
MINI REVIEW
published: 01 September 2021

doi: 10.3389/fmedt.2021.722501

Frontiers in Medical Technology | www.frontiersin.org 1 September 2021 | Volume 3 | Article 722501

Edited by:

Sarah Harriet Cartmell,

The University of Manchester,

United Kingdom

Reviewed by:

Stefaan Verbruggen,

The University of Sheffield,

United Kingdom

Sara Pedron,

University of Illinois at

Urbana-Champaign, United States

Hee-Gyeong Yi,

Chonnam National University,

South Korea

Christoph Meinert,

Queensland University of

Technology, Australia

*Correspondence:

Mahetab H. Amer

m.amer@leeds.ac.uk

Specialty section:

This article was submitted to

Regenerative Technologies,

a section of the journal

Frontiers in Medical Technology

Received: 08 June 2021

Accepted: 09 August 2021

Published: 01 September 2021

Citation:

Slay EE, Meldrum FC, Pensabene V

and Amer MH (2021) Embracing

Mechanobiology in Next Generation

Organ-On-A-Chip Models of Bone

Metastasis.

Front. Med. Technol. 3:722501.

doi: 10.3389/fmedt.2021.722501

Embracing Mechanobiology in Next
Generation Organ-On-A-Chip Models
of Bone Metastasis
Ellen E. Slay 1, Fiona C. Meldrum 2, Virginia Pensabene 3,4 and Mahetab H. Amer 1*

1 School of Molecular and Cellular Biology, Faculty of Biological Sciences, University of Leeds, Leeds, United Kingdom,
2 School of Chemistry, University of Leeds, Leeds, United Kingdom, 3 School of School of Electronic and Electrical

Engineering, University of Leeds, Leeds, United Kingdom, 4 School of Medicine, Leeds Institute of Medical Research,

University of Leeds, Leeds, United Kingdom

Bone metastasis in breast cancer is associated with high mortality. Biomechanical cues

presented by the extracellular matrix play a vital role in driving cancer metastasis. The lack

of in vitromodels that recapitulate themechanical aspects of the in vivomicroenvironment

hinders the development of novel targeted therapies. Organ-on-a-chip (OOAC) platforms

have recently emerged as a new generation of in vitro models that can mimic cell-cell

interactions, enable control over fluid flow and allow the introduction of mechanical cues.

Biomaterials used within OOAC platforms can determine the physical microenvironment

that cells reside in and affect their behavior, adhesion, and localization. Refining the

design of OOAC platforms to recreate microenvironmental regulation of metastasis and

probe cell-matrix interactions will advance our understanding of breast cancer metastasis

and support the development of next-generation metastasis-on-a-chip platforms. In this

mini-review, we discuss the role of mechanobiology on the behavior of breast cancer and

bone-residing cells, summarize the current capabilities of OOAC platforms for modeling

breast cancer metastasis to bone, and highlight design opportunities offered by the

incorporation of mechanobiological cues in these platforms.

Keywords: organ-on-a chip, breast cancer, metastasis, microenvironment, biomaterials

INTRODUCTION

Metastasis is a complex and dynamic process. Breast cancer cells (BCCs) can remain dormant at
the metastatic site, triggering relapse years after the treatment of the primary tumor. The presence
of metastases in breast cancer patients decreases the 5-year overall survival rate to 27% (1). The
development of physiologically relevant in vitro models that recapitulate key aspects of the in vivo
mechanical microenvironment is urgently needed to advance our understanding of the biophysical
forces that drive the various aspects of the metastatic cascade.

One reason why breast cancer metastases are challenging to model is the dynamic complexity of
the tumor microenvironment (TME), which is increasingly recognized as a key factor in metastasis.
During tumor progression, the extracellular matrix (ECM) undergoes substantial modification by
cancer cells, surrounding cancer-associated fibroblasts and immune cells. These changes in the
TME lead to the induction of angiogenesis and abnormal tissue function, contributing tometastasis
(2). Advancing our understanding of the physical TME and developing physiologically relevant
in vitro models of tumor complexity will increase the correlation between in vitro preclinical
data and clinical outcome. Monolayer cell cultures are unable to simulate the complex TME
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and lack appropriate cell-cell and cell-matrix interactions (3).
Whilst animal models allow for the consideration of cell-cell
and cell-matrix interactions, they require extensive training,
are ethically controversial, and do not always translate to
human disease due to intrinsic genetic and physiological species
differences (4).

Organ-on-a-chip (OOAC) platforms, also known as
microphysiological systems, are three-dimensional (3D) in
vitro models that contain cell-lined micro-channels, and
are continuously perfused with culture medium (5). OOAC
platforms are able to recreate the multicellular architecture and
microenvironment of the tissue(s) being studied (6). However,
the absence of immune, inflammatory and metabolic responses,
limited culture span, and specific challenges associated with the
representation of each organ with multiple connected tissue
types (multi-OOACs) reduces their usability (7). In addition,
the use of animal-derived matrices, such as the commonly
used Matrigel, can lead to reproducibility issues (8). The
potential of OOAC platforms to make an impact on academic
research and industrial drug discovery is driving investment
into new microfluidic approaches to model metastasis (9). Drug
development necessitates well-defined, connected mixed-cell
models that combine physiological flow and a supporting,
physiologically relevant ECM. Functional OOAC platforms that
allow communication between primary and secondary sites, each
incorporating distinct, tissue-specific mechanobiological cues
(Figure 1), will inform research and facilitate drug discovery by
replacing the currently available poorly predictive models.

The strategic combination of tissue engineering strategies
and OOAC platforms provides a path toward the construction
of models that are truly physiologically relevant. While OOAC
engineering is a growing field that is generating considerable
scientific interest, especially in preclinical testing, the creation
of environments that possess sufficient physiological complexity
takes more than linking individual cell populations via
microfluidics. This mini-review addresses the key question
of how the design of OOAC platforms can be enhanced,
summarizes current capabilities of OOAC platforms for
modeling breast cancer metastasis to bone, and highlights the
role of biomaterials in engineering physiologically relevant
microenvironments and the design opportunities offered by the
incorporation of mechanobiological cues.

ROLE OF THE PHYSICAL
MICROENVIRONMENT AS A DRIVER OF
BONE METASTASIS

Tumor progression and metastasis is guided by cell interactions
with the surrounding biochemical, cellular and mechanical cues.
The ECM provides physical and biochemical cues for cellular
proliferation and migration (10). Such interactions influence
their behavior and consequently activates different signaling
pathways (11, 12). Factors to consider when engineering physical
microenvironments include matrix elasticity, topography, flow
within the system and substrate chemistry (Figure 1).

Matrix Elasticity
Breast tissue stiffness plays a role in the development of
breast cancer (13), with mammary tissue undergoing up to 20-
fold stiffening during tumor progression (14). Non-tumorigenic
MCF-10A human breast epithelial cells cultured in a matrix
of a stiffness of ∼1 kPa has been reported to cause tumor-
like development in these cells compared with those cultured
on native mammary tissue stiffness of ∼150 Pa, which did not
develop a cancerous phenotype (15). Matrix stiffness affects
genome accessibility, mediating the induction of malignancy
via increased matrix stiffness (16). Stiffening of the ECM
causes non-tumorigenic mammary epithelial cells to develop an
invasive phenotype and activate mesenchymal gene expression
(17). Matrix stiffening from <150 Pa to >3,000 Pa, at specific
time points, was reported to promote epithelial-mesenchymal
transition (EMT) in mammary epithelial cells (14). Matrix
stiffness-induced EMT was reported in breast epithelial cells
when grown on 5.7 kPa gels that mimic tumor stiffness, but not
when cultured on gels that mimic the natural stiffness of breast
tissue, via a TWIST1–G3BP2 mechanotransduction pathway
(18). Malignant BCCs have been shown to adapt and survive on
collagen matrices of different densities, whereas non-metastatic
BCCs cannot (19). Cancer progression is also associated
with significant softening of tumor epithelial cells relative to
normal mammary epithelium, as detected by indentation-type
atomic force microscopy (AFM), as well as broadening stiffness
distribution of the TME (20). This demonstrates the dynamic
nature of extracellular matrix remodeling in cancer progression.

The stiffness gradient within a tumor also affects themigration
ability of BCCs. Anisotropic stiffness gradients caused by
remodeling of the ECM triggers directional cell migration and
increases BCCs ability to migrate and metastasize (21). Different
types of BCCs respond differently to various levels of matrix
stiffness. Triple-negative BCCs favor honeycomb geometries
with greater stiffness, adenocarcinoma MCF-7 cells prefer mesh
scaffolds with low elastic modulus, and pre-malignant cells favor
aligned scaffolds with high stiffness and contact guidance (22).
Additionally, it has been reported that rigidity sensing by healthy
mammary cells is impaired in BCCs but remains active in normal
mammary cells (23). This is further supported by work by Tse
et al., who showed that compressive stress that accumulates
during tumor growth can promote the migration of BCCs by
stimulating the formation of leader cells and increasing cell–
substrate adhesion (24).

Bone is a highly heterogeneous tissue. Elastic and viscoelastic
measurements on cortical and trabecular bone have reported
varying Young’s/shear moduli in the GPa range (25–27).
Differences within bone and bone marrow, determined by cell
type and ECM components, also plays a significant role in
bone metastasis in vivo (28). The endosteal surface is reported
to be over 35 kPa, marrow sinusoids are more compliant (2–
10 kPa), while the densely-populated central marrow is much
softer (0.3 kPa) (29). Matrix elasticity has been shown to drive
the differentiation of mesenchymal stromal cells (MSCs) (30).
Furthermore, matrix stiffness modulates cellular stiffness during
the differentiation process: The rate of increase in cellular Young’s
modulus during osteogenic differentiation has been positively
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FIGURE 1 | Mechanobiological design considerations for metastasis-on-a-chip systems mimicking breast cancer metastasis to bone. Breast cancer cells (BCCs)

invade the extracellular matrix (ECM), intravasate into blood vessels where they circulate in the vascular system before extravasating into a secondary site, in this case

bone, where they grow into secondary tumors in vivo. A breast cancer-mimicking compartment should be made up of appropriate breast cancer cells and a

surrounding ECM that will generate physiologically relevant matrix stiffness. A bone-mimicking compartment will consist of bone-residing cells, including mesenchymal

stromal cells, osteoblasts, and osteoclasts, as well as key bone ECM components, such as hydroxyapatite. The ECM components included will define the elasticity,

topography and chemistry of the matrix. Interconnected, physiologically relevant fluid flow between compartments will allow cancer cell migration to the secondary site

and the formation of suitable cytokine/growth factor gradients. Portions of the schematic were produced using Servier Medical Art (smart.servier.com).

correlated with matrix stiffness (31). Bone matrix elasticity also
plays a role in the regulation of immune response by MSCs: Soft
extracellular matrices maximize the ability of MSCs to produce
paracrine factors that are implicated inmonocyte production and
chemotaxis upon inflammatory stimulation by tumor necrosis
factor–α (TNFα) (32).

Matrix elasticity has also been shown to prime breast
epithelial cells and regulate their collective migration (33).
Epithelial cells primed on stiff matrices were reported to
migrate faster, display higher actomyosin expression, form
larger focal adhesions, and retain nuclear Yes-associated protein
(YAP), even when cells had arrived at a softer secondary
matrix. This showed that epithelial cells have memory of past
matrix stiffness (33). Bone matrices with high elastic moduli,
e.g., 380 kPa, can impart a bone-destructive phenotype in
triple-negative MDA-MB-231 breast cancer cells via regulating

integrin-β3 (Iβ3) and transforming growth factor-β (TGF-
β) (34). Furthermore, parathyroid hormone-related protein
(associated with tumor destruction of bone) and Iβ3 expression
increases with increasing substrate rigidity (34), promoting the
progression and symptoms of bone metastasis. A reduction in
matrix elasticity from 35 to 0.5 kPa was shown to increase
MSCs homing to the breast TME (35). Migration of MSCs
to the TME has been associated with an enhancement of
tumor growth due to BCCs stimulating de novo secretion
of the chemokine CCL5 from MSCs. CCL5 acts on BCCs
to enhance their motility, invasion and metastatic capability
(36). Migration rate of MDA-MB-231 cells toward a human
trabecular bone explant was enhanced when cultured in stiffer
gelatin hydrogels relative to softer ones, signifying an association
between mechanical properties of the matrix and chemotactic
signaling (37).
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Human tissues exhibit viscoelasticity, which is a time-
dependent response to loading or deformation. Viscoelastic
materials display a combination of elastic and viscous
characteristics (38). Breast cancer progression has been
linked to variations in tissue viscoelasticity, with remarkable
differences reported between benign and malignant tumors
(39). Additionally, MSCs have been found to exhibit
enhanced proliferation and osteogenic differentiation when
cultured in 3D viscoelastic alginate hydrogels that exhibit
faster stress relaxation. These effects were mediated by
actomyosin contractility, adhesion ligand binding and ligand
clustering (40).

