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Every year, cancer claims millions of lives around the globe. Unfortunately, model systems that accu-
rately mimic human oncology – a requirement for the development of more effective therapies for these
patients – remain elusive. Tumor development is an organ-specific process that involves modification of
existing tissue features, recruitment of other cell types, and eventual metastasis to distant organs.
Recently, tissue engineered microfluidic devices have emerged as a powerful in vitro tool to model human
physiology and pathology with organ-specificity. These organ-on-chip platforms consist of cells cultured
in 3D hydrogels and offer precise control over geometry, biological components, and physiochemical
properties. Here, we review progress towards organ-specific microfluidic models of the primary and
metastatic tumor microenvironments. Despite the field’s infancy, these tumor-on-chip models have
enabled discoveries about cancer immunobiology and response to therapy. Future work should focus
on the development of autologous or multi-organ systems and inclusion of the immune system.

� 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

In 2020 alone, there were an estimated 19.3 million new cancer
cases and 9.9 million cancer-related deaths around the world
[1–4], highlighting the tremendous impact this devastating disease
has on human quality of life and global economics. Cancer devel-
ops when human cells acquire the capacity for uncontrolled
growth, usually at the expense of normal host physiology
[2,4–6]. Metastasis—a common step in tumor progression—occurs
when cell(s) from a primary tumor gain migratory phenotypes,
enter the blood or lymph vessels, travel to a distant site, exit the
vessel network, and establish a new colony of cancer cells (i.e., a
tumor) [5–7]. Though primary tumors are the bulk of diagnosed
cases, metastatic cancer accounts for the majority (~90%) of deaths
[8,9].

The hallmark attributes of a tumor lesion, as detailed in a pair of
seminal papers by Douglas Hanahan and Robert Weinberg [5,6],
include rapidly proliferating tumor cells, cancer-associated fibrob-
lasts (CAFs), immune cells, a remodeled extracellular matrix (ECM),
angiogenesis, high interstitial pressure, gradients of soluble factors,
and hypoxia. As a tumor develops, it adapts and modifies the
unique characteristics of the affected organ—for example, the
architecture, specialized cell types, vascular and lymphatic net-
works, oxygen tension, and ECM composition—to support tumor
growth [5–12]. Together, this heterogeneous and dynamic collec-
tion of structures, cells, and physiochemical factors is known as
the tumor microenvironment (TME) (Fig. 1). Recent work demon-
ig. 1. Primary tumor microenvironment. This cartoon rendition of a generalized
mor microenvironment depicts typical features of the TME, including: tumor cells
ellow), fibroblasts (pink), immune cells (purple), an abnormal vasculature (red)
jacent to lymphatic vessels (blue), a remodeled extracellular matrix (green), and

xygen and chemokine gradients (gray). (For interpretation of the references to
lour in this figure legend, the reader is referred to the web version of this article.)
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strates that the TME is a primary driver of tumor progression
and a potential therapeutic target [5,12–14].

Tumor cells can spread from the primary affected organ to a dis-
tant site through a multi-step process known as the metastatic cas-
cade (Fig. 2). This process begins in the primary tumor, with the
secretion of exosomes and soluble factors into the bloodstream.
These signals travel to common metastatic sites, where they are
thought to prime the tissues to support new tumor lesions. Next,
primary tumor cells gain invasive and migratory phenotypes
through an epithelial-mesenchymal transition (EMT). These cells
can then intravasate across the endothelial barrier of blood and
lymph vessels and travel through the body as circulating tumor
cells (CTCs). CTCs that survive in the circulation can extravasate
back across the endothelium of a vessel into a second organ—often
the lung, liver, bone, or brain [5–7]. After extravasating into the
new organ, CTCs undergo a mesenchymal-epithelial transition
(MET), which promotes survival in the tissue parenchyma [7,15].
Cells may also survive in a semi-dormant state before remodeling
occurs [15]. Two early competing hypotheses described the selec-
tion of a metastatic site: Stephen Paget’s 1889 ‘‘seed and soil”
hypothesis argued that CTCs survive and grow in distant organs
that provide a favorable environment [16]; and James Ewing’s
1928 ‘‘mechanical hypothesis” stated that mechanical mechanisms
entrap CTCs at specific locations [17]. A third emerging hypothesis
contends that CTCs that survive initial seeding in a distant organ
either act alone or, more likely, interact with local stromal cells
and/or infiltrating macrophages to create a supportive TME
[18,19].

Current standard-of-care for cancer patients includes surgery,
chemotherapy, and radiation; immunotherapies are emerging as
an exciting new option [2–6]. Though historical identification
and development of these treatments has hugely improved
the prognosis of newly diagnosed cancer patients, the current
pipeline for new oncology therapies is relatively stagnant, with
only 3–5% of anti-cancer agents entering clinical trials ulti-
mately receiving FDA approval [20,21]. This is partly attributed
to the limitations of current preclinical model systems—namely,
2D cell culture, static spheroid/organoid culture, and murine
models—which struggle to recreate the unique geometry, com-
position, and physiochemical properties of the human TME
[21,22].

Recently, organ-on-chip models have emerged as a powerful
tool for the study of human physiology and pathology at the
molecular, cellular, and tissue levels. To create these models,
researchers pattern 3D channels and chambers into poly-
dimethylsiloxane or other flexible polymers using soft lithogra-
phy or 3D printers. The channels and chambers are filled with
hydrogels containing cells or perfused with fluid to mimic the
architecture and mechanical forces of human tissue. Notably,
these models offer a physical scale (tens to hundreds of microm-
eters) that matches that of the TME; a modular design that
enables selection of cells and ECM; and precise control of physio-
chemical properties like interstitial pressure, soluble factor gradi-
ents, and oxygen tension. Further, events in organ-on-chip
platforms can be monitored with high spatiotemporal resolution
using microscopy. However, as an emerging technology, organ-
on-chip models lack standardization, can be technically challeng-
ing to create, and have suffered from limited reproducibility and
throughput [21,23].



Fig. 2. The metastatic cascade. Metastasis from the primary tumor to a distant organ is a multi-step process that takes place through the blood or lymph vessels (this cartoon
depicts the former). (1) The primary tumor releases exosomes and soluble factors that travel to the metastatic site and condition the organ to support metastasis. (2) Primary
tumor cells undergo epithelial-to-mesenchymal transitions (EMT), a change that is marked by invasive and migratory phenotypes. (3) These tumor cells intravasate into the
vessel network and (4) travel through the body as circulating tumor cells (CTCs). (5) CTCs that survive in the circulation and arrive in the target metastatic organ can
extravasate into the organ parenchyma. (6) Tumor cells in the organ parenchyma revert to their original characteristics through the mesenchymal-epithelial transition (MET).
(7) These tumor cells then survive and grow to form a metastatic lesion.
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Numerous recent review papers examine the utility of microflu-
idic models to study specific features of the TME [21,24–33]. Here,
we offer an organ-specific perspective on microfluidic models of
the primary and metastatic TME. We focus our attention on organs
with the highest annual cancer burden (broadly interpreted as inci-
dence plus deaths). These primary tumors are found in the lung,
breast, prostate, colon/rectum, pancreas, and skin. The most com-
monmetastatic sites are the lung, liver, bone, and brain [2–4]. First,
we describe the normal anatomy and physiology of each organ.
Next, we identify the unique features of each tumor lesion, with
a focus on properties that can be modeled using microfluidic tech-
nologies. Then, we summarize current progress modeling each
organ-specific TME using organ-on-chip platforms. Finally, we dis-
cuss gaps in the literature that would improve the organ specificity
of existing models.
2. Primary Tumors

2.1. Lung Cancer

Relevant Anatomy and Physiology. While the primary function of
the lungs is respiratory gas exchange (oxygen and carbon dioxide),
the lungs also have important roles in host defense, acid-base bal-
ance, metabolism, and phonation [34–37]. Respiratory gas
exchange occurs almost exclusively in the delicate alveolar tissue
that is comprised of ‘‘grape-like” clusters of small air-filled sacs
called alveoli (diameter 50–100 lm). The alveoli are located at
the endpoints of bronchi, the branching airways that function as
a conduit for air to travel from the outside environment, through
the trachea, into the alveolar region, and vice versa [34,35]. The
bronchi are supplied by a network of blood vessels—the bronchial
circulation—which is derived from the left side of the heart and
serves to provide nutrients and remove waste products from the
airway tissue [36]. The alveoli have a very thin membrane
3

(0.5 lm) that separates the air from the blood in the pulmonary
circulation. The alveolar membrane consists of type I and type II
epithelial cells, endothelial cells (ECs), and fibroblasts, and is char-
acterized by two major and somewhat unique features: 1) an air-
tissue interface; and 2) cyclical mechanical strain during breathing
[35]. In addition to the cells that comprise the alveolar membrane,
the alveoli also contain leukocytes (predominantly macrophages)
that participate in the innate immune response to inhaled foreign
particles [37]. Blood circulation through the alveoli is derived from
the right side of the heart, which represents the entire cardiac out-
put [36]. An ideal model of the alveolar region of the lung would
recreate its spherical geometry; include a dynamic model of the
pulmonary circulation and interstitial space; incorporate epithe-
lial, stromal, and immune cells; and be subject to cyclic strain at
the magnitude and frequency which matches in vivo conditions.

Primary Lung Cancer. Many outstanding reviews describe the
basic features (categorization, staging, and treatment) of lung can-
cer [12,38]; herein, we will summarize these fundamental features
(Fig. 3A, Table 1), with a focus on those that can potentially be
recreated in a microfluidic model. Lung cancer is the most common
cause of cancer-related deaths worldwide and can be broadly bro-
ken into two major categories: i) small cell lung cancer (SCLC, 10–
15% of all lung cancer); and ii) non-small cell lung cancer (NSCLC,
80–85% of all lung cancer); rare lung cancers comprise the balance
of cases. NSCLC can be further broken down into squamous cell
lung cancer (25–35% of all lung cancer), lung adenocarcinoma
(40% of all lung cancer), and large cell carcinoma (10% of all lung
cancer) [38,39]. The specific cellular source for lung cancer remains
an active area of research and debate. The current consensus sug-
gests that SCLC arise from the neuroendocrine cells in the lung,
while NSCLC arise from the type II alveolar epithelial cell (adeno-
carcinoma) or basal epithelial cells in the larger airways (squamous
cell lung cancer). Generally, lung cancers are highly mutated [39],
and therefore respond well to immunotherapy. Additional features
of the tumor microenvironment present in NSCLC include regions



Fig. 3. Primary lung TME. (A) Lung tumors originate in highly mutated cells lining the alveoli, or air-filled sacs surrounded by blood vessels. The lung TME is characterized by
the presence of immunosuppressive TAMs, MDSCs, and dendritic cells; a stiff ECM composed of laminin, collagen IV, proteoglycans, and hyaluronan; and angiogenesis. (B) The
Ingber lab developed a lung-on-chip model [58]. Epithelial (yellow) and endothelial (red) cells were cultured on opposite sides of a flexible, porous membrane dividing a
chamber into an air channel (upper) and fluid channel (lower); this design replicated the air-tissue interface of the alveoli. Application of vacuum pressure in the adjacent
fluidic lines generated the cyclic mechanical stress of breathing. NSCLC cells (green) were introduced on the epithelial side of the membrane. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 1
A summary of the organ-specific features of common primary tumors.

Primary Tumor Prominent Features

Lung � Highly mutated tumor cells
� Air-tissue interface
� Abundant immune cell infiltrate characterized by TAMs, MDSCs, and dendritic cells
� Stiff ECM rich in laminin, collagen IV, proteoglycans, and hyaluronan
� Large CAF population
� Angiogenesis

Breast � Tumor cells are classified by expression of 3 hormone receptors (progesterone receptor, estrogen receptor, human epidermal growth factor
receptor 2)

� Loss of myoepithelial cells
� Recruitment of macrophages and T cells
� Dense and stiff ECM characterized by aligned collagen fibers
� Large CAF population
� Hypoxia

Prostate � Tumor cells have few mutations, are clonally distinct, and depend on androgen receptor signaling
� Paucity of immune cells, immunosuppression
� Stiff ECM rich in collagen I and tenascin-C, remodeled by MMPs and loss of laminin
� Large CAF population
� Angiogenesis

Colon/rectum � Tumor cells originate in multipotent stem cells found at the base of crypts
� MSI-H tumors: highly mutated, proinflammatory immune cell infiltrate
� MSS tumors: chromosomal abnormalities, immunosuppressive immune cell infiltrate
� Large CAF population
� Microbiome

Pancreas
(PDAC)

� Tumor cells have few mutations
� Abundant immune cell infiltrate characterized by TAMs, Tregs, and MDSCs
� Dense and stiff ECM rich in collagens, hyaluronic acid, and glycoproteins
� Large CAF population
� High interstitial pressure
� Hypovascularization, hypoxia

Skin
(melanoma)

� UV damage produces highly mutated tumor cells
� Air-tissue interface
� Large population of immune cells includes TAMs, neutrophils, NK cells, dendritic cells, and cytotoxic T cells
� Remodeled ECM comprised of collagen, fibronectin, & laminin
� Angiogenesis
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of hypoxia, angiogenesis induced by tumor and immune cell
expression of vascular endothelial growth factor (VEGF) [12,40], a
large population of CAFs, and immune cells. CAFs in the lung
TME support the survival and growth of tumor cells and cancer
stem cells (CSCs) through secretion of chemokines like interleukin
4

(IL)-6 and insulin-like growth factor 2 and promote immunosup-
pression through expression of programmed cell death receptors
and ligands [12]. The immune infiltrate is dominated by immuno-
suppressive myeloid-derived suppressor cells (MDSCs) and tumor-
associated macrophages (TAMs) [12,38], but also includes proin-
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flammatory B and T cells [12] and lymphoid structures that contain
mature and follicular dendritic cells [41]. In addition to the cells
present in the lung tumor microenvironment, the ECM of lung can-
cer is altered and plays an important role in progression and sur-
vival; salient features include enhanced expression of basement
membrane proteins such as laminin and collagen IV, an ECM that
is stiffer compared to normal lung stroma, and altered expression
of proteoglycans and hyaluronan [12,42]. The features of the lung
TME have been shown to impact tumor and immune cell migration
and patient prognosis.

Microfluidic Models of Lung Cancer. While in vitro models of lung
biology and lung cancer have been around for decades, these have
largely been limited to monolayer culture of lung epithelial cells or
planar 3D tissue models with air–liquid interfaces [43,44]. Model-
ing lung biology and physiology using microfluidic devices began
with a seminal report in 2010, in which a monolayer of epithelial
cells and ECs were cultured on opposite sides of a flexible
membrane [45]. The model was able to capture both the dynamic
mechanical strain present in the alveolar region and an air–liquid
interface (Fig. 3B). The model was then used to investigate impact-
ful problems related to immune cell trafficking and drug treat-
ments [45–47]. Together, these studies paved the way for
microfluidic models that captured important features of lung can-
cer, including the airways and the vasculature.

The vast majority of microfluidic models of lung cancer have
used cell lines derived from NSCLC, with the A549 cell line used
most frequently [48–57]. A549 cells grow as a monolayer in 2D
cultures and a spheroid in 3D culture. These cells have been used
for decades in 2D monolayer cultures to model features of normal
lung biology, the type II pneumocyte, and lung cancer, so there is a
wealth of data to compare between microfluidic and traditional
in vitro assays. When cultured in microfluidic devices, A549 cells
typically adopt the spheroid morphology—due to their inability
to form intercellular junctions—and these platforms have been
used to investigate a range of important questions. For example,
a microfluidic device has been used to generate spatial gradients
in growth factors from neighboring stromal cells to understand
fundamental mechanisms related to drug resistance in lung cancer
[49]. Additionally, A549 spheroids cultured in microfluidic devices
have been used to study the efficiency of photodynamic therapy
[50]. Microfluidic devices have also been used to separate distinct
cell types present in lung cancer such as CAFs and ECs [51,55],
enabling precise control and characterization of cell–cell commu-
nication in the lung cancer TME. Multiple studies cultured NSCLC
cell lines (namely, A549 or H1975 cell lines) in microfluidic models
in order to examine the role of mechanical forces present in the
lung—including fluid flow in the interstitium [54] and blood
[51,55], and mechanical stretch (Fig. 3B) [58]—on tumor progres-
sion and drug response. NSCLC cells (H560 cell line) cultured in
microfluidic models have also been used to investigate communi-
cation between a lung tumor and bacteria [59].

Though more limited, several recent studies have demonstrated
the ability to culture primary lung cancer as organoids in microflu-
idic devices [53,60,61]. For example, Li and colleagues isolated
CAFs from patients with lung adenocarcinoma and investigated
their impact on tumor cell (A549) migration [53]. A pair of studies
from the Borenstein group cultured small primary tumor organoids
from NSCLC patient tumor biopsies with autologous tumor infil-
trating lymphocytes under dynamic perfusion, enabling character-
ization of tumor-immune interactions [61] and prediction of
patient-specific response to immune checkpoint blockade thera-
pies [60]. The latter two studies are particularly exciting as they
demonstrate the capacity to probe patient-specific tumor immuno-
biology and drug responses.

Future Directions. Microfluidic models of lung cancer should
carefully consider the tumor cell class (e.g., SCLC or NSCLC) and
5

source (e.g., cell line or primary); the inclusion of additional cell
types, such as ECs, CAFs, and/or immune cells; the source of pro-
teins to model the ECM; and hypoxia. Further, the role of immune
cell phenotype and infiltration, ECM composition, and mechanical
strain on lung cancer biology and response to therapy remain
incompletely characterized.

2.2. Breast Cancer

Relevant Anatomy and Physiology. The breast is a gland located
on the chest; in females, its primary function is to produce milk
for offspring. The gland is responsive to the hormones estrogen,
progesterone, and prolactin, which aid in gland development dur-
ing puberty and pregnancy [62,63]. Each mammary gland consists
of 15–20 lobes, where each lobe is a group of 20–40 functional
units known as terminal ductal lobular units (or, lobules). The lob-
ules (1–4 mm) are clusters of 10–100 tiny sack-like acini (~100 mm)
[62]. Acini are hollow structures with an inner lining of milk-
producing epithelial cells surrounded by a layer of myoepithelial
cells and enclosed in a protective basement membrane. The basal
myoepithelial cells generate contractile force to eject milk from
the lumen of the acini into collecting ducts, and a network of ducts
carries the milk from the lobules to the nipple [10,62,64]. The lobes
of the mammary gland are situated in connective tissue comprised
of ECM rich in laminin and collagen; containing adipocytes and
fibroblasts; and interlaced with lymphatic and blood vessels
[10,63,64].

Primary Breast Cancer. Breast cancers (BCs) (Fig. 4A, Table 1) are
classified into two broad categories based on their cellular origin:
carcinomas originate from epithelial cells lining ducts or lobules
and account for ~ 95% of all BCs, while sarcomas arise from ECs
or myofibroblasts and comprise < 1% of all BCs. Ductal carcinoma
in situ (DCIS) tumors remain restricted to the luminal structures
and account for ~ 15% of all newly diagnosed carcinomas. The
remaining 85% of carcinomas are invasive; that is, they have brea-
ched the connective tissue and entered the surrounding fatty tis-
sue, have lost the basement membrane and myoepithelial cells
found in healthy lobules, and possess a significant potential to
enter the lymphatics or blood vessels and metastasize to different
organs [10,65]. BC is also classified based on the presence or
absence of hormone receptors—namely, the progesterone receptor,
estrogen receptor, and human epidermal growth factor receptor 2.
Tumors lacking all three receptors—known as triple-negative BC—
exhibit basal-like molecular subtyping, more aggressive biologic
behavior, poorer patient prognoses, and resistance to standard
chemotherapy regimens [65].

Following activation by soluble factors released by tumor cells,
CAFs and TAMs remodel the ECM found in healthy breast tissue to
generate the distinctively dense and stiff ECM found in the BC TME.
This process is marked by deposition of collagen I, matrix metallo-
proteinases (MMPs), and tissue inhibitors of metalloproteinases,
followed by crosslinking and alignment of collagen fibers
[10,64,66,67]. Since tumor cells migrate along aligned collagen
fibers, the remodeled ECM promotes tumor invasion and metasta-
sis. In fact, alignment of collagen fibers perpendicular to the TME
correlates with worse patient prognoses [68]. The stiffness of the
ECM found in BC tumors also compresses blood vessels, leading
to hypoxia [67]; alters gene expression in epithelial and stromal
cells to promote tumor progression and resistance to therapy
[10,66]; generates regions of highly concentrated cytokines
[66,67]; and increases integrin clustering and signaling in tumor
cells, enabling invasive phenotypes [66,67]. The BC TME is also
marked by loss of tumor-suppressive myoepithelial cells [10,64]
and hypoxia (partial pressure of oxygen of 10 mm Hg). Hypoxia
and subsequent HIF-1a expression in BC tumors promote angio-
genesis and tumor cell growth, motility, EMT, and metastasis to



Fig. 4. Primary breast TME. (A) Breast cancers arise in the milk-producing epithelial cells found in acini and are classified by their expression of 3 hormone receptors
(progesterone receptor, estrogen receptor, and human epidermal growth factor receptor 2 hormone). The BC TME is characterized by recruitment of macrophages and T cells;
a large CAF population; a dense, stiff ECM marked by aligned collagen fibers; and hypoxia. (B) Our lab reported a microfluidic device that enables precise spatiotemporal
control of oxygen device in a hydrogel. We used the platform to study the effects of hypoxia on the BC cell line MDA-MB-231 [78]. Reproduced from Ref. 78 with permission
from The Royal Society of Chemistry.
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neighboring lymph nodes. Hypoxia in the TME is also linked to
expression of enzymes that crosslink and organize collagen, further
stiffening the ECM [69].

Microfluidic Models of Breast Cancer. The unique features of the
breast tissue—including acini structure, matrix stiffness, and
immune and stromal cell populations—play a critical role in BC
development and progression. Since microphysiological systems
offer facile control over these architectural and environmental fea-
tures, they represent a potent tool for the study of carcinomas and
sarcomas in breast tissue. For example, a recent report recreated
the structure of acini by coating normal mammary ductal epithelial
cells and a collagen hydrogel seeded with randomly distributed
mammary fibroblasts on either side of a semipermeable, ECM-
coated membrane representing the basement membrane. DCIS cell
spheroids introduced on the epithelial side of the membrane inte-
grated with the epithelium, did not invade the stromal layer, and
were sensitive to the chemotherapy paclitaxel (normal mammary
epithelial cells showed no chemotoxicity) [70]. In another
microfluidic model of DCIS, a hollow conduit lined with mammary
epithelial cells was patterned into a collagen hydrogel containing
mammary fibroblasts [71,72]. DCIS cells introduced into the lumen
increased hypoxia throughout the microphysiological model;
relied on both enhanced glucose metabolism and glycolysis; and
were selectively targeted by the chemotherapy doxorubicin [72].
Additionally, paracrine signaling from fibroblasts induced DCIS
cells to breach the epithelial wall, providing insight into how
in situ tumors evolve towards invasive ductal carcinoma [71].

Microfluidic models that incorporate the microvasculature—ei-
ther through patterning techniques [73,74] or self-organization of
ECs [75,76]—enable study of angiogenesis and intravasation in
the BC TME. For example, Zervantonakis et al. [73] examined
intravasation in a device where an ECM-filled chamber separated
an EC-lined channel from a chamber filled with BC cells in a hydro-
gel. Macrophages in the lumen of the vessel-mimetic chamber
secreted tumor necrosis factