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1. Introduction

Breast cancer is the most frequently diagnosed cancer type and
is one of the leading causes of cancer-related deaths among
women."? According to the latest GLOBOCAN (Global Cancer
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Recent advances in lab-on-a-chip systems for
breast cancer metastasis research

Burcu Firatligil-Yildirir, © *2 Ozden Yalcin-Ozuysal ©° and Nonappa © *@

Breast cancer is the leading cause of cancer-related deaths in women. Multiple molecular subtypes,
heterogeneity, and their ability to metastasize from the primary site to distant organs make breast cancer
challenging to diagnose, treat, and obtain the desired therapeutic outcome. As the clinical importance of
metastasis is dramatically increasing, there is a need to develop sustainable in vitro preclinical platforms
to investigate complex cellular processes. Traditional in vitro and in vivo models cannot mimic the highly
complex and multistep process of metastasis. Rapid progress in micro- and nanofabrication has
contributed to soft lithography or three-dimensional printing-based lab-on-a-chip (LOC) systems. LOC
platforms, which mimic in vivo conditions, offer a more profound understanding of cellular events and
allow novel preclinical models for personalized treatments. Their low cost, scalability, and efficiency have
resulted in on-demand design platforms for cell, tissue, and organ-on-a-chip platforms. Such models
can overcome the limitations of two- and three-dimensional cell culture models and the ethical
challenges involved in animal models. This review provides an overview of breast cancer subtypes,
various steps and factors involved in metastases, existing preclinical models, and representative examples
of LOC systems used to study and understand breast cancer metastasis and diagnosis and as a platform
to evaluate advanced nanomedicine for breast cancer metastasis.

Observatory) report, breast cancer is the most common cancer
type in 159 out of 185 countries, with ~12% contribution to the
total cancer incidence in 2020.°> In most cases, primary breast
cancer is curable in around 70-80% of patients if an early-stage
diagnosis and treatments are performed. However, intertu-
moral (ie., patient-to-patient) and intratumoral (i.e., within
a patient's tumor) heterogeneity and multiple molecular
subtypes significantly affect breast cancer's prognosis, treat-
ment, and therapeutic outcome.* Gene expression profile
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approaches have revealed several intrinsic molecular subtypes

Ozden Yalcin-Ozuysal is an
associate  professor at the
Molecular Biology and Genetics
Department, Izmir Institute of
Technology, Izmir, Turkey. She
received her Ph.D. in 2009 from
the Faculty of Biology and
Medicine, University of Lau-
sanne, Switzerland. She con-
ducted her postdoctoral research
at the FEcole Polytechnique
Feédérale de Lausanne. Her
research expertise and interests
include breast cancer metastasis, lab-on-a-chip technology, and
molecular signaling.

Nanoscale Adv,, 2023, 5, 2375-2393 | 2375


http://crossmark.crossref.org/dialog/?doi=10.1039/d2na00823h&domain=pdf&date_stamp=2023-04-29
http://orcid.org/0000-0001-8716-542X
http://orcid.org/0000-0003-0552-368X
http://orcid.org/0000-0002-6804-4128
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2na00823h
https://pubs.rsc.org/en/journals/journal/NA
https://pubs.rsc.org/en/journals/journal/NA?issueid=NA005009

Open Access Article. Published on 27 marca 2023. Downloaded on 18.02.2026 16:19:35.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale Advances

Receptors
ER: Estrogen receptor,

PR: Progesteron receptor
Ki67: Cell proliferation marker
HER2: Human epidermal growth factor receptor 2

View Article Online

Review

Luminal A (~40%)
ER+ and/PR+, HER2-, Ki67 low
Low proliferation rate

Luminal B (~20%)
ER+ and/PR+, HER2+/-, Ki67 high

High proliferation rate

HER2-enriched (~10-15%)
ER-, PR-, HER2+
More aggressive and worse prognosis
than luminal subtypes

Prognosis

Triple Negative (~15-20%)
ER-, PR-, HER2-
Most aggressive, worst prognosis and
no specific treatment available

Poor

Fig.1 The mammary gland and molecular subtypes of breast cancer. (a) Schematic representation of the breast duct. (b) Molecular classification
of breast cancer subtypes exhibiting their prevalence and associated hormone receptors. (a) was created using https://Biorender.com.

of breast cancer (Fig. 1).> Each molecular subtype has different
prognosis and metastatic properties (Fig. 1b). This has led to
the development of different treatment strategies.® The classi-
fication of breast cancer subtypes is related to hormone receptor
(estrogen receptor (ER), progesterone receptor (PR), the cell
proliferation marker (Ki67), and human epidermal growth
factor receptor 2 (HER2)) expression patterns observed in breast
cancer cells.” The intrinsic molecular subtypes of breast cancer
are categorized as (i) luminal A (ER+/PR+/HER2— and Ki67 low),
(ii) luminal B (ER+/PR+/HER2—/+ and Ki67 high), (iii) HER2-
enriched (ER—/PR—/HER2+) and (iv) triple negative/basal-like
(ER—/PR—/HER2—) (Fig. 1).® The bilayer structure of breast
epithelium consists of luminal cells and an outer layer of basal
cells surrounded by a basement membrane and stroma. In
human breast cancers, although most cases are thought to be of
luminal origin,**® there is still a debate on the origin as both
luminal and basal progenitor cells can give rise to different
tumor subtypes," which increases breast cancer heterogeneity.
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Luminal A type has a low-level cellular proliferation with the
best prognosis by having low levels of the Ki67 marker. On the
other hand, the luminal B type has a higher proliferation
rate."** The overexpression of the HER2 marker in the HER2-
enriched subtype leads to a more aggressive phenotype and
worse prognosis than the luminal subtype. The triple-negative
breast cancer (TNBC), which is basal-like, is the most aggres-
sive molecular subtype and is observed in 15-20% of all breast
cancer cases.'*® TNBC subtype generally shows a higher
cellular proliferation rate with a higher risk of metastasis and
recurrence.'*"” Luminal and HER2-enriched subtypes respond
to hormone and HER2- targeted therapies, respectively. On the
other hand, there is no specific treatment approach for TNBC
that would worsen its prognosis.

2. Breast cancer metastasis

Cancer metastasis is a process in which cancer cells migrate
from the primary tumor site to distant organs or secondary sites
(Fig. 2).*® It is a highly complex and multistep process respon-
sible for more than 90% of cancer-associated deaths.'® Despite
substantial advancements in early detection of breast cancer,
many patients have metastasis at the time of their first diag-
nosis.”® Around 50% of the patients first diagnosed with
primary breast cancer eventually develop metastasis, leading to
poor prognosis.”* In breast cancer, the most prevalent
secondary sites are the lung, brain, bone, and liver (Fig. 2).
Recent surveillance, epidemiology, and end results (SEER)-
based studies revealed that 30-60% of breast cancer patients
have metastases in the bone, 21-32% in the lungs, 15-32% in
the liver, and 4-10% in the brain.**?

Importantly, the preferred metastatic sites are often associ-
ated with the specific molecular subtype of primary breast
cancer.”*** The luminal A and B breast cancer subtypes have the
tendency to metastasize to the bone (58.5%). On the other hand,
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Fig. 2 Breast cancer metastatic cascade. Schematic representation of key components involved in breast cancer metastasis from the primary
tumor site to secondary target sites- lung, liver, bone, and brain. Figures were created using https://Biorender.com.