Topography
Topography is defined as the microscopic surface features that
cells interact with, and is determined by the hierarchical structure
of the ECM and roughness (41). Topography of the breast TME
is a mixture of ridges, pores and collagen fibers, which makes
it challenging to mimic in vitro (42). Topography regulates the
expression and translation of human epidermal growth factor
receptor type 2 (HER-2) (42), which is a predictive biomarker
of the clinical efficiency of chemotherapeutic agents (43). While
normal breast epithelial cells has been reported to show increased
proliferation on topographically-patterned surfaces, defined by
the presence of polystyrene beads of 23, 300, or 400 nm in
diameter, estrogen receptor-positive MCF-7 breast cancer cell
line showed lower proliferation (44). Furthermore, different BCC
populations show distinctive behaviors on varying patterned
culture substrates, dependent on cancer subtype. Metastatic
MDA-MB-231 cells display uneven vinculin distribution when
cultured on patterned substrates but not flat ones. On the
contrary, non-metastatic MCF-7 cells do not exhibit this non-
uniform vinculin distribution regardless of the substrates used.
Significant difference in motility was also reported between the
two cell lines (45).

Trabecular bone consists of a highly porous lattice network
encompassing marrow and determines the topography of
the majority of bone metastatic sites (29). Topography
can be more dominant than biochemical cues and matrix
elasticity in determining behavior of MSCs (30), and has
been used to guide their differentiation (46, 47). Adhesion
of MSCs was also shown to be bi-phasically regulated
by interfacial roughness (48). In the context of bone
remodeling, previous studies have reported the impact of
surface topography on osteoclast differentiation and resorption
(49, 50).

Guidance from matrix topography is a key regulator of
metastasis. Nuclei of BCCs undergo extensive deformation
when migrating through tight interstitial spaces (51). Topotaxis
(directed cell migration guided by a gradient of topographical
features) has also been suggested to influence the invasiveness
of cancers (52). Benign and metastatic BCCs favor movement
parallel to nano-ridges, showing greater speeds relative to flat
surfaces. In contrast, asymmetric sawtooth structures create a
unidirectional, cell type-dependent bias in the movement of
BCCs (53).

Flow
Shear stress, which is induced by fluid flow, contributes to
proliferation and metastasis of tumor cells. Flow can either be
through vasculature or through the ECM, the latter termed
interstitial flow (54). Whilst different tissues support different
flow rates, flow within solid tumors is generally much lower than
in healthy tissue due to underdeveloped vasculature (55).

Flow within breast tissue has a significant impact on BCCs
within the primary tumor. Higher flow rates promote EMT
and increase cell metastatic capability (56), which promotes
the conversion of BCCs into cancer stem-like cells and tumor-
initiating cells by the suppression of extracellular signal-related
kinase/glycogen synthase kinase 3β pathway (56). Interstitial
fluid flow also generates mechanical forces that modulate tumor
growth (57). Interstitial shear stress within breast tumor tissues
is reported to create pressures of around 0.001 Pa (58) while
circulating cancer cells can experience up to 3 Pa (59). When
extravasation of cancer cell clusters (up to 20 cells) were
investigated in a microfluidic device containing micro-channels
with narrow constrictions of 5–10µm, most were observed to
migrate through the narrowest constrictions of 5µm, unfolding
into chain-like arrangements as they approached them and
forming clusters as they exit. Clusters of over five cells displayed
a migration velocity similar to the sum of resistances of the
cluster’s cells (60). Only 0.02% of circulating tumor cells survive
to successfully undergo metastasis owing to anoikis, natural killer
cells and mechanical damage by shear stress (61). Fluid flow
also creates shear stress on endothelial cells, which leads to
vasculature remodeling, cytoskeletal rearrangement and changes
in the expression of transcriptional genes (62).

Interstitial fluid flow in tissues exposed to repeatedmechanical
loading, such as bone, induces variable levels of fluid shear
stress of up to 3 Pa (63). Flow within bone causes osteocytes to
release signaling factors, including nitric oxide and prostaglandin
E2. These influence osteoblast behavior and trigger osteocytes
to release receptor activator of nuclear factor kappa-B ligand
(RANKL) and osteoprotegerin, the ratio of which is indicative of
the amount of bone resorption (64). Laminar flow within bone
is altered by compressive loading, muscle contractions, blood
pressure changes and mechanical loading, and this generates
varying shear stress on cells (65). Additionally, different cell
types experience flow differently within the bone. Osteoclasts
experience high flow and shear stress as they are directly exposed
to flow through the lacunar-canalicular system (66). Osteoblasts,
however, experience less flow and shear stress (67). Flow within
the bone is also altered by the degree of mineralization, which
changes the shear stress forces that cells experience (64).

Flow within bone has a significant impact on metastatic BCCs
present, as increased bone remodeling can promote proliferation
of BCCs (68). The “vicious cycle theory” states that osteoclastic
bone resorption releases bone-derived growth factors, including
TGF-β and insulin-like growth factor-1, which stimulates
metastatic cancer cells to release osteoclast-stimulating factors,
such as parathyroid hormone-related protein. These in turn
causes further bone destruction through upregulated RANKL
expression in MSCs and osteoblasts. This promotes the
differentiation of RANK-expressing osteoclast precursor cells
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into mature osteoclasts, which resorb bone and so the cycle
continues (69).

Biomineralisation
Bone ECM comprises collagen, laminin, fibronectin, adhesive
proteins, adipocytes, proteoglycans (70), and natural bone apatite
(71). Around 60% of the dry weight of adult human cortical
bone is mineral (71, 72). Mineral in bone is documented to be
chemically similar to hydroxyapatite [HAp; Ca10(PO4)6(OH)2]
although it tends to be less crystalline, more soluble, and
highly substituted in the human body (73). HAp is known
to interact with a variety of proteins, such as osteopontin,
to support cell adhesion (74). Crystallinity, particle size,
and substitution of HAp all affect cellular behavior. Highly
crystalline HAp exhibits increased osteoconductivity (75).
Smaller, less crystalline HAp enhances cell adhesion and
proliferation whereas larger, more crystalline HAp particles
enhance expression of the osteolytic factor interleukin-8 (IL-
8) in BCCs (76), but not in the more benign MCF-7 cells
(77). It has also been revealed that HAp has a role in
the adhesion of BCCs (78) and causes BCCs to secrete
higher levels of cytokines, including TGF-β and pro-osteoclastic
IL-8, relative to non-mineralized scaffolds (79). IL-8 drives
bone degradation (76) and results in the clinical symptoms
of bone metastases, namely bone pain and pathological
fractures (80).

It has been long understood that HAp, in the form of
microcalcifications, is also found within breast tissue of
breast cancer patients (81). The processes by which these
microcalcifications form are largely unknown despite
being positively correlated with BCCs mitogenesis (81).
Microcalcifications with larger HAp particles have been
more strongly associated with malignant breast cancer than
microcalcifications made up of smaller particles (82). HAp has
been implicated in upregulating the expression of several matrix
metalloproteinases (MMPs), including MMP-2, MMP-9, and
MMP-13, which promote BCCsmigration due to decreased ECM
elasticity (81). The existence of a direct relationship between
mineral deposition and the ability of BCCs to metastasize to
distant organs suggests a link between mineral deposition in the
breast and metastasis. This has been suggested to be through the
regulation of osteopontin expression (83).

HAp has also been implicated in promoting the colonization
of metastatic BCCs in bone (84, 85). Although processes by
which BCCs preferentially target bone and induce pathological
remodeling remain unclear, there is increasing evidence that
HAp is involved in this. HAp increases the expression of
stromal-derived factor-1 (SDF-1) which promotes the activation
of the migratory axis in BCCs thus directing their circulation
to bone via increased signaling through the chemoattractant
CXCR4 (85). Mineral-mediated changes in the collagen network
were reported to result in increased cell motility (86).
However, HAp inhibited directed migration of BCCs (86). These
results suggest that mineralization of collagen fibrils reduces
tumor cell adhesion, which may affect skeletal homing of
disseminated tumor cells in the early stages of breast cancer
metastasis (86).

MECHANOBIOLOGICAL DESIGN
OPPORTUNITIES FOR ORGAN-ON-A-CHIP
PLATFORMS

OOAC platforms often consist of inlet and outlet ports for
media to flow through and single or multiple chambers
connected in different ways, allowing for interactions between
various cell types (87). Microfluidics-based models have been
designed in numerous ways to study the interactions of
BCCs with the bone metastatic niche (Table 1). This approach
has revealed that BCCs have a preference to extravasate
to bone-specific microenvironments (93, 95), with flow-
conditioned BCCs migrating further into the surrounding
matrix relative to static controls (94). However, there are
limitations to these microphysiological models. Many do not
include vasculature, a distinct breast cancer compartment
and/or a representation of the secondary site, and therefore
cannot be effectively used to comprehensively study certain
steps of the metastatic cascade (90, 92, 93). BCCs are
commonly introduced directly to the secondary site rather
than breaking away from the primary location, such that
these models cannot be used to study extravasation (91,
94). Microfluidic approaches for investigating extravasation in
metastasis have been reviewed previously (97). Another example
is a microfluidics-based model consisting of vascular and tumor
compartments only, which was used to investigate the formation
of vascular vessels by endothelial cells (98). Metastatic tumor
cells and tumor cell-conditioned media were shown to increase
endothelial cell permeability and impair endothelial cell-cell
junctions (98).

There are a range of commercial microfluidic models that
can be used to explore breast cancer metastasis to bone. These
have been reviewed for their use in basic discovery research (9)
as well as in drug testing and diagnostics (99). Commercialized
devices are valuable as they can be tested across numerous
laboratories and offer a standardized model. Examples include a
microfluidic model used to investigate osteogenic differentiation
in vitro using a flow rate ranging between 0 and 1,000 µL/h
(100) and studying BCCs migration and proliferation in the
presence of mechanical stimulation of osteocytes (101). However,
other key substrate design parameters were not considered,
such as topography. Another microfluidic model was used to
recreate bone marrow cell populations with hydroxyapatite and
a fluid shear stress range of 0.02–2 Pa, but did not recapitulate
the heterogeneity of bone ECM stiffness and topography (102).
A different microfluidics model was used to assess sensitivity
to doxorubicin when cells are cultured in 2D vs. 3D (breast
tumoroids) using physiologically relevant pressure and flow (550
µL min−1), highlighting the importance of a 3D environment
(103). Lanz et al. proposed a high-throughput microfluidics-
based platform with individual breast cancer spheroids for
drug screening (104). This model utilized a gravity driven
pump-free perfusion via a rocker system, generating fluidic
shear stress of 0–0.3 Pa (9). Whilst this alone cannot be
used to comprehensively investigate the metastatic process, it
exemplifies the potential of incorporating both flow and varying
ECM composition.
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TABLE 1 | Overview of microfluidic systems that study the role of the bone microenvironment in breast cancer metastasis, highlighting biomaterials used.

Area of research Relevant cells used Cell growth surface Key findings Reference

Role of bone cells and

mineralization in

adhesion of BCCs

Murine RAW264.7 (OCs),

MDA-MB-231, MCF-7

3D HAp-mineralized, porous scaffolds

made of PLG microspheres

HAp enhances BCCs proliferation and

adhesion to the matrix.

HAp upregulates the secretion of IL-8 by

BCCs, which induces inflammatory response,

angiogenesis and osteoclastic resorption.

(79)

Role of bone structure

and mineralization

parameters in adhesion

of BCCs

hMSCs, MDA-MB-231,

MCF-7

3D porous chitosan scaffolds containing

HAp with different crystallinities,

concentrations and grain sizes

(micron/nano)

BCCs adhesion was increased in scaffolds

containing 10% nano-crystalline HAp

compared to those containing microcrystalline

HAp.

Coculture with hMSCs in HAp-containing

scaffolds induced the upregulation of

expression of the metadherin gene in BCCs

(enhances metastatic potential and

chemoresistance of BCCs).

(78)

MDA-MB-231 Porous PVA scaffolds generated via

foaming and freezing and then mineralized

via immersion in modified HBSS for 14

days.

The greater the extent of mineralization of the

scaffold, the greater the adsorption of serum

proteins leading to higher BCC adhesion and

proliferation.

