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1. Introduction

Tumor tissue engineering holds great promise for replicating the physiological

and behavioral characteristics of tumors in vitro. Advances in this field have
led to new opportunities for studying the tumor microenvironment and
exploring potential anti-cancer therapeutics. However, the main obstacle to
the widespread adoption of tumor models is the poor understanding and
insufficient reconstruction of tumor heterogeneity. In this review, the current
progress of engineering heterogeneous tumor models is discussed. First, the
major components of tumor heterogeneity are summarized, which
encompasses various signaling pathways, cell proliferations, and spatial
configurations. Then, contemporary approaches are elucidated in tumor
engineering that are guided by fundamental principles of tumor biology, and
the potential of a bottom-up approach in tumor engineering is highlighted.
Additionally, the characterization approaches and biomedical applications of
tumor models are discussed, emphasizing the significant role of engineered
tumor models in scientific research and clinical trials. Lastly, the challenges of
heterogeneous tumor models in promoting oncology research and tumor
therapy are described and key directions for future research are provided.
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Tumor development often leads to hetero-
geneities that can cause difficulties in on-
cology research and clinical treatments.['™
In recent decades, attention has been
paid to tumor heterogeneity to facilitate
the development of mechanism study-
ing and therapy discovering."”! From
an analytical perspective, the study of
tumor heterogeneity can focus on its
causes and consequences.®1% For exam-
ple, intratumoral complexity can cause
heterogeneity among tumor cells, re-
sulting from genomic instability,!*2¢]
abnormal transcriptome,!'”:8] diverse cell
populations,!'®-21l and altered extracellular
matrix (ECM).[2223] Specifically, unstable
gene sequences/?*?l and transcriptome!?°]
can activate specific signal pathways, while
altered expression of cadherin on tumor cell
membranes would significantly influence
tumorigenesis and tumor progression.!?’]
In addition, dynamic cellular components
and altered ECM characteristics play an essential role in tumor
proliferation, differentiation, invasion, and metabolism.[28-31]
Consequently, the spatial structures, phenotypes, and functions
of tumor tissues become highly heterogeneous, making tumors
more complex and difficult to evaluate.’?-**] Thus, a compre-
hensive understanding of the causes and consequences of tu-
mor heterogeneity is critical for developing effective therapeutic
strategies.35-38]

To accurately assess tumor heterogeneity, it is imperative to
engineer and characterize reliable tumor models.[***?! Hetero-
geneous tumor engineering has gained significant momentum,
primarily due to the need to study the fundamental relationship
between tumor development and function.[**=*¢] Generally, engi-
neering approaches rely on basic mechanisms to trigger the re-
newal potential of tumor tissues and study their morphodynam-
ics (Figure 1).-%1 In recent years, bioengineering techniques
such as bioprinting!>®>3 and micro-electromechanical systems
(MEMS)58] have been integrated into bottom-up heteroge-
neous tumor engineering to create higher-order developmen-
tal events, including long-range tumor cell patterning, cellular
and cell-extracellular matrix (ECM) communications, and tumor-
tissue crosstalk.>>%?] Engineered heterogeneous tumor mod-
els have been exploited by various techniques, such as biosen-
sors and physiological monitoring, to characterize the molec-
ular, developmental, and mechanical properties of tumor tis-
sues (Figure 2).1-%] Therefore, the establishment of bottom-up
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Figure 1. Schematic illustration of engineered heterogeneous tumor models for biomedical applications.

tumor tissue models and real-time evaluation of their properties
would become the mainstream approach in tumor engineering,
facilitating precision medicine and drug discovery.[®:¢]

This review provides an overview of the field of heteroge-
neous tumor engineering, focusing on the fundamental princi-
ples and regenerative potentials that underlie the development
of high-fidelity tumor models at multiple scales. From a fun-
damental perspective, we analyze the causes of tumor hetero-
geneity, including diverse signal pathways, cell proliferation, and
structures. Then, we discuss different bottom-up tumor bio-

engineering tools based on tumor developmental principles and
growth potentials. In addition, we extend the overview of het-
erogeneous tumor engineering to include characterization tech-
niques that provide valuable physiological information during
tumor development. Moreover, we provide insights into the ap-
plications of heterogeneous tumor models, emphasizing the
importance of efficient tumor interrogation in vitro. Finally,
this review provides a comprehensive overview of the present
obstacles and forthcoming pathways in heterogeneous tumor
engineering.
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Figure 2. The history of tumor engineering. Since the establishment of the first human cancer cell line, the development of tumor models has experienced

many important milestones.
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Figure 3. Critical signaling pathways for maintaining tumor homeostasis and heterogeneity. a) VEGF family and their receptors that influence the vas-
culogenesis, angiogenesis, and lymphangiogenesis in tumor tissues. b) Cadherin regulation in tissue morphogenesis including cell self-organization,

cell sorting, and rearrangement for tumor tissues.

2. Heterogeneity of Tumor Tissues

In order to advance the engineering of more effective tumor mod-
els, it is imperative to direct attention toward the heterogeneous
nature of tumor tissues.®7?l Tumor heterogeneity, which en-
compasses the stochastic distribution of genetically related sig-
naling cues and cell populations, as well as the dynamic struc-
tures of extracellular matrix and framework in disease sites, con-
tributes to the formation of specific tumor cell plasticity.271-73]
Cancer is characterized by the uncontrolled growth of various
cells through oncogenic signaling pathways, with several signifi-
cant signaling pathways implicated in the heterogeneity of cancer
tissues during oncogenesis, structure, and progression.l”* The
roles of signaling pathways associated with VEGF, cadherin, and
CAFs are particularly noteworthy in this context.”>~77]

In clinical settings, various subpopulations of intra-tumor cells
demonstrate distinct responses to drug treatments, ultimately
leading to limited therapeutic efficacy.’”®! Consequently, a sin-
gle cytotoxic therapy cannot effectively target all malignant cells.
The pronounced and personalized heterogeneity of tumor tis-
sues amongst patients highlights the crucial importance of pre-
cise evaluation of tumor heterogeneity in improving treatment
efficacy.[”>%%] Therefore, a fundamental understanding of tumor
heterogeneity is indispensable for the in vitro reconstruction of
multicellular and multidimensional tumor tissues, which may
ultimately enhance treatment responses.

2.1. Signaling Pathways
Tumor growth is heavily reliant on the establishment of a neo-

vasculature, which is essential for the delivery of oxygen and
nutrients.[®! The angiogenic process in tumors is a complex phe-
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nomenon, regulated by a network of pro- and anti-angiogenic
signals that intricately govern this process. Among the signifi-
cant signaling pathways, the vascular endothelial growth factor
(VEGF) family, encompassing proteins and receptors, assumes
a pivotal role. This family comprises a group of growth factors,
such as VEGF, placental growth factor (PIGF)—1, and PIGF-2 for
angiogenesis (Figure 3a).82 VEGF-A, a homodimeric glycopro-
tein with a mass of 45 kDa, encompasses five isoforms of 121,
145, 165, 189, and 206, possessing the capability to bind with high
affinity to VEGFR1 and VEGFR2, respectively. VEGF-A165, as the
dominant isoform, is frequently overexpressed in various solid
tumors, ultimately leading to vasculogenesis and angiogenesis.
Furthermore, VEGF-C and -D can bind onto VEGFR3 and medi-
ate lymphangiogenesis. The absence of PIGF hampers angiogen-
esis, plasma extravasation, inflammation, and tumor growth.®*]
A more profound understanding of the VEGF-VEGEFR family can
help develop novel therapeutic strategies, such as anti-VEGF ther-
apies, for various cancers.®*!

In the tumorigenesis and morphology of tumor tissues, sig-
naling pathways play a crucial role, including the cadherin fam-
ily of transmembrane glycoproteins.[®! Cadherins regulate cell
growth, cell-cell adhesion, and the maintenance of homeostatic
tissue structures.!®] They dynamically regulate cell organiza-
tion, cell sorting, and cell rearrangements (Figure 3b).®”] Cad-
herins are important in the orderly turnover of fast renewal
tissues like the stabilization of tissue architectures to prevent
the dissociation of tumor cells and the organization of gut and
epidermis.[®® Specifically, epithelial cadherin (E-cadherin) medi-
ates cell adhesions in epithelial-mesenchymal transition (EMT),
which turns cells from a loose mesenchymal network into a po-
larized epithelial barrier comprising a tight junction. Loss or
dysregulation of E-cadherin can induce tumor cell invasion and
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Figure 4. The role of cell proliferation in tumor progression. a) CSCs are the major proliferative cells during tumor progression. TA cells and DCCs show
limited and nonproliferative potentials, respectively. Tumor tissues eventually exhibit homogeneous morphology. b) In the stochastic tumor growth
model, all the cancer cells exhibit similar clonal expansion capacity. Tumor tissues eventually exhibit synergetically multidirectional proliferation. Embry-
onal carcinoma cells (ECCs). c) The role of CAFs to regulate tumor invasion and growth.

metastasis. Furthermore, cadherins also regulate specific cell
recognition processes and the formation of selective cell con-
nections. Cadherin affinity shapes tissue morphology, with N-
cadherin and E-cadherin having high homotypic affinity but low
heterotypic affinity, resulting in the aggregation of cells with
the same N- or P-cadherin expression.®?] Although cadherins
are commonly regarded as mediating cell-cell interactions and
recognitions, they also regulate cell rearrangements, such as C-
cadherin being needed for the convergence and extension of tis-
sue motions, contributing to the elongation of the body axis in
gastrulating X. laevis embryos.[*] Together, cadherins underlie
tumor microenvironments, such as the specific distribution and
stabilization of tumor cells.