HER2-enriched breast cancers mainly give rise to liver metas-
tases (31.7% for ER-/PR- and 25.7% for ER+/PR+ cases).
Furthermore, HER2-enriched and TNBC subtypes have a higher
propensity to metastasize to lung sites compared to HER2-
negative breast cancers accounting for 21.2% and 32.1%,
respectively. The propensity of different breast cancer subtypes
to give rise to different target organ metastases is associated
with the microenvironments at primary (breast tissue) and
secondary (distant target organ) tumor sites.>*?

The cell-cell and cell-extracellular matrix (ECM) interactions
between tumor cells and the microenvironment of distant
organs initiate metastatic cascades. The development of
metastasis is initiated by migration and local invasion of cancer
cells into the surrounding stroma, followed by their intra-
vasation into the vascular system (Fig. 2). Once in blood circu-
lation, some cancer cells adhere to blood vessel walls and
extravasate into new cellular surroundings in the target organ
site. The cancer cells adapt to and ultimately succeed in the
secondary site's foreign or distant environmental conditions to
form metastatic colonization.>” Therefore, it is critical to
understand the formation of microenvironments for primary
and secondary sites and their molecular differences at every
stage of breast cancer. This is crucial for the determination of
an earlier diagnosis and the development of personalized
medicine.*

Current methods such as the Boyden chamber and wound
healing assay used to study cancer cell migration, cell invasion
and cell-cell interactions are laborious and cost-intensive.
Therefore, advanced in vitro platforms for understanding
disease and providing diagnostic strategies become vital. Early
diagnosis of disease at the molecular level using point-of-care

© 2023 The Author(s). Published by the Royal Society of Chemistry

platforms such as microfluidic technology is gaining pivotal
preference.” These emerging bio- and nanotechnological plat-
forms offer more reliable and repeatable approaches with
a high throughput screening.*® Point-of-care platforms such as
lateral flow tests and chip-based assays have the potential to
provide accurate diagnosis and disease monitoring.** More
importantly, the combination of biomarkers and microfluidic
platforms allows rapid and early detection of molecular mech-
anisms behind different stages of breast cancer metastasis.
Here, we review (i) the current knowledge of how specific
components are vital for in vivo breast cancer metastasis, (ii)
how these components and processes can be mimicked in
advanced in vitro microfluidic technology, and (iii) how new
technologies are used to study and detect different steps of
breast cancer metastasis, diagnosis, drug discovery and nano-
medicine. Specifically, we will emphasize various lab-on-a-chip
(LOC)-based platforms.

2.1. Key players in the breast cancer metastasis cascade

The metastasis of breast cancer cells is closely associated with
the microenvironment of the primary and secondary cancer
sites. The target site (secondary site) microenvironment is
a well-organized site for the colonization of tumor cells and
their migration and spreading (Fig. 2). These tumor-induced
microenvironments are known as pre-metastatic niches
(PMNSs).** The composition and structure of PMNs are complex
and different from those of primary tumor regions. Therefore,
sufficient interactions between tumor cells and the microenvi-
ronment are critical for the survival of tumor cells. This envi-
ronment consists of an extracellular matrix (ECM), host stromal
cells including immune cells such as macrophages, neutrophils

Nanoscale Adv., 2023, 5, 2375-2393 | 2377
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and T-cells, secreted factors (tumor-secreted factors, exosomes,
etc.), and proteins such as growth factors, matrix metal-
loproteinases (MMPs), pro-inflammatory cytokines- S100A8 and
S100A9, blood and lymph vessels that make the region inevi-
table for tumor initiation, progression, and metastasis (Fig. 2).**
Breast cancer metastasis is a non-random process related to the
distribution of breast cancer cells to certain target organs. This
phenomenon is known as metastatic organotropism or organ-
specific metastasis. It is mediated by several factors, including
tumor-intrinsic elements, the communication between tumor
cells and the target-site microenvironment, and target organ-
specific niches.*® Emerging studies reveal that primary tumor
regions not only include cancer cells but also represent an
altered surrounding environment. This altered stroma in the
primary site called a tumor microenvironment (TME) is one of
the key players in tumor initiation, development, and progres-
sion. The composition and organization of the extracellular
matrix (ECM) and the cellular milieu are critical factors within
the TME to foster tumor growth and spread to neighboring or
distant sites.*® Therefore, it is decisive to investigate the roles of
different cell populations, including immune cells, adipocytes,
fibroblasts, and endothelial cells in the breast TME. These
components mediate cancer cell dissemination either directly
by secreting soluble and non-soluble mediators or indirectly by
performing ECM deposition or remodeling.>**”

2.2. Cell-to-cell interactions

One of the main factors regulating the metastatic spread of
breast cancer cells is the cooperation between cancer and
stromal cells, where chemokine/chemokine receptor interac-
tions play critical roles.’® Different chemokine receptor expres-
sion patterns found in breast cancer cells mediate various
mechanisms during the metastasis process. For instance, the
upregulation of chemokine receptor type 4 (CXCR4) and che-
mokine receptor type 7 (CCR?7) in breast cancer cells is pointedly
involved in pseudopodia formation.** Pseudopodia are
membrane protrusions promoting cancer cell dissemination.

This results in chemotactic and invasive responses of breast
cancer cells within the body. In addition, the signaling of che-
mokine receptor type 2 (CXCR2) receptors is essential for the
proliferation and colonization of breast cancer cells in the
bone.* The source of ligands for the chemokine receptors on
breast cancer cells is mainly found within the pre-metastatic
niches of their target tissues, which facilitates the movement
of cancer cells to the secondary target tissues.*® Specifically, the
interactions of stromal cell-derived factor 1 or C-X-C motif
chemokine ligand 12 (CXCL12)/CXCR4 for breast cancer
metastasis to the lung and C-X-C motif chemokine ligand 5
(CXCL5)/CXCR2 axis for breast cancer colonization in the bone
site have been reported.***°

2.3. The extracellular matrix

The extracellular matrix (ECM) is considered an essential part of
both TMEs and PMNs. The ECM is mainly produced and
organized by stromal cells residing within it. The ECM provides
a dynamic environment that affects cellular responses,