(88)

Role of bone

mineralization in

adhesion of BCCs

MDA-MB-231 3D porous scaffolds containing HAp

nanoparticles. HAp was aged for different

lengths of time to increase crystalline

development and added to the scaffold.

The smaller and less crystalline the HAp

nanoparticles, the greater the adhesion of

BCCs. Larger, more crystalline HAp particles

stimulate more IL-8 production.

(76)

Role of bone structure

in adhesion and

survival of BCCs

hMSCs, MDA-MB-231 Scaffold was 3D printed with different

geometries created: either large or small

square or hexagonal pores. Printable ink

consisted of HAp nanoparticles

suspended in PEG/PEG-DA hydrogel.

Different geometries of 3D scaffolds influenced

BCC adhesion, with the small square matrices

displaying greater cell numbers than the others.

BCCs were less responsive to 5-FU in 3D HAp

scaffolds with their optimized geometry.

(89)

Role of bone cells in

survival of BCCs

Human fetal osteoblast

cell line (hOBs),

MDA-MB-231

Porous constructs were 3D printed to

allow for BCCs to form spheroids within

the scaffold

Enhanced BCCs proliferation on

HAp-containing matrices. BCCs co-cultured

with hOBs directly affected the morphology,

proliferation and IL-8 secretion by OBs.

(90)

Role of bone in

colonization by BCCs

ECs, MSCs,

MDA-MB-231

Decellularised bone matrix within a

microfluidic chip

Interstitial flow promotes colonization of BCCs

in the bone microenvironment and BCCs

exposed to interstitial flow display a

slow-proliferative state linked with

chemoresistance.

(91)

MDA-MB-231 and murine

MC3T3-E1

Collagen-HAp composite in a PDMS

device.

Osteoblastic tissue was invaded by BCCs,

which eroded apical collagen and consumed

the surrounding matrix.

(92)

Role of bone in

extravasation of BCCs

hMSCs, HUVECs,

MDA-MB-231

Cells grew in a PDL-coated PDMS

channels, with a thin Matrigel layer coating

the central media channel

BCCs extravasated significantly more in the

bone-like microenvironment compared to

collagen-only controls.

Extravasation rate was associated with

paracrine signaling via CXCL5 and CXCR2.

(93)

hMSCs, OBs, HUVECs,

MDA-MB-231

Cells mixed into a fibrin gel within a PDMS

microfluidic device.

BCCs responded to the bone stromal cells via

paracrine signaling, and this increased

extravasation rate. Extravasation rate in

bone-like environments was significantly higher

relative to muscle-like microenvironments or

controls.

(94)

HDMECs, MDA-MB-231 Cells were seeded directly into a PDMS

microfluidic device with no additional

biomaterials

CXCL12 acts through CXCR4 on HDMECs to

promote the adhesion of circulating BCCs,

which promotes extravasation.

(95)

hOBs, HDMECs, MSCs,

HLF, MDA-MB-231

Multilayer microfabrication method used.

Cells were seeded into rat tail collagen

type I to introduce into PDMS microfluidic

device

Bone-like microenvironment promoted

extravasation of bone-tropic BCCs, suggesting

OBs influence selective extravasation of BCCs.

(96)

BCCs, breast cancer cells; FBs, fibroblasts; hMSCs, human mesenchymal stem cells; hOBs, human osteoblasts; ECs, endothelial cells; HDMECs, human dermal microvascular

endothelial cells; HAp, hydroxyapatite; HLF, human lung fibroblasts; HBSS, Hanks’ Balanced Salt Solution; HUVECs, human umbilical vein endothelial cells; IL-8, interleukin-8; OCs,

osteoclasts; PLG, poly(lactic-co-glycolic acid); PEG, poly(ethylene glycol); PEG-DA, poly(ethylene glycol) diacrylate; PDL, Poly-D-lysine; PDMS, polydimethylsiloxane; PVA, polyvinyl

acetate; 5-FU, 5-fluorouracil.
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Whilst polydimethylsiloxane (PDMS) is the most common
elastomer used for the development of OOAC platforms for
research and fast prototyping, commercial models are often
manufactured using hard plastics, such as polystyrene, to reduce
production costs and time. The majority of these products
have a solid structure, with the exception of lung-on-a-chip
devices, where the device structure includes an elastic silicone
membrane that can be stretched to create periodic mechanical
forces and adapts to fluid stress, thus mimicking tissue dynamics
(5). However, polymers used for the fabrication of membranes
typically used in OOAC platforms are flat and do not account
for tissue surface morphology. The degradability of these elastic
polymers is another important consideration, as this determines
possible changes in membrane properties over time and potential
cytotoxicity issues that may arise.

To expand the potential of these devices, more sophisticated
engineered environments must be created that embrace
biomimetic topographical, elasticity and chemical engineering
design aspects. Figure 1 presents various mechanobiological
parameters that could be incorporated into OOAC platforms to
allow the investigation of the complex metastatic pathway. There
have been recent advances in OOAC platforms with multiple
linked organs (105–108). Many challenges remain, including
choice of culture medium across organ representations, ensuring
optimal organ-specific time points in protocols, and creating
approaches for on-chip imaging and non-invasive sample
analysis over extended time periods.

Engineering Matrix Elasticity
Studies into the influence of matrix elasticity on breast and bone
tissues gives rise to fundamental knowledge that can be applied to
OOACplatform design.Methacrylated hyaluronic acid hydrogels
have been used to mimic the stiffening of breast tissue in
microwell plates to model epithelial-mesenchymal plasticity and
the metastatic capability of BCCs (14). Polyethylene glycol
(PEG) have also been introduced into collagen gels to alter
their stiffnesses without altering their microstructures (109).
These can be applied within OOAC models, where PEG
is mixed with cells and pre-gelled collagen solution before
inserting into the platform. Gel formation would then be
induced by changing pH. PEG changes the non-covalent forces
that are responsible for collagen self-assembly, so varying the
concentration of PEG can vary the stiffness of collagen gel
(109). With UV-crosslinked hydrogels, such as PEG and its
derivatives, stiffness can be tailored by modifying macromer
content and molecular weight (30). Another example are PEG-
based hydrogels containing enzymatically degradable peptide
sequences with varying concentrations of the integrin ligating
peptide RGDS, and the non-degradable, co-monomer N-vinyl
pyrrolidinone (NVP) (110). This allows tuning of cross-linking
density and degradation, and has been shown to generate
different phenotypic states in BCCs (110). However, changes
in the content of the monomer and crosslinking will alter the
porosity of the matrix; this impacts protein tethering, which in
turn influences stem cell differentiation (111). Whilst this is an
effectivemethod for the inclusion of customizablematrix stiffness

within OOAC platforms, it does not permit dynamic changes in
stiffness of the TME as seen in cancer progression.

Conventional hydrogels offer inadequate dynamic signals,
such as spatial or temporal control of formation/degradation,
and the mechanical strength required to mimic bone stiffness.
One way to mimic the dynamic TME is to use tunable
hydrogels, which allow flexible control of the biophysical features
of the gels in question to study how changes in matrix
stiffness affect a cell population over time. One example is
photodegradable hydrogels. Light-responsive biomaterials are
of interest as an approach for spatiotemporal regulation of
cell dynamics. These can be modified in a controlled manner
by illuminating with light of specific intensity and wavelength
(112). Progress has been made in the synthesis of dynamically
tunable photo-responsive biomaterials (113, 114). For 4D cell
culture (where 3D culture substrates are used to present changing
biophysical or biochemical properties over time), chemically-
decorated hydrogels have been fabricated with a combination of
photochemistry and other orthogonal click reactions (115, 116).
Temporal and spatial control of in vivo presentation of cell-
adhesive RGD peptides has also been reported using a protecting
group that can be removed via transdermal light exposure to
activate the peptide (117). Temporal stiffening of substrates
is key to mimicking breast cancer progression in vitro, and
was reported to induce invasion from MCF-10A mammary
acini (15). Innovative engineering of the mechanics and multi-
scale architecture of tunable hydrogels is needed to achieve
physiologically relevant features for in vitromodeling.

Cells often exhibit directed migration in response to the
rigidity of the surrounding environment, migrating toward stiffer
regions. This mechanosensitive behavior is termed durotaxis.
Matrix elasticity gradients can be created to mimic in vivo
stiffness gradients by exploiting chemical and mechanical
gradients within OOAC platforms. This has been previously
used to investigate haptotactic behavior in neurite growth, where
a matrix elasticity gradient was created across an H-shaped
collagen gel to investigate neurite growth (118). Additionally,
matrix stiffness of the secondary site needs to be considered as
bone ECM is much stiffer than breast tumor ECM.

Incorporation of Topographical Features
Anumber of attempts have beenmade to incorporate topography
in microfluidic devices. Replication of bioinspired surfaces with
tunable 3D topography has been achieved using microinjection
compression molding with novel dual-layer molds to create
open microfluidic devices (119). Yang et al. fabricated nano-
patterned surfaces using photolithography and electron beam
lithography and stitched them together to assemble PDMS-
based microfluidic platforms (120). Integration of patterned
electrospun fibers into microfluidic systems to create aligned and
random patterns in PDMS microfluidic chips was also used to
create a complex microenvironment to mimic that in vivo, as
validated by neural stem cell alignment (121). Another method
to integrate topography is by surface patterning, for example
PDMS grates. Grates with widths from 2 to 4µm have been
shown to cause MDA-MB-231 cells to align along the grating
length and to increase the extension and spreading of these
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cells compared to planar controls (122). Topography can also be
exploited in OOAC platforms to mimic BCCs migration seen in
vivo. For example, nanoscale ridges have been shown to enhance
the movement of benign and metastatic BCCs relative to flat
surfaces (53).

Polyacrylamide hydrogels with different patterns, including
spirals, stars, and squares, have been employed to study the
concept of ‘topographical memory’, showing that topography
can affect histone modifications and prime cancer cells to a
tumorigenic state (123). Different shaped fibers have been tested
for their topographical effect on BCCs, with curved polystyrene
fibers causing MDA-MB-231 cells to exhibit sensitivity to
curvature, in terms of eccentricity (measurement of protrusion
width), compared to flat ribbons (124). Varying the diameter
of type I collagen fibers has also been investigated, where
BCCs exhibited ∼20% increase in cell spreading on type
I collagen fibers with a diameter of 850 nm compared to
550 nm. Cell invasiveness also increased with fiber diameter,
although proliferation was unchanged (125). This shows that
cell response and tumor invasiveness are dependent on substrate
surface patterns and collagen fiber diameter, and highlights the
importance of considering topography of the microenvironment
created within OOAC platforms.

Constructing appropriate topographical cues within
metastasis models is essential, in terms of both the surfaces
which cells have to travel over and the environment which they
must travel through. The dimensionality, length and scale of
the physical microenvironment has been reported to influence
MDA-MB-231 triple-negative carcinoma cell signaling and
decision-making at intersections of micro-contact printed lines
(126). Cells confined in narrow micro-channels, and therefore
had fully explored their microenvironment, favored entry into
wider branches at bifurcation points, whereas cells in wider
channels made pore size–independent decisions (126). Cancer
cells traveling through ECM pores, modeled using a microfluidic
device containing micro-channels of varying widths (3–50µm),
was shown to prevent the normal increase in cellular size during
cell cycle progression, resulting in a reduction in the frequency
of cell division and an increase in the frequency of abnormal
division events (127). Pore size reduction within collagen-PEG
mesh networks causes BCCs to exhibit reduced cell spreading,
increased cell-cell adhesion protein expression, larger cell
aggregates and triggers morphogenesis (128).

One way of incorporating topographical cues within OOAC
platforms to mimic topographical variations sensed bymetastatic
BCCs would be to use temperature- or pH-sensitive hydrogels.
Tunable topographies can be created using shape-changing,
stimuli-responsive polymers or self-folding films to provide
cells with an appropriate spatial environment for cells (129).
Thermoresponsive hydrogels have been created with poly(N-
isopropylacryalmide)-based copolymers (130–132) and exhibit
low critical solution temperature behavior, swelling in water at
lower temperatures and contract with increasing temperature
(129). Temperature-sensitive hydrogels can be used for the
fabrication of bilayers, which allow reversible folding and
unfolding at low and elevated temperature, respectively, and have
been used for cell encapsulation (130, 131). The topography of

these hydrogels can be altered: Swelling will stretch the culture
surface by expanding it. By utilizing shape transformation of
these tunable hydrogels there is greater potential for the creation
of dynamic structures with high resolution, which are difficult to
achieve by other biofabrication techniques, such as bioprinting
(129). Topography can also be created and controlled by utilizing
culture substrates such as polymeric microparticles within
OOAC platforms. Topographically-designed microparticles have
been used to drive MSCs down an osteogenic lineage without
the use of exogenous osteo-inductive factors (47). In addition,
surface roughness is important in bone OOAC platforms as
osteogenic differentiation can be enhanced in MSCs by culturing
them on growth surfaces with intermediate roughness (48).
This is controlled through roughness-regulated expression of
YAP (48). Substrate roughness is another design parameter
to consider. Sandblasting of the surface of poly(methyl
methacrylate) films with alumina grains has been used to alter
roughness, resulting in increased adhesion and migration of
vascular cells with higher surface roughness. Increased cell
adhesion was attributed to higher adsorption of proteins, such
as fibronectin and collagen I, on the surface of the films (133).