2.2. Cell Proliferation

The tumor microenvironment comprises a complex ecosystem
consisting of diverse cells, including proliferating cells, infiltrat-
ing inflammatory cells, CAFs, and so on.°!! This section specif-
ically emphasizes the pivotal contribution of proliferating can-
cer stem cells, called CSCs, in tumor development.®>*1 CSCs
have been identified based on the histological heterogeneity ob-
served in tumor tissues, as they can influence all cells and estab-
lish spatial structures in tumors (Figure 4a).°*”] Tumor growth
is significantly influenced by the condition of CSCs, resulting
in hierarchical and stochastic tumor growth models. In the first
one, transit-amplifying (TA) cells and dormancy-competent CSCs
(DCCs) have limited and nonproliferative potentials, respectively,
whereas only CSCs exhibit strong self-renewal ability and even-
tually dominate tumor progression.[®! In the tumor stochastic
model, cancer cells go through self-renewal or differentiation into
non-proliferative counterparts, leading to similar expansion ca-
pacity (Figure 4Db).1] Therefore, a better understanding of CSCs
could facilitate the engineering of tumor tissues such as tumor
organoids with high heterogeneity and plasticity, which could
promote the investigation of the role of different cell types in tu-
mor development.
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Tumor microenvironment is a dynamic and multifaceted sys-
tem that contains diverse cell types, including infiltrating in-
flammatory cells and cancer-associated fibroblasts (CAFs), which
are integral to regulating tumor homeostasis.'®! Immuno-
cytes are essential in tumor immune evasion. Their interaction
with tumor cells can modulate tumorigenesis and reveal new
therapeutic opportunities.l'®!] Conversely, CAFs promote can-
cer invasion and metastasis by secreting matrix-crosslinking en-
zymes that alter the extracellular matrix (ECM) to increase tis-
sue stiffness.[1%219] Furthermore, CAFs secrete various signaling
molecules, like TGF-g, HGF, GAS6, and VEGF, which enhance
tumor invasion, proliferation, and angiogenesis (Figure 4c).
CAFs communicate with cancer cells by exchanging metabolites
and amino acids, which can significantly impact immunoregula-
tion and ultimately promote tumor growth.[1% Therefore, tissue
engineering approaches that can modulate cell proliferation and
induce tumor heterogeneity from the bottom-up may provide a
valuable platform to decipher the distinct roles of different cell
types in the tumor microenvironment.

2.3. Structures

In the realm of oncology, tumor growth is defined as the aberrant
proliferation of cells, which gives rise to a mass or lump.[105-108]
In this review, we concentrate on solid tumors, which exhibit an
apparent structure that is similar to that of normal tissues.[1%-110]
Specifically, solid tumors are composed of two interconnected
compartments: the parenchyma that consists of the neoplas-
tic cells, and the stroma is that induced by the neoplastic cells
and serves as their milieu (Figure 5).''!l The rapid prolifera-
tion of neoplastic cells and their consequent upregulation of pro-
angiogenic factors result in the formation of atypical vascula-
tures, which significantly differ from those observed in healthy
tissues.!''?] In solid tumors, the stroma comprises connective tis-
sue, blood vessels, and frequently inflammatory cells, which act
as an intermediary between the malignant cells and the normal
host tissues. The stroma is primarily a product of the host and
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Figure 5. Structures of tumor tissues containing two distinct compartments: the parenchyma and the stroma.

is triggered as a consequence of the communications between
tumor cells and the host.[''*] Vasculature is one of the primary
constituents of the tumor stroma and is typically composed of a
labyrinth of disorganized vessels that lack the conventional hier-
archy of blood vessels, making it challenging to identify arteri-
oles, capillaries, and venules.'*11%] The overall structure of tu-
mors has genetic, epigenetic, and phenotypic effects on cancer
cells, which guide and direct cancer progression.

3. Current Techniques for Bottom-up Engineering
of Heterogeneous Tumor Models

In the field of tumor engineering, the development of hetero-
geneous tumor models is a crucial step for advancing the un-
derstanding of tumor diseases.!''®! However, creating such mod-
els is challenging due to the absence of reliable manufactur-
ing techniques capable of reconstructing the complex tumor
microenvironment.[''118] This microenvironment comprises a
range of intrinsic gene mutations, diverse signal expressions,
unique cell distributions, and spatial tissue structures, which col-
lectively confer self-renewal and self-organization capabilities to
the tumor tissue.*S] These characteristics allow the growth of
new tumors from even a small metastatic tumor fragment in dis-
tant sites. Consequently, bottom-up strategies offer an opportu-
nity to accurately recreate the heterogeneities of tumors, includ-
ing their specific phenotypes and functions in vitro.[11%120] This
section discusses the tumor microenvironment’s capacity for es-
tablishing heterogeneous tumor models, as well as the manufac-
turing techniques developed for this purpose.

3.1. Regulation of Signal Expression for Engineering
Heterogeneous Tumor Models

3.1.1. VEGF-related Vascular Reconstruction in Tumor Models

In the pursuit of “made-to-measure” tumor models, a com-
prehensive understanding and integration of the vasculature

Adv. Sci. 2024, 11, 2304160

in tumor tissues is necessary.!!"128 The first event in vascu-
lature growth is neovascularization, which is regulated by the
VEGF events and essential in tumor development.['?13%] For
instance, a team developed a microfluidic platform to quan-
titatively investigate angiogenic sprouting and neovessel for-
mation (Figure 6a).l*!! By using a biomimetic model, the au-
thors demonstrated that endothelial cells invade as multicellular
sprouts, which can be regulated by various proangiogenic factors
such as bFGF, HGF, VEGF, and MCP-1. Once vessels mature,
they are capable of transporting nutrients and clearing waste. As
an essential component of the tumor microenvironment, perfus-
able vascular constructs have been engineered in tumor models
to study the circulatory system and extend the lifespan of mod-
els. In another way, Szklanny et al. printed hierarchical vascular
constructs in vitro, enabling tissue perfusion through the scaf-
fold lumen (Figure 6b).['*? The inner endothelial cells can con-
nect with the ECs in printed gel, creating a promising model
with a functional vascular hierarchy. Recently, Neufeld et al. em-
ployed a bioprinting approach to engineer a perfusable glioblas-
toma model that recapitulated the tumor heterogenic microen-
vironment (Figure 6¢).'*¥] The printed glioblastoma model con-
tained multiple cell components, such as HUVECs, hPericytes,
PD-GB4, and brain stromal cells (hAstro, hMG), and successfully
formed vessel lumens that could transport nutrients and waste.
Therefore, the vasculature fully participates in the VEGF signal-
ing pathways and is a major component in tumor tissues, which
is indispensable in the reconstruction of tumor heterogeneity.
Through the integration of matured vasculatures and other
tumor components in vitro, processes such as metastasis, drug
resistance, and inflammation during tumor development can
be precisely studied.[!3*1*}] Metastasis is regarded as the main
reason for difficulty in tumor clearance, forming a new tu-
mor site in other organs or tissues of the body. Along the
metastatic process, the vascular network provides a route for
tumor cell to travel in the body. In order to study tumor
metastasis, Meng et al. described a vascularized tumor model
to reconstruct tumor invasion, intravasation, and extravasation
in vitro (Figure 6d)."** The authors achieved the quantitative
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Figure 6. VEGF-related vascular reconstruction in tumor models. a) The endothelialized channel in the microfluidic chip was exposed to the defined
gradient of angiogenic factors. The vascular sprouting and migration can be visualized and quantified. Reproduced with permission,!'3'l published by
the National Academy of Science. b) A hollow and perfusable vascular construct was fabricated by printing a vascularized gel and endothelialized scaffold
together. Reproduced with permission.['32] Copyright 2021 Wiley-VCH GmbH. c) Confocal images showing a printed glioblastoma model with hollow
vascularized constructs, the dashed box is a cross-section of the vessels. Reproduced with permission.['33] Copyright 2021 the authors. d) A metastatic
tumor model containing a vessel, fibroblasts, tumor cells, and VEGF signaling gradient. The A549 tumor cells can approach and enter the vasculature.
Reproduced with permission.["#4] Copyright 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. e) Vascularized lung tumor model in a microfluidic
chip for testing the vascular toxicity of chemotherapy. The perfusable vascularized tumor model can be filled with a clinical dose of anti-tumor drug
(paclitaxel). Reproduced with permission.[™3] Copyright 2019 American Chemical Society. f) The tissue-level cancer-vascular model for replicating the
tumor inflammatory process and quantitatively studying the monocyte recruitment. Reproduced with permission.l'23] Copyright 2021 Wiley-VCH GmbH.

interrogation of metastatic processes by the programmed release  cells) to mimic malignant solid tumors in the lung. The vascu-

of growth factors. The incorporation of collection chambers into
the system enabled the downstream analysis of CTCs that self-
select to intravasate. Recently, Paek et al. engineered a perfuable
microvascular bed connected with multiple tumor spheroids in
microfluidic chip.l'*] They incorporated the endothelial cells,
lung fibroblasts, and cancer spheroids (lung carcinoma epithelial

Adv. Sci. 2024, 11, 2304160

larized tumor model was treated with a clinical antitumor drug
(paclitaxel) for two days (Figure 6e). The tumor-killing effect of
this drug was quantified according to the overall viability of tu-
mor cells. Particularly, paclitaxel-induced vascular toxicities can
be investigated, which is a promising therapeutic way to disrupt
the vasculature and inhibit cancer angiogenesis. During tumor

2304160 (6 0f44) © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.advancedscience.com

ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

a l High voltage suppller

Crossllnklng ‘!
:: bath

b 18t Device 2™ Device C

R ) &7 &

S
)

%))
inverted

agarose

t=24 hr

www.advancedscience.com

Self-organization lumenized

—
—_
—>

1991102

Matrigel lumenized

t=0

t=24 hr t=96 hr

Figure 7. Cadherin-related cell self-organization in tumor reconstruction. a) A versatile multi-fluidic electrostatic spraying technique for generating
various cell encapsulations, enabling the self-organization of three different layered cell microparticles. Reproduced with permission!>®] published by
the Royal Society of Chemistry. b) A double-emulsion microfluidics for generating cell spheroids with different cell organizations. Reproduced with
permission.l’>7] Copyright 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. c) Self-organization of initially disordered populations of cells into
spatially ordered tissues under different cell-ECM contact. Reproduced with permission,['8] published by the National Academy of Science.

progression, endothelial cells can be activated by inflammatory
cytokine signaling in tumor, resulting in the recruitment of cir-
culating leukocytes like monocytes. Kim et al. simultaneously re-
capitulated EMT-induced endothelial dynamics, and recruitment
of immunocytes in vitro, enabling the understanding of the fun-
damentals of inflammatory responses between cancer and blood
vessels (Figure 6f).I'2] Together, the vascular constructs can not
only improve the robustness of tumor models but also extend the
interrogation range of tumor homeostasis.