2378 | Nanoscale Adv., 2023, 5, 2375-2393
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including proliferation, differentiation, and invasion. This
dynamic environment is mainly created by biophysical and
biochemical properties of the ECM, such as stiffness, topog-
raphy, and solubility of the matrix and direct or indirect cues
regulated by niche-promoting molecular components.**
Specifically, the niche-promoting protein components of the
ECM have been defined as the matrisome, mainly composed of
structural ECM proteins, secreted factors, and ECM regula-
tors.*>** The correlation between the increase in the expression
of matrisomal components and increased mortality was re-
ported in several studies.** In addition, changes in ECM stiff-
ness and structure have been associated with the alteration of
cellular mechanotransduction, which is the conversion of
mechanical stimuli into biochemical and cellular responses.*"**
These changes have been implied in tumor progression and
metastasis.?® The stiffness of the ECM can stimulate intracel-
lular signaling pathways to regulate cellular behavior. Breast
cancer cells, for instance, can notice the increase in ECM stiff-
ness and react by forming increased traction forces, especially
via actomyosin and cytoskeleton contractility, promoting their
invasion towards the bone microenvironment.*” The complex
structure represented by the ECM is composed of fibrous
proteins, glycoproteins, proteoglycans, and non-proteoglycan
polysaccharides. Each component is crucial in providing
mechanical strength, promoting cellular migration, and main-
taining ECM assembly or cell signaling.*® Collagen is the most
abundant structural fibrous protein of the ECM. It has several
subtypes overexpressed in cancer stem cells (CSCs) and tumor-
educated host stromal cells. Cancer progression is facilitated by
increased collagen deposition and crosslinking performed by
cancer-associated fibroblasts (CAFs) through the activation of
focal adhesion kinase (FAK) and YAP/TAZ (transcriptional co-
regulators).* Glycoproteins such as fibronectin and laminin
are involved in the ECM cohesive network formation by
promoting adhesion between cells and ECM components.
Other ECM elements, proteoglycans, and polysaccharides play
roles in the assembly and buffering of the physical stress of the
ECM, respectively.*”®* Overall, the changes in TMEs and PMNs
caused by cell-cell and cell-ECM interactions create a charming
environment for the survival of cancer cells at secondary sites
after their metastasis. The coordinated work between cancer
cells and stromal cells, together with their secreted factors and
ECM components, opens the gate for the metastasis of breast
cancer cells to their target organs. Therefore, to study breast
cancer metastasis, in vitro models that can mimic these complex
heterotypic interactions in metastasis cascades are required.

3. Breast cancer metastasis models

Despite an exponentially increasing number of research papers
published on cancer biology, our knowledge of deeply under-
standing this complex disease is restricted. Investigating the
complex physiopathology of the disease is crucial to evaluate
anti-cancer drugs and eventually come up with specifically tar-
geted personalized treatments. Several in vitro and in vivo
models ranging from basic two-dimensional (2D) cell culture
systems to more complex animal models have been utilized to

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig.3 Comparison of different metastasis models. The advantages and limitations of in vitro 2D and 3D culture systems and in vivo animal-based
models along with lab-on-a-chip platforms, are represented. Images were created using https://Biorender.com.

investigate breast cancer metastasis (Fig. 3).*° Traditional 2D
cell culture systems have long been applied in cancer research.
These systems, however, do not accurately mimic physiological
circumstances. Therefore, they cannot be translated into clin-
ical approaches. Specifically, in cancer research, 2D models are
unable to test heterotypic cell-cell and cell-ECM interactions
and communication and, thus, cannot recapitulate the tumor
and target site microenvironments.> These limitations
prompted the development of a three-dimensional (3D) cell
culture system. 3D culture models bridge the gaps between 2D
systems and animal-based models. The accuracy and flexibility
of the cell culture are mainly improved by 3D culture condi-
tions. 3D culture models provide physiologically relevant
information by resembling native in vivo conditions. Several
studies have revealed significant differences in the expression
levels of hormone receptors on different breast cancer cells
cultured in 2D or 3D culture systems, which consequently led to
different responses to targeted and non-targeted chemothera-
peutic drugs.*

In vivo tumor characteristics such as dormancy, hypoxia,
invasion and apoptotic phenotype, and drug resistance are
better mimicked by 3D-cultured breast cancer cells.’*
However, despite having several advantages over 2D and animal
models, simple 3D culture systems are limited in their ability to
mimic the physiological conditions of the microenvironment
since they lack spatiotemporal control. In addition to tradi-
tional 3D culture approaches, patient-derived organoids (PDOs)
and patient-derived explant culture (PDEC) models have been
commonly used as 3D ex vivo approaches for studying cancer
progression.’®*** PDOs carry the advantages of both 3D
spheroids and primary cell lines representing the information

© 2023 The Author(s). Published by the Royal Society of Chemistry

of the patient.”® Therefore, PDOs can capture the heterogeneity
of the parental tumor as well as maintain the genomic and
phenotypic features of the tumor of origin, which enables them
to become revolutionary preclinical models for personalized
medicine.® On the other hand, tissue-specific constraints,
requirement for expertise on specific organoid establishment
and the need for tissue- and patient-specific efficiency in the
establishment and growth of organoids may restrict their use in
cancer metastasis and new drug development.

Invivo animal models can serve as alternatives for 2D and 3D
systems by overcoming most of the limitations. One of the most
studied in vivo models in cancer research is patient-derived
xenografts (PDXs) involving the implantation of a patient's
tumor cells or tissue into immunocompromised mice.* PDXs
have been developed as a convenient model, especially for
translational cancer research, as they retain the architecture
and genomic information of the original tumor. PDX models
serve as potential tools for de novo identification of molecular
mechanisms and drug resistance, identifying new breast cancer
biomarkers, and evaluating experimental therapeutic
approaches. Yet, PDXs suffer from limitations, including ethical
concerns, high cost, and loss of the contribution of human cells
to the parental tumor biology due to the invasion of mouse
stromal cells over time. PDX models, indeed, mostly represent
the TNBC subtype and thus require more improvements in
establishing the other molecular subtypes of breast cancer.>**’

The limitations of in vitro and in vivo models have prompted
the development of lab-on-a-chip (LOC) technology as a novel in
vitro platform. LOC systems offer a more native-like design
complexity that can deepen our understanding of breast cancer
biology. Being a highly heterogeneous disease whose

Nanoscale Adv., 2023, 5, 2375-2393 | 2379
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progression and dissemination are driven by complex interac-
tions between cellular, genetic and epigenetic factors, breast
cancer needs more focused research and a controlled, real-time
monitoring provided by LOC technology as a real proxy in vivo.
Co-culturing tumor and non-tumor cells together with soluble
and secreted factors, applicable mechanical features, and rich
extracellular matrix (ECM) content is principally encouraged by
LOC platforms. Therefore, modeling, monitoring, and investi-
gating the key events of breast cancer progression are well
performed in LOC platforms, where they prevail over traditional
approaches.

4. Lab-on-a-chip technology in
cancer research

Lab-on-a-chip (LOC) technology is a powerful approach that can
integrate different functions including the manipulation of
samples and their detection and/or quantification in a single
platform. LOC systems offer an integrated platform to mimic
physiologically relevant conditions by combining microfluidic
technology and cell, tissue, or organ culture and therefore, offer
opportunities to study complex mechanisms underlying breast
cancer and its metastasis using pre-defined architectures and
conditions representative of the in vivo environment.**>°

View Article Online

Review

LOC has its origin in microfluidics, which allows an
extremely low amount of fluid processing using highly
controlled microchannels.®® LOC technology provides
a controlled supply of nutrients, gases, and drugs by laminar
flow with a high-throughput screening but low consumption of
the reagents.