Topography can also be controlled on the surface of the
membranes used within OOAC platforms. These membranes are
often suboptimal, as they are typically flat and do not replicate the
shape or surface morphology of a tissue (134). Microfabrication
techniques can be applied to create porous membranes with
suitable porosity, shape and surface morphology to match the
requirements of the tissue being modeled. Porous membranes
with micron-sized features can be made by electrospinning
(135). Soft lithography and thermoforming are used to prepare
porous, micro-structured membranes for other applications,
where thermoforming is combined with ion track etching to
create microstructures and pores, respectively (134). Phase
separation micro-molding is able to create patterns and pores in
membranes in one step by inducing phase separation (136).

Flow Rate
Flow of cell culture media within OOAC platforms generates
pressures and oxygen gradients which affect cell behavior and
survival (65). As there are different flow rates within the
body, different organs modeled within OOAC platforms require
different flow rates. There are several ways to recreate flow in
these devices, including the use of peristaltic pumps, syringe
pumps, or rocker plates. These different methods can create
significantly different flow rates, with peristaltic pumps creating
the strongest rates and rocker plates the slowest ones (137). The
technique for perfusing an OOAC platform therefore needs to be
carefully selected for each organ component.

Microfluidic channels filled with gels can be used to study the
effects of interstitial flow. Haessler et al. used this technique to
study the effects of 10µm s−1 interstitial flow on MDA-MB-231
cells (138). Gel-free systems or channels coated in a thin layer of
gel only can be used to study laminar flow. For example, a channel
can be lined with gelatin before allowing fluid to flow through
the channel with endothelial cells to form a single channel blood
vessel (139). Lanz et al. seeded metastatic triple negative BCCs
in an artificial ECM under static and dynamic conditions, with

Frontiers in Medical Technology | www.frontiersin.org 8 September 2021 | Volume 3 | Article 722501

https://www.frontiersin.org/journals/medical-technology
https://www.frontiersin.org
https://www.frontiersin.org/journals/medical-technology#articles


Slay et al. Embracing Mechanobiology in Metastasis-On-A-Chip Models

cells displaying a proliferation rate of 80% in the perfused system
compared to 60% in the static one (104). Pradhan et al. fabricated
a high and low perfusion chip to mimic cancer-ECM-endothelial
interactions. This showed that BCCs elongated forming colonies
similar to those formed in vivo in high perfusion regions, whereas
BCCs appeared rounded, relatively dark and unhealthy in low
perfusion region, possibly indicative of a quiescent state due
to lack of nutrient availability (140). Extreme flow rates are
undesirable within breast OOAC platforms, as only peripheral
and circulating BCC should be exposed to high flow rates
(56). BCCs cultured within 3D ECM are more representative
of in vivo BCCs, displaying greater proliferation, invasiveness,
chemoresistance and higher plasminogen activator urokinase
signaling when subjected to interstitial flow than cells in static
conditions (141).

Flow within bone and vasculature representations is also
of great importance. Fluid shear stress governs the binding
of tumor cells to endothelial cells. Breast cancer cells were
reported to not adhere to endothelial cells directly under low
shear stress of 0.5–2 dyn cm−2, instead forming a tumor-
monocyte complex before binding to endothelial cells (142).
MSCs grown on a bone-on-a-chip system under flow (30
µL/h; 0.346 mPa) showed improved survival and proliferation
relative to cells grown under static conditions (100). Fluid shear
stress was reported to enhance osteogenic differentiation in an
osteogenesis-on-a-chip device, but was not sufficient to induce
it on its own (143). Conditioned medium from oscillatory
flow-stimulated osteocytes significantly increased migration and
reduced apoptosis of BCCs (144). In another study, MDA-
MB-231 BCCs were cultured inside a microfluidic channel
lined with human endothelial cells and adjacent to another
channel containing osteocyte-like cells. Physiologically relevant
oscillatory fluid flow (1 Pa, 1Hz) was applied and hydrogel-filled
side channels allowed real-time extravasation to be observed.
The applied fluid flow induced intracellular calcium responses
in osteocytes (3.71-fold increase), with extravasation distance
significantly reduced by mechanically-stimulated osteocytes
relative to static osteocytes (145). Additionally, a physiologically
relevant perfusable vasculature to investigate intravasation,
migration, and extravasation, cannot be achieved without flow
(62) and shear stress is required to maintain the system (146).
Once vasculature has developed, flow continues to have a vital
role in decreasing the permeability and increasing the stability of
vessel walls within the vasculature (146).

Chemistry and Biomineralisation
Materials used to create OOAC platforms, such as elastomers, are
commonly formed from acrylate monomers, which can adsorb
different amounts of fibronectin. This affects cell attachment
(147) and integrin signaling, which can promote osteoblast
differentiation (148). Furthermore, elastomers can affect the
composition of culture medium. PDMS, for example, has
been shown both to adsorb small molecules and release other
chemicals into the device (149). This can be overcome by priming
devices with ECM components such as collagen, or by using a
lipophilic coating (150).

A key part of the design of the bone component of a
metastasis-on-a-chip platform is the inclusion of a mineral
component. HAp-coated ceramic scaffolds with MSCs
and hematopoietic stem/progenitor cells have already been
successfully integrated into a microfluidic device (102). HAp
has been shown to affect viability, proliferation and cytoplasmic
volume of metastatic colorectal and gastric cancer cells when
incorporated in a bone-mimicking OOAC model (151). HAp
can be precipitated in bulk solution as anisotropic needles,
and 50 nm pores support the formation of HAp rods that are
comparably oriented to native mineralized collagen fibrils (152).
If precipitated within the confines of cylindrical pores that
offer physiologically relevant gap regions (>100 nm diameter),
polycrystalline HAp rods are formed (152, 153).

The inclusion of HAp must be carefully considered, as it may
have a negative impact on vascularization. While Jusoh et al.
reported that HAp has a positive effect on sprouting angiogenesis
(154), increasing HAp concentration was reported to result in a
decrease of the number of blood vessel sprouts, with angiogenesis
sprouting length displaying a biphasic response to increasing
HAp concentration (151).

It has been demonstrated that epidermal growth factor and
CXCL12 gradients cooperatively increase tumor cell motility and
are important in regulating cell migration in 3D environments
(155). Chemical gradients can be included within OOAC
platforms by introducing these molecules through microfluidic
gradient generators (156). Shared media and interconnecting
chambers allow media exchange within the device and permit
natural gradients to form. In this way, cytokines and growth
factors released from cells in secondary locations, such as MSCs
in bone microenvironment, can spread through the OOAC to
create physiologically relevant gradients.

Components of the ECM can be studied within OOAC
platforms. One example of this is a compartmentalized platform
developed by Sung et al., which enabled the analysis of the
intrinsic second harmonic generation signal of collagen. This
offered a label-free assessment of collagen remodeling in the
model (157).

CONCLUDING REMARKS AND FUTURE
DIRECTIONS

Breast cancer metastasizes to bone, lung and brain tissues,
whereas prostate cancer, for example, mainly metastasizes
to bone. This suggests that cancer cells respond to signals
from the secondary site, leading to preferential migration.
An ideal model of metastasis will allow the full metastatic
cascade to be modeled, permitting the observation of cell
dissemination from a primary tumor to secondary sites. Such a
model is critical for understanding cross-organ communication
that may lead to metastasis and for identifying biomarkers
of cancer metastasis, including circulating tumor DNA/cells,
which play a key role in metastasis. The evident obstacle
to the investigation of metastasis using OOAC platforms is
the successful recreation of the broad, dynamic range of
the physiological complexity of the microenvironments at the
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primary and secondary sites, and the complex paracrine signaling
implicated in metastasis. Multi-OOACs platforms have been
developed to allow the study of systemic processes, which
has been recently reviewed (158, 159). Numerous coupling
arrangements have been proposed for building such “body-
on-a-chip” approaches, which present challenges such as the
lack of appropriate vasculature modeling, which is often simply
represented by tubing, and the difficulties associated with
optimizing the circulating media composition to ensure the long-
term viability of multiple different compartments.

Physical microenvironments can be determined by the
biomaterials used in the manufacturing of the device, such
as PDMS, as well as the choice of biomaterials integrated
within the microfluidic culture system. Combinatorial screening
platforms have been recently developed that can help identify
the most appropriate micro topographically-patterned polymers
(160). OOAC platforms that incorporate dynamic mechanical
stimuli are ideal for creating microenvironments to replicate
in vivo cell behavior. Existing models do not accurately mimic
the in vivo biomechanical environment, but instead focus on
individual stimuli, most commonly flow rate. The inclusion

of tunable hydrogels and other polymeric scaffold systems
together with physiologically relevant flow rates are critical to
achieve tissue-specific, dynamic cellular systems that capture the
key aspects of the metastatic cascade. By combining current
chip platforms with increased awareness and consideration of
mechanobiology, OOAC platforms can be used to advance
knowledge and understanding of metastasis and ultimately lead
to the development of a more effective drug discovery pipeline
for bone metastatic cancers.

AUTHOR CONTRIBUTIONS

ES and MA reviewed and evaluated the literature and drafted
the manuscript. VP and FM critically revised the manuscript. All
authors approved the submitted version.

FUNDING

ES was supported by a University of Leeds-funded studentship.
MA acknowledges funding by a University Academic Fellowship
(University of Leeds).

REFERENCES

1. Liu D, Wu J, Lin C, Andriani L, Ding S, Shen K, et al. Breast subtypes and

prognosis of breast cancer patients with initial bonemetastasis: a population-

based study. Front Oncol. (2020) 10:580112. doi: 10.3389/fonc.2020.580112

2. Roma-Rodrigues C, Mendes R, Baptista P, Fernandes A. Targeting

tumor microenvironment for cancer therapy. Int J Mol Sci. (2019)

20:840. doi: 10.3390/ijms20040840

3. Yamada KM, Cukierman E. Modeling tissue morphogenesis and cancer in

3D. Cell. (2007) 130:601–10. doi: 10.1016/j.cell.2007.08.006

4. Holen I, Speirs V, Morrissey B, Blyth K. In vivo models in breast

cancer research: progress, challenges. Dis Model Mech. (2017) 10:359–

71. doi: 10.1242/dmm.028274

5. Benam KH, Villenave R, Lucchesi C, Varone A, Hubeau C, Lee

HH, et al. Small airway-on-a-chip enables analysis of human lung

inflammation and drug responses in vitro. Nat Methods. (2016) 13:151–

7. doi: 10.1038/nmeth.3697

6. Sontheimer-Phelps A, Hassell BA, Ingber DE. Modelling cancer in

microfluidic human organs-on-chips. Nat Rev Cancer. (2019) 19:65–

81. doi: 10.1038/s41568-018-0104-6

7. Allwardt V, Ainscough AJ, Viswanathan P, Sherrod SD, Mclean

JA, Haddrick M, et al. Translational roadmap for the organs-on-

a-chip industry toward broad adoption. Bioengineering. (2020)

7:112. doi: 10.3390/bioengineering7030112

8. Hughes CS, Postovit LM, Lajoie GA. Matrigel: A complex protein mixture

required for optimal growth of cell culture. Proteomics. (2010) 10:1886–

90. doi: 10.1002/pmic.200900758

9. Thompson CL, Fu S, Heywood HK, Knight MM, Thorpe SD. Mechanical

stimulation: a crucial element of organ-on-chip models. Front Bioeng

Biotechnol. (2020) 8:602646. doi: 10.3389/fbioe.2020.602646

10. Farach-Carson MC, Warren CR, Harrington DA, Carson DD.

Border patrol: Insights into the unique role of perlecan/heparan

sulfate proteoglycan 2 at cell and tissue borders. Matrix Biol. (2014)

34:64–79. doi: 10.1016/j.matbio.2013.08.004

11. Rychly J, Nebe B. Cell-material Interaction. BioNanoMaterials. (2013)

29:153–60. doi: 10.1016/S0065-2377(03)29002-5

12. Riehl BD, Kim E, Bouzid T, Lim JY. The role of microenvironmental cues and

mechanical loading milieus in breast cancer cell progression and metastasis.