3.1.2. Cadherin-Related Cell Behaviors in Tumor Reconstruction

Cadherin is a crucial cell-adhesion molecule that is essential
in tumor morphogenesis, proliferation, and development.[46-1>2]
The ability of cadherin to maintain intracellular cohesion and
preserve the architecture of tumor tissue offers opportuni-
ties for programmable and bottom-up design of the tumor
microenvironment.!148153-155] The multicellular components that
organize into a specific order are among the major features of
tumor heterogeneity. To mimic this, Lu et al. used electrostatic
spraying technique to fabricate uniform spheroids with control-
lable multicellular distributions (Figure 7a).['>®) NHLFs, MCF-
10A, and MDA-MB-231 cells were encapsulated into different or-
ganizations for this purpose. To further explore the potential of
tumor self-organization, Chan etal. presented a double-emulsion
microfluidic technique for generating hepatocyte spheroids with
controllable cell encapsulation (Figure 7b).['”] They claimed that
the expression of hepatocyte functions was improved after multi-
cellular organization. Additionally, the self-organization process
can be controlled by the cell-ECM boundary. Moreover, one work
studied the influence of various ECMs on cell organization and

Adv. Sci. 2024, 11, 2304160

found that sufficient cell-ECM cohesion contributed to epithe-
lial tissue polarization (Figure 7¢).['8) Thus, self-organization
in tumor tissue can be controlled by the expression and distri-
bution of cadherin. These developments in understanding the
role of cadherin in tumor self-organization hold great poten-
tial for the design of innovative therapeutic strategies for cancer
treatment.

During tumor development, the ability of multiple cell com-
ponents to self-organize into spatially ordered structures, known
as cell sorting, plays a crucial role.>*-1%! Cadherin, as a cell-
adhesion molecule, determines cell—cell contacts and enables the
formation of complex architectures. The type and amount of cad-
herin expression on the cell membrane can influence the or-
ganization of cells in developing tissues. To more realistically
mimic tissues in vitro, Matsunaga et al. developed a microfluidic
technique that generates monodisperse beads loaded with self-
organizing cells. Collagen gel beads seeded with HepG2 and NIH
3T3 cells can form hierarchic co-cultures to mimic tissues more
accurately (Figure 8a).[12] More recently, Wu et al. used an acous-
tic assembly approach to generate heterotypic cell spheroids in
a scaffold-free manner (Figure 8b).['%] The authors aggregated
three types of cells that expressed different cadherin molecules
to reconstruct the spatial heterogeneity of tumor tissues. The
cadherin-driven cell sorting enabled the clear layering of three
cell types within cell spheroids. Moreover, Ao et al. developed a
pillar array chip to create uniform spheroids with a physical bar-
rier, a tight stromal layer of CAFs on the tumor core. The lay-
ered spheroids replicated the immune-cell infiltration process
and killing events (Figure 8¢).11 This platform provides a ro-
bust approach to investigate immune-tissue interactions and is
useful in immunology, oncology, tissue engineering, and preci-
sion medicine.
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Figure 8. Cadherin-related cell sorting in tumor reconstruction. a) Cell-sorting of cells on the surface of collagen beads. In the monoculture, F-actin
(Alexa488-conjugated phalloidin in green fluorescence), cell nuclei (Hoechst 33 342 in blue fluorescence). In the coculture, the NIH 3T3 cells covered the
encapsulated HepG2 cells. Reproduced with permission.['®2] Copyright 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. b) Cell layers achieved
by the heterogeneous expression of cadherin proteins on acoustic-assembly cell spheroids containing cancer cells (EO771 in green fluorescence),
fibroblast (3T3 in blue fluorescence), Endothelial cells (2H11 in red fluorescence). Reproduced with permission.['83] Copyright 2021 The Royal Society
of Chemistry. c) Heterotypic spheroids with core/tumor-shell/stroma cell distribution for investigating the process of immunocyte infiltration into solid
tumors. i) Heterotypic tumor spheroids formed in pillar arrays. Tumor cells (Blue color); CAFs (Yellow color). ii) T cell infiltration inside tumor spheroids
treated by immune-related drugs. Reproduced with permission.l'®4] Copyright 2022 the authors, under CC BY-NC-ND license.

found that overexpressed E-cadherin (depicted in green) in tumor
cells can impede cell motility, suggesting that tumor cells depend

Cancer-related deaths are mainly due to the metastatic poten-
tial of tumor tissues, which have the ability to rearrange them-

selves into the most aggressive modes and shapes.!'%>1%] Tumor
cells employ diverse strategies to alter their form and migrate in
vivo. E-cadherin, an important suppressor of tumor invasion, can
be controlled by tumor cells.'”-1%] To elucidate the role of E-
cadherin in tumor tissues, one study presented a tumor invasion
model by embedding epidermoid carcinoma A431 cells (shown
in red) into a collagen gel in vitro (Figure 9a).'”"! The researchers

Q

on E-cadherin-mediated cell-cell adhesion during the movement
process in vivo. Cell rearrangements can occur not only in the
form of coordinated neighbor exchange but also lead to greater
deformation and even dissemination. Interestingly, Padmanaban
et al. proposed that the loss of E-cadherin is a trigger for invasion
and metastasis. The authors embedded cells with and without E-
cadherin expression into a 3D collagen I matrix and found that

E-cadherin Control

Figure 9. Cadherin-related cell rearrangements in tumor reconstruction. a) Images showing the lower collective cell movement of GFP-E-cadherin-
expressing tumor cells compared to the control group. Reproduced with permission.['7% Copyright 2010 American Association for Cancer Research. b)
Time-lapse images showing Cdh1*/* and Cdh1%/f organoids. Reproduced with permission.['”1] Copyright 2019 the authors, under exclusive license to
Springer Nature Limited.
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Figure 10. Organoids for infection research. a) Gastric organoids for studying bacteria infection. i) The working flow of injecting H. pylori into an
organoid; ii) Fluorescent images show a lumen-infected (LI) organoid and a noninfected (NI) organoid. Bacteria were visualized using GFP expression,
organoids were stained with E-cadherin (red) and DAPI (blue); iii) The investigation of the bacteria-related pathway (NF-kB subunit p65). Reproduced with
permission.l’®1 Copyright 2015 the AGA Institute, under CC BY-NC-ND license. b) Modeling rotavirus infection using intestinal organoids. Reproduced

with permission.l'%2] Copyright 2015 Elsevier.

E-cadherin-negative cells showed lower migratory persistence
and displacement, suggesting the importance of E-cadherin in
the growth, invasion, dissemination, and metastatic coloniza-
tion of tumor tissue (Figure 9b).'”!) These results indicated that
studying cadherin function in tumor tissues can aid in develop-
ing desired heterogeneous tumor models.

3.2. Regulation of Cell Proliferation for Engineering
Heterogeneous Tumor Models

3.2.1. CSCs-Induced Tumor Self-Organization

The initiation of new tumors may stem from a solitary tumor
cell type known as cancer stem cells (CSCs), which can repli-
cate numerous critical traits of the primary tumor tissues.!'72-177]
Recently, tumor organoids have emerged as a promising plat-
form for modeling tumor heterogeneity in vitro.l'’8-1%] Tumor
organoids represent assemblages of neoplastic cells obtained
from human- and mouse-related cancer tissues. These organoids
effectively recapitulate the tumor microenvironment, enabling
the study of tumor heterogeneity from fundamental research to
translational research./181-184]

Researchers have taken a keen interest in studying organoids
cultured with pathogens with the potential to induce cancer
diseases.['#>19] For instance, chronic infection is known to cause
gastric cancer. The Netherlands-based team first employed a gas-
tric culture platform, allowing for the long-term (>1 year) cultur-
ing of gastric cells (Figure 10a)."°! These organoid cultures can
be leveraged to investigate stem cell biology and the response of
the epithelium to infection. Notably, the team found that the nu-
clear factor-kB (NF-kB) pathway was activated after only 1 h of H

Adv. Sci. 2024, 11, 2304160

pylori infection in organoids. Meanwhile, Yin et al. established
intestinal organoid cultures for reconstructing rotavirus infection
(Figure 10b).%?] They introduced rotavirus SA11 into organoid
cultures on day 4 and found viral infection phenomena after 24
h through a positive immunohistochemical process on viral pro-
tein VP4. Thus, stem cell-derived organoids give a great chance
for investigating the relationship between infectious agents and
cancer development, and exploring the potential antiviral ther-
apy.

Organoid cultures have emerged as a powerful tool for inves-
tigating various aspects of cancer development, including mu-
tagenic processes and tumor heterogeneity.!*'% Their high
genetic stability over long periods enables the detailed study
of mutational patterns, as demonstrated by Roerink et al. in
their investigation of intratumour heterogeneity of colorectal can-
cers (Figure 11a)."! Moreover, organoids can model and study
cancer initiation and progression!?], as shown by Drost et al.,
who utilized CRISPR/Cas9 to edit four cancer genes in stem
cells (Figure 11b).2%Y Bian et al. further recapitulated brain tu-
morigenesis in brain organoids by using gene-editing technique
(Figure 11¢).[2°%) However, identifying CSC development in tu-
mor tissues remains a challenge. Shimokawa et al. overcame
this obstacle by revealing the developmental ability of LGR5* tu-
mor cells by using lineage-tracing experiments (Figure 11d).[2%]
Overall, CSC-induced tumor organoids represent robust mod-
els for basic cancer research and have great potential for further
advancement.[202:204-207]

Tumor heterogeneity poses a significant challenge in can-
cer research and personalized therapy.2%®-211 In recent years,
the development of CSC-derived tumor organoids has become
a promising approach to recapitulate the complexity and diver-
sity of tumors in vitro.[211-216] Notably, the pioneering work by
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Figure 11. Organoids for genetic and stem cell research. a) Studying the nature of diversification in tumor tissues by characterizing the organoid cultures
that derived from cancer sites and adjacent normal intestinal crypts. Reproduced with permission.['®] Copyright 2018 Macmillan Publishers Limited,
part of Springer Nature. b) CRISPR/Cas9 method used in gene modification of four major mutated colorectal cancer genes in stem cells. Stem cells
(blue); EGF (E); Noggin (N); R-spondin (R); WNT (W). Reproduced with permission.[2°1l Copyright 2015 Macmillan Publishers Limited. c) Cerebral
organoids were genetically engineered to form brain tumors. Fluorescent images showing the tumour-normal interface in GBM-1 neoplastic cerebral
organoid. Reproduced with permission.[292] Copyright 2018 the authors. d) The lineage-tracing strategy of LGR5* cells. Fluorescent image showing
the immunostaining of KRT20 (green) and RFP (red). Reproduced with permission.!23] Copyright 2017 Macmillan Publishers Limited, part of Springer

Nature.

Sato et al. in 2009 demonstrated the formation of 3D organoid
cultures based on single LGR5" intestinal stem cells, providing
a platform to investigate stem cell biology and intestinal dis-
eases (Figure 12a).2!7] Since then, several CSC-derived tumor
organoids have been established, including pancreatic organoids
by Boj et al., which recapitulated normal and neoplastic ducts in
patient samples (Figure 12b).[218] Furthermore, living organoid
biobanks, such as the colorectal cancer biobank by Wetering
et al.2%! and the breast cancer biobank by Sachs et al.l?2] was
developed to enable high-throughput drug screening and person-
alized therapy design (Figure 12c,d). These advances can provide
a deeper understanding of tumor biology, and have the potential
to transform cancer therapy as well.