This advanced technology uses microfluidics science to
manipulate fluids at microscale levels within channels that are
micrometers in size. Recently, LOC-based in vitro platforms
have gained considerable attention to study various aspects of
breast cancer metastasis (Table 1). Examples include modeling
the early stage of breast cancer to investigate molecular players
in disease progression,® studying cancer immunotherapies to
identify new therapeutic approaches,” and mimicking the
metastatic cascade to determine critical insights in each step of
metastasis.®® The design complexity achieved in LOC platforms
offers insights into specific and effective approaches for the
treatment of cancer. Recent attempts have also shown that
complex architecture, physiologically relevant flow control and
real-time 3D imaging offer crucial insights into breast cancer
metastasis in co-cultured TNBC-like cell lines. For example, Chi
et al. introduced a three-layered microfluidic platform called L-
TumorChip.** The PDMS-based system allowed the controlled
formation and investigation of tumor microvasculature and
tumor-stromal microenvironments (Fig. 4a and b).** The L-

Table 1 Lab-on-a-chip (LOC) systems used for breast cancer metastasis research

Applications Cell types

Approaches References

Migration and MCF-7, MDA-MB-231, and SUM-159PT
invasions

MDA-MB-231, breast CAFs, and normal
HMFs

Macrophages (RAW 264.7 and MDMs),
MDA-MB-231, PC3, and MDA-MB-4355
MDA-MB-231, WI-38, BRL3A, and
MCF10A

MDA-MB-231 and hMVECs
MDA-MB-231, hMVECs, hBM-MSC, and
osteoblast-differentiated hBM-MSCs
MDA-MB-231, HUVECs, and MLO-Y4

Invasion and
extravasation

MDA-MB-231, WI-38, BRL3A, MCF10A,
and HUVECs
Modeling metabolic MCF-7
and biochemical
properties MCF-10A, MCF-7, MDA-MB-231,
HUVECs, and NHLF
CTCs from HER2-enriched patient
samples, AU-565, and RAMOS

MCF-7, MDA-MB-231, SK-BR-3, and NFs

Breast cancer diagnosis
and treatment

Blood samples from breast cancer
patients
Nanomedicine MCF-7 and ASCs
MDA-MB-434

BT549 and T47D

2380 | Nanoscale Adv,, 2023, 5, 2375-2393

Moon et al.®’

Subtype-specific invasion of breast
cancer cells

The roles of different cellular milieus and
ECMs on breast cancer invasion
Macrophage-induced breast cancer cell
migration

Invasion/chemotaxis preferences to
different homing sites

Lugo-Cintron et al.®®

Liet al.”®

Firatligil-ildirir et al.”*

Study on steps involved in extravasation Jeon et al.”?
Organ-specific extravasation of breast Jeon et al.”*
cancer cells

The role of mechanical stimuli on breast Mei et al.”?

cancer metastasis to the bone
Extravasation preferences to different
homing sites: lung, liver, or breast

Firatligil-Yildirir et al.”*

Behavioral changes of breast cancer cells Grist et al.”®
under hypoxic conditions

Metastasis-related gene expression and Song et al.®®
extravasation under hypoxic conditions

Quantification of CTCs in blood samples Pedrol et al.®¢
with a 3D-flow optofluidic chip

Detection of breast cancer derived Fang et al.¥’
exosomes

One-step isolation of CTCs by the Lee et al.®®
negative enrichment approach

Evaluation of PDT efficiency in a 3D Yang et al.”®

breast cancer tissue model

Study and the prediction of nanoparticle
distribution in breast cancer tissue
Nanoparticle-based drug delivery
approaches

Albanese et al.®*

Chen et al.*®

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Representative LOC models used in cancer research. (a) A
three-layered microfluidic platform called L-TumorChip in which
cancer and stromal cells were added to the bottom channel within
Matrigel and endothelial cells to the top channel. (b) HMVEC mono-
layer and cell migration patterns of MDA-MB-231 and HMVEC in L-
TumorChip, (I) phase contrast image, (Il) CD-31 immunostained
images, (Il) images of MDA-MB-231 and HMVEC at day 7 with the focal
plane at the top channel, (IV) image taken with the focal plane at the
bottom chamber, and (V) 3D reconstructed spheroid of MDA-MB-231/
HMVEC. Reproduced with permission from ref. 64. (c) The design of
a bimodular microfluidic device called PillarX to capture circulating
tumor cells (CTCs). The pillar part of the device captures CTCs
according to size, while the X part captures due to the EpCAM surface
marker. (d) Clusters are trapped in pillars and less cohesive ones pass to
the X device to be captured using their surface marker expression
levels. Reproduced with permission from ref. 65. (e) Ductal carcinoma
in situ (DCIS) model to investigate molecular and metabolic breast
cancer biology research. The immunotherapies and cell cytotoxicity
were studied in the platform using the immune cell recruitment,
penetration, and permeability of the solid tumors to therapeutic
antibodies. Reproduced with permission from ref. 62 © 2018 Taylor &
Francis Group, LLC.

TumorChip offers flow control in a physiologically acceptable
range. The top channel was lined with monolayer HMVEC cells
and cancer cells encapsulated in Matrigel were filled in the
bottom chamber. Controlled cellular communication was
mediated via the middle porous PDMS membrane. The effects
of stromal cells such as normal and cancer-associated fibro-
blasts (CAFs), endothelial cells and mesenchymal stem cells on
the doxorubicin treated MDA-MB-231 cells are investigated.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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These approaches collectively represent the system's potential
for drug screening, thus leading to the development of new
therapeutic drugs.

Ayuso et al. developed one of the first LOC-based in vitro
models that mimics ductal carcinoma in situ (DCIS). The
design allowed the generation of a hypoxia and nutrient starved
microenvironment by DCIS cells which, furthermore, allowed
selective targeting of hypoxic DCIS cells. In another study, the
same model was used to study natural killer (NK) cell immu-
notherapies and antibody-dependent cell cytotoxicity using
MCF-7 spheroids embedded in a collagen matrix (Fig. 4e).®
Nagaraju et al. developed a LOC-based vascular model to study
the breast cancer metastasis cascade.®® This model revealed an
enhanced invasion of MDA-MB-231 cells into the stroma in the
presence of vasculature. Microfluidics also allow functionalized
architectures with tunable shape, size, and geometry. Such
designs can be used for rapid detection of metastatic cells based
on their size and mechanical deformation. Green et al. recently
reported a bimodular microfluidic device called PillarX (Fig. 4c
and d).** The design consists of pillared structures for size
gradient based isolation and magnetic X-shaped structures for
EpCAM gradient based isolation. This device allowed the
isolation of single and clusters of CTCs from whole blood
samples using functionalized magnetic nanoparticles (Fig. 4c
and d). This device efficiently profiles and captures CTCs from
whole blood which might be the basis of an effective prognostic
tool for cancer.

In the following sections, we highlight the application of
LOC platforms for investigating primary and secondary tumor
sites and tissue-specific preferences of breast cancer cells and
developing precision therapeutics.

