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Tumor metastasis involves complex processes that traditional 2D cultures and animal models struggle to
fully replicate. Metastatic tumors undergo a multitude of transformations, including genetic diversification,
adaptation to diverse microenvironments, and modified drug responses, contributing significantly to
cancer-related mortality. Micro-physiological systems (MPS) technology emerges as a promising approach
to emulate the metastatic process by integrating critical biochemical, biomechanical, and geometrical cues
at a microscale. These systems are particularly advantageous simulating metastasis organotropism, the
phenomenon where tumors exhibit a preference for metastasizing to particular organs. Organotropism is
influenced by various factors, such as tumor cell characteristics, unique organ microenvironments, and
organ-specific vascular conditions, all of which can be effectively examined using MPS. This review surveys
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the recent developments in MPS research from the past five years, with a specific focus on their
applications in replicating tumor metastasis and organotropism. Furthermore, we discuss the current

DOI: 10.1039/d31c01033¢ limitations in MPS-based studies of organotropism and propose strategies for more accurately replicating

and analyzing the intricate aspects of organ-specific metastasis, which is pivotal in the development of

rsc.li/loc targeted therapeutic approaches against metastatic cancers.

1. Introduction
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the process by which cancer cells from a primary tumor spread
to other parts of the body, where they can form secondary
tumors.” Metastatic tumors undergo a variety of changes,
including 1) genetic diversity caused by cellular mutations, 2)
phenotypic changes in tumor cells adapting to different
microenvironments, and 3) alterations in the pharmacokinetic/
pharmacodynamic properties of drugs due to infiltration into
different organs.*”® These changes make the treatment of
metastatic tumors more challenging.

Conventional tumor models, including the two-
dimensional (2D) in vitro culture system and in vivo animal
models, have yielded valuable insights into metastasis over
many years.”® However, to effectively investigate metastasis
and develop preventive or therapeutic strategies for cancer
patients, many researchers concur on the need for advanced
metastasis models that transcend the limitations of
traditional approaches.”® While 2D cultures of cell lines or
primary cells derived from actual tumors do share some
biological characteristics with their parent tumors, they often
exhibit altered behaviors when adapted to the 2D in vitro
environment, lacking 3D structural context.”*" This can
result in differences in cell proliferation, migration, and
responses to treatments, potentially yielding misleading
results. Moreover, the limited complexity of the
microenvironment in 2D culture systems, including the
absence of key elements like blood vessels, various
neighboring cell types, and extracellular components, makes
it challenging to replicate the intricate interactions between
cancer cells and their microenvironment during the
metastasis process.'>"?

Of paramount importance, metastasis involves a multistep
process encompassing invasion, intravasation, circulation,
extravasation, and colonization,> which traditional 2D
cultures cannot fully reproduce, thereby constraining the
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comprehensive study of the entire metastatic cascade. Animal
tumor models offer a more physiologically relevant
environment compared to 2D cultures, enabling the
investigation of microenvironmental factors. However, it is
crucial to acknowledge that animal models do not entirely
mirror human biology due to genetic, immune response, and
metabolic differences.’* Consequently, these limitations pose
a significant barrier in global drug development against
metastatic cancers, particularly with the high threshold of
clinical trials.

Micro-physiological system (MPS), also known as organ-
on-a-chip technology, is currently under active research as
potential alternatives to, or reductions of, animal
experiments.”> MPS aims to replicate the structure and
function of specific human organs or tissues by creating
microscale models that integrate living cells and reproduce
key physiological features.'® These systems offer a more
physiologically relevant environment compared to a
traditional 2D cell culture, potentially yielding more
advanced results even at the cellular experimentation stage.
In the context of tumor metastasis, fluid flow, such as blood
or lymph plays a crucial role in the spread of tumor cells
from the primary site to distant organs or tissues.'’
Incorporating fluid flow into tumor MPS models enables
researchers to simulate the metastatic process more
accurately. These advancements are expected to improve the
accuracy of preclinical testing of anti-cancer drugs, in line
with growing awareness of the limitations in previous
preclinical methodologies."® " A recent example includes a
study demonstrating that an MPS integrating 3D bone Ewing
sarcoma and heart muscle tissues could accurately reflect the
clinical impact of linsitinib, an anti-cancer drug that failed in
phase 2 clinical trials due to cardiotoxicity, despite its initial
promise in cancer treatment.'® The increasing evidence
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supporting the superior predictive accuracy of MPS over
traditional cell-based assays is fueling the expansion of the
MPS market in the pharmaceutical industry.>?

The capability of MPS to replicate the structure, function,
and blood flow of tissues offers valuable insights into the study
of metastatic organotropism.>*>® Organotropism is known as
the phenomenon where a tumor selectively metastasizes
following a non-random distribution among distant organs.*’
For example, breast cancer can metastasize to different sites,
including bone, lung, liver, and brain. However, the luminal
sub-type has a greater propensity to metastasize to the bone,
whereas triple-negative breast cancer tends to favor visceral
organs.”® The organotropism feature of tumor is determined by
tumor-intrinsic factor, the circulation pattern of tumor cells,
the organ-specific environment, and the interaction between
tumor cells and cell or matrix in the specific organ.?” Specific
surface proteins of tumor cells and their interaction with
organ-specific signal molecules also play a role in
organotropism. MPS technology enables the investigation of
these interactions by faithfully mimicking the tissue-specific
microenvironment.>®**' Such insights hold promise for
predicting metastasis into specific organs from primary
tumors, thereby fostering the development of organotropism
biomarkers and preventive strategies against metastasis.

This review is designed to assist researchers in selecting
the optimal MPS platform for their studies on tumor
metastasis and organotropism. Initially, we aim to equip
researchers with a comprehensive knowledge of the essential
biological factors that should be considered when employing
MPS for these studies. Following this, we examine various
MPS platforms that have been specifically tailored for
investigating tumor metastasis. Additionally, we delve into
recent MPS research that concentrates on organotrophic
metastasis, and offer strategies to enhance the study of
organotropism using MPS technologies. This approach aims
to provide a detailed roadmap for researchers navigating the
complex landscape of tumor metastasis and organ-specific
cancer research using MPS.