Organoid culture systems have attracted widespread attention
for their ability to recapitulate the complexity of in vivo tissue in
vitro. However, the reproducibility and scalability of organoid cul-
ture systems remain a significant challenge for their wider use in
biomedical research and drug discovery.[21-226] To overcome this
limitation, engineers have developed various approaches to opti-
mize organoid culture, including the development of microchip
hanging drop platforms and automated culture systems.[227:228]
Ganguli et al. developed a modular microchip platform with sili-
con microwells of varying dimensions for tumor organoid cul-
ture, enabling high-throughput drug screening and geometric
control applications (Figure 13a).122] Through single-cell RNA

Adv. Sci. 2024, 11, 2304160

sequencing, the authors demonstrated the high degree of ge-
nomic similarity between patient-derived xenografts (PDX) and
3D organoid cultures. Similarly, Brandenberg et al. developed an
automated organoid culture system with high-throughput per-
formance for testing patient-derived colorectal cancer organoids
with drugs in FDA-approved or clinical trials (Figure 13D).[230]
The use of organoids has shown promising results in repli-
cating the heterogeneity of drug responses in tumors, suggest-
ing the potential of organoid culture systems in personalized
medicine.

3.2.2. Tumor Models Preserve Primary Cell Components

In the realm of heterogeneous tumor models, preserving the
primary tumor cell components is of utmost importance. Such
models facilitate the decoding of fundamental processes, even in
the absence of the primary tumor structures.[*1-234 Tumors are
composed of heterogeneous cell populations with different ge-
netic mutations and phenotypes. Tissue-engineered models can
incorporate various cell types and genetic alterations to mimic
this heterogeneity. By manipulating the composition of cells in
different regions of the model, researchers can observe how dif-
ferent subpopulations compete, evolve, and interact over time.
Wu et al. recently developed a droplet microfluidics approach to
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Figure 12. Organoids for translational research. a) The development of human organoid cultures can be well regulated by changing the growth factors
in the culture medium. Reproduced with permission.[2'7] Copyright 2011 the AGA Institute. b) Pancreatic ductal organoids derived from different tumor
regions of cancer patients. Reproduced with permission.!2'®] Copyright 2015 Elsevier Inc. ¢) Human colorectal normal and tumor organoids used in
drug screening for identifying gene-drug associations. Reproduced with permission.[2'°] Copyright 2015 Elsevier Inc. d) Living biobank of breast cancer

organoids can capture original tumor heterogeneity. Reproduced with permission.[?29] Copyright 2017 Elsevier Inc.

fabricate 3D tumor spheroids comprising patient-derived tumor
cells, which were shown to maintain genetic features of primary
tumor tissues and display various responses to chemotherapies
in 48 h (Figure 14a).[?%%] Incorporating the tumor immune mi-
croenvironment into sophisticated tumor models has been cru-
cial for studying anti-tumor immune responses in patients. To
this end, Jenkins et al. described a novel platform for fabricat-
ing organotypic tumor spheroids, allowing for the evaluation
of tumor-immune interactions (Figure 14b).[23¢] This work has
paved the way for developing novel therapeutic combinations and
facilitating precision immune-oncology efforts. More recently,
Ao et al. presented the preclinical concept of mini-tumor chip,
which can evaluate the responses to cancer immunotherapy in a
microfluidic chip.[?*”! Via evenly suspending dissociated tumor
cells into the microfluidic chip, mini-tumors were formed on

Adv. Sci. 2024, 11, 2304160

chip, offering an easy, quick-turnaround solution to measure im-
munotherapy responses (Figure 14c).

Understanding the roles of immune components in solid tu-
mors has become an area of intense interest, and various ap-
proaches have been developed to preserve immune components
in close-packed tumor models.[**2*] Gong et al.?*’] and Ao
et al.2*%] have utilized acoustic methods to accelerate cell contact
and fabricate tumor organoids or clusters containing immune
cells (Figure 15a,b). The use of acoustic forces offers several ad-
vantages over other passive methods, including high biocompat-
ibility and rapid aggregation of cells. However, it is worth noting
that tight cell contact in tumor models can lead to hypoxia and
nutrient shortage, which can negatively impact cell proliferation.
In this case, Yin et al. showed a tumor cell cluster model derived
from patients that enables everlasting culture and tumor cell’s
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Figure 13. Advances in tumor organoid engineering for translational research. a) Hanging drop culture allows high replicates of tumor organoids for
on-chip confocal microscopy. i) Cell loading in microarray chips. ii) Chip inverted for cell culture. iii) Typical image showing tumor spheroids formation in
microarray chip with gradient sizes. Reproduced with permission.[?2°] Copyright 2021 the authors. b) Microcavity arrays for high-throughput automated
organoid culture and real-time analysis of anticancer drug’s efficacy. Reproduced with permission.[?3%] Copyright 2020 the authors, under exclusive

license to Springer Nature Limited.

development under the non-Matrigel medium (Figure 15c), thus
improving cell viability.?*’! Overall, the development of various
approaches for optimizing cell proliferation in tumor models is
a rapidly evolving field.

To achieve more reliable tumor models, several advanced
approaches have been developed to retain both cell compo-
nents and tumor structures. Byrne and colleagues have con-
cluded that PDX models, defined as the culture of human
tumor tissues in mice (Figure 16a), can balance the tumor
structures and cell components, thereby recapitulating intra-
and inter-tumor heterogeneity.2*4-21 A major obstacle in PDX
models is the necessity of using immunocompromised mice
to circumvent xenograft rejection, which hampers immune
assessments.?’ 2% To overcome this limitation, researchers
have attempted to use in vitro culture systems to replace an-

Adv. Sci. 2024, 11, 2304160

imal hosts such as mice.?023] Recently, Fang et al. cultured
organoids with tumor pieces in alginate microbeads, generating
luminally structured tumor organoids that displayed high simi-
larity to primary tumor tissues in cell phenotypes and lineages
(Figure 16b).[264

To increase the number of cell components and extend the
culture time, Neal et al. established the air-liquid interface (ALI)
system for improving nutrient delivery and gas perfusion in liv-
ing tumor sections (Figure 17a).12%°) ALI patient-derived tumor
organoids can maintain the normal activities of stromal cells and
immune cells for up to one month, and the authors demon-
strated the recapitulation of tumor-immune microenvironment
using their tumor models. Voabil et al. used the ex-vivo tu-
mor fragment platform for preserving tumor immune microen-
vironment and architecture, as well as T cell-related cytokines
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Figure 14. Tumor models preserve all the cell components including immune cells without primary tumor structures. a) Droplet microfluidics for produc-
ing uniform patient-derived tumor clusters. Reproduced with permission.[23>] Copyright 2020 American Chemical Society. b) Ex vivo system for culturing
murine- and patient-derived organotypic tumor spheroids (MDOTS/PDOTS) that can model the responses to immune checkpoint blockade (ICB). Re-
produced with permission.[236] Copyright 2018 American Association for Cancer Research. c) Mini-tumor chips for evenly distributing dissociated tumor
cells and reserving tumor immune microenvironment. Reproduced with permission.[?37] Copyright 2023 Ivyspring International Publisher.
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Figure 15. Tumor models preserve all the cell components without primary tumor structures for studying tumor immune microenvironment. a) Acoustic
printing of microdroplets for establishing immunologic tumor organoids derived from patient tumor tissues. Reproduced with permission.[?4*] Copyright
2021 Wiley-VCH GmbH. b) Acoustic assembly of patient tumor cells for studying tumor immune microenvironment. Reproduced with permission.[246]
Copyright 2022 the authors. c) Patient-derived tumor-like cell clusters (PTCs) for maintaining the proliferation of primary cells in tumor tissues. i)

Formation of PTCs in microarrays. i) Immunostaining images showing the preserved cell components. Reproduced with permission.[?#’] Copyright
2020 the authors, under the exclusive license American Association for the Advancement of Science.
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Figure 16. Tumor models reserve all the cell components with primary tumor structures. a) PDXs for addressing the patterns of cancer evolutionary
dynamics during tumor progression. Reproduced with permission.[243] Copyright 2017 Macmillan Publishers Limited, part of Springer Nature. b) Tumor
organoids within the alginate microbeads develop luminal- and soild-like structures. Reproduced with permission.[264] Copyright 2021, the authors.

(Figure 17b).%%¢1 This pioneering work demonstrated the corre-
lation between early immunological alterations and clinical re-
sponse after PD-1 blockade. Technically, Horowitz et al. devel-
oped a tumor model called cuboids, which were sectioned from
patient tumor tissue into cuboidal shapes (Figure 17¢).2”] To-
gether, these advanced engineering methods have enabled the es-
tablishment of tumor models with complete cell components and
structures, offering valuable tools for metronomic and chronic
drug assessments.[268-274]

3.2.3. Tumor Models with Controllable Cell Organization

So far, advancements in tumor models have enabled the attain-
ment of controllable cell distributions. Among emerging tech-

a Air-liquid interface (ALI) organoids

ccRCC fresh tumor ccRCC organoid d7

ccRCC organoid d30

nologies, microfluidics holds enormous potential for precise
control over cell behavior and organization at the microscale
level.[275-286] In tumor tissue engineering, microfluidic chips have
been employed for arranging vascular networks in collabora-
tion with tumor cells.[?®”-28%1 With high spatiotemporal resolu-
tion, Hassell et al. studied the morphology of transmigrating tu-
mor cells and related endothelial cells in vitro (Figure 18a,b).[2%!
Notably, one work incorporated physiological breathing motions
into their lung cancer chip, mimicking the dynamic structure and
function of the lung, which resulted in significant suppression
of lung cancer growth (Figure 18¢).!l Without the breathing
motions, tumor cells tended to grow into larger areas in the ep-
ithelium layer (Figure 18d). Moreover, a team presented a tumor-
chip model. This model allowed to arrange tumor cells and en-
dothelial cells inside a 3D matrix (Figure 18e).122] Their model

j

quuo( 1 Aliquot 2

LA

Figure 17. In vitro tumor cultures directly reserve all the cell components with primary tumor structures. a) Air-liquid interface (ALI) organoid for
reconstructing tumor immune microenvironment. % area ratio of CD3* cells (red color). Reproduced with perm|55|on [265] Copyright 2018 Elsevier
Inc. b) Patient-derived tumor fragment platform (PDTF) that responds to immune drug treatment. Reproduced with permission.[266] Copyright 2021
the authors, under the exclusive license to Springer Nature America, Inc. c) Cuboidal-shaped microdissected tissues or “cuboids” preserving of tumor
tissue microenvironment. Reproduced with permission.[267] Copyright 2020 The Royal Society of Chemistry.
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Figure 18. Microfluidic chips for hierarchy tumor engineering. a) In vitro microvascular networks for assessing tumor cell extravasation. b) Representative
filed of live microvascular networks (HUVEC in red color) at 12 h after seeding tumor cells (MDA-MB 231 in green color). Immunostaining of CD31
showed heterogeneity of transmigrated, and nontransmigrated cells. Reproduced with permission.[?°°] Copyright 2018 American Association for Cancer
Research. c) Organ-on-chip modeling of orthotopic lung cancer growth under breathing motions. d) Lung cancer cells (green color) displayed different
development statuses in a normal epithelial monolayers after 14 days of culture in the airway chip with and without breathing motions. Reproduced
with permission.[2°'l Copyright 2018 the authors, under the CC BY-NC-ND license. e) Microfluidic chip for replicating tumor-induced suppressive
environment and evaluating NK cell exhaustion. Reproduced with permission.[2°2] Copyright 2021 the authors, under the exclusive license to American
Association for the Advancement of Science. f) Cell invasion in digital microfluidic microgel systems (CIMMS) corporated with basement membrane
and tumor cells. Reproduced with permission.[?°3] Copyright 2020 the authors, under the exclusive license to American Association for the Advancement

of Science.