5. Lab-on-a-chip technology to study
breast cancer metastasis

5.1. Modelling cell migration and invasion

Cell migration and invasion are the key events observed at the
beginning of breast cancer progression. Cancer cells possess
different dissemination patterns from their primary site, either
with individual or collective cell migration mechanisms. These
mechanisms are related to various molecular events, including
cell-ECM interactions through integrins and cell-cell adhesion
and communication mediated by adhesion receptors and gap
junctions. The collective cell migration and invasion mecha-
nisms are predominantly observed in breast cancer, especially
invasive ductal carcinoma (IDC) and invasive lobular carcinoma
(ILC), contributing to its distant metastasis. These cellular
dynamics of breast cancer cells are actively regulated by the
tumor microenvironment leading to molecular and functional
changes within the residing cells. Accordingly, the modulation
of the TME in terms of ECM modifications, biochemical and
molecular cell parameters, as well as cellular and molecular
interactions is one of the key actors driving cancer phenotype
and progression.®®

Therefore, improving breast cancer treatments critically
depends on understanding breast cancer progression, the role
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Fig.5 Representative examples showing LOC platforms used to model cell migration and invasion. (a) Schematic representation of the IDC-on-
a-chip model used to study subtype-specific invasion potential of breast cancer cells. (b) MCF-7 lumen structure and cross-sectional images in
the IDC-on-a-chip platform showing the plasma membrane (magenta), nuclei (blue) and E-cadherin immunostaining (green) of the MCF-7 duct.
Reproduced with permission from ref. 67 Copyright: © 2020 Moon et al. under the terms of the Creative Commons Attribution License. (c) 3D
co-culture model (top) to study the effect of TME on the invasion capacity of MDA-MB-231 cells focusing on fibroblasts and different ECM
protein compositions (scale bar: 10 mm) and images (bottom) showing MDA-MB-231 co-cultures with normal fibroblasts, cancer-associated
fibroblasts and a collagen | matrix containing fibronectin. (d) Schematics showing cell seeding, media exchanges and imaging after cell migration
in a 3D co-culture platform (top) and images showing the effect of ECM on the co-culture of cancer cells (bottom). Reproduced with permission
from ref. 68 Copyright © 2020 by the authors under the terms and conditions of the Creative Commons Attribution (CC BY) license. (e)
Schematics of a LOC system used to study the role of macrophages in the migration and movements of breast cancer cells. The macrophages
(green) and cancer cells (red) were embedded in 3D collagen matrices (orange) to form a suitable TME within the platform. Reproduced with
permission from ref. 69 Copyright © 2016 American Association for Cancer Research. (f) Schematics of a LOC system used to study the effect of
interstitial flow on macrophage polarization. (g) Fluorescent images showing the interaction of macrophages (top) with the collagen | matrix
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of the local tumor microenvironment and subtype-specific
characteristics of breast cancer. LOC platforms have been
used to investigate the contribution of different cell types, ECM
components, chemokines and growth factors to cancer cell
migration and invasiveness. Moon et al. studied the subtype-
specific invasion potential of breast cancer cells using an in
vitro invasive ductal carcinoma-on-a-chip (IDC-on-a-chip) plat-
form (Fig. 5a and b).*” In this mammary duct-mimicking plat-
form, a breast cancer cell duct was formed and surrounded by
a 3D collagen matrix. The developed IDC-on-chip model is well
suited to mimic cellular growth and local invasion of cell lines
corresponding to luminal A subtype (MCF-7) and TNBC subtype
(MDA-MB-231 and SUM-159PT). In the platform, TNBC cell
lines revealed different invasive characteristics. Notably, higher
invasiveness was observed in SUM-159PT cells with collective
cell migration and matrix degradation. On the other hand, as
expected, MCF-7 showed non-invasive characteristics indicating
the capacity of the IDC-on-chip platform to assess subtype-
specific invasive characteristics. However, the complexity of
the TME was not mimicked to explore the differences in the
invasive characteristics of breast cancer cells, especially towards
different target sites specific to each subtype. Lugo-Cintron et al.
investigated the importance of the TME on the invasion
capacity of MDA-MB-231 cells using a 3D microfluidic co-
culture system (Fig. 5c¢ and d).*®* Their study specifically
focused on the effect of fibroblasts and different ECM protein
compositions on the migration of human breast cancer cell
line. MDA-MB-231 cells when co-cultured with breast cancer-
associated fibroblasts (CAFs) or normal human mammary
fibroblasts (HMFs), showed an increased invasion capacity into
the fibronectin-rich collagen matrix compared to the collagen-
only control. This study demonstrates the relevance of the
platform to observe the contribution of different cellular
components and matrix compositions to breast cancer
invasion.

Macrophages residing within the tumor microenvironment
are the key promoters of cancer cell dissemination. They have
been shown to increase cancer cell migration and invasion,
especially by enhancing the migration speed and continuity in
3D collagen matrices. Li et al. used a microfluidic 3D platform
to study how macrophage-secreted TNF-o. and TGFf1 affect the
dynamics of cancer cell migration (Fig. 5¢).*° In this study, the
authors used a PDMS-based microfluidic platform and 3D
collagen I matrix. Using this platform, the cell migration
dynamics of MDA-MB-231, PC3 and MDA-MB-435S cell lines in
the presence of macrophages was investigated. It was found that
in the presence of Raw 264.7 macrophages as well as primary
macrophages such as human monocyte-derived macrophages
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(MDM®) and murine bone marrow-derived macrophages, cell
migration speed and directedness increased in all three cancer
cell lines. More importantly, a similar increase in speed and
directedness was observed when macrophages were cultured
without direct physical contact (but communicated via secreted
paracrine factors) with cancer cells. Macrophages also upregu-
lated the expression of MMP1 and MT-MMP in cancer cells. The
cytokines, TNF-o. and TGFB1, which are released from macro-
phages to the TME, were identified as the key regulators to
enhance the cancer cell migration dynamics including total
speed and directedness.

The same LOC platform was also used to mimic the inter-
stitial fluid flow reported in tumors under pathophysiological
conditions to study the response of macrophages (Fig. 5f-h).”
Interstitial flow is known to affect cancer cell and fibroblast
migration. Using this platform, the cell migration dynamics of
cancer cells including metastatic breast cancer cell line, MDA-
MB-231, were investigated and it was shown that interstitial
flow is a critical regulator of immune modulation in the TME.
Firatligil-Yildirir et al. utilized organ-on-a-chip platforms to
investigate the invasion/chemotaxis behavior of TNBC cells
(Fig. 5i-1).”* The modular LOC platform allows the generation of
different homing sites including lung, liver and breast micro-
environments simulated in a Matrigel matrix. It was shown that
MDA-MB-231 TNBC cells preferred to invade the lung site
compared to the liver or breast microenvironments. The results
indicate the ability of the LOC platform to determine the
invasion/chemotaxis phenotype of MDA-MB-231 cells qualita-
tively and quantitatively.

5.2. Modeling intravasation and extravasation

The complex metastasis process involves the invasion of cancer
cells into blood vessels to enter blood circulation, followed by
the exit from the circulation at the specific secondary loci
(Fig. 2). These intravasation and extravasation steps are mainly
directed by the adhesion molecules on the surface of cancer
cells that support their attachment to the vascular endothe-
lium.” During each step, cancer cells secrete cytokines to
induce vascular hyperpermeability.”” This allows the trans-
migration of cancer cells through the vascular endothelial
barrier. Therefore, understanding the mechanisms involved in
the breakage of vascular integrity at the primary and secondary
loci and how cancer cells can modulate vascular properties is of
great interest in developing novel therapeutic approaches. In
this sense, different breast tumor-on-chip platforms have been
modelled to gain insights into these interconnected processes.
Jeon et al. investigated the critical steps of extravasation using
a three-channel LOC platform (Fig. 6a and b).” The platform

(scale bar 10 pm) and quantification of interstitial flow in the LOC system (bottom) using bead tracking (scale bar 50 pm). (h) Immunofluorescent
images showing the effect of flow on the expression of M1 and M2 markers. Reproduced with permission from ref. 70 © 2018 Li et al. under the
Creative Commons License (http://creativecommons.org/licenses/by-nc-sa/3.0). Published by The American Society for Cell Biology. (i and j)
Schematics and photogram of the LOC platform used to study breast cancer invasion chemotaxis. The invasion/chemotaxis behaviors of breast
cancer cells (red) towards in vitro generated homing target sites (represented by black colored homing cells) — lung, liver or breast are shown
within the IC-chip platform (scale bar: 5 mm). (k and |) Results showing the ability of the LOC platform to observe the differences in the invasion
preferences of breast cancer cells to lung, liver or breast environments. Reproduced with permission from ref. 71 Copyright © 2021 Wiley