Front Bioeng Biotechnol. (2021) 8:608526. doi: 10.3389/fbioe.2020.608526

13. Boyd NF, Li Q, Melnichouk O, Huszti E, Martin LJ, Gunasekara A, et al.

Evidence that breast tissue stiffness is associated with risk of breast cancer.

PLoS ONE. (2014) 9:e100937. doi: 10.1371/journal.pone.0100937

14. Ondeck MG, Kumar A, Placone JK, Plunkett CM, Matte BF, Wong KC,

et al. Dynamically stiffened matrix promotes malignant transformation of

mammary epithelial cells via collective mechanical signaling. Proc Natl Acad

Sci USA. (2019) 116:3502–7. doi: 10.1073/pnas.1814204116

15. Stowers RS, Allen SC, Sanchez K, Davis CL, Ebelt ND, Van Den Berg

C, et al. Extracellular matrix stiffening induces a malignant phenotypic

transition in breast epithelial cells. Cell Mol Bioeng. (2017) 10:114–

23. doi: 10.1007/s12195-016-0468-1

16. Stowers RS, Shcherbina A, Israeli J, Gruber JJ, Chang J, Nam S, et al.

Matrix stiffness induces a tumorigenic phenotype in mammary epithelium

through changes in chromatin accessibility. Nat Biomed Eng. (2019) 3:1009–

19. doi: 10.1038/s41551-019-0420-5

17. Carey SP, Martin KE, Reinhart-King CA. Three-dimensional collagen matrix

induces a mechanosensitive invasive epithelial phenotype. Sci Rep. (2017)

7:42088. doi: 10.1038/srep42088

18. Wei SC, Fattet L, Tsai JH, Guo Y, Pai VH, Majeski HE, et al. Matrix stiffness

drives epithelial–mesenchymal transition and tumour metastasis through

a TWIST1–G3BP2 mechanotransduction pathway. Nat Cell Biol. (2015)

17:678–88. doi: 10.1038/ncb3157

19. Wullkopf L, West, A.-K.V., Leijnse N, Cox TR, Madsen CD, et al.

Cancer cells’ ability to mechanically adjust to extracellular matrix stiffness

correlates with their invasive potential. Mol Biol Cell. (2018) 29:2378–

85. doi: 10.1091/mbc.e18-05-0319

20. Plodinec M, Loparic M, Monnier CA, Obermann EC, Zanetti-Dallenbach

R, Oertle P, et al. The nanomechanical signature of breast cancer. Nat

Nanotechnol. (2012) 7:757–65. doi: 10.1038/nnano.2012.167

21. Zhang H, Lin F, Huang J, Xiong C. Anisotropic stiffness gradient-regulated

mechanical guidance drives directional migration of cancer cells. Acta

Biomater. (2020) 106:181–92. doi: 10.1016/j.actbio.2020.02.004

22. Hanumantharao SN, Que CA, Vogl BJ, Rao S. Engineered three-dimensional

scaffolds modulating fate of breast cancer cells using stiffness and

morphology related cell adhesion. IEEE Open J Eng Med Biol. (2020) 1:41–

8. doi: 10.1109/ojemb.2020.2965084

23. Yang B, Wolfenson H, Chung VY, Nakazawa N, Liu S, Hu J, et al. Stopping

transformed cancer cell growth by rigidity sensing. Nat Mater. (2020)

19:239–50. doi: 10.1038/s41563-019-0507-0

Frontiers in Medical Technology | www.frontiersin.org 10 September 2021 | Volume 3 | Article 722501

https://doi.org/10.3389/fonc.2020.580112
https://doi.org/10.3390/ijms20040840
https://doi.org/10.1016/j.cell.2007.08.006
https://doi.org/10.1242/dmm.028274
https://doi.org/10.1038/nmeth.3697
https://doi.org/10.1038/s41568-018-0104-6
https://doi.org/10.3390/bioengineering7030112
https://doi.org/10.1002/pmic.200900758
https://doi.org/10.3389/fbioe.2020.602646
https://doi.org/10.1016/j.matbio.2013.08.004
https://doi.org/10.1016/S0065-2377(03)29002-5
https://doi.org/10.3389/fbioe.2020.608526
https://doi.org/10.1371/journal.pone.0100937
https://doi.org/10.1073/pnas.1814204116
https://doi.org/10.1007/s12195-016-0468-1
https://doi.org/10.1038/s41551-019-0420-5
https://doi.org/10.1038/srep42088
https://doi.org/10.1038/ncb3157
https://doi.org/10.1091/mbc.e18-05-0319
https://doi.org/10.1038/nnano.2012.167
https://doi.org/10.1016/j.actbio.2020.02.004
https://doi.org/10.1109/ojemb.2020.2965084
https://doi.org/10.1038/s41563-019-0507-0
https://www.frontiersin.org/journals/medical-technology
https://www.frontiersin.org
https://www.frontiersin.org/journals/medical-technology#articles


Slay et al. Embracing Mechanobiology in Metastasis-On-A-Chip Models

24. Tse JM, Cheng G, Tyrrell JA, Wilcox-Adelman SA, Boucher Y, Jain RK, et al.

Mechanical compression drives cancer cells toward invasive phenotype. Proc

Natl Acad Sci USA. (2012) 109:911–6. doi: 10.1073/pnas.1118910109

25. Wu Z, Ovaert TC, Niebur GL. Viscoelastic properties of human cortical

bone tissue depend on gender and elastic modulus. J Orthopaedic Res. (2012)

30:693–9. doi: 10.1002/jor.22001

26. Hoerth RM, Seidt BM, Shah M, Schwarz C, Willie BM, Duda

GN, et al. Mechanical and structural properties of bone in

non-critical and critical healing in rat. Acta Biomater. (2014)

10:4009–19. doi: 10.1016/j.actbio.2014.06.003

27. Ojanen X, Tanska P, Malo MKH, Isaksson H, Väänänen SP, Koistinen AP,

et al. Tissue viscoelasticity is related to tissue composition but may not

fully predict the apparent-level viscoelasticity in human trabecular bone

– An experimental and finite element study. J Biomech. (2017) 65:96–

105. doi: 10.1016/j.jbiomech.2017.10.002

28. Park D, Spencer JA, Koh BI, Kobayashi T, Fujisaki J, Clemens TL, et al.

Endogenous bone marrow MSCs are dynamic, fate-restricted participants

in bone maintenance and regeneration. Cell Stem Cell. (2012) 10:259–

72. doi: 10.1016/j.stem.2012.02.003

29. NelsonMR, Roy K. Bone-marrowmimicking biomaterial niches for studying

hematopoietic stem and progenitor cells. J Mater Chem B. (2016) 4:3490–

503. doi: 10.1039/c5tb02644j

30. Engler AJ, SweeneyHL, Discher DE.Matrix elasticity directs stem cell lineage

specification. Cell. (2006) 126:677–89. doi: 10.1016/j.cell.2006.06.044

31. Yen MH, Chen YH, Liu YS, Lee OKS. Alteration of Young’s modulus

in mesenchymal stromal cells during osteogenesis measured by atomic

force microscopy. Biochem Biophys Res Commun. (2020) 526:827–

32. doi: 10.1016/j.bbrc.2020.03.146

32. Wong SW, Lenzini S, Cooper MH, Mooney DJ, Shin JW. Soft extracellular

matrix enhances inflammatory activation of mesenchymal stromal

cells to induce monocyte production and trafficking. Sci Adv. (2020)

6:eaaw0158. doi: 10.1126/sciadv.aaw0158

33. Nasrollahi S, Walter C, Loza AJ, Schimizzi GV, Longmore GD, Pathak

A. Past matrix stiffness primes epithelial cells and regulates their future

collective migration through a mechanical memory. Biomaterials. (2017)

146:146–55. doi: 10.1016/j.biomaterials.2017.09.012

34. Page JM, Merkel AR, Ruppender NS, Guo R, Dadwal UC, Cannonier SA,

et al. Matrix rigidity regulates the transition of tumor cells to a bone-

destructive phenotype through integrin β3 and TGF-β receptor type II.

Biomaterials. (2015) 64:33–44. doi: 10.1016/j.biomaterials.2015.06.026

35. Saxena N, Mogha P, Dash S, Majumder A, Jadhav S, Sen S. Matrix

elasticity regulates mesenchymal stem cell chemotaxis. J Cell Sci. (2018)

131:jcs211391. doi: 10.1242/jcs.211391

36. Karnoub AE, Dash AB, Vo AP, Sullivan A, Brooks MW, Bell GW, et al.

Mesenchymal stem cells within tumour stroma promote breast cancer

metastasis. Nature. (2007) 449:557–63. doi: 10.1038/nature06188

37. Curtis KJ, Mai C, Martin H, Oberman AG, Alderfer L, Romero-Moreno R,

et al. The effect of marrow secretome and culture environment on the rate

of metastatic breast cancer cell migration in two and three dimensions. Mol

Biol Cell. (2021) 32:1009–19. doi: 10.1091/mbc.E19-12-0682

38. Chaudhuri O, Cooper-White J, Janmey PA, Mooney DJ, Shenoy VB. Effects

of extracellular matrix viscoelasticity on cellular behaviour. Nature. (2020)

584:535–46. doi: 10.1038/s41586-020-2612-2

39. Sinkus R, Siegmann K, Xydeas T, Tanter M, Claussen C, Fink M. MR

elastography of breast lesions: understanding the solid/liquid duality can

improve the specificity of contrast-enhanced MR mammography. Magn

Reson Med. (2007) 58:1135–44. doi: 10.1002/mrm.21404

40. Chaudhuri O, Gu L, Klumpers D, Darnell M, Bencherif SA, Weaver JC, et al.

Hydrogels with tunable stress relaxation regulate stem cell fate and activity.

Nat Mater. (2016) 15:326–34. doi: 10.1038/nmat4489

41. Watt FM,Wilhelm TS. Role of the extracellular matrix in regulating stem cell

fate. Nat Rev Mol Cell Biol. (2013) 14:467–73. doi: 10.1038/nrm3620

42. Daverey A, Mytty AC, Kidambi S. Topography mediated regulation

of HER-2 expression in breast cancer cells. Nano Life. (2012)

2:124009. doi: 10.1142/S1793984412410097

43. Ishikawa T, Ichikawa Y, Shimizu D, Sasaki T, Tanabe M, Chishima T,

et al. The role of HER-2 in breast cancer. J Surg Sci. (2014) 2:4–

9. doi: 10.1016/j.yexmp.2009.05.001

44. Zhang L, Webster TJ. Poly-lactic-glycolic-acid surface nanotopographies

selectively decrease breast adenocarcinoma cell functions. Nanotechnology.

(2012) 23:155101. doi: 10.1088/0957-4484/23/15/155101

45. Zhou SF, Gopalakrishnan S, Xu YH, To SKY, Wong AST, Pang SW, et al.

Substrates with patterned topography reveal metastasis of human cancer

cells. Biomed Mater. (2017) 12:055001. doi: 10.1088/1748-605x/aa785d

46. Prasopthum A, Cooper M, Shakesheff KM, Yang J. Three-dimensional

printed scaffolds with controlled micro-/nanoporous surface

topography direct chondrogenic and osteogenic differentiation

of mesenchymal stem cells. ACS Appl Mater Interfaces. (2019)

11:18896–906. doi: 10.1021/acsami.9b01472

47. Amer MH, Alvarez-Paino M, McLaren J, Pappalardo F, Trujillo S, Wong

JQ, et al. Designing topographically textured microparticles for induction

and modulation of osteogenesis in mesenchymal stem cell engineering.

Biomaterials. (2021) 266:120450. doi: 10.1016/j.biomaterials.2020.120450

48. Hou Y, Xie W, Yu L, Camacho LC, Nie C, Zhang M, et al. Surface

Roughness gradients reveal topography-specific mechanosensitive

responses in human mesenchymal stem cells. Small. (2020)

16:1905422. doi: 10.1002/smll.201905422

49. Marchisio M, Di Carmine M, Pagone R, Piattelli A, Miscia S. Implant surface

roughness influences osteoclast proliferation and differentiation. J Biomed

Mater Res B Appl Biomater. (2005) 75:251–6. doi: 10.1002/jbm.b.30287

50. ShemeshM, Addadi L, Geiger B. Surfacemicrotopographymodulates sealing

zone development in osteoclasts cultured on bone. J R Soc Interface. (2017)

14:958. doi: 10.1098/rsif.2016.0958

51. Denais CM, Gilbert RM, Isermann P, Mcgregor AL, Te Lindert M, Weigelin

B, et al. Nuclear envelope rupture and repair during cancer cell migration.