2. Key steps of metastasis
2.1. Epithelial-mesenchymal transition (EMT)

The epithelial-mesenchymal transition (EMT) plays a pivotal
role in the spread of tumor.*® This process transforms
epithelial tumor cells, which are typically cohesive and
adherent, into more mobile and invasive mesenchymal cells.*”
These transformed cells have the capability to detach from the
primary tumor, penetrate nearby tissues, and migrate into the
bloodstream. EMT in tumors can be initiated by a variety of
elements within the tumor environment, including low oxygen
levels, fluid dynamics, inflammatory signals, and growth
factors like TGF-f and EGF, along with components of the
extracellular matrix (ECM).>* Therefore, recapitulation of these
intricate environmental factors can be helpful for simulating
the EMT process or developing therapeutic approaches in MPS.
In in vitro systems, the state of EMT can be assessed using
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View Article Online

Critical review

established markers that span a range of characteristics, from
indicators of cellular stemness to markers of morphological
alterations and transcriptional regulators.*® For instance, the
analysis of E-cadherin (an epithelial marker) and vimentin (a
mesenchymal marker) at the transcriptional level or through
immunofluorescent microscopy has been extensively utilized in
traditional 2D platforms,** as well as in MPSs.*>™”

2.2. Intravasation and extravasation

The dynamic nature of tumor metastasis, fundamentally
involving cell movement, renders microfluidic systems highly
effective tools, particularly for studying intravasation and
extravasation. These processes, which entail the movement of
tumor cells through blood vessel endothelium, are key
applications making MPS technology valuable.*®
Intravasation, the process of tumor cells entering the
circulation, encompasses following steps: 1) the endothelial
basement membrane underlying the endothelium is degraded
by enzymes such as matrix metalloproteinases, 2) tumor cells
migrate towards blood vessels, 3) they adhere to the
endothelium, and penetration into blood vessels via induced
changes in endothelial cells.*” In the context of intravasation,
the features of highly vascularized tumor areas, such as
disorganized and permeable blood vessels, facilitate the entry of
tumor cells into the bloodstream.*® Tumor vasculatures, being
narrower and less orderly than normal vessels, provide an easier
path for tumor cell movement.*’ Moreover, they are more prone
to thrombus formation and exhibit greater inflammation than
normal vessels.** Therefore, understanding and managing these
tumor vessels is critical in cancer treatment and improving
patient outcomes.** Hence, it is crucial to precisely mimic the
angiogenesis process, stimulated by tumor cells, and the
property of resulting tumor vasculature within the MPS. This
accurate replication is essential for an accurate representation
of tumor-endothelial interactions during intravasation.
Extravasation, the process of tumor cells migrating from
the bloodstream into secondary tissues, involves several
steps: 1) circulating tumor cells (CTCs) either get physically
trapped in small capillaries or come into proximity with
endothelial cells lining blood vessels, 2) CTCs adhere to
endothelial cells via interactions between surface proteins, 3)
they migrate across the endothelial layer, a process that
includes breaking down endothelial junctions and the
basement membrane, and 4) they invade the surrounding
tissue.>® This process is influenced by factors such as the
expression of adhesion molecules on both tumor and
endothelial cells, and the dynamics of blood flow, which
affect CTC adhesion to vessel walls.>* These aspects can be
effectively simulated in MPS. Increased vascular permeability,
potentially caused by inflammatory signals and exosomes
from the primary tumor,” also facilitates CTCs to escape
from vessels, in line with the seed-and-soil theory.**
Additionally, differences in the endothelial properties and
structure of vascular beds of different organs contribute to
the patterns of organotropism seen in metastasis.*’
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Therefore, using specific endothelial cells from targeted
tissues, and replicating unique cell-cell and cell-ECM
interactions to maintain the feature of specific vascular bed
are essential to accurately recreate the extravasation process
of tumor cells in the MPS platforms.

Confocal fluorescence microscopy is a predominant
experimental technique for examining the interactions between
tumor cells and vascular endothelium. Employing
immunofluorescent staining or labeling on both endothelial
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and tumor cells provides valuable insights into how and to
what extent different tumor cells penetrate endothelial barriers.
This method allows for a detailed observation of the dynamic
interplay between the tumor cells and the vascular structure.

2.3. Metastatic colonization at a distant organ

Metastatic colonization, the process where cancer cells
spread and form new tumors, is notably inefficient.’® Most
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Fig. 1 A variety of MPS devices for metastasis research. (a) The single-channel MPS consists of one channel that is utilized for introducing tumor
cells, facilitating the study of their behaviors in fluidic environments. The addition of endothelial cells (middle) or epithelial cells (right) onto the
channel's surface enables the system to replicate the interactions between circulating tumor cells and the vascular or tissue-specific endothelial
and epithelial cells. (b) The compartmentalized MPS represents a biomimetic system simulating tissue interfaces and intricate interactions between
diverse tissues and cell types. It encompasses a range of compartment designs, such as (i) vertical multi-channel devices incorporating a thin
membrane dividing the channels, (ii) planar multi-channel devices distinguished by microscale configurations, (iii) hollow channels embedded in a
3D matrix using hydrogels, and (iv) a network of multiple chambers, each split into wells or chambers and interconnected. This image was created
using https://BioRender.com.
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tumor cells perish during this process, with only a few
managing to form significant tumors.*” This process involves
several stages, including the ability of tumor cells to evade
the immune system and other defense mechanisms in the
distant organ.*® In their new environment, infiltrated tumor
cells often face challenges, making them susceptible to
immune system attacks.”® The unique immune cell
compositions in each organ can affect how likely it is for that
organ to develop visible metastasis.*® Therefore,
understanding how metastasis targets specific organs
requires studying how recapitulating tumor cells interact with
the unique immune environments of these organs, which
might be an important topic in MPS research.

Additionally, the ability of tumor cells to establish
themselves in a new location depends on finding a
supportive niche.*” This involves interacting with the
surrounding stroma cells and the ECM to activate pathways
that promote growth and survival.”” Tumor cells also
maintain their ability to initiate new tumors by retaining
stem-like characteristics. The preference of cancer cells for
specific organs is partly determined by whether the cellular
and matrix components of an organ provide a supportive
environment. Recapitulating these interactions between
tumor cells and their new microenvironments is important to
understand the underlying mechanisms of organotropism.