enabled the recapitulation of nutrient gradient within solid tu-
mors, facilitating the exploration of NK cells’ capacity and func-
tionality in activating immune processes. In addition, the ECM
in tumors is often altered and can influence tumor behavior and
evolution. Tissue-engineered models can incorporate ECM com-
ponents that mimic the tumor microenvironment, allowing re-
searchers to investigate how ECM properties affect tumor pro-
gression and response to therapies. Li et al. showed a digital mi-
crofluidics system that successfully modeled cancer cell invasion
and the analysis of RNA-seq (Figure 18f).[23] Collectively, mi-

Adv. Sci. 2024, 11, 2304160

crofluidic techniques provide a promising approach for control-
ling the locations of cells and even the matrix originating from
tumor tissues.

Despite the precision afforded by microfluidics-based tumor
models in manipulating tumor cells during events like tumor
angiogenesis, they presented challenges in constructing com-
plex cancer systems that involve multiple interactions between
cells, extracellular matrix (ECM), and physiological factors. Bio-
printing, on the other hand, offers a direct method for gen-
erating 3D tissues containing various cell types in a defined
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Figure 19. Bioprinting techniques for engineering functional and structural tumor tissues. a) Glioblastoma (GBM)-on-a-chip was printed by using
bioinks and various cells to construct a compartmentalized structure. b) Printed glioblastoma model with four layers mimicking primary tumor mi-
croenvironment. Reproduced with permission.3%*] Copyright 2019 the authors, under the exclusive license to Springer Nature Limited. c) 3D-printed
tumor constructs including multiple cell types in a defined spatial architecture. d) Immunofluorescence of the printed tissue sections. Vimentin (VIM,
red color); KRT8/18 (green color); CD31 (yellow color); DAPI (blue color). Reproduced with permission.[>1] Copyright 2019 the authors.

spatial architecture.[2*3%] Recently, Yi et al. demonstrated the
ability to print multilayered glioblastoma tumor models using
biocompatible bioinks and cells, including patient-derived tu-
mor cells and vascular endothelial cells (Figure 19a).3%! The
GBM-on-chip model comprised four layers: the “core,” “interme-
diate,” “peripheral,” and surrounding tissue (Figure 19b). Sim-
ilarly, one work tried to use 3D bioprinting to integrate vari-
ous cell types, such as patient-derived breast or pancreatic tu-
mor cells, achieving the scaffold-free building performance in
tumor models (Figure 19¢).5!1 Under the maturation of tis-
sues, cells can deposit ECM and are self-organized, expos-
ing cancer cells to growth factors from different types of cells
(Figure 19d).

In addition, Zhou et al. employed a 3D bioprinting technique
to develop the biomimetic bone matrix for investigating the
crosstalking between diverse cell types in tumor tissue, creating
a bone-like microenvironment that facilitated the integration of
all cell (Figure 20a).>%] Additionally, Burks et al. directly built tu-
mor tissue onto rat living tissues based on laser direct-write tech-
niques, enabling real-time studying of tumor cell migration, pro-
liferation, and behaviors in angiogenesis (Figure 20b).>%! In con-
clusion, bioprinting techniques offer a valuable tool for bridging

Adv. Sci. 2024, 11, 2304160

the gap between in-vivo tumor tissues and in-vitro tumor models,
facilitating the study of complex cancer systems.

In last two decades, organoid technique has significantly ad-
vanced, enabling the modeling of key features in tissues and or-
gans, facilitating a deeper understanding of different aspects of
human cancer diseases.’-3%] However, uncontrollable cell pro-
liferation within tumor organoids commenly results in the loss
of native tissue architecture and microenvironment, which has
prompted the development of several engineering techniques to
regulate cell proliferation within organoids.[*1%-318] For instance,
Lee et al. employed a simple oil-in-water droplet technology
to uniformly fabricate multi-compartment organoids in a high-
throughput manner (Figure 21a).3'°! The authors demonstrated
how matrix components influence tumor organoids growth,
faithfully recapitulating tumor development monitored in vivo:
tumor cells initially grew within a confined microenvironment
before migrating to the collagen-rich matrix regions (Figure 21b).
To induce more functions inside tumor organoids, surrounding
tissues can also be incorporated. Recently, one work developed
a culture system to establish exocrine progenitor organoids with
specific architectures (Figure 21¢,d).3%) Additionally, Kim et al.
presented an impressive work that created multilayer bladder

2304160 (16 O‘F44) © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.advancedscience.com

ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

U]

€=UV laser

srasssmix,

Stereolithography 3D printer

www.advancedscience.com

(1) Bioprinti (ii)
Bioprinting Cancer Cells
onto Live Tissue - Before _ After

Laser Beam

fr

Mesenteric Tumor Cell

Tissue

Single-Cell Printing

After

(iii)|

Before Il

Multi-Cell Printing

Figure 20. Bioprinting techniques for engineering functional and structural tumor tissues. a) 3D printing (i) of cell-laden bone matrix (ii) including
osteoblasts/MSCs embedded in GelMA and nHA hydrogel, which was co-cultured with breast tumor cells (iii). Reproduced with permission.[3%! Copy-
right 2016 American Chemical Society. b) Laser direct-write technique to print tumor onto living tissues (i). Fluorescence images showing the tumor

permission.13%! Copyright 2016 Wiley Periodicals, Inc.

“assembloids” derived from human cells. They reconstituted tis-
sue stem cells into an organized architecture with stromal com-
ponents surrounded by epithelium layer, and a muscle layer out-
side (Figure 21e).3%!] These assembloids were able to exhibit key
features of mature adult bladders. The authors demonstrated that
the recapitulation of cell composition and gene expression. In
particular, they recapitulated in vivo tissue kinetics of regener-
ative response to injury conditions. Together, tumor organoids
with polarized cell distributions offer researchers significant op-
portunities to construct tumor tissues in a bottom-up way.

3.3. Multidimensional Control of Tumor Structures
3.3.1. Control of Tumor Model’s Structures in 1D and 2D

In the field of precision oncology, 1D and 2D tumor engineer-
ing have been widely employed to study cell-cell communica-
tion, rare cell profiling, and tissue engineering.’??-33*] Zhang
and colleagues introduced a microfluidic array of hook-shaped
traps for holding cells at designated positions (Figure 22a).3%!
This “Block-cell-printing” platform was employed for quantita-
tive analysis of tumor cell spreading in response to growth fac-
tor concentration. In addition to cell behavior studies, profil-
ing of molecular information of tumor cells such as circulat-
ing tumor cells (CTCs) has been used in cancer diagnosis and
management. 3¢ Boya and coworkers developed a device to iso-
late CTCs from whole blood and established a CTC cluster model
(Figure 22b, ¢).3%7] By using RNA sequencing, the authors ana-
lyzed a subset of CTC clusters ranging from 2 to 100 cells.

Adv. Sci. 2024, 11, 2304160

In 1D tumor engineering, surface acoustic waves were uti-
lized by Li and colleagues to precisely pattern two types of tu-
mor cells (Figure 23a).3% The authors quantitatively analyzed
tumor cell movements in a microfluidic chamber. In 2D tumor
engineering, precise control of tumor tissue structure can pro-
vide characteristics closer to those of tumors in vivo.33%3*] Lee
et al. recently developed an epithelial cancer model compris-
ing a cell sheet and spheroids to mimic the tumor microenvi-
ronment (Figure 23b).>*?] The cell sheet was composed of ker-
atinocytes and fibroblasts, while cell spheroids were made up of
cancer cells and cancer-associated fibroblasts (CAFs). This model
facilitated easy observation of drug resistance phenomena. Cell
sheet, which has more mature structures and tighter cell-cell con-
tact than single cell-based tumor engineering, can be assembled
into material-free tissues with complex architectures using an ap-
proach presented by Vrij and colleagues (Figure 23c).'*!] In con-
clusion, both 1D and 2D approaches to tumor engineering have
unique features that can be employed to answer specific scientific
questions.[43:343-34]

3.3.2. Control of Tumor Model’s Structures in 3D

To achieve cell density and tumor structures that mimic the nat-
ural extracellular matrix (ECM), cell spheroids and organoids
densely packed with living cells have been developed as a 3D
microenvironment.346-3%3] Various engineering techniques are
employed for arranging cell spheroids or organoids, achieving
the establishment of well-designed architectures.[>**3%] For in-
stance, 3D spheroids and organoids can be precisely patterned
into 2D arrays. Chen and colleagues presented an approach to
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fabricate uniform tumor spheroids inside a microfluidic chip
using surface acoustic waves (Figure 24a), demonstrating that
these spheroids can be applied in drug testing.[*”] To improve
the acoustic assembly approach, Chen et al. integrated a Poly-
dimethylsiloxane (PDMS) chip with multiple channels, scaling
up the productivity of tumor spheroids (Figure 24b).**8] On-chip
control systems are more advantageous for manipulating cell
spheroids or organoids because they are scaffold-free, versatile,
and easy-to-culture in situ. Cai and colleagues showed a novel
platform based on a C-shaped surface acoustic wave (SAW) gen-
erator to manipulate cell spheroids and organoids using local-
ized acoustic streaming (Figure 24c).** They also quantitatively
studied the fusion process of multiple spheroids and even brain
organoids. Recently, Chen et al. used a powerful and tunable

Adv. Sci. 2024, 11, 2304160

acoustic technology to assemble organoids into acoustic pres-
sure nodes (Figure 24d).*% The authors successfully generated
various patterns of spheroids and organoids, allowing to study
the maturation process of in vitro tissue constructs. To achieve a
higher degree of manipulation, Tocchio et al. developed a mag-
netic platform to assemble 3D tumor spheroids and arrange
them into complex structures (Figure 24e).[36%] Cell spheroids can
be arranged into desired patterns in a programmable way.