Periodicals LLC.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Representative examples showing LOC platforms used to model intravasation and extravasation processes. (a) Schematic representation
of the LOC system used for detailed visualization of extravasation steps and the proliferation rate of MDA-MB-231 cells at the collagen matrix
after their extravasation across the intact endothelial barrier. (b) Transmigration of cancer cells (green) across the endothelium and extravasation
into the collagen matrix (top) and a confocal scan showing different locations of cancer cells (bottom). Reproduced with permission from ref. 73
Copyright ©2013 Jeon et al. under the terms of the Creative Commons Attribution License. (c) Schematic representation of the LOC system
evaluating the organ-specific extravasation capacity of breast cancer cells into bone-mimicking matrices (top) and real-time monitoring
(bottom) of extravasation of cancer cells (red) introduced into the vascular network (HUVECs stained with green). Reproduced with permission
from ref. 74 Copyright © 2015 National Academy of Sciences. (d) A human organotypic vascularized model to study breast cancer extravasation
and cancer—vascular interactions. (e) Cross-section view of the model mimicking the blood vessel structure with the ECM around it and showing
the extravasation of cancer cells across the vessel. (f) Experimental workflow for the BCC extravasation model. Fluorescent images of MDA-MB-
231 cells (g) extravasating at 4 h (ii) and 8 h (iii) and (h) taking different morphologies during extravasation such as adhesion to the internal surfaces
of the vessel, partial transmigration, and full transmigration out of the vessels (i and ii). Reproduced with permission from ref. 76 Copyright © 2021
Elsevier B.V. (i) In the EX-chip platform, the extravasation capacity of MDA-MB-231 cells to in vitro generated lung, liver and bone sites was
determined (scale bar: 5 mm). Reproduced with permission from ref. 71 Copyright © 2021 Wiley Periodicals LLC.

allowed the investigation of cancer cell adhesion to the endo- cells (hMVECs). Once an intact monolayer was formed, MDA-
thelial barrier and their trans-endothelial migration through MB-231 breast cancer cells were also introduced into the same
the vascular monolayer and proliferation at secondary target central channel. The other two channels were used for media
sites. In their platform, the center channel was used to form an  supply, and they were connected to the center channel through
endothelium barrier with human microvascular endothelial chambers where 3D collagen-based extracellular space was
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formed. This system enabled detailed visualization of extrava-
sation steps and the proliferation rate of MDA-MB-231 cells at
the collagen matrix after their extravasation across the intact
endothelial barrier. In another study, the same group utilized
a 3D microfluidic system to evaluate the organ-specific extrav-
asation of breast cancer cells into in vitro-generated micro-
vascularized bone-mimicking matrices (Fig. 6c¢).”* The
microvascular network was created within the LOC model with
the coculture of endothelial and human bone marrow mesen-
chymal stem cell-derived (hBM-MSC) mural cells. The cocul-
turing resulted in more branched vascular structures. Besides,
osteoblast-differentiated hBM-MSCs were seeded together
with the aforementioned cells to form a bone-mimicking
microenvironment within the platform. This study revealed
a functional in vitro model to gain insights into breast cancer
extravasation by monitoring the flow, adhesion, and metastasis
of metastatic MDA-MB-231 cells through human microvascular
networks. Mei et al. introduced a metastasis on-a-chip model
where breast cancer bone metastasis was mimicked by applying
physiologically relevant mechanical stimuli to osteocytes.”
Bone fluid flow stimulation, together with the intercellular
communication between osteocytes, endothelial cells, and
breast cancer cells, was integrated into the platform. The
combination enabled physiologically relevant conditions to
study the roles of mechanical stimuli in breast cancer bone
metastasis. Humayun et al. used a PDMS-based LOC platform as
a human organotypic vascularized microfluidics model to study
breast cancer cell extravasation.” The platform allowed the
investigation of cancer-vasculature interactions and the effect
of secreted factors during breast cancer cell extravasation
(Fig. 6d-h). The results indicated that IL-6, MMP-3 and IL-8
paracrine signaling either independently or in combination
induced the disruption of the vascular network, degradation of
the basement membrane and cancer cell extravasation. There-
fore, the organotypic model has the potential to provide crucial
insights on how cancer-vascular interactions are performed for
breast cancer cells to extravasate leading to the evaluation of
therapeutic agents that prevent cancer extravasation. Firatligil-
Yildirir et al. investigated the extravasation capacities of MDA-
MB-231 cells towards in vitro generated lung, liver and breast
homing sites in a LOC platform (Fig. 6i).”* Notably, an intact
endothelial monolayer was formed by HUVEC-C cell lines while
tissue-specific fibroblasts generated lung, liver and breast target
sites. Consistent with the clinical data, MDA-MB-231 cells
preferred to extravasate more to the lung microenvironment
than to other homing sites providing a relevant platform that
can distinguish and determine different metastatic phenotypes
of breast cancer cells.

5.3. Modeling metabolic and biochemical properties

Hypoxia, the reduction of oxygen availability, is one of the key
stimuli for invasion, metastasis, and drug resistance.” Hypoxia
observed within the tumor, especially in solid tumors such as
breast cancer, is an effective factor for tumor growth and
progression.” Therefore, several lab-on-a-chip platforms were
developed to explore the effects of hypoxic conditions on breast

© 2023 The Author(s). Published by the Royal Society of Chemistry
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cancer progression and its response to chemotherapeutic
drugs. In this context, Grist et al. investigated the roles of
hypoxia in the behaviors of MCF7 breast cancer cells within 3D
spheroids under spatiotemporal oxygen control in a micro-
fluidic system.” The demonstrated LOC platform provided
physiologically relevant hypoxia conditions with precise control
of oxygen concentration and real-time visualization of cell
responses to tunable oxygen profiles. Swelling and shrinking
dynamics of tumor spheroids, as well as their ability to uptake
the doxorubicin drug during hypoxic exposure (0-10% O,) were
reported. Therefore, the study provides information about the
utility and potential of the platform to monitor tumor models
under dynamic, time-varying, and/or controlled oxygen condi-
tions during doxorubicin treatment.

Song et al. used a lab-on-a-chip platform to evaluate breast
cancer extravasation under different oxygen conditions.*
MCF10A, MCF-7 and MDA-MB-231 cells were pre-conditioned
by hypoxia and then seeded into the microvascular network
formed by HUVECs and NHLFs (normal human lung fibro-
blasts) within the LOC platform. Under hypoxic conditions,
breast cancer cells showed increased levels of hypoxia-inducible
factor 1o (HIF-1a), which triggers cancer progression by regu-
lating the expression of genes for cancer invasion and metas-
tasis.®* Therefore, the platform used in this study enables the
investigation of changes in breast cancer cell morphology and
viability as well as their extravasation dynamics and aggres-
siveness within in vitro 3D microvasculature under hypoxia.