3. MPS recapitulating tumor
metastasis

Microfluidic devices offer significant benefits in cancer
metastasis research, particularly in its ability to control
microstructures and fluid dynamics with precision.'® They
support the growth of various cell types and accurately
mimics tumor microenvironments (TMEs). MPS devices are
generally classified into two main types: single-channel
devices without separate compartments, and
compartmentalized chips that include semipermeable
membranes, pillar arrays, a hollow channel within hydrogels,
and multi-chambers (Fig. 1).

The complexity of MPS devices varies widely, tailored to
the specific requirements of each metastasis study. The
complexity of MPS devices is often dictated by the specific
biological or pathological model being studied. For simpler
studies, such as examining tumor cell migration and motility
under well-defined conditions, a basic single-channel MPS
device is often sufficient and more appropriate.

However, for more complex research areas like tumor
metastasis involved in dynamic cell-cell interaction and the
interplay between multiple organs, the need for more
elaborate MPS devices arises. Crucially, in vitro replication of
these interactions demands that MPS devices go beyond
merely imitating the structural characteristics of organs. They
must also emulate the functional aspects, including dynamic
physiological processes like blood flow, the exertion of
mechanical forces, and communication between different

This journal is © The Royal Society of Chemistry 2024
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organs. This level of detail in modeling necessitates
sophisticated designs in MPS devices.

It is important to note, however, that with increased
complexity in MPS devices, there often comes a trade-off with
aspects such as scalability, reproducibility, imaging and
analysis capabilities, as well as the long-term viability and
stability of the system.>®

In this context, our focus is on MPS devices developed in
the past five years, specifically engineered for cancer
metastasis studies, which are comprehensively summarized
in Table 1.

3.1. Single-channel devices

The basic type of MPS, a single-channel MPS, has been a
fundamental tool in metastasis research. Its simple design
offers cost-efficiency, ease of fabrication, and is ideal for
imaging. It is particularly useful in studying the EMT in
various biomechanical cues, a crucial phase in early
metastasis marked by changes in cell adhesion and
migration. The Demirci group has extensively explored how
flow-induced hydrodynamic shear stress influences EMT in
various cancers, including esophageal cancer,®® ovarian
cancer,’® and lung cancer.’” For example, they cultured
cancer cells in the device and analyzed EMT biomarkers (E-
cadherin and vimentin) through immunofluorescence in
presence of fluid flow, which highlighted how flow-induced
stress impacts EMT.?’

Furthermore, these single-channel systems can replicate
tumor vasculature conditions. By designing microchannels that
mimic the complex geometry of tumor vasculature, researchers
have recreated abnormal blood flow patterns observed in
tumors. This led to thrombosis formation in their MPS
platform, which is also relevant to the process of metastasis.”*

The type of device also facilitates the study of
extravasation by mimicking interactions between CTC and
vascular endothelium.’””* It has been mostly used to
examine cancer cell rolling and adhesion. Studies have
explored how different conditions affect CTC-vasculature
interactions, like how inflammation in brain
microvasculature can hasten metastasis by increasing
adhesive protein expression.’® Additionally, the devices are
instrumental in studying CTC clusters not just singular CTCs,
known for their higher metastatic potential due to greater
stemness and plasticity.”” By examining these clusters’
interactions with endothelial cells under fluid stress,
researchers have gained insights into how shear stress affects
CTC cluster expansion and endothelial cell polarity®
(Fig. 2a). However, there is a notable discrepancy between the
size of CTC clusters (30-150 pm) used in experiments and
those naturally found in the body, which consist of two or
more nuclei.’® Using microfluidic systems that better mimic
the smaller, natural clusters of circulating tumor cells
(CTCs)*>*° could improve physiological relevance.

While the single-channel MPS is effective in observing
some metastatic features of cells, it falls short in mimicking
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Table 1 Overview of recent research utilizing MPS for simulating cancer metastasis and organotropism
Cancer type Endothelial cells Configuration Application Ref.
Single channel chip
Lung cancer A549 cells — e Microchip with one side of the channel Flow-induced EMT characterization and 37
connected to the media reservoir (T-25 effect of anti-cancer drugs
flask) and on the other side to a vacuum
syringe pump
Tumor vessel Human umbilical e Tumor vasculature MPS Reproduction and characterization of the 52
vein endothelial e Microfluidic channel with a serpentine = massive formation of thrombi and
cells (HUVEC) morphology and rectangular cross-section hemorrhage of tumor vessels
with 200 pm x 50 um (w x h)
Breast cancer MCF-7 cells  HUVEC ¢ 3D spheroid-microvasculature MPS Investigating the interaction between 51
e Microfluidic straight channel with 600  various tumor sizes and endothelial layer
um x 300 pm x 25 mm (w x ki x [) under a range of shear stresses
Breast cancer MCF-7 and HUVEC e Vessel MPS Evaluation of the role of interactions 55
MDA-MB-231 cells e Microfluidic straight channel with 900  between cancer derived extracellular
um x 100 um x 1 mm (w X  x [) vesicles and platelets in pre-metastatic
niche formation and tumor metastasis
Compartmentalized chip; vertical multi-channel
Colon cancer HCT116 and HUVEC e Human colorectal cancer MPS Analysis of tumor metastasis through cell 67
HT29 cells e Upper (1 x 1 mm; w x #) and lower (1 x  intravasation and metabolic changes,
0.2 mm; w x ) channels exploration of novel cancer treatment
e Thin porous membrane; 50 pm thick strategies, and prediction of tumor
with 7 um diameter pores metastasis potential and prognosis
Breast cancer MCF-7 and Human hepatic e Liver MPS Investigating the role of breast 64
MDA-MB-231 cells sinusoidal e Channel with dimensions of 300 um x  cancer-derived extracellular vesicles in liver
endothelial cells 100 pm x 1 mm (w x h x [) metastasis
e PDMS membrane; 8 pm thick with 8§ um
diameter pores
Breast cancer MDA-MB-231  Endothelial cells e Dynamic tumor-vessel microsystem Investigate different steps in the process of 65
cells and liver cancer (Ea.hy 926) e Three layers of PDMS plates with 30 cancer metastasis and evaluate the effect of
HepG2 cells mm diameter and 2 mm thicknesses anticancer drugs on each step of tumor
e Polycarbonate membrane; 10 pm metastasis
diameter pore
Compartmentalized chip; planar multi-channel
Breast cancer MDA-MB-231 HUVEC e Two-channel compartmentalized MPS Real-time monitoring of the metastatic 78
cells e Rectangular cross section; 210 um x 50  cascade
um x 2.7 cm (w x h x [)
e Micropillar; 25 pm x 500 um (w x 1), 3
pm gap
Breast cancer MCF-7, HUVEC and e Lymph vessel-tissue-blood vessel MPS  Investigation of tumor invasion with 84
MDA-MB-231, SK-BR-3 and human lymphatic e Three-channel microfluidic interleukin-6 treatment which can induce
S-HBC cells endothelial cells ¢ Micropillar; three squared pillars (100 EMT on breast cancers
pm, h)
Patient-derived GSCs HUVEC e Organotypic triculture MPS Recapitulation of perivascular niche and 83
e Inner tumor region bordered by two study its effect on GSCs
concentric semicircles serving as the
stroma and vascular regions (diameters; 1,
2.5, and 3.5 mm, respectively)
e Micropattern; hexagon and trapezoid
pattern (200 pum, &)
Liver cancer HepG2 cells HUVEC and e Vascularized tumor spheroid MPS with  Identification of reproduction of 42
human dermal a 3D perfusable vascular bed pathological characteristics of solid
lymphatic e Micropattern; 150 um height and 100 tumors, interactions between TMEs
endothelial cells um intervals including formation of leaky tumor blood
vessels, and evaluation of anti-angiogenic
and anti-cancer drugs
Colon cancer SW620 cells  Induced e Human induced pluripotent Simultaneous evaluation of cardiotoxicity ~ 80