Science. (2016) 352:353–8. doi: 10.1126/science.aad7297

52. Park J, Kim DH, Kim HN, Wang CJ, Kwak MK, Hur E, et al. Directed

migration of cancer cells guided by the graded texture of the underlying

matrix. Nat Mater. (2016) 15:792–801. doi: 10.1038/nmat4586

53. Chen S, Hourwitz MJ, Campanello L, Fourkas JT, Losert W, Parent CA.

Actin cytoskeleton and focal adhesions regulate the biased migration of

breast cancer cells on nanoscale asymmetric sawteeth. ACS Nano. (2019)

13:1454–68. doi: 10.1021/acsnano.8b07140

54. Kaarj K, Yoon JY. Methods of delivering mechanical stimuli to organ-on-a-

chip.Micromachines. (2019) 10:700. doi: 10.3390/mi10100700

55. Höckel M, Vaupel P. Biological consequences of tumour hypoxia. Semin

Oncol. (2001) 28:36–41.

56. Choi HY, Yang GM, Dayem AA, Saha SK, Kim K, Yoo Y, et al.

Hydrodynamic shear stress promotes epithelial-mesenchymal transition

by downregulating ERK and GSK3β activities. Breast Cancer Res. (2019)

21:6. doi: 10.1186/s13058-018-1071-2

57. Wagner M, Wiig H. Tumor interstitial fluid formation,

characterization, clinical implications. Front Oncol. (2015)

5:115. doi: 10.3389/fonc.2015.00115

58. Pedersen JA, Boschetti F, Swartz MA. Effects of extracellular fiber

architecture on cell membrane shear stress in a 3D fibrous matrix. J Biomech.

(2007) 40:1484–92. doi: 10.1016/j.jbiomech.2006.06.023

59. Ma S, Fu A, Chiew GG, Luo KQ. Hemodynamic shear stress stimulates

migration and extravasation of tumor cells by elevating cellular oxidative

level. Cancer Lett. (2017) 388:239–48. doi: 10.1016/j.canlet.2016.

12.001

60. Au SH, Storey BD, Moore JC, Tang Q, Chen YL, Javaid S, et al. Clusters

of circulating tumor cells traverse capillary-sized vessels. Proc Natl Acad Sci

USA. (2016) 113:4947–52. doi: 10.1073/pnas.1524448113

61. Huang Q, Hu X, He W, Zhao Y, Hao S, Wu Q, et al. Fluid shear stress and

tumor metastasis. Am J Cancer Res. (2018) 8:763–77.

62. Kim S, Kim W, Lim S, Jeon J. Vasculature-on-a-chip for in vitro disease

models. Bioengineering. (2017) 4:8. doi: 10.3390/bioengineering4010008

63. Wirtz D, Konstantopoulos K, Searson PC. The physics of cancer: the role of

physical interactions and mechanical forces in metastasis. Nat Rev Cancer.

(2011) 11:512–22. doi: 10.1038/nrc3080

64. Wittkowske C, Reilly GC, Lacroix D, Perrault CM. In vitro bone cell models:

impact of fluid shear stress on bone formation. Front Bioeng Biotechnol.

(2016) 87:1–22. doi: 10.3389/fbioe.2016.00087

65. Knothe Tate ML, Steck R, Forwood MR, Niederer P. In vivo demonstration

of load-induced fluid flow in the rat tibia and its potential implications

Frontiers in Medical Technology | www.frontiersin.org 11 September 2021 | Volume 3 | Article 722501

https://doi.org/10.1073/pnas.1118910109
https://doi.org/10.1002/jor.22001
https://doi.org/10.1016/j.actbio.2014.06.003
https://doi.org/10.1016/j.jbiomech.2017.10.002
https://doi.org/10.1016/j.stem.2012.02.003
https://doi.org/10.1039/c5tb02644j
https://doi.org/10.1016/j.cell.2006.06.044
https://doi.org/10.1016/j.bbrc.2020.03.146
https://doi.org/10.1126/sciadv.aaw0158
https://doi.org/10.1016/j.biomaterials.2017.09.012
https://doi.org/10.1016/j.biomaterials.2015.06.026
https://doi.org/10.1242/jcs.211391
https://doi.org/10.1038/nature06188
https://doi.org/10.1091/mbc.E19-12-0682
https://doi.org/10.1038/s41586-020-2612-2
https://doi.org/10.1002/mrm.21404
https://doi.org/10.1038/nmat4489
https://doi.org/10.1038/nrm3620
https://doi.org/10.1142/S1793984412410097
https://doi.org/10.1016/j.yexmp.2009.05.001
https://doi.org/10.1088/0957-4484/23/15/155101
https://doi.org/10.1088/1748-605x/aa785d
https://doi.org/10.1021/acsami.9b01472
https://doi.org/10.1016/j.biomaterials.2020.120450
https://doi.org/10.1002/smll.201905422
https://doi.org/10.1002/jbm.b.30287
https://doi.org/10.1098/rsif.2016.0958
https://doi.org/10.1126/science.aad7297
https://doi.org/10.1038/nmat4586
https://doi.org/10.1021/acsnano.8b07140
https://doi.org/10.3390/mi10100700
https://doi.org/10.1186/s13058-018-1071-2
https://doi.org/10.3389/fonc.2015.00115
https://doi.org/10.1016/j.jbiomech.2006.06.023
https://doi.org/10.1016/j.canlet.2016.12.001
https://doi.org/10.1073/pnas.1524448113
https://doi.org/10.3390/bioengineering4010008
https://doi.org/10.1038/nrc3080
https://doi.org/10.3389/fbioe.2016.00087
https://www.frontiersin.org/journals/medical-technology
https://www.frontiersin.org
https://www.frontiersin.org/journals/medical-technology#articles


Slay et al. Embracing Mechanobiology in Metastasis-On-A-Chip Models

for processes associated with functional adaptation. J Experi Biol.

(2000) 203:2737–45. doi: 10.1242/jeb.203.18.2737

66. Duncan RL, Turner CH. Mechanotransduction and the functional response

of bone to mechanical strain. Calcif Tissue Int. (1995) 57:344–58.

67. Liegibel UM, Sommer U, Bundschuh B, Schweizer B, Hilscher U, Lieder

A, et al. Fluid shear of low magnitude increases growth and expression of

TGFbeta1 and adhesion molecules in human bone cells in vitro. Exp Clin

Endocrinol Diabetes. (2004) 112:356–63. doi: 10.1055/s-2004-821014

68. Hiraga T. Bone metastasis: Interaction between cancer cells

and bone microenvironment. J Oral Biosci. (2019) 61:95–

8. doi: 10.1016/j.job.2019.02.002

69. Mundy GR. Metastasis to bone: causes, consequences and therapeutic

opportunities. Nat Rev Cancer. (2002) 2:584–93. doi: 10.1038/nrc867

70. Chen XD, Dusevich V, Feng JQ, Manolagas SC, Jilka RL. Extracellular

matrix made by bone marrow cells facilitates expansion of marrow-

derived mesenchymal progenitor cells and prevents their differentiation into

osteoblasts. J Bone Miner Res. (2007) 22:1943–56. doi: 10.1359/jbmr.070725

71. Polo-Corrales L, Latorre-Esteves M, Ramirez-Vick JE. Scaffold

design for bone regeneration. J Nanosci Nanotechnol. (2014)

14:15–56. doi: 10.1166/jnn.2014.9127

72. Crockett JC, Rogers MJ, Coxon FP, Hocking LJ, Helfrich MH. Bone

remodelling at a glance. J Cell Sci. (2011) 124:991–8. doi: 10.1242/jcs.063032

73. Elliot JC. Structure, crystal chemistry and density of enamel apatites. Ciba

Found Symp. (1997) 205:18.

74. Carlinfante G, Vassiliou D, Svensson O,Wendel M, Heinegård D, Andersson

G. Differential expression of osteopontin and bone sialoprotein in bone

metastasis of breast and prostate carcinoma. Clin Experi Metastasis. (2003)

20:437–44. doi: 10.1023/a:1025419708343

75. Nagano M, Nakamura T, Kokubo T, Tanahashi M, Ogawa M. Differences

of bone bonding ability and degradation behaviour in vivo between

amorphous calcium phosphate and highly crystalline hydroxyapatite

coating. Biomaterials. (1996) 17:1771–7. doi: 10.1016/0142-9612(95)00357-6

76. Pathi SP. Minerals and Metastasis: Hydroxyapatite Promotes Breast Cancer

Colonization of Bone. Doctor of Philosophy, Cornell University (2013).

77. Choi S, Coonrod S, Estroff L, Fischbach C. Chemical and physical properties

of carbonated hydroxyapatite affect breast cancer cell behavior. Acta

Biomater. (2015) 24:333–42. doi: 10.1016/j.actbio.2015.06.001

78. Zhu W, Wang M, Fu Y, Castro NJ, Fu SW, Zhang LG. Engineering

a biomimetic three-dimensional nanostructured bone model

for breast cancer bone metastasis study. Acta Biomater. (2015)

14:164–74. doi: 10.1016/j.actbio.2014.12.008

79. Pathi SP, Kowalczewski C, Tadipatri R, Fischbach C. A novel 3-Dmineralized

tumor model to study breast cancer bone metastasis. PLoS ONE. (2010)

5:e8849. doi: 10.1371/journal.pone.0008849

80. Kozlow W, Guise TA. Breast cancer metastasis to bone: mechanisms of

osteolysis and implications for therapy. J Mammary Gland Biol Neoplasia.

(2005) 10:169–80. doi: 10.1007/s10911-005-5399-8

81. Morgan MP, Cooke MM, Christopherson PA, Westfall PR, Mccarthy GM.

Calcium hydroxyapatite promotesmitogenesis andmatrixmetalloproteinase

expression in human breast cancer cell lines. Mol Carcinogene. (2001)

32:111–7. doi: 10.1002/mc.1070

82. Betal D, Roberts N, Whitehouse GH. Segmentation and numerical analysis

of microcalcifications onmammograms using mathematical morphology. Br

J Radiol. (1997) 70:903–17. doi: 10.1259/bjr.70.837.9486066

83. Rizwan A, Paidi SK, Zheng C, Cheng M, Barman I, Glunde K. Mapping the

genetic basis of breast microcalcifications and their role in metastasis. Sci

Rep. (2018) 8:11067. doi: 10.1038/s41598-018-29330-9

84. Boskey A, Maresca M, Ullrich W, Doty S, Bulter W, Prince C. Osteopontin-

hydroxyapatite interactions in vitro: inhibition of hydroxyapatite formation

and growth in a gelatin-gel. Bone Miner. (1993) 22:9.

85. Wang J, Loberg R, Taichman RS. The pivotal role of CXCL12 (SDF-

1)/CXCR4 axis in bone metastasis. Cancer Metastasis Rev. (2007) 25:573–

87. doi: 10.1007/s10555-006-9019-x

86. Choi S, Friedrichs J, Song YH, Werner C, Estroff LA, Fischbach

C. Intrafibrillar, bone-mimetic collagen mineralization regulates

breast cancer cell adhesion and migration. Biomaterials. (2019)

198:95–106. doi: 10.1016/j.biomaterials.2018.05.002

87. Wu Q, Liu J, Wang X, Feng L, Wu J, Zhu X, et al. Organ-on-a-chip:

recent breakthroughs and future prospects. BioMed Eng OnLine. (2020)

19:9. doi: 10.1186/s12938-020-0752-0

88. YeM,Mohanty P, Ghosh G. Biomimetic apatite-coated porous PVA scaffolds

promote the growth of breast cancer cells. Mater Sci Eng C Mater Biol Appl.

