techniques in heterogeneous deposition
and sinusoid patterning printing to develop biomimetic liver tissue
constructs within the chip system.”” Following the investigation
into print design, Matsusaki et al. proposed the layer-by-layer
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alternating printing mode in constructing the 3D micro-tissue chip.
It was observed that the hepatocellular function increment is
dependent on the hierarchical cell-cell interaction based on the
layer number and co-culture cell types.”’ Instead of single-cell
printing, Bhise et al. utilized direct bioprinting of hepatocyte spher-
oids hydrogel construct on an easily disassembled liver-on-chip.
The functionality of the bioreactor culture environment was con-
firmed via analysis of biomarkers [i.e., albumin, alpha-1 antitrypsin
(A1AT), transferrin, and ceruloplasmin] secreted from the con-
struct. A subsequent comparable acetaminophen treatment chal-
lenge outcome with an animal model confirmed the possibility of
application for drug toxicity analysis. It showed the potential of
chip systems in high-throughput drug screening.” Interestingly,
Lee and Cho reported that the 3D-bioprinted liver-on-chip showed
a significant enhancement in the liver function analysis (albumin
and urea tests) compared to the 3D-bioprinted models using hepa-
tocytes and hepatocytes-endothelial cells with static culture.*
Apart from using the standard cells purchased from the supplier,
Yi et al. utilized glioblastoma cells isolated from the patient for
further 3D bioprinting on chip.”” This approach produced a
patient-specific chip system that is personalized in guiding clinical
decisions. From a technical perspective, it also allows point-of-care
testing in the clinical setting as production of 3D-printed
glioblastoma-on-chip can be performed within a reasonable time-
frame (1-2 weeks). Differing from above, where the bioprinting
technique was applied to produce the 3D model/scaffold, Ji and
co-workers produced a bone tumor scaffold containing lung cancer
cells using stereolithography to form the dormancy niche as part of
the design of pre-metastatic niche mimicking the bone-on-chip
system.88

V. CHALLENGE AND FUTURE PERSPECTIVES

Developing an ideal in vitro cancer model is not straightfor-
ward. Each of the various phases of model development is a signifi-
cant undertaking, and the current models still need substantial
improvements to closely recapitulate the in vivo scenario regarding
the variety of cell types involved in each cancer tumor microenvi-
ronment.''” Ensuring the accurate replication of angiogenesis and
the development of leaky vasculature in tumor models is crucial for
maintaining sustained predictability.”* Combining vasculature
within 3D organotypic models alongside dynamic microfluidic
platforms enriches the exploration of cancer metastasis and resis-
tance to anti-cancer drugs. However, achieving effective integration
of tumor-like vasculature mandates the utilization of high-
resolution 3D printers. The meticulous selection of cell printing
parameters and bioink properties is crucial to maintain the viability
and phenotype of sensitive cells after the printing process.'' "'

This review presents a selection of 3D-printed in vitro models
for the most studied tumor types, illustrating the range of tissue
types under investigation and techniques under development.
However, there are still gaps for less well studied cancers and organ
systems. Existing in in vitro cancer models face challenges in accu-
rately replicating the complexities of certain types of cancers. A
prominent example is the complexity of the blood-brain barrier, a
unique semi-permeable membrane crucial for maintaining homeo-
stasis within the brain. When devising in vitro models for brain
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cancer, the incorporation of the blood-brain barrier becomes
imperative for studying drug transport. Existing research on drug
permeability in 3D blood-brain barrier models has been relatively
limited. To bridge this gap, further investigation is required into
the utilization of 3D bioprinting technology to construct platforms
capable of accurately replicating the vasculature of the central
nervous system, facilitating the testing and screening of drug
delivery.'”™'"°

Despite significant advancements in in vitro tumor model
development, the current reliance on immortalized cell lines in 2D
cultures may lead to responses that differ from primary cells grown
in a 3D context, which better mirrors the in vivo scenario.''® On
the other side, the utilization of primary cells derived from patients
presents an opportunity to distinguish unique tumor characteris-
tics, improve the creation of personalized therapies, and refine drug
evaluation. This is particularly powerful when combined with con-
temporary analytical tools such as next-generation sequencing or
multi-omics approaches.” Additionally, primary cells can play a
crucial role in conducting toxicology studies and exploring cancer
initiation caused by various chemicals and lifestyle factors.""”

Despite progress in 3D models for carcinogenesis, a significant
number of existing models still depend on static cultures. In contrast,
in vivo tumor cells are commonly subjected to fluid flows that sub-
stantially impact their behavior.''® Therefore, upcoming models
ought to integrate perfusion culture systems to closely emulate the
shear forces encountered by cells in vivo. Furthermore, preserving a
physiologic gradient of growth factors and other proteins within
tissues in perfusion culture would more accurately mirror the tissue
microenvironment. The incorporation of multiple cell types and the
use of perfusion systems will contribute to the prolonged viability of
cultures, essential for studying carcinogenic processes and developing
pharmaceutical treatments.'>®'"* While advancements in 3D print-
ing have been notable in constructing in vitro cancer models, the
predominant limitation lies in scaffold architectures, which are often
confined to basic constructs such as grids. Therefore, the implemen-
tation of 3D printing methods capable of crafting more intricate
architectures has the potential to augment complexity and, subse-
quently, more faithfully replicate the in vivo microenvironment.'*’

Although 3D printing is promising in directly printing the
chip platform, particularly in forming microfluidic channels, it has
still not been used to develop chips in cancer studies. In general,
chip systems were mainly fabricated via poly-dimethyl siloxane
(PDMS) molding using soft lithography techniques.'*'~'** This sit-
uation could be due to the optical transparency'** of PDMS, which
is not achievable in 3D-printed material.”” Therefore, the 3D print-
ing technique was applied to print the mold of the PDMS cast'*
instead of printing the chip device directly.

Despite the challenges outlined earlier, the 3D printing of
human-relevant in vitro cancer models has the potential to over-
come the limitations associated with 2D culture and animal in vivo
models. The opportunity to surmount current obstacles rests in an
interdisciplinary collaboration that converges disciplines like biologi-
cal, mechanical, chemical, and electrical science. This collective
effort, combined with advancements in 3D printing technology,
holds the potential to establish 3D-printed in vitro models as
dependable tools for drug screening and to deepen our comprehen-
sion of the fundamental mechanisms contributing to carcinogenesis.
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