pluripotent stem
cell-derived
endothelial cells
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stem-cardiac-endothelial-tumor MPS
e Three-chamber tissue

and antitumor effect of drugs
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Table 1 (continued)
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Cancer type Endothelial cells Configuration Application Ref.
Single channel chip
Cervical cancer HeLa cells HUVEC ¢ Extremely early stage (EES) on MPS Replication of tumor progression at the 109
e Central channel; 1.3 mm x 150.0 pm (w  EES and study of tumor behavior under the
x h), lateral channel; 1.0 mm x 150.0 pm influence of endothelial cells and
(wx h) fibroblasts
e Micropattern; 100.0 um (%)
Compartmentalized chip; hollow channel
Breast cancer MDA-MB-231 HUVEC e MPS of the solid tumor-vascular Close recapitulation of the proliferative, 87
cells interface migratory, angiogenic, and invasive
¢ Hollow hydrogel channel (diameter, 350 properties of the tumor-vascular interface
um) composed of collagen, Matrigel™
and fibrinogen
Breast cancer MDA-MB-231 Primary human e Engineered tumor-vascular network Organotrophic bone and lung metastasis 26
cells; bone tropic dermal device by hydrogel invasion of breast cancers
MDA-MB-231 and lung microvascular ¢ Hollow hydrogel channel (diameter, 350
tropic MDA-MB-231 blood endothelial ~ pm) with collagen 1 hydrogel
cells e ECM chamber with 20 mm?® volume
Primary murine pancreatic HUVEC ¢ Biomimetic duct-blood vessel model Observation of endothelial ablation 86
cancer cells and human ¢ Hollow hydrogel channel (diameter, 300 Confirmation of a critical role in
pancreatic cancer Panc-1 um) with collagen 1 hydrogel activin-ALK?7 signaling mediating
cells endothelial excision
Lung cancer A549 cells HUVEC e 3D vascularized lung cancer MPS Evaluation of tumor angiogenesis and drug 19
e Hollow hydrogel channel (diameter, 300 efficacy
um) with decellularized lung ECM
hydrogels
e ECM chamber in the shape of a
rectangle with 20 mm x 25 mm X 2.5 mm
(wx1Ixh)
Glioblastoma U87 MG cells HUVEC e Tumor-vasculature MPS Effect of distance between glioblastoma 110
e Hollow hydrogel channel (diameter, 235 spheroids and blood vessels on vessel
um) with collagen 1 hydrogel co-option induction
e ECM chamber in the shape of a rectangle
with 5 x 10 mm (w x [)
Clear cell renal cell Both normal and e Organotypic primary patient-specific Determining the efficiency of restoration of 95
carcinoma tumor-associated  blood vessel models vascular function, demonstrating the
endothelial cells ¢ Hollow hydrogel channel (diameter, 350 model's potential for single-patient clinical
um) with collagen 1 hydrogel trials
e Hexagonal chamber
Breast cancer MDA-MB-231 — e TME-based MPS Assessment of migration distance and matrix 90
cells ¢ Hollow hydrogel channel (diameter, 280 remodeling as well as crosstalk with human
um) with collagen 1 hydrogel mammary fibroblasts or cancer-associated
fibroblasts for breast cancers
Compartmentalized chip; interconnected multiple chambers
Liver cancer HepG2 cells HUVEC e Vascular MPS Fabrication of biomimetic vascular systems 24
and pancreatic cancer ¢ Leaf venation network with 150 pm integrated with chamber-specific
PANC-1 cells depth vascularized organs and prediction of
multi-organ metastasis potential
Prostate cancer PC3 and — o Skeletal metastasis model Integration and characterization of tumor 98
C-2B cells e Chamber; 6-well culture plates and metastatic microenvironmental tissues
connected by large bore tubing and analysis of tumor chemotaxis
Lung cancer A549 cells — e 3D culture multiorgan MPS Hypoxia-induced cancer metastasis 107
mechanisms
e Culture chambers; 5 mm diameter and  Drug screening under a hypoxia
2 mm depth environment on a multiorgan level
Neuroblastoma HTB-10 — e MPS integrating ES tumor and heart ES tumor and cardiotoxicity evaluation of 18