(2014) 44:310–6. doi: 10.1016/j.msec.2014.08.044

89. Zhu W, Holmes B, Glazer RI, Zhang LG. 3D printed nanocomposite matrix

for the study of breast cancer bone metastasis. Nanomedicine. (2016) 12:69–

79. doi: 10.1016/j.nano.2015.09.010

90. Zhu W, Castro NJ, Cui H, Zhou X, Boualam B, McGrane R, et al.

A 3D printed nano bone matrix for characterization of breast

cancer cell and osteoblast interactions. Nanotechnology. (2016)

27:315103. doi: 10.1088/0957-4484/27/31/315103

91. Marturano-Kruik A, Nava MM, Yeager K, Chramiec A, Hao L,

Robinson S, et al. Human bone perivascular niche-on-a-chip for

studying metastatic colonization. Proc Natl Acad Sci USA. (2018)

115:1256–61. doi: 10.1073/pnas.1714282115

92. Hao S, Ha L, Cheng G, Wan Y, Xia Y, Sosnoski DM, et al. A spontaneous 3D

bone-on-a-chip for bonemetastasis study of breast cancer cells. Small. (2018)

14:1702787. doi: 10.1002/smll.201702787

93. Bersini S, Jeon JS, Dubini G, Arrigoni C, Chung S, Charest

JL, et al. A microfluidic 3D in vitro model for specificity

of breast cancer metastasis to bone. Biomaterials. (2014)

35:2454–61. doi: 10.1016/j.biomaterials.2013.11.050

94. Jeon JS, Bersini S, Gilard M, Dubini G, Charest JL, Moretti M, et al.

Human 3D vascularized organotypic microfluidic assays to study breast

cancer cell extravasation. Proc Natl Acad Sci USA. (2015) 112:214–

9. doi: 10.1073/pnas.1417115112

95. Song JW, Cavnar SP, Walker AC, Luker KE, Gupta M, Tung

YC, et al. Microfluidic endothelium for studying the intravascular

adhesion of metastatic breast cancer cells. PLoS ONE. (2009)

4:e5756. doi: 10.1371/journal.pone.0005756

96. Kwak TJ, Lee E. Rapid multilayer microfabrication for modeling

organotropic metastasis in breast cancer. Biofabrication. 13:015002

(2020). doi: 10.1088/1758-5090/abbd28

97. Ma YHV, Middleton K, You L, Sun Y. A review of microfluidic approaches

for investigating cancer extravasation during metastasis.Microsyst Nanoeng.

(2018) 4:17104. doi: 10.1038/micronano.2017.104

98. Tang Y, Soroush F, Sheffield JB, Wang B, Prabhakarpandian B, Kiani MF.

A biomimetic microfluidic tumor microenvironment platform mimicking

the EPR effect for rapid screening of drug delivery systems. Sci Rep. (2017)

7:9359. doi: 10.1038/s41598-017-09815-9

99. Zhang B, Radisic M. Organ-on-a-chip devies advance to market. Lab Chip.

(2017) 17:2395–20. doi: 10.1039/C6LC01554A

100. Sheyn D, Cohn-Yakubovich D, Ben-David S, De Mel S, Chan

V, Hinojosa C, et al. Bone-chip system to monitor osteogenic

differentiation using optical imaging. Microfluid Nanofluid. (2019)

23:99. doi: 10.1007/s10404-019-2261-7

101. Verbruggen SW, Thompson CL, Duffy MP, Lunetto S, Nolan J, Pearce OMT,

et al. Mechanical stimulation modulates osteocyte regulation of cancer cell

phenotype. Cancers. (2021) 13:2906. doi: 10.3390/cancers13122906

102. Sieber S, Wirth L, Cavak N, Koenigsmark M, Marx U, Lauster R, et al. Bone

marrow-on-a-chip: Long-term culture of human haematopoietic stem cells

in a three-dimensional microfluidic environment. J Tissue Eng Regen Med.

(2018) 12:479–89. doi: 10.1002/term.2507

103. Azimi T, Loizidou M, Dwek MV. Cancer cells grown in 3D

under fluid flow exhibit an aggressive phenotype and reduced

responsiveness to the anti-cancer treatment doxorubicin. Sci Rep. (2020)

10:12020. doi: 10.1038/s41598-020-68999-9

104. Lanz HL, Saleh A, Kramer B, Cairns J, Ng CP, Yu J, et al. Therapy response

testing of breast cancer in a 3D high-throughput perfused microfluidic

platform. BMC Cancer. (2017) 17:709. doi: 10.1186/s12885-017-3709-3

105. Oleaga C, Bernabini C, Smith AST, Srinivasan B, JacksonM,MclambW, et al.

Multi-Organ toxicity demonstration in a functional human in vitro system

composed of four organs. Sci Rep. (2016) 6:20030. doi: 10.1038/srep20030

106. Skardal A, Shupe T, Atala A. Organoid-on-a-chip and body-on-

a-chip systems for drug screening and disease modeling. Drug

Frontiers in Medical Technology | www.frontiersin.org 12 September 2021 | Volume 3 | Article 722501

https://doi.org/10.1242/jeb.203.18.2737
https://doi.org/10.1055/s-2004-821014
https://doi.org/10.1016/j.job.2019.02.002
https://doi.org/10.1038/nrc867
https://doi.org/10.1359/jbmr.070725
https://doi.org/10.1166/jnn.2014.9127
https://doi.org/10.1242/jcs.063032
https://doi.org/10.1023/a:1025419708343
https://doi.org/10.1016/0142-9612(95)00357-6
https://doi.org/10.1016/j.actbio.2015.06.001
https://doi.org/10.1016/j.actbio.2014.12.008
https://doi.org/10.1371/journal.pone.0008849
https://doi.org/10.1007/s10911-005-5399-8
https://doi.org/10.1002/mc.1070
https://doi.org/10.1259/bjr.70.837.9486066
https://doi.org/10.1038/s41598-018-29330-9
https://doi.org/10.1007/s10555-006-9019-x
https://doi.org/10.1016/j.biomaterials.2018.05.002
https://doi.org/10.1186/s12938-020-0752-0
https://doi.org/10.1016/j.msec.2014.08.044
https://doi.org/10.1016/j.nano.2015.09.010
https://doi.org/10.1088/0957-4484/27/31/315103
https://doi.org/10.1073/pnas.1714282115
https://doi.org/10.1002/smll.201702787
https://doi.org/10.1016/j.biomaterials.2013.11.050
https://doi.org/10.1073/pnas.1417115112
https://doi.org/10.1371/journal.pone.0005756
https://doi.org/10.1088/1758-5090/abbd28
https://doi.org/10.1038/micronano.2017.104
https://doi.org/10.1038/s41598-017-09815-9
https://doi.org/10.1039/C6LC01554A
https://doi.org/10.1007/s10404-019-2261-7
https://doi.org/10.3390/cancers13122906
https://doi.org/10.1002/term.2507
https://doi.org/10.1038/s41598-020-68999-9
https://doi.org/10.1186/s12885-017-3709-3
https://doi.org/10.1038/srep20030
https://www.frontiersin.org/journals/medical-technology
https://www.frontiersin.org
https://www.frontiersin.org/journals/medical-technology#articles


Slay et al. Embracing Mechanobiology in Metastasis-On-A-Chip Models

Discovery Today. (2016) 21:1399–411. doi: 10.1016/j.drudis.2016.

07.003

107. Vernetti L, Gough A, Baetz N, Blutt S, Broughman JR, Brown JA, et al.

Functional coupling of human microphysiology systems: intestine, liver,

kidney proximal tubule, blood-brain barrier and skeletal muscle. Sci Rep.

(2017) 7:42296. doi: 10.1038/srep42296

108. Edington CD, Chen WLK, Geishecker E, Kassis T, Soenksen LR,

Bhushan BM, et al. Interconnected microphysiological systems for

quantitative biology and pharmacology studies. Sci Rep. (2018)

8:749. doi: 10.1038/s41598-018-22749-0

109. Clay NE, Shin K, Ozcelikkale A, Lee MK, Rich MH, Kim DH, et al.

Modulation of matrix softness and interstitial flow for 3D cell culture using

a cell-microenvironment-on-a-chip system. ACS Biomater Sci Eng. (2016)

2:1968–75. doi: 10.1021/acsbiomaterials.6b00379

110. Pradhan S, Slater JH. Tunable hydrogels for controlling phenotypic cancer

cell states to model breast cancer dormancy and reactivation. Biomaterials.

(2019) 215:119177. doi: 10.1016/j.biomaterials.2019.04.022

111. Trappmann B, Gautrot JE, Connelly JT, Strange DGT, Li Y, Oyen ML, et al.

Extracellular-matrix tethering regulates stem-cell fate. Nat Mater. (2012)

11:642–9. doi: 10.1038/nmat3339

112. Kloxin AM, Kasko AM, Salinas CN, Anseth KS. Photodegradable hydrogels

for dynamic tuning of physical and chemical properties. Science. (2009)

324:59–63. doi: 10.1126/science.1169494

113. Boelke J, Hecht S. Designing molecular photoswitches

for soft materials applications. Adv Optical Mater. (2019)

7:1900404. doi: 10.1002/adom.201900404

114. Om Prakash N, Xuan M, Onur H, David LK. Dynamically tunable

light responsive silk-elastin-like proteins. Acta Biomater. (2021) 121:214–

23. doi: 10.1016/j.actbio.2020.12.018

115. Ruskowitz ER, Deforest CA. Photoresponsive biomaterials for targeted

drug delivery and 4D cell culture. Nat Rev Mater. (2018) 3:1–17.

doi: 10.1038/natrevmats.2017.87

116. Li L, Scheiger JM, Levkin PA. Design and applications of photoresponsive

hydrogels. Adv Mater. (2019) 31:e1807333. doi: 10.1002/adma.201807333

117. Lee TT, Garcia JR, Paez JI, Singh A, Phelps EA, Weis S, et al. Light-

triggered in vivo activation of adhesive peptides regulates cell adhesion,

inflammation and vascularization of biomaterials.Nat Mater. (2015) 14:352–

60. doi: 10.1038/nmat4157

118. Sundararaghavan HG, Masand SN, Shreiber DI. Microfluidic generation of

haptotactic gradients through 3D collagen gels for enhanced neurite growth.

J Neurotrauma. (2011) 28:2377–87. doi: 10.1089/neu.2010.1606

119. Guan WS, Huang HX, Chen AF. Tuning 3D topography on

biomimetic surface for efficient self-cleaning and microfluidic

manipulation. J Micromech Microeng. (2015) 25:035001.

doi: 10.1088/0960-1317/25/3/035001

120. Yang Y, Kulangara K, Sia J,Wang L, Leong KW. Engineering of amicrofluidic

cell culture platform embedded with nanoscale features. Lab on a Chip.

(2011) 11:1638. doi: 10.1039/c0lc00736f

121. Wallin P, Zandén C, Carlberg B, Hellström Erkenstam N, Liu J, Gold J. A

method to integrate patterned electrospun fibers with microfluidic systems

to generate complex microenvironments for cell culture applications.

Biomicrofluidics. (2012) 6:024131. doi: 10.1063/1.4729747

122. Chaudhuri PK, Pan CQ, Low BC, Lim CT. Topography induces differential

sensitivity on cancer cell proliferation via Rho-ROCK-Myosin contractility.

Sci Rep. (2016) 6:19672. doi: 10.1038/srep19672

123. Lee J, Molley TG, Seward CH, Abdeen AA, Zhang H, Wang X, et al.

Geometric regulation of histone state directs melanoma reprogramming.

Commun Biol. (2020) 3:1067. doi: 10.1038/s42003-020-1067-1

124. Koons B, Sharma P, Ye Z, Mukherjee A, Lee MH, Wirtz D,

et al. Cancer protrusions on a tightrope: nanofiber curvature

contrast quantitates single protrusion dynamics. ACS Nano. (2017)

11:12037–48. doi: 10.1021/acsnano.7b04567

125. Sapudom J, Rubner S, Martin S, Kurth T, Riedel S, Mierke CT, et al.

The phenotype of cancer cell invasion controlled by fibril diameter

and pore size of 3D collagen networks. Biomaterials. (2015) 52:367–

75. doi: 10.1016/j.biomaterials.2015.02.022

126. Paul CD, Shea DJ, Mahoney MR, Chai A, Laney V, Hung WC,

et al. Interplay of the physical microenvironment, contact guidance, and

intracellular signaling in cell decision making. FASEB J. (2016) 30:2161–

70. doi: 10.1096/fj.201500199r

127. Moriarty RA, Stroka KM. Physical confinement alters sarcoma

cell cycle progression and division. Cell Cycle. (2018) 17:2360–

73. doi: 10.1080/15384101.2018.1533776

128. Ranamukhaarachchi SK, Modi RN, Han A, Velez DO, Kumar A, Engler

AJ, et al. Macromolecular crowding tunes 3D collagen architecture and cell

morphogenesis. Biomater Sci. (2019) 7:618–33. doi: 10.1039/c8bm01188e

129. Ionov L. 4D biofabrication: materials, methods, and applications.

Adv Healthc Mater. (2018) 7:1800412. doi: 10.1002/adhm.2018

00412

130. Zakharchenko S, Puretskiy N, Stoychev G, Stamm M,

Ionov L. Temperature controlled encapsulation and release

using partially biodegradable thermo-magneto-sensitive self-

rolling tubes. Soft Matter. (2010) 6:2633. doi: 10.1039/c0sm0

0088d

131. Pedron S, Van Lierop S, Horstman P, Penterman R, Broer DJ, Peeters E.

Stimuli responsive delivery vehicles for cardiac microtissue transplantation.