5.4. Lab-on-a-chip models for breast cancer diagnosis and
treatment

Blood circulation transports circulating tumor cells (CTCs),
tumor-derived exosomes, cell-free circulating tumor DNA
(ctDNA), and RNA, which are essential for tumor growth and
metastasis. Therefore, liquid biopsies have gained attention as
they have the potential to identify cancer biomarkers to help in
early detection and predicting cancer progression and response
to therapies.?”* Several microfluidic platforms have been
developed to identify and isolate cancer cells and cancer cell-
derived products from liquid biopsies of patients’ blood for
cancer prognosis and diagnosis. Pedrol et al. designed a 3D-flow
focusing optofluidic chip to quantify CTCs in blood samples
from metastatic HER2 breast cancer (Fig. 7a).*® The chip allows
the confinement of a single cell in a flow-focusing channel
integrated with multiple optical fibers. The microfluidic chip
was integrated with single-mode and multimode optical fibers.
Single-mode pumping fibers were placed perpendicular to the
flow channels and multimode fluorescence collecting fibers
were placed at an angle of 45° to the flow channel (Fig. 7b).
The integrated chip allows fluorescence quantification of
CTCs from breast cancer liquid samples with signals belonging
to HER2 and EpCAM (epithelial cell adhesion molecule)
receptors. Using AU-565 (HER2 positive and EpCAM positive)
and RAMOS (HER2 negative and EpCAM negative) cell lines it
was shown that the results obtained using an integrated opto-
fluidic chip are similar to those obtained in flow cytometry. This
type of platform is crucial to define different metastatic degrees

Nanoscale Adv., 2023, 5, 2375-2393 | 2385
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chip design for exosome capture and detection and photographs of the microfluidic chip (scale bar 1 cm). Reproduced with permission from ref.
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permission from ref. 88 Copyright © 2016 Elsevier B.V.

and progression of real patient samples leading to production
of a platform for early monitoring of tumors for early diagnosis.

Fang et al. designed a LOC platform to detect breast cancer-
derived exosomes from patient plasma using CD63 antibody-
conjugated magnetic nanoparticles (Mag-CD63).*” The unique
multichannel chip consists of immunomagnetic particle
collection chambers, mixing channels, inlets and one outlet
(Fig. 7c). In this study, three types of breast cancer cell lines;
MCF7, MDA-MB-231 and SK-BR-3 were used along with normal
fibroblasts (NFs) as a control. The microfluidic device is capable
of immunocapturing exosomes under cell culture conditions as
well as from patient samples. Furthermore, immunofluorescent
staining allowed the detection and quantification of tumor-
specific antigens. It was further shown that EpCAM-positive
exosomes are higher in breast cancer patient-based plasma
compared to healthy control samples. Most of the LOC methods
utilize EpCAM to detect CTCs. Due to their heterogeneity and
rarity in the bloodstream, the EpCAM-based method may often
be unable to capture the whole CTC population and estimate
the correct number. In this context, Lee et al. demonstrated
a one-step isolation of CTCs using an integrated LOC platform
(Fig. 7d and e).*® Instead of routinely using surface markers and
considering the CTC size, they performed the negative

2386 | Nanoscale Adv, 2023, 5, 2375-2393

enrichment approach that selectively removes white blood cells
(WBCs). The LOC platform consists of a microfluidic mixer to
facilitate the interaction between CD45-conjugated magnetic
nanoparticles (MNPs) and white blood cells (WBCs), an incu-
bation chamber to stabilize MNP-WBC conjugation and
a magnetic-activated cell sorting module to capture MNP-coated
WBCs and elute CTCs. Using breast cancer blood samples of
patients who received adjuvant therapy, the authors demon-
strated that the negative enrichment provided by the integrated
platform minimizes any CTC loss during isolation.

5.5. Lab-on-a-chip platforms for nanomedicine

Nanomedicine is an emerging technology that includes the use
of nanostructured materials in applications including cancer
diagnosis, imaging, targeted drug delivery and therapeutics.*
This technology has the power to provide improved bioavail-
ability, direct targeting to diseased cells and dose-response
compared to other conventional therapeutic methods.” On the
other hand, certain nanoparticles have been shown to have
adverse effects by accelerating breast cancer invasion and
extravasation when injected intravenously in animal models.*
Therefore, despite having potential benefits and promising
therapeutic benefits in preclinical approaches, nanomedicine

© 2023 The Author(s). Published by the Royal Society of Chemistry
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technology needs a more detailed evaluation to achieve clinical
success.”” LOC platforms have been used to perform a more
effective evaluation of nanomaterials to be used in clinical
practices.

Yang et al. developed an 8-chamber microfluidic system to
evaluate the efficiency of gold nanoparticles for photodynamic
therapy (PDT) in a 3D breast cancer tissue model (Fig. 8a-c).”
To generate a 3D breast cancer model, breast cancer cells
(MCF7) and adipose-derived stromal cells (ASCs) were used.
Polyethyleneimine-coated cationic gold nanoparticles (45 + 12
nm) along with a photosensitizer were injected into the LOC

View Article Online
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system with a continuous flow to study the PDT efficiency. After
irradiating the breast cancer tissue model containing gold
nanoparticles using a broadband light source for 24 h, the
distribution profiles of nanoparticles within the tissues and
morphological changes were evaluated. This study demon-
strates that the microfluidic-based breast cancer model has the
potential to provide PDT efficiency evaluation by investigating
the flow of nanoparticles and thereby monitoring cancer tissue
progression. Albanese et al. designed a tumor-on-a-chip plat-
form to investigate the distribution of synthetic carriers within
3D interstitial spaces formed by breast cancer cells embedded
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images showing the spheroids in the bottom channel. (f) Design of the top and bottom channels of the TVOC model. The top channel allows for
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in extracellular matrices.* MDA-MB-435 spheroids were used as  and flow conditions are evaluated. It was shown that the pres-
a tumor model and fluorescently labelled PEGylated gold ence of nanoparticles inside the spheroid interstitial space was
nanoparticles of different sizes were used to study tissue accu- size dependent, with 40 and 70 nm NPs visible within 10 min.
mulation. The 3D cancer tissue microenvironment, the diame- On the other hand, larger NPs were excluded from the inter-
ters of nanoparticles and their efficiency at targetting receptors  stitial spaces. Furthermore, by comparing passive and active
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chamber, Lu-Lung, and E-endothelial), schematics showing sequential patterning and top and side views of MoC. Reproduced with permission
from ref. 102 Copyright © 2019 Elsevier B.V. (e) Image of a multi-organ chip (top) designed to study lung cancer metastasis to the brain and its
schematic illustration (bottom). (f) Schematic illustrations showing various components and the process used in lung cancer metastasis to the
brain. Reproduced with permission from ref. 103 © 2019 Wiley Periodicals, Inc.
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targeting, it was found that receptor targeting increased the
tissue accumulation of NPs. The in vitro results were further
supported by intravenously injecting the NPs into a tumor-
bearing animal model. The obtained results indicate the accu-
racy of the platform to study and then predict nanoparticle
distribution in breast cancer tissue providing a useful moni-
toring method for nanoparticles prior to their use in clinics.
Wang et al. reported a tumor-vasculature-on-a-chip (TVOC)
model to study the extravasation and accumulation of nano-
particles and understand the effect of enhanced permeation
and retention (EPR). The TVOC platform allowed coculture of
HUVECsS in its top channels and a bottom channel with human
ovarian cancer cell (SKOV3) spheroids. This allowed the crea-
tion of an endothelial barrier and a 3D tumor environment with
a dense ECM, to study extravasation of 20 and 70 kDa dextran,
liposomes, or polymer-based nanoparticles and their accumu-
lation in tumor tissues (Fig. 8d).”® The endothelial barrier and
dense ECM of tumor sites created in the TVOC model enable the
prediction of the transport efficacy of NPs and their tumor
accumulation making the microfluidic model powerful for the
evaluation of nanoparticles.