cells and Ewing sarcoma
(ES) HTB-166 cells

muscle interconnected by microfluidic
circulation

This journal is © The Royal Society of Chemistry 2024

linsitinib, a novel anti-cancer drug for
comparison with the results observed in
the clinical trial
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Fig. 2 Representative MPS designs to study metastasis. (a) A single-channel device without compartments featuring the interaction between
cancer spheroid and monolayered endothelial cells.’* The fabrication workflow is outlined as follows: (1) creating a tumor spheroid (TS), (2)
introducing endothelial cells (EC) on day 1, (3) placing the TS in a single channel alongside an EC monolayer on day 2, (4) applying fluid flow, and
(5) conducting analyses at 6 and 40 hours post TS seeding. Scale bar = 50 um. Reproduced from ref. 51 with permission from IOP Publishing,
copyright 2023. (b) A vertical multi-channel device compartmentalized by semipermeable PDMS membrane to study intravasation of colorectal
cancer cells by monitoring cancer cells in upper epithelial channel migrate into the lower vascular channel chip containing features such as
membranes.®” Scale bar = 100 um. Reproduced from ref. 67 with permission from Elsevier, copyright 2021. (c) A planar multi-channel device
compartmentalized by pillar arrays, having tumor, stromal, and vascular channels to recapitulate intravasation.®® Scale bar = 100 pm. Reproduced
from ref. 83 with permission from Wiley, copyright 2022. (d) An MPS device having a vascular lumen within an ECM hydrogel embedding cancer
spheroids to recapitulate angiogenesis and intravasation process.®” Scale bar = 500 um. Reproduced from ref. 87 with permission from Springer
Nature, copyright 2020. (e) Integrated multi-chamber device mirroring the migration of breast cancer driven by sympathetic activation on the
interaction with bone cells.®® Scale bar = 100 pm. Reproduced from ref. 96 with permission from Elsevier, copyright 2022. Abbreviations: TS,
Tumor spheroid; EC, Endothelial cell; CRC, Colorectal cancer; GSC, Glioma stem cell; HLF, Human lung fibroblast.

complex cell-ECM interactions and intra- and extravasation
events, pointing to the necessity for more advanced systems.

3.2. Compartmentalized devices

Research on individual tumor cells in culture has
significantly advanced our understanding of tumors.
However, more recent studies emphasize that MPSs, which
better mimic the intricate physiology of tissues, can offer a
more accurate representation of tumor cell behavior,>*%"¢>

In this context, microfluidic devices with
compartmentalized channels are particularly valuable."” They
facilitate the co-culture of diverse cell types in distinct areas,
employing various techniques to authentically replicate the
specific microenvironments of different organs with enhanced
complexity. This quality renders them an exemplary model for
examining tumor behavior in both original and distantly
infiltrated tissues. Notably, these devices are instrumental in
studying tumor metastasis, including processes like intra- and
extravasation, which traditional 2D cultures or single-channel
MPS devices cannot effectively replicate. These platforms utilize
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a variety of methods to create compartments that
accommodate multiple cell types and matrix compositions. A
thorough understanding of the characteristics and analytical
techniques of these diverse platforms is essential for choosing
the most suitable one for specific research objectives.

3.2.1. Vertical multi-channel devices. Remarkably, over
80% of human tumors are carcinomas, emerging from
epithelial tissues.®® These tumors often exhibit a loss of cell-
cell adhesion and cell polarity, leading to tissue invasion and
metastasis via processes like intra- and extravasation. In this
context, vertical microfluidic systems with semipermeable
membranes which have been used to simulate tissue barriers
such as epithelium and endothelium,®*®” can be used as
promising tools to understand progression and metastasis of
most tumors.

In these systems, porous membranes mimic the basement
membrane—a specialized, dense, and porous layer of the
ECM that separates and integrates tissues at their borders in
the body. This interaction between cells and the ECM at the
basement membrane is key to maintaining epithelial tissue's
apical-basal polarity. Additionally, MPS devices can
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manipulate other conditions like air-liquid interfaces and
fluidic shear stress, further promoting cell polarity.®®

These MPS devices with integrated membranes effectively
model the migration of tumor cells across epithelial barriers
and their entry into the bloodstream (intravasation), as well
as the exit of circulating cancer cells from the bloodstream
and their invasion into specific organs (extravasation). The
permeability porous membrane in these systems is crucial,
dictating which biomolecules and cells can traverse the tissue
barrier.®® The use of membranes having large pores (3-10
um) are generally used in MPS not to hinder the motility of
the migrating tumor cells, but to offer enough attachment
area for cells forming tissue barriers.”’

Porous polyethylene terephthalate (PET)”" or polycarbonate
track-etched membranes,”*> which are readily available on the
commercial market, are commonly utilized as substitutes for
the basement membrane. This is due to their availability of a
diverse range of pore sizes and densities, making them suitable
for this application. Another widely used material is
polydimethylsiloxane (PDMS) membranes, allowing for pore
size and density customization, stretchability, and seamless
integration into PDMS-based MPS devices.”* PDMS membranes
also offer better optical transparency than plastic membranes,
enabling more effective monitoring of cell migration across
tissue barriers. These membranes are often coated with
basement membrane ECM proteins, such as collagen types I
and IV, laminin, and fibronectin, or with animal-derived ECM
mixtures like Matrigel™, to facilitate cell-ECM interaction and
emulate biological signaling.®® Moreover, the inclusion of
ultrathin, electrospun nanomembranes in MPS devices
represents  a  significant  advancement.”*”>  These
nanomembranes offer tissue-like stiffness and thickness,
enhancing the realism of the model by mimicking the physical
characteristics of the basement membrane.”*”>

In a study examining colorectal cancer cell metastasis, an
MPS with an upper channel for colon epithelium and a lower
channel for endothelium, separated by a porous PDMS
membrane, was utilized (Fig. 2b).°” This setup enabled
monitoring the early stages of metastatic spread in various
TMEs. The process of colorectal tumor cell intravasation was
studied through confocal immunofluorescence analysis,
observing how the seeded tumor cells penetrated the normal
epithelial layer and migrated towards the endothelial
channel.”” The design of this MPS, featuring open
microchannels, allowed for the collection of effluents, which
were then used to explore metabolic changes during
metastasis. Although the device had only two channels, it
effectively investigated the impact of stromal elements on
tumor intravasation. This was achieved by additionally
culturing cancer-associated fibroblasts beneath the colon
epithelial layer, demonstrating the versatility and adaptability
of the membrane-integrated MPS in metastasis research.®”

Another study focused on breast cancer's premetastatic
niche formation using human liver MPS.®* This system was
designed with an wupper channel for liver sinusoidal
endothelium and a lower channel for liver epithelium.