To establish heterogeneous tumor models with more com-
plex structures, more and more 3D manipulation techniques
have been developed.[**>37] For example, Ayan et al. utilized an
aspiration-assisted bioprinting approach to pick and place cell
spheroids into stacked structures (Figure 25a).>”!] This versatile
technique enabled the building of complex architectures used

2304160 (18 O‘F44) © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.advancedscience.com

ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

CTCClusters Single CTCs  WBCs

Waste *

www.advancedscience.com

Figure 22. Tumor models with controllable 2D structures at single-cell level. a) Microfluidics-based living-cell printing of functional single-cell arrays.
Reproduced with permission.[333] Copyright 2014 National Academic of Science. b) Circulating tumor cells (CTCs) were isolated from the whole blood
by using microfluidic chips. c) CTC clusters were formed within microwells. Reproduced with permission.[*37] Copyright 2022 the authors.

spheroid blocks. In a more interesting work, Agarwal et al. used
tumor spheroids as building blocks to fill a microchamber, and
subsequently introduced endothelial and stromal cells, finally ob-
taining a tumor model with vascular networks (Figure 25b).372]
The authors used this straightforward way to engineer tumor
with circulation function, which can be employed for investigat-
ing microenvironment’s effect on tumor progression, invasion,
and metastasis. All in all, cell spheroids or organoids, as the tis-
sue building blocks, have been demonstrated in reconstructing
the in-vivo native microenvironment of cell-cell interactions and
ECM development.?3]

Recently, the emerging advanced techniques has acceler-
ated the development of tumor tissue engineering, enabling

a

Acoustic assembly

Cell coculture device

C

the creation of tissue-level complex structures inside tumor
models.[?438] One notable example is one work that used mi-
crofluidic printing to generate helical hydrogel-based microfibers
(Figure 26a), wherein tumor cells and macrophages were en-
capsulated and their interaction process could be studied.l*®!]
Similarly, Cheng and colleagues presented a one-step process
to continuously fabricate microfibers with designated features
(Figure 26b), allowing the separation of different cancer cells
into different regions.[*8?] Bioprinting approaches have also been
employed to facilitate the organization of organoids and tumors
(Figure 26¢).383] In addition, as demonstrated by Chen et al.
who used an acoustic printing approach to precisely arrange
patient-derived normal and tumor colon organoids (Figure 26d),

b @ ~L.‘-',.Spheroid

[ rm

/ Cell sheet

=k

Cancer only

ECM CAFs
Normal fibroblast

HN9 HN4 HN3 HN9 HN4 HN3

Cancer + CAF

Tissue assembly across length scales
; 3 - T

L J L

Spheroids [= 100 um] on the microwell array

Tissues [= 1000 um] on the geometric array

Assembly of shapes

Figure 23. Tumor models with controllable 2D structures of cell lines and cell sheets. a) Acoustic assembly of cell lines with different cell types in a
precise manner. Reproduced with permission.[338] Copyright 2014 American Chemical Society. b) In vitro cell-sheet cancer model containing a cancer
spheroid and an oral mucosal cell sheet. Reproduced with permission.[342] Copyright 2018 Ivyspring International Publisher. c) Microwell arrays for
bottom-up assembling of heterogeneous tissues. Reproduced with permission.['1] Copyright 2016 Wiley-VCH GmbH & Co. KGaA, Weinheim.
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Figure 24. 3D Tumor models fabricated from cell spheroid or organoid blocks. a) Acoustic assembly of tumor spheroids that can be patterned into
grid-like arrays. i) Acoustic device; ii) Acosutic pressure distribution for assembling cells; iii) Cell spheroids formation in grid-like patterns. Repro-
duced with permission.[33”] Copyright 2016 The Royal of Society of Chemistry. b) Microfluidics-assisted acoustic assembly of multicellular spheroids
in a high-throughput manner. Reproduced with permission.3*81 Copyright 2019 The Royal of Society of Chemistry. c) Acoustofluidic arrangement i) of
tumor spheroids that fused into a big cell spheroid ii). Reproduced with permission.[33° Copyright 2020 IOP Publishing Ltd. d) Biotunable acousti-
cally assembling of cell spher0|ds and organ0|ds Reproduced with permlssmn [360] Copyright 2015 \X/lley VCH Verlag GmbH & Co. KGaA Wemhelm e)

Copyright 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

revealing the relationship of tumor invasion between in vitro tu-
mor models and in vivo tumor tissue.*34]

3.3.3. Control of Tumor Model’s Structures in 4D

Furthermore, additional components have been incorporated
into tumor models in a long-term style.’®5-3%2] In particular, de-
cellularized tissue parenchyma as a source of more physiologi-
cally accurate ECM upon/within which, tumour cells/organoids
can be incorporated, and appropriate biochemical and biome-
chanical cues received.>**] Recently, Edoardo et al. proposed a

Adv. Sci. 2024, 11, 2304160

cancer patient-derived ECM as the scaffolds for culturing organ-
otypic liver tumor models. They found that decellularized ECM
scaffolds can mimic the biological, biochemical, and structural
characteristics of the tumor metastatic microenvironment, even-
tually used to assess the chemotherapy responses in a long
period.?**] Besides, a team developed the decellularized ECM
for culturing gastrointestinal organoids which displayed supe-
rior maturation and function.3%] Except the ECM, other tissue
parenchyma can be incorporated into tumor models for study
tumor development over time. For example, the establishment
of a vascular system in colon organoids by Rajasekar et al. us-
ing a customized microfluidic chip (Figure 27a).*%! In a more
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Figure 25. Complex 3D Tumor models fabricated from cell spheroid or organoid blocks. a) Aspiraion-assisted bioprinting (i) of multicellular spheroids
into complex structures (ii). Reproduced with permission.[3”1 Copyright 2020 the authors, under the exclusive license to American Association for the
Advancement of Science. b) Microtumors assembled within a micochamber for creating macroscale vascularatures. Reproduced with permission.[372]

Copyright 2017 American Chemical Society.

extensive study, Yu et al. had also optimized the approach called
reconfigurable open microfluidics to build up 3D tumor tissues
(Figure 27b), which provided an open environment, adapting
to various medium additions and cell seeding.>*’] Excitingly, a
glioblastoma model had been established inside a bioprinted
mini-brain (Figure 27c), enabling the precise interrogation of the
crosstalking between macrophages and tumor cells.**®] Together,
the tissue-level engineering of tumors holds immense potential
for fundamental oncology research.

4. Biomedical Applications of Heterogeneous
Tumor Models

4.1. Studying Tumor-Related Biomarkers

Numerous nano- and micro-techniques have been developed to
decode the fundamental mechanisms and track the expansion of
complex artificial tumor tissues.??#%] For instance, one work
used a nanostructured herringbone (nano-HB) microfluidic chip
to enhance exosome capturing (Figure 28a).1*®! They utilized
a microchannel platform to induce evaporation-driven colloidal
self-assembly (CSA) into designated nanopatterns (Figure 28D),
which were modified with anti-CD81 monoclonal antibody to

Adv. Sci. 2024, 11, 2304160

capture tumor exosomes. Micropatterns with tightly-packed col-
loidal particles were obtained (Figure 28c). At the microscale
level, techniques have been developed to process larger samples
of tumor tissues. Recently, Dong et al. developed a nitrocellulose-
based photonic bioassay for detecting biomarkers in tumor in-
terstitial fluid (Figure 28d).1*!%1 The authors incorporated mi-
croneedle techniques to sample biomarkers from solid tumors
(Figure 28e,f), enabling the quantitative detection of TNF-a ex-
pression during tumor progression. Clinically, many point-of-
care devices have been developed to monitor molecules during
cancer treatment for patients. A microfluidic chip was designed
to collect ascites tumor cells, a valuable index for reflecting tu-
mor conditions. This miniaturized microfluidic chip with micro-
traps enabled on-chip molecular profiling of ovarian cancer tis-
sues (Figure 28g,h).[*1") The mentioned above impressive works
bridge the gap between studying tumors and clinical therapeutics
in a precise manner.

4.2. Quantitative Studying of Tumor Microenvironment

The tumor microenvironment is crucial in drug resistance, cel-
lular communications, and progression. Quantitative analysis of
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Figure 26. 3D Tumor models with tissue-level complex structures. a) Microfluidic printing of helical microfibers used for studying the crosstalking of
tumor cells (core of microfibers) and macrophages (shell of microfibers). Reproduced with permission.[331] Copyright 2015 Wiley-VCH Verlag GmbH &
Co. KGaA, Weinheim. b) Capillary microfluidic printing of microfibers with multicompartmental structures. Reproduced with permission.[*32] Copyright
2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. c) Bioprinting organoids into circular shapes (i, ii). MDA-MB-468 cells (green) (iii) and MCF-12A
cells (red) were spaced in order. Incorporation of cancer cells into organoids (iv). Reproduced with permission.[333] Copyright 2019 the authors. d)
Acoustic bioprinting of patient-derived colon normal and tumor organoids to mimic colon tumor microenvironment. Reproduced with permission.[334]

Copyright 2022 Wiley-VCH GmbH.

tumor microenvironment can illustrate and study mechanisms
of tumor development.[%>412-421] Tomasi et al. utilized a microflu-
idic droplet approach to sequentially and precisely regulate cul-
ture conditions on 3D tumor spheroids (Figure 29a).1*?? This
microfluidic chip was designed with a special structure to an-
chor droplets in desired positions, allowing for multiple func-
tions such as co-culture of cell spheroids, hydrogel encapsulation,
and drug testing (Figure 29b) in a quantitative manner. Recently,
Chen et al. presented an acoustic bioprinting approach to recon-
struct the tumor microenvironment (Figure 29¢).[**] This system
incorporated CAFs into tumor microtissues, enabling to quanti-
tatively study the crosstalking of CAFs and tumor cells. Further-
more, an improvement was made to the acoustic printing ap-
proach based on cell-loaded hydrogel droplets, which established
more complex architectures of tumor tissue (Figure 29d).[***] The
authors achieved 3D acoustic bioprinting of a spheroid-stroma
co-culture model. The quantitative analysis of tumor models pro-
vides valuable information on tumor development.