Adv Funct Mater. (2011) 21:1624–30. doi: 10.1002/adfm.201002708

132. Stoychev G, Puretskiy N, Ionov L. Self-folding all-polymer thermoresponsive

microcapules. Soft Matter. (2011) 7:3277–9. doi: 10.1039/C1SM05109A

133. Lampin M, Legris C, Degrange M, Sigot-Luizard MF.

Correlation between substratum roughness and wettability, cell

adhesion, cell migration. J Biomed Mater Res. (1997) 36:99–

108. doi: 10.1002/(sici)1097-4636(199707)36:1<99::aid-jbm12>3.0.co;2-e

134. Pasman T, Grijpma D, Stamatialis D, Poot A. Flat and microstructured

polymeric membranes in organs-on-chips. J R Soc Interface. (2018)

15:20180351. doi: 10.1098/rsif.2018.0351

135. Soliman S, Sant S, Nichol JW, Khabiry M, Traversa E, Khademhosseini

A. Controlling the porosity of fibrous scaffolds by modulating the fiber

diameter and packing density. J Biomed Mater Res A. (2011) 96:566–

74. doi: 10.1002/jbm.a.33010

136. Gironès M, Akbarsyah IJ, Nijdam W, van Rijn CJM, Jansen

HV, Lammertink RGH, et al. Polymeric microsieves produced

by phase separation micromolding. J Memb Sci. (2006) 283:411–

24. doi: 10.1016/j.memsci.2006.07.016

137. Haycock J, Ahluwalia A, Wilkinson JM. Cellular In Vitro Testing. New York,

NY: Jenny Stanford Publishing (2013).

138. Haessler U, Teo JCM, Foretay D, Renaud P, Swartz MA. Migration dynamics

of breast cancer cells in a tunable 3D interstitial flow chamber. Integrative

Biol. (2012) 4:401–9. doi: 10.1039/c1ib00128k

139. Pauty J, Usuba R, Takahashi H, Suehiro J, Fujisawa K, Yano K, et al. A

vascular permeability assay using an in vitro human microvessel model

mimicking the inflammatory condition. Nanotheranostics. (2017) 1:103–

13. doi: 10.7150/ntno.18303

140. Pradhan S, Smith AM, Garson CJ, Hassani I, Seeto WJ, Pant K, et al. A

microvascularized tumor-mimetic platform for assessing anti-cancer drug

efficacy. Sci Rep. (2018) 8:21075. doi: 10.1038/s41598-018-21075-9

141. Novak CM, Horst EN, Taylor CC, Liu CZ, Mehta G. Fluid shear stress

stimulates breast cancer cells to display invasive and chemoresistant

phenotypes while upregulating PLAU in a 3D bioreactor. Biotechnol Bioeng.

(2019) 116:3084–97. doi: 10.1002/bit.27119

142. Evani SJ, Prabhu RG, Gnanaruban V, Finol EA, Ramasubramanian AK.

Monocytes mediate metastatic breast tumor cell adhesion to endothelium

under flow. FASEB J. (2013) 27:3017–29. doi: 10.1096/fj.12-224824

143. Bahmaee H, Owen R, Boyle L, Perrault CM, Garcia-Granada AA, Reilly

GC, et al. Design and evaluation of an osteogenesis-on-a-chip microfluidic

device incorporating 3D cell culture. Front Bioeng Biotechnol. (2020)

8:557111. doi: 10.3389/fbioe.2020.557111

144. Ma YV, Lam C, Dalmia S, Gao P, Young J, Middleton K, et al.

Mechanical regulation of breast cancer migration and apoptosis via

direct and indirect osteocyte signaling. J Cell Biochem. (2018) 119:5665–

75. doi: 10.1002/jcb.26745

145. Mei X, Middleton K, Shim D, Wan Q, Xu L, Ma YV, et al. Microfluidic

platform for studying osteocyte mechanoregulation of breast cancer bone

metastasis. Integr Biol. (2019) 11:119–29. doi: 10.1093/intbio/zyz008

146. Price GM, Wong KHK, Truslow JG, Leung AD, Acharya C, Tien J.

Effect of mechanical factors on the function of engineered human blood

Frontiers in Medical Technology | www.frontiersin.org 13 September 2021 | Volume 3 | Article 722501

https://doi.org/10.1016/j.drudis.2016.07.003
https://doi.org/10.1038/srep42296
https://doi.org/10.1038/s41598-018-22749-0
https://doi.org/10.1021/acsbiomaterials.6b00379
https://doi.org/10.1016/j.biomaterials.2019.04.022
https://doi.org/10.1038/nmat3339
https://doi.org/10.1126/science.1169494
https://doi.org/10.1002/adom.201900404
https://doi.org/10.1016/j.actbio.2020.12.018
https://doi.org/10.1038/natrevmats.2017.87
https://doi.org/10.1002/adma.201807333
https://doi.org/10.1038/nmat4157
https://doi.org/10.1089/neu.2010.1606
https://doi.org/10.1088/0960-1317/25/3/035001
https://doi.org/10.1039/c0lc00736f
https://doi.org/10.1063/1.4729747
https://doi.org/10.1038/srep19672
https://doi.org/10.1038/s42003-020-1067-1
https://doi.org/10.1021/acsnano.7b04567
https://doi.org/10.1016/j.biomaterials.2015.02.022
https://doi.org/10.1096/fj.201500199r
https://doi.org/10.1080/15384101.2018.1533776
https://doi.org/10.1039/c8bm01188e
https://doi.org/10.1002/adhm.201800412
https://doi.org/10.1039/c0sm00088d
https://doi.org/10.1002/adfm.201002708
https://doi.org/10.1039/C1SM05109A
https://doi.org/10.1002/(sici)1097-4636(199707)36:1$<$99::aid-jbm12$>$3.0.co
https://doi.org/10.1098/rsif.2018.0351
https://doi.org/10.1002/jbm.a.33010
https://doi.org/10.1016/j.memsci.2006.07.016
https://doi.org/10.1039/c1ib00128k
https://doi.org/10.7150/ntno.18303
https://doi.org/10.1038/s41598-018-21075-9
https://doi.org/10.1002/bit.27119
https://doi.org/10.1096/fj.12-224824
https://doi.org/10.3389/fbioe.2020.557111
https://doi.org/10.1002/jcb.26745
https://doi.org/10.1093/intbio/zyz008
https://www.frontiersin.org/journals/medical-technology
https://www.frontiersin.org
https://www.frontiersin.org/journals/medical-technology#articles


Slay et al. Embracing Mechanobiology in Metastasis-On-A-Chip Models

microvessels in microfluidic collagen gels. Biomaterials. (2010) 31:6182–

9. doi: 10.1016/j.biomaterials.2010.04.041

147. Mei Y, Gerecht S, Taylor M, Urquhart AJ, Bogatyrev SR, Cho

SW, et al. Mapping the interactions among biomaterials, adsorbed

proteins, and human embryonic stem cells. Adv Mater. (2009)

21:2781–6. doi: 10.1002/adma.200803184

148. Keselowsky BG, Collard DM, García AJ. Surface chemistry modulates focal

adhesion composition and signaling through changes in integrin binding.

Biomaterials. (2004) 25:5947–54. doi: 10.1016/j.biomaterials.2004.01.062

149. Toepke MW, Beebe DJ. PDMS absorption of small molecules and

consequences in microfluidic applications. Lab Chip. (2006) 6:1484–

6. doi: 10.1039/b612140c

150. van Meer BJ, de Vries H, Firth KSA, van Weerd J, Tertoolen LGJ,

Karperien HBJ, et al. Small molecule absorption by PDMS in the context

of drug response bioassays. Biochem Biophys Res Commun. (2017) 482:323–

8. doi: 10.1016/j.bbrc.2016.11.062

151. Ahn J, Lim J, Jusoh N, Lee J, Park TE, Kim Y, et al. 3D microfluidic bone

tumor microenvironment comprised of hydroxyapatite/fibrin composite.

Front Bioeng Biotechnol. (2019) 7:168. doi: 10.3389/fbioe.2019.00168

152. Cantaert B, Beniash E, Meldrum FC. Nanoscale confinement controls the

crystallization of calcium phosphate: relevance to bone formation. Chem A

Eur Jo. (2013) 19:14918–24. doi: 10.1002/chem.201302835

153. Xu Y, Nudelman F, Eren ED, Wirix MJM, Cantaert B, Nijhuis WH, et al.

Intermolecular channels direct crystal orientation in mineralized collagen.

Nat Commun. (2020) 11:18846. doi: 10.1038/s41467-020-18846-2

154. Jusoh N, Oh S, Kim S, Kim J, Jeon NL. Microfluidic vascularized bone

tissue model with hydroxyapatite-incorporated extracellular matrix. Lab

Chip. (2015) 15:3984–8. doi: 10.1039/c5lc00698h

155. Kim BJ, Hannanta-Anan P, Chau M, Kim YS, Swartz MA, Wu

M. Cooperative roles of SDF-1α and EGF gradients on tumor cell

migration revealed by a robust 3D microfluidic model. PLoS ONE. (2013)

8:e68422. doi: 10.1371/journal.pone.0068422

156. Kim S, Kim HJ, Jeon NL. Biological applications of microfluidic gradient

devices. Integrat Biol. (2010) 2:584. doi: 10.1039/c0ib00055h

157. Sung KE, Yang N, Pehlke C, Keely PJ, Eliceiri KW, Friedl A, et al.

Transition to invasion in breast cancer: a microfluidic in vitro model

enables examination of spatial and temporal effects. Integr. Biol. (2011)

3:439–50. doi: 10.1039/c0ib00063a

158. Lee SH, Sung JH. Organ-on-a-chip technology for reproducing multiorgan

physiology. Adv Healthc Mater. (2018) 7:419. doi: 10.1002/adhm.201700419

159. Picollet-D’hahan N, Zuchowska A, Lemeunier I, Le Gac S.

Multiorgan-on-a-chip: a systemic approach to model and

decipher inter-organ communication. Trends Biotechnol. (2021)

39:788–810. doi: 10.1016/j.tibtech.2020.11.014

160. Burroughs L, Amer MH, Vassey M, Koch B, Figueredo GP,

Mukonoweshuro B, et al. Discovery of synergistic material-topography

combinations to achieve immunomodulatory osteoinductive biomaterials

using a novel in vitro screening method: The ChemoTopoChip.

Biomaterials. (2021) 271:120740. doi: 10.1016/j.biomaterials.2021.1

20740

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations, or those of

the publisher, the editors and the reviewers. Any product that may be evaluated in

this article, or claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Copyright © 2021 Slay, Meldrum, Pensabene and Amer. This is an open-access

article distributed under the terms of the Creative Commons Attribution License (CC

BY). The use, distribution or reproduction in other forums is permitted, provided

the original author(s) and the copyright owner(s) are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice.

No use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Medical Technology | www.frontiersin.org 14 September 2021 | Volume 3 | Article 722501

https://doi.org/10.1016/j.biomaterials.2010.04.041
https://doi.org/10.1002/adma.200803184
https://doi.org/10.1016/j.biomaterials.2004.01.062
https://doi.org/10.1039/b612140c
https://doi.org/10.1016/j.bbrc.2016.11.062
https://doi.org/10.3389/fbioe.2019.00168
https://doi.org/10.1002/chem.201302835
https://doi.org/10.1038/s41467-020-18846-2
https://doi.org/10.1039/c5lc00698h
https://doi.org/10.1371/journal.pone.0068422
https://doi.org/10.1039/c0ib00055h
https://doi.org/10.1039/c0ib00063a
https://doi.org/10.1002/adhm.201700419
https://doi.org/10.1016/j.tibtech.2020.11.014
https://doi.org/10.1016/j.biomaterials.2021.120740
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/medical-technology
https://www.frontiersin.org
https://www.frontiersin.org/journals/medical-technology#articles

	Embracing Mechanobiology in Next Generation Organ-On-A-Chip Models of Bone Metastasis
	Introduction
	Role of the Physical Microenvironment As a Driver of Bone Metastasis
	Matrix Elasticity
	Topography
	Flow
	Biomineralisation

	Mechanobiological Design Opportunities For Organ-On-a-Chip Platforms
	Engineering Matrix Elasticity
	Incorporation of Topographical Features
	Flow Rate
	Chemistry and Biomineralisation

	Concluding Remarks and Future Directions
	Author Contributions
	Funding
	References