This journal is © The Royal Society of Chemistry 2024

View Article Online

Critical review

Differing from the colorectal cancer study,’” focusing on
intravasation  step, this research investigated the
extravasation of breast cancer cells and their infiltration into
the liver parenchyma, reflecting the organotropism
characteristic of breast cancer. CTC extravasate through
intracellular gaps in sinusoidal endothelial cells, known as
fenestrae, and enter the subepithelial space of Disse.”® To
more accurately mimic this breast cancer infiltration process,
the epithelial channel was filled with an ECM hydrogel and
fibroblasts, in addition to the hepatocyte epithelial layer,** a
methodology distinct from the colorectal cancer study.®” This
platform demonstrated that extracellular vesicles derived
from primary breast tumors promote metastasis by forming a
premetastatic niche in the liver tissue.®*

In a recent study, we explored how obesity influences the
initial adhesion of tumors to the vasculature, a critical initial
phase of extravasation using two-channel MPS device.”” Our
MPS system was configured with an adipocyte channel, which
was filled with an ECM hydrogel derived from adipose tissue
and mature adipocytes. This was paired with an endothelium
channel, separated by a porous PET membrane. Our findings
demonstrated that circulating breast cancer cells adhered
more effectively to the endothelium in an obese environment,
recreated using cells and matrix materials derived from obese
animals. Using the MPS device and confocal imaging
analysis, we could reveal that obesity contributes to
inflammation in microvessels, potentially enhancing cancer
metastasis. However, it is important to note that the PET
membrane used in this study had a pore size of 1 um, which
limited the observation of extravasation and transmigration
of CTCs into the adipose tissue, indicating the importance of
membrane porosity in metastasis study.

In summary, porous membranes offer a versatile means
for compartmentalization in MPS. This feature allows for the
effective evaluation of cancer cell motility within a well-
structured tissue barrier and facilitates the study of cancer
cell behavior in well-separated microenvironments recreated
within the MPS device. As a result, these systems are a
popular choice among researchers. However, it is noteworthy
that the compartmentalization created by the membrane can
increase the distance from the typical lens used in confocal
microscopy. Additionally, the use of membranes with
suboptimal optical properties can impede the effectiveness of
detailed imaging analysis.

3.2.2. Planar multi-channel devices. This approach
employs the construction of microchannels divided by
patterned micropillars, enabling spatial distribution of multiple
types of cells within or outside the 3D hydrogel matrices, and
application of gradients of soluble factors, such as cytokines,
across the hydrogel.*>**’% 1ts predominantly planar
structures facilitate easier imaging analysis, which is crucial for
real-time observation and evaluation of fluid dynamics within
the culture media and the dynamics of the cells. One of the
advantages of this system is its relative simplicity, as it does
not require the attachment of membranes, yet it still offers a
range of design options for various experimental purposes.
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In one of its most basic forms, a two-channel planar MPS
device has been utilized for real-time monitoring and
analysis of the metastatic cascade in vitro.”® This device
comprises two parallel channels separated by an array of
rounded micropillars, effectively creating a permeable
micromembrane. One channel functions as a vascular lumen,
while the other serves as an extravascular channel, filled with
a Matrigel™ hydrogel mimicking the stromal region of the
tissue. The efficiency of intravasation is assessed by
combining Matrigel™ with fluorescently labeled tumor cells,
simulating malignant breast tumor tissue, and tracking the
movement of tumor cells into the vascular channel under
fluorescent microscopy. Conversely, the extravasation of CTC
is replicated by flowing the CTCs in the vascular channel and
monitoring their infiltration into the extravascular channel.”®
The system's capability for real-time cell imaging in the MPS
allows for precise analysis of cancer cell velocity under
specific conditions, such as in an inflamed environment.

In a different study, researchers developed a three-channel
MPS that simulates the structure of lymph vessels, tissues, and
blood vessels, providing insights into cancer metastasis,
particularly lymphatic dissemination.®® This MPS device
features three parallel channels, delineated by rectangular
micropatterned pillars: an open lymphatic vascular channel on
the left, a central hydrogel-filled tissue channel, and an open
microvascular channel on the right, specifically designed to
study lymph node metastasis of breast cancer cells. The study
highlighted the impact of the inflammatory cytokine IL-6.
Researchers could monitor infused CTCs in the microvascular
channel infiltrating the central tissue channel, then migrating
towards the lymphatic vessel, in the presence of IL-6.

Another recent study introduced an MPS model that
mimics the perivascular niche for examining the invasion of
glioma stem cells (GSCs) through molecular interactions
among GSCs, glial cells, and vascular cells in the brain
(Fig. 2¢).** This model utilized U-shaped micropatterns to
create three separate cell channels: a tumor channel with
GSCs, a stroma channel containing glial cells, and a
vascular channel. Additionally, there was a channel for
media supply. Unlike the previously mentioned MPS
design,® this model also filled the microvascular channel
with hydrogel, likely because the focus was on chemical
interactions between multiple cell types rather than
monitoring intravasation of tumor cells in a perfused
vessel.** Beyond confocal microscopy, the researchers
employed single-cell RNA sequencing analysis by collecting
cells from all channels, successfully identifying novel
ligand-receptor pairs that drive the chemotactic invasion of
GSCs, indicating the potential of single cell sequencing
analysis to comprehensively understand the interaction of
multi type of cells in the MPS.

In another innovative study, researchers highlighted the
significance of accurately replicating the spatial distribution
of different cell types in an MPS device, especially for
mimicking cell-cell interaction-induced cytokine secretion
and drug responses of metastases.”> They compared this
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approach to traditional transwell platforms. Their MPS
model, designed to replicate the brain microenvironment,
featured two channels: an open brain microvascular channel
and an astrocyte channel embedded in hydrogel. At the side
of those channels, media channel and tumor channel
contained lung tumor spheroids within a collagen hydrogel,
are located simulating brain metastases. The study revealed
that specific cytokines were significantly elevated in tumor
spheroids, accompanied by a global transcriptional shift
when interacting with the brain microenvironment channels.
This observation was in line with clinical data.®® In contrast,
a transwell setup using the same types of cells did not show
any notable changes. This finding underscores the advantage
of using an MPS for understanding metastasis that involves
multi-cell interactions, even though underlying molecular
mechanism needs to be further investigated.