4.3. Studying of Tumor Circulation, Invasion, and Metastasis In
Vitro

The study of tumor progression, including circulation, invasion,
and metastasis, holds great promise for elucidating drug accu-
mulation, interactions of tumor cells with the ECM, and normal
tissues in vitro.[*>33] Tang et al. devised a biomimetic tumor
microenvironment by integrating a vascular network-like mi-
crofluidic channel and a tumor compartment (Figure 30a,b).[***]
This platform reconstructed enhanced permeability and reten-

Adv. Sci. 2024, 11, 2304160

tion (EPR) effect in vitro. To evaluate nanoparticles as anticancer
agents, Wang and colleagues developed a Tumor-Vasculature-
on-Chip (TVOC), which comprises tumor spheroids and a vas-
cular channel (Figure 30c,d).l**] Nanoparticles introduced into
the vascular channel accumulated in densely packed tumor
spheroids, offering an opportunity to evaluate nanoparticle cir-
culation within a solid tumor.

Tumor invasion and metastasis have also been studied in en-
gineered tumor models.[***] Sugimoto et al. developed a novel
platform for evaluating cancer cell invasion in a 3D tissue-like en-
vironment (Figure 31a).**!) The authors created a composite mi-
crofiber containing tumor cells in the core region and fibroblasts
in the shell region, with a micropassage within the fiber enabling
tumor cells to grow out, thus mimicking cancer invasion through
the extracellular matrix. Besides, tumor invasion models have
great potential in the precise drug evaluation, due to therapeu-
tic drug concentrations not reaching the infiltrative tumor. For
example, Puls et al. developed a novel 3D tumor-tissue invasion
model for high-throughput, high-content drug screening.[**? By
using next-generation invasion models that better replicate the
complexity of the tumor microenvironment, researchers can gain
a deeper understanding of tumor invasion patterns and develop
more effective therapeutic strategies. These models can aid in the
design of clinical trials that consider drug penetration issues and
potentially improve the success of chemotherapy and other treat-
ments for invasive tumors.

Furthermore, microfluidics can provide a powerful system for
studying tumor metastasis through parenchyma. Bersini et al.
demonstrated that a microfluidic chip can be used to repli-
cate cancer cell metastasis into bone tissue (Figure 31D).[*#3
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Copyright 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

Another work presented an in-vitro model that included min-
eralized metastatic organ, corporating osteoprogenitor cells with
tumor cells. This model can assess the effects of drugs such as
antiandrogens, bicalutamide, and enzalutamide (Figure 31c).[**4]
To precisely control over factors such as flow, shear stress, and
chemical gradients, which can influence tumor migration and
invasion, researchers are improving the complexity and func-
tionality of tissue chips to better mimic in vivo parenchymal
conditions.[*#] Collectively, the profiling of tumor progression
can contribute to a better understanding of cancer biology.

4.4. Studying of Tumor Mechanics
The mechanics of tumor tissues are essential in tumor progres-

sion and cancer therapeutic responses.[*¢*% The tumor mi-

Adv. Sci. 2024, 11, 2304160

croenvironment is highly heterogeneous, and several factors con-
tribute to its mechanical properties, including interstitial pres-
sure and matrix conditions.[*6460-465] To well understand the re-
lationship between tumor growth and ECM stiffness, Alessandri
and colleagues presented a microfluidic method to generate cell-
loaded droplets with controllable hydrogel shells (Figure 32a).46¢]
By analyzing the mechanics of encapsulated spheroids, the au-
thors found that cell division and fibronectin primarily occur in
the peripheral rim of spheroids in the hydrogel-confined condi-
tion (Figure 32b). To mimic the in vivo ECM condition, Liu et al.
presented an in vitro system to culture tumorigenic cells in fib-
rin matrices (Figure 32¢).[*”] The authors demonstrated that soft
fibrin gels can enhance tumor cell’s growth. To precisely mea-
sure the mechanics of tumor tissue, Mohagheghian et al. used a
magnetic microrobot probe to quantitatively assess the stiffness
and surrounding traction forces of tumor tissue (Figure 32d).[*68]
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This microrobot probe with controllable functionality via mag-
netic fields could be useful for studying the mechanoregulation
of the tumor microenvironment. Overall, the assessment of me-
chanical forces in tumor tissue could provide insights into tumor
progression and further improve cancer therapeutics.

4.5. Studying of Immunology

The activation and engineering of immune cells to target tumor
cells is a complex and heterogeneous process that requires quan-
titative profiling of the immune cell populations in the tumor
microenvironment.[***#°] Tissue-engineered models can incor-
porate immune and stromal cell populations to study these in-
teractions and their effects on tumor growth and evolution. Re-
cently, tumor organoids have been used as a platform to activate
peripheral blood lymphocytes (PBLs) and assess their anti-cancer
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abilities (Figure 33a).18% The activated T cells ignored autolo-
gous healthy organoids, demonstrating antigen-specific CD8"
T cell response (Figure 33b). Furthermore, PBLs were cultured
with autologous tumor organoids originated from human non-
small-cell lung cancer (NSCLC) tissues. These PBLs showed a
tumor-reactive capacity, reducing the viability of tumor organoids
(Figure 33c).

Another cancer targeting therapeutics is chimeric antigen re-
ceptor (CAR) T-cell treatment that sometimes shows low effi-
cacy and serious side effects. Therefore, profiling the dynam-
ics and function of CAR-T cells is essential for optimizing
this therapy.[132481482] Dekkers et al. developed a system to in-
vestigate the dynamic crosstalking of patient tumor organoids
and immune cells through real-time visualization and tran-
scriptomics (Figure 34).[%%) When cultured with patient-derived
cancer organoids, the authors found that, more than 150000
engineered T cells showed the specific performances. The
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2017 the authors. c) A Tumor-Vasculature-on-Chip (TVOC) for recapitulating tumor biological barrier functions. d) Representative images showing
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spheroids (green color). Reproduced with permission.[“*] Copyright 2018 American Chemical Society.
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Copyright 2018 The Royal Society of Chemistry. b) Microfluidic chip for modeling breast cancer metastasis to bone. Reproduced with permissio
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Copyright 2013 Elsevier Ltd. c) Modeling of prostate cancer osteoblastic metastases. Reproduced with permission.l444] Copyright 2021 the authors,
under the exclusive license to American Association for the Advancement of Science.

authors demonstrated a typical cluster containing T lymphocytes
with continuous cytotoxicity, called a “super engager” behavioral.
Additionally, tumor metabolome-sensing engineered T lympho-
cytes (TEGs) are another concept being studied. Together, tumor
organoids provide a valuable in vivo-like tissue microenviron-
ment for the assessment of immune cell functions.

4.6. Multi-organ Chip Containing Tumor Tissues

Tumors have a complex relationship with other organs, often in-
vading and spreading to other parts of the body.*8*%] In addi-
tion, tumors can produce hormones and chemicals that impact
the functioning of other organs. In the clinic, chemotherapy-
induced cardiotoxicity (CIC) is a significant concern. To ad-
dress this issue, one work presented a heart-breast cancer model
on a chip for permit the metronomic drug soding regimes
(Figure 35a), that contained patient-derived breast cancer cells
and cardiac tissues.[*"] By studying the Troponin T’s secretion
degree, typically representing the cardiac functionality, the au-
thors found that pre-existing cardiac fibrosis resulted in lower

Adv. Sci. 2024, 11, 2304160

Troponin T levels than that in healthy cardiac components, no
matter doxorubicin (DOX) immersed. Additionally, DOX-treated
normal cardiac tissues exhibited a decline in producing Troponin.
However, fibrotic cardiac tissues showed very small difference in
the Troponin T production (Figure 35b). Further, these two kinds
of cardiac tissues without DOX showed a positive relationship in
HER-2 secretary efficacy. However, both conditions treated with
DOX displayed a negative gradient of HER-2 production rate. Im-
portantly, normal cardiac tissues displayed a greater HER-2 sec-
retary rate gradient regardless of treating DOX than the diseased
cardiac tissues (Figure 35c). Multi-organ systems consisting of
functional organ modules have also been developed, such as the
microfluidic device created by McAleer et al. that reconstructed
bone marrow/liver and cancer/cardiomyocyte/hepatocyte sys-
tems (Figure 35d).[*!1 This system allowed for analysis of
drug concentration (Figure 35e) and demonstrated the cyto-
static effects of bone marrow-derived cells on cancer cells ob-
served clinically (Figure 35f). These in vitro tumor models pro-
vide valuable insights into the relationship between tumors
and other organs and can aid in developing useful cancer
therapeutics.
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Figure 32. Studying of tumor mechanics. a) Tumor spheroids encapsulated in microfluidics-generated droplets that showed different mechanical cofine-
ments to spheroids. b) Representative images showing the cellular organization in free (top) and confined (bottom) spheroids. DAPI (blue); KI67 (ma-
genta); Fibronectin (red). Reproduced with permission.[46] Copyright 2013 National Academy of Science. c) Multicellular tumor spheroids formation
and growth in 3D soft fibrin gels of different stiffness. Reproduced with permission.[6’] Copyright 2012 Macmillan Publishers Limited. d) Magnetic
microrobot quantifying stiffness and forces of tumor colonies. i—iv) Quantification processes including stiffness measurement by applying torque and
traction force measurement by analyzing the deformation of microgel after the softening step. v—vi) The property changes of microgels after UV irradia-
tion. vii) Representative image showing a microrobot probe inside a 3D tumor-repopulating cells (top) and the measurement of probe angular rotation
in response to a sinusoidal magnetic twisting (bottom). Reproduced with permission.[“68] Copyright 2023 the authors, under the exclusive license to
American Association for the Advancement of Science.
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Figure 33. Studying of immunology in tumor models by activating immune-tumor signaling. a) Peripheral blood lymphocytes and epithelial tumor
organoids were cultured together, enabling the expansion of tumor-reactive T cells. b) Tumor-reactive T cells’ cytotoxicity had selectivity to tumor
organoids rather than healthy organoids. c) The typical images showing autologous tumor-reactive T cells had the cytotoxicity to tumor organoids
after 72 h. Organoids were stained with CellTrace Yellow (magenta); Apoptotic cells (green). Reproduced with permission.[*3%] Copyright 2018 Elsevier
Inc.
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Figure 34. Evaluating of immunocyte’s cytotoxicity in tumor models. a) A platform for investigating the T cells’ behaviors inside patient-derived tu-
mor organoids. b) Representative images showing a CD4* metabolome-sensing engineered T cell (TEG) killed two tumor cells in two different tumor
organoids. A CD8* TEG completely killed a tumor organoid after 11 h (bottom). Reproduced with permission.[#83] Copyright 2022 the authors.

4.7. Drug Screening

Tumor models have been widely employed in drug screening
according to their capacity of providing controlled experimen-
tal conditions and data on the effects of drugs on cancer cells’
growth and behavior.[234263:492-501] They can also be used to eval-
uate cancer development and assess the efficiency of potential
treatments. Researchers can study how tumors evolve resistance
mechanisms in response to treatment and explore strategies to
overcome resistance. Rodriguez et al. developed a microfluidic
system including multiple microchannels to load various drugs,
enabling real-time measurements of drug function on tumor
slices (Figure 36a).”3! The authors also presented useful guide-
lines for drug reactions about cell death and proliferation, con-
taining cell viability analysis conducted directly on chip. To en-
hance drug screening efficacy using tumor models, an automatic
microfluidic platform was developed with high throughput and
precision performance (Figure 36b).’%?] This system was built
with automated fluidic architecture, facilitating the controllable
changes toward the medium environment and enabling the dy-
namic screening of various drug combinations. These works
aimed to improve the quality of drug screening by maintaining
tissue microenvironment, reconstructing the condition of drug
resistance, and corporating more intelligence systems.

Despite advances in drug screening by using in vitro tumor
models, the acute high-dose cytotoxic assessment is still lim-
ited due to the viability period of these models. To create more
physiologically relevant environments for studying long-term

Adv. Sci. 2024, 11, 2304160

drug effects, more and more approaches have emerged.>%3-%I
Recently, one work developed a bacteria-in-spheroid coculture
(BSCC) platform for rapid screening of bacterial anti-cancer ther-
apies (Figure 37a).5% By confining bacteria in spheroids, the au-
thors successfully achieved diverse cells cultured with bacteria.
Based on this platform, the authors tested the anticancer efficacy
of gene-editted clinically relevant S. typhimurium. Besides, via on-
chip culture of tumor organoids, real-time and quantitative anal-
ysis of drug efficacy can be achieved. Fu et al. employed photonic
crystal barcodes to label different cell types, distinguishing their
heterogeneous responses to drug treatments (Figure 37b).>1
These barcodes provided an in vivo-like microenvironment for
cell adhesion and proliferation. This cell spheroids-on-barcodes
platform exhibited the capacity to provide ECM condition and
monitoring drug treatments.

So far, nanomedicine has been widely applied in precise tumor
therapeutics and shows great potential in the targeted killing of
tumor cells.B115%] To evaluate the efficacy of nanoscale drugs,
various tumor models have been used and even several in-vivo
techniques have been developed. Recently, one study developed
a colorectal tumor-on-a-chip system for precisely assessing de-
livery processes of drug-loaded nanoparticles (Figure 38a).2¢]
This system can mimic the in vivo-like drug penetration process
and recapitulate cell migration processes. The authors demon-
strated that their platform had the potential to study the EPR
effect in the vascular network. However, most drug screening
approaches are performed in vitro, and predicting drug effi-
cacy in clinical trials occasionally fails. Jonas et al. developed an
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Figure 35. Multi-organ chip with tumor tissues. a) Heart-breast cancer model for assessing triggered cardiotoxicity under cancer chemotherapy. b)
Troponin T rate in normal and diseased cardiac tissues on dual chips with and without the DOX treatment. c) Predicted HER-2 rate in healthy and
fibrotic cardiac tissues on dual chips with and without the treatment of DOX. Reproduced with permission.[*°] Copyright 2020 Wiley-VCH GmbH.
d) Multi-organ system for evaluating efficacy of anti-cancer therapy. Chamber 1 (hepatocytes on coverslips); Chamber 2 and 4 (cardiac cantilevers and
microelectrode arrays (MEAs)); Chamber 3 and 5 housed SW-962 and MCF-7 cancer cells, respectively. e) Computational fluid dynamics (CFD) modeling
for determining pharmacodynamic (PD) parameters (top). Sample aliquots aquired from the chip were analyzed by HPLC to obtain an AUC tamoxifen
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Reproduced with permission.[*?1] Copyright 2019 the authors, under the exclusive license to American Association for the Advancement of Science.

implantable microscale device that delivers precise doses of
drugs into a tumor and simultaneously assesses drug efficacy
in vivo (Figure 38b).’?”] Together, these approaches to assess-
ing anti-cancer drug efficacy facilitate clinical diagnosis and treat-
ment, and drug development.

4.8. Tumor Models Meet Artificial Intelligence

Artificial intelligence (AI) has been developed as the useful tool
to analyze and interpreting data from tumor models, allowing
for a deeper understanding of cancer and its potential treat-
ments (Figure 39a).°2%] Al algorithms are being utilized to iden-
tify predictive markers and extract novel insights from the data,
such as elucidating the immunological signatures and assist-
ing in determining the most effective treatment strategy for a
patient.[52253%] Moreover, Al models can help researchers predict
how tumors may evolve over time and evaluate the success of var-

Adv. Sci. 2024, 11, 2304160

ious treatments in clinical trials. For instance, a machine learn-
ing algorithm was employed to classify the immunological sta-
tus based on features from transcriptome profiling, T cell reper-
toire analysis, and whole exome sequencing of patient tumor
tissues (Figure 39b).>3! This study demonstrated immune mi-
croenvironment displayed huge differences in spatial level and
that entire mutations correlated with T lymphocyte’s expansion.
Overall, the use of Al in tumor modeling can be significantly ad-
vance our knowledges of cancer and ultimately improve patient
outcomes.[>32-534]

Recently, plenty of Al-based advancements have been made
to investigate the role of immune cell spatial heterogeneity
within tumor tissues. However, a comprehensive understand-
ing in immune escape through cancer spatial structuers requires
the investigation of other tumor cells. Recently, AbdulJabbar
and colleagues presented a novel approach to spatially map tu-
mor cells, T cells, stromal cells, macrophages in H&E-stained
images (Figure 39c).>®] The proposed intelligence approach
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comprises several components: i) segmentation of tissue regions,
which utilizes multiresolution image features to decrease noises
or artefacts, enabling better cell identification and precise cate-
gorization in deep neural network; ii) the cell identification sys-
tem, which can predict the possibility that each pixel relates to
the nucleus center in tissue areas; and iii) a cell categorization
framework employing a neighboring ensemble predictor clas-
sifier, in conjunction with SCCNN, for classifying different cell
types. The results of this approach highlighted the clinical impor-
tance of immune cold areas, which can show immune-evading
subclones, and thus warrant deeper studying into the fundamen-
tals that can lead to the spatial heterogeneity of immunocytes.
Taken together, artificial intelligence has the potential to signif-

Adv. Sci. 2024, 11, 2304160

icantly support tumor engineering and therapeutics with high
efficacy.

5. Challenges and Future Directions

Tumor models have shown great potential in fundamental re-
search, disease research, and drug discovery, as we mentioned
above. The inconsistent tumor engineering process leads to
variations in tumor configurations, like cell-cell contacts, cell-
matrix communications, and tissue architecture. Tumor engi-
neering strategies encompass a wide range of approaches, each
with its own strengths and limitations. For example, one emerg-
ing tumor model, organoid, is a 3D structure grown from
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Figure 37. Drug screening on tumor models in physiologically relevant environments. a) A 3D multicellular model for rapidly screening microbial
therapies. Reproduced with permission.[%1 Copyright 2019 National Academy of Science. b) Cell cultured on photonic crystal barcodes for screening
anti-cancer drugs. Reproduced with permission.l>'%] Copyright 2016 American Chemical Society.

patient-derived cells and can replicate the complexity of the orig-
inal tumor. They allow for high-throughput drug screening and
personalized medicine approaches. However, organoids may lack
immune system components and the full tumor microenviron-
ment. They are also limited by the availability of patient samples.
The choice of strategy depends on the specific research goals and
the aspects of tumor biology being studied.

To ensure faithful and repeatable results, tumor models must
be calibrated to the same state of tumor development. However,
the lack of standardization in the engineering processes has hin-
dered the development of these models, and their precise utiliza-
tion requires calibration of the dynamics of the tumor microenvi-
ronment over time. For instance, ensuring that tumor spheroids
are of the same size can improve the accuracy of anti-cancer drug
therapy. Controlling the growth rate of tumor spheroids is also
necessary in drug-testing tumor models. Furthermore, differ-
ent stages of tumor progression entail various biological events,
which can vary the detecting index of tumor phenotypes. So, it is
essential to address the impact of the dynamics of tumor devel-
opment on the final results of tumor investigations. Collectively,

Adv. Sci. 2024, 11, 2304160

the development of uniform tumor models is critical for future
research.

The engineering strategy and applications of tumor models
should be linked with a more efficient intelligent system for pre-
cisely and comprehensively evaluating tumor biology. First, most
current tumor models lack the precise and quantitative character-
ization technique, resulting in the insufficient acquirement and
delayed analysis of tumor biological events, such as the dynamic
secretion of signal molecules, functions of extracellular vesicles,
and cell proliferation. Except for the need to advance characteri-
zation techniques, more engineering approaches are supposed to
be developed to improve the reconstruction of the tumor model’s
structure. For example, precise control of growth factors’ distri-
butions, expression of cell organization-related proteins, and es-
tablishment of functional vascular constructs is required. Excit-
ingly, there are two promising engineering approaches in pro-
moting the development of tumor model engineering. One is a
tumor organoid, derived from the primary tumor tissues, that
possesses the intra- and intertumoral heterogeneity of the pri-
mary tumor microenvironment. 3D tumor organoids exhibit in
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Reproduced with permission.[>28] Copyright 2020 the authors. b) A machine learning algorithm developed to assess immunophenotypes. Reproduced
with permission.[>31] Copyright 2018 the authors. c) A computational pathology deep-learning pipeline for dissecting heterogeneous non-small cell lung
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vivo-like cell differentiation and cell proliferation, enabling the
investigation of tumors from the gene, submolecule, and cell to
tissue level. Moreover, To prepare for the forthcoming era of artifi-
cial intelligence, Al-based algorithms, the second one, can be uti-
lized for standardizing the fabrication process and controlling the
final dimension and components of tumor models.[>**! Addition-
ally, with guidance from machine learning, the applications of
engineered tumor models can be significantly improved to yield
more reliable data. By leveraging existing and exploring more ad-
vanced technologies, researchers can reconstruct more physio-
logical functions by integrating multiple organs or tissues. Thus,
the function of tumor models with heterogeneous microenviron-
ment can be strongly enriched in the future research, and ulti-
mately discovering novel diagnostic markers and improving the
therapeutic efficacy.
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