Chen et al. demonstrated a breast tumor model on a chip
having multicellular tumor spheroids, microvessel walls and an
ECM to evaluate nanoparticle-based drug delivery approaches
(Fig. 8g-i).”® The evaluation of the drug delivery system was
performed using a functionalized carbon dot-based drug
delivery system in TNBC and non-TNBC spheroids generated
using BT549 and T47D cell lines, respectively. The system
designed by the authors provides real-time monitoring for the
transport of nanoparticles across the vessel wall and gives
information about their penetration ability into tumor spher-
oids within the platform. This novel 3D breast-cancer-on-chip
platform revealed in the study provides both the real-time
dynamic flow of nanoparticles and in situ cytotoxicity assess-
ment in a single platform, providing an accurate and cost-
effective screening model for better preclinical drug screening.

5.6. Multi-organ-on-chip platforms for breast cancer
research

Simple LOC platforms offer cell, tissue or organ specific disease
models. However, to understand human physiology, cross-
organ communication and complex nature of diseases,
advanced multi-organ design is needed. Therefore, multiorgan-
on-a-chip (multi-OoC) technology has become one of the
important disease models in human health research.®” Multi-
OoC includes multiple tissues or organs either in a single
platform or interconnected individual platforms. The connec-
tion of different engineered organ models allows the mimicking
of complex human physiology and systemic diseases to develop
body-on-a-chip (BOC)-based personalized treatments (Fig. 9).”®
Beyond disease complexity, multi-OoC allows for better under-
standing of drug metabolism and therapeutic outcomes.”**
Ronaldson-Bouchard et al. developed an interorgan platform in
which matured human heart, bone, liver, and skin tissues were
formed and connected to each other through a recirculating
vascular flow. The design allowed the study of interdependent

© 2023 The Author(s). Published by the Royal Society of Chemistry
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organ functions that are typically observed in vivo.*® In the
platform, each tissue was separated by an endothelial barrier
that allowed the culture of each tissue under its own optimized
culture conditions and the communication between tissues
through secreted cytokine, exosomes, and/or circulating cells.
These conditions formed in the multi-OoC platform enable the
recapitulation of pharmacokinetics (PK)/pharmacodynamics
(PD) profiles of doxorubicin and the elaboration of miRNA
biomarkers of cardiotoxicity associated with doxorubicin.
Therefore, this multi-OoC platform may lead to the develop-
ment of personalized models for systemic diseases and the
testing of new treatments. Another study was performed by
Aleman et al. where a multi-site metastasis-on-a-chip (MOC)
device was explained (Fig. 9d)."”* Different bioengineered 3D
organoids including colorectal cancer, liver, lung and endo-
thelial constructs were located in the platform so that they
could connect with each other, and fluid flow was applied. Their
study showed that colorectal cancer cells grow in their primary
site, move to the other chambers where liver and lung
constructs are placed and start growing in these target sites
under recirculating fluid flow. Importantly, this multi-site MOC
platform may lead to the study of detailed molecular mecha-
nisms underlying metastatic preferences of cancer cells in
a single platform.

Liu et al. introduced a multi-organ microfluidic platform
allowing the study of brain metastasis of lung cancer (Fig. 9e
and f)."** The MOC platform combines a primary tumor (lung
cancer) site and metastasis organ (brain) with a functional
blood-brain barrier (BBB). Through this approach, the growth
at the primary site, extravasation across the BBB, and metastasis
to the brain environment were monitored. Different lung cancer
cell lines were used to verify the platform and different meta-
static capacities were observed among cell lines. More impor-
tantly, an elevated expression of the aldo-keto reductase family
1 B10 (AKR1B10) protein was detected in the cells that were
being metastasized to the brain parenchyma. Therefore, the
introduced multi-organ platform may be used as a feasible
approach to studying the pathogenesis of brain metastasis and
detecting potential diagnostic biomarkers.

6. Current status and limitations

Lab-on-a-chip platforms developed in recent years have
demonstrated great potential as advanced preclinical models
for improved diagnosis and personalized therapeutics. This
emerging technology offers a physiologically relevant tumor
model by providing 3D constructs mimicking in vivo tumor
microenvironments. Furthermore, it offers the co-culturing of
different cell types residing within the TME of the primary
tumor and/or PMNs of secondary target sites. The ability of
these platforms to monitor cell-cell and/or cell-matrix inter-
actions in real time enables understanding of metastasis
phenomena, drug development and screening. Here, some of
the recently developed LOC platforms used in monitoring
breast cancer progression, identifying the key players contrib-
uting to breast cancer metastasis and evaluating their roles in
early diagnosis have been discussed. Because of their ability to
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mimic the complexity of in vivo conditions, LOC platforms allow
more realistic, reliable, and accurate models to study the
mechanisms underlying breast cancer and its dissemination to
a variety of organs. Therefore, these platforms compensate for
conventional 2D and 3D in vitro models and reduce the need for
animal model-based testing for effective anticancer therapies.
Due to their design flexibility, LOC platforms can be used from
basic research to more complex preclinical and clinical settings.
LOC technology is currently incorporated into drug develop-
ment, disease modeling, preclinical trials, pharmacokinetics,
and therapeutics testing. Simpler systems are mainly being
used during mid-preclinical trials for the discovery and
formulation, while more complex multi-OoC models are
required for the prediction of efficacy and toxicity of candidate
drugs. Therefore, LOC systems, alone or coupled with an
analytical or a mathematical model, provide crucial steps to
connect basic science research and clinical studies.

However, it should be addressed that LOC platforms still
have several challenges to consider before adapting to clinics.
The fabrication of the platforms requires expertise and experi-
enced engineering techniques to develop proper networks and
architectures similar to those of tumor physiology. Specifically
for LOC platforms considering breast cancer progression, it is
challenging to integrate different cell types and tissues for
mimicking breast metastatic target sites as most of them need
different culture media treatments. Furthermore, the avail-
ability of primary cells such as primary breast cancer-associated
fibroblasts (CAFs) and tissue samples from breast cancer
patients is quite limited which might affect the development of
more relevant in vivo-like constructs. It is worth noting that
there exist challenges to conducting processes such as the
detection of cancer-related cells and their separation and
isolation along with the analysis within a single platform.
Furthermore, one of the main challenges LOC platforms face is
the accuracy of these models to predict and identify the human
response to existing and/or new anticancer drugs. More exten-
sive collaborations should be performed between different
research fields and clinicians to test a large number of patient
samples with different molecular signatures to promote the
platforms as advanced preclinical tools.

Overall, despite the current challenges, lab-on-a-chip plat-
forms continue to gain more attention regarding their efficiency
and applicability for studying breast cancer metastasis and
diagnosis leading to the development of personalized medicine
by bridging preclinical and clinical approaches.
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