Overall, these pillar array-based multi-channel devices enable
precise control of multicellular microenvironments by adjusting
channel shapes and numbers, allowing for various analyses
such as invasion, drug evaluation, interaction with metastatic
niche providing a more accurate and detailed representation of
the complex interplay between different cell types in metastatic
processes compared to traditional in vitro systems.

3.2.3. Hollow channel within a 3D matrix. While many
MPS models include vascular components, such as culturing
endothelial  cells along the sides of
compartmentalized or single microchannels to create a
luminal structure, or on semipermeable membranes to
mimic endothelial barriers, these approaches often fall short
of  accurately reflecting the  true  extravascular
microenvironment. To address this limitation, the concept of
a hollow channel, free from such artificial constraints, has
been introduced to better mimic biological conditions and
promote  more authentic cell-cell and cell-ECM
interactions.>***®° These interactions are essential for
accurately recreating the metastasis process. The proposed
system involves the creation of a hollow cylindrical conduit
within a hydrogel, where endothelial cells are cultured. The
lumen can be created in hydrogel using various techniques,
including sacrificial templating with materials like sacrificial
polymers or needles,'”°**" or employing the viscous
fingering method.”?

The hollow channel enables the study of interactions
between vascular endothelium, circulating cancer cells, and
stromal cells within the hydrogel, facilitating observation of
tumor cell intra/extravasation and tissue infiltration. For
instance, the Beebe group has used this MPS design to
examine how tumor cell behavior changes under various
microenvironmental conditions.®®°*%*"> In one such study,
a hollow vascular channel was positioned asymmetrically,
allowing cells near the vessel to access nutrients and oxygen
while those farther away experienced nutrient deprivation,
hypoxia, and waste accumulation. This setup was used to
study tumor metabolic vulnerabilities” and NK cell
exhaustion.® Fluorescent labeling of each cell type simplified
the observation of these processes in the MPS.

vascular
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The Chen group developed an MPS with two hollow

channels to simulate pancreatic cancer ducts and
microvessels to efficiently recreate unique tumor-
endothelium interaction in pancreatic ductal

adenocarcinoma (PDAC).*® PDAC invades peripancreatic
vasculature like many other tumors, but paradoxically, it
exhibits hypo-vascularity. Their MPS platform allowed for the
efficient observation of tumor cells from pancreatic cancer
duct channel invading, and displacing vascular endothelium,
referred as endothelial ablation.®® Furthermore, it allowed to
reveal a key pathway in the endothelial ablation process, by
using chemical inhibitors. Similarly, Lee group -cultured
tumor spheroids in ECM hydrogel alongside the hollow
vascular channel created by needles and observed
angiogenesis and vascular invasion through fluorescence
staining analysis (Fig. 2d).*”

In summary, the hollow vascular channel within an ECM
hydrogel enhances the biological relevance of tumor studies,
significantly improving cell-cell and cell-ECM interaction
studies in metastasis research. However, a notable limitation
of this system is that the perivascular region is not an open
channel. This design aspect makes it challenging to analyze
effluents from the vascular and perivascular regions, which
can be crucial for a comprehensive understanding of the
TME and its dynamics in metastasis.

3.2.4. Interconnected multiple chambers. MPSs based on
wells or chambers are versatile in scale, ranging from small
microchambers to larger systems spanning centimeters. Such
variability in scale allows for the introduction of diverse
morphological features to cells and tissues, making it possible
to conduct parallel experiments under varying conditions or
with different samples in multiple chambers. They are also
adept at replicating tissue characteristics by facilitating the 3D
cultivation of cell within hydrogel,'®**°¢® which effectively
mimics interactions between cells and the ECM.

For example, one study transformed a 6-well plate into a
microfluidic system to study bone metastasis in prostate
cancer.’® The larger well plates allowed for the cultivation of
mouse xenograft tumor tissue, facilitating research on
metastatic characteristics of patient-derived samples. Another
innovation reported the photolithographic-free fabrication of
millimeter-sized chambers for multi-cellular cultivation.®
This technique created controlled micro-patterns for uniform
cell seeding and effectively isolated the chamber, enabling
the study of tumor-fibroblast metastasis through fluorescent
imaging analysis. Likewise, a three-chamber MPS device
utilizing 3D printing effectively emulated the impact of
sympathetic activation on the interaction between breast
cancer cells and bone cells mediated by neurons (Fig. 2e).°®
This platform relies on static diffusion between the three
chambers to enable bidirectional communication, not
incorporating fluid flow.”®

The Mayorca-Guiliani team took a different approach,
proposing a more in vivo-like vasculature formation by
decellularizing and then recellularizing the blood vessels of
intact mouse tissues.'® This model provided a precise means
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to monitor lung metastasis behavior of tumor cells and
enabled the recreation of unique tissue microenvironments
by co-culturing cells in original tissues. Furthermore, it offers
a controllable, organ-specific ex vivo model that closely
mimics in vivo metastasis processes across various tissues by
inducing tumor metastasis cell signaling.

3.3. Hybrid compartmentalization approach

With the evolution of MPS, there has been a trend towards
developing devices that merge the advantages of different
MPS designs. For instance, Zhang group created a dual-
chamber MPS, establishing separate chambers for primary
and secondary tumor sites.”” The MPS integrated a PET
membrane to efficiently compartmentalize the tumor sites
and the vascular chamber, enabling the study of bone
metastasis originating from primary liver cancer. Another
innovative design combined microwells and membranes to
investigate the progression and drug response of kidney
tumor cells in the context of liver metastasis.'®" In this setup,
HepLL and Caki-1 cells were embedded within a liver-specific
ECM in seven distinct microwells, each containing varying
ratios of cells. The employment of a membrane to separate
these compartments effectively mimicked the progression of
liver-metastatic tumor cells, showcasing the potential of
combining different MPS components.

4. MPS recapitulating metastasis
organotropism

The exact processes driving organotrophic metastasis are not
fully understood yet, but they are believed to arise from a
network of complex interactions. These include the molecular
traits of cancer cells, each organ's microenvironment, the
unique properties of the vascular bed in each organ, and the
immune system.*®**"'9>1%  Unraveling these complex
mechanisms is key to developing methods for predicting,
preventing, and treating cancer metastasis.

Organotropism has been extensively studied in animal
models such as mice, rats, or chick embryos.'** These in vivo
studies typically monitor the distribution of injected tumor cells
into the bloodstream and their spread to various organs,
shedding light on the patterns of metastasis in different types
of tumors. However, these models often fall short in precisely
controlling cellular behaviors, posing challenges in deciphering
why cancer cells favor certain tissues over others for metastasis.
MPS, particularly those modeling multiple organs, have been
suggested as promising tools for unraveling the intricacies of
metastatic organotropism. Although the number of such MPS
studies remains limited, they have already begun to shed light
on the complex mechanisms of how cancer cells choose their
metastatic destinations.

The Lee group, for instance, developed an MPS with a
hollow channel formed from human umbilical vein
endothelial cells (HUVECs), surrounded by an ECM hydrogel
containing parenchymal cells.”® This design enabled the
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study of extravasation in triple-negative breast cancer cells
(TNBC), influenced by chemical signals from the
parenchymal cells. Their research revealed that bone-like
environments with osteoblasts and mesenchymal stem cells
promote extravasation in bone-tropic TNBC cells, while lung-
like environments are favored by lung-tropic TNBC cells. This
MPS's comparative analysis has demonstrated that vascular
permeability can be rapidly altered due to interactions
between parenchymal and tumor -cells, providing vital
insights into tumor metastasis patterns and highlighting the
role of organ-specific parenchymal cells in guiding the
extravasation of organotrophic CTCs.>®

Another research group developed two distinct MPSs to
study extravasation and homing behavior of breast cancer cells
distinctly®® (Fig. 3a). The first platform focused on invasion/
chemotaxis with partitioned pillar arrays in parallel channels,
comprising a homing and a tumor channel. The second, an
extravasation platform, featured a homing channel adjacent to
a vascular channel with an interior surface coated with laminin
to create an intact endothelial monolayer. In this setup, lung,
liver, and breast tissue-specific parenchymal cells were cultured
in the homing channel, and the migration of breast cancer
cells from the tumor or vascular channel was quantified using
confocal fluorescence microscopy.

A recent innovative MPS study involved a system with
multiple chambers connected by microfluidic structures,
inspired by leaf vein branching patterns (Fig. 3b).>* This
design created complex architectures resembling the human
cardiovascular system, linking vascularized organs in
millimeter-sized chambers. In this system, pancreatic cancer
cells were introduced to mimic organotropism metastasis,
showing extravasation and infiltration into liver and bone
chambers containing HepG2 cells and mesenchymal stem
cells, respectively.

The Skardal group developed a simpler MPS with a single
upper chamber for growing colorectal cancer spheroids,
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linked to downstream chambers housing liver, lung, and
endothelial constructs in parallel (Fig. 3c).>*> The tumor cells
released from the spheroids migrated to these downstream
chambers, demonstrating attachment, proliferation, and a
notable preference for the lung.

5. Concluding and future perspectives

In this review, we have discussed the recent advancements in
MPS as an in vitro platform for studying tumor metastasis
and organotropism. MPS are highly effective in replicating
the intricate and dynamic nature of cancer tissues, thus
providing a valuable tool for exploring various aspects,
including cancer mechanisms, the impact of treatments, and
the screening of anti-cancer drugs. These assessments are
anticipated to be pivotal in narrowing the gap between
preclinical studies and clinical trials, potentially hastening
the introduction of new therapeutic or diagnostic solutions.
Significantly, in December 2022, the Food and Drug
Administration endorsed alternative approaches to animal
testing for drug approval, such as the use of MPS, showcasing
a growing reliance on MPS in development and preclinical
investigations."*>

Despite these advancements, MPS still confronts
numerous biological and technical challenges. Biologically,
there are difficulties in accurately simulating the complex
TME, including the ECM and immune contexts, achieving
tissue maturity, and capturing inter-individual variability.
Technically, the field grapples with issues like intricate
manufacturing  processes, challenges in large-scale
production, limitations in clearing and imaging
technologies, and the absence of standardized analysis
methodologies.

Recent MPS studies have successfully replicated the
known patterns of metastasis organotropism by
incorporating tissue-specific parenchymal cells. However,
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Intra-tumor heterogeneity contributing to
the intricate patterns of metastasis organotropism
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Fig. 4 Investigating the metastasis organotropism mechanisms driven by genetic heterogeneity within a primary tumor by employing a multi-
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these models often do not fully represent the unique immune
environments or endothelial characteristics of the tissues. A
more comprehensive approach would involve using primary
endothelial cells from the target organ to establish a tissue-
specific vascular environment and co-culturing them with
resident immune cells of that tissue. Enhancing the ECM
environment to be tissue-specific, such as by using
decellularized ECM hydrogel*® or fibroblast-derived matrices
from the target tissue,’°® would also add to the clinical
relevance of MPS.

Presently, MPS research often employs homogeneous
tumor cell lines; however, the reality of significant inter- and
intra-patient  variability greatly influences metastasis
patterns®"®* (Fig. 4). Using patient-derived tumor organoids,
which retain this heterogeneity, can significantly improve our
understanding of tumor organotropism and advance the
clinical application of MPS."®

For a deeper analysis of tumor metastasis in multi-organ
MPS, integrating omics technologies could provide
groundbreaking insights. Omics analysis allows for the
collection and examination of a wide range of molecular data,
including gene expression, protein levels, and metabolites. This
approach can reveal intricate details about the mechanisms of
organotropism in metastatic tumors.*>*”**'%” By exploring

This journal is © The Royal Society of Chemistry 2024

specific gene expression changes linked to preferred metastatic
sites or the role of proteins in metastasis, researchers can gain
valuable insights. Integrating diverse omics data facilitates
understanding the root causes and mechanisms behind
metastatic tumors, contributing to the development of specific
treatment ~ and  prevention  strategies.'”®  Detailed
characterizations of metastasized tumors in multi-organ MPS
using omics data would enable comprehensive understanding,
preventing, and treating metastatic organotropism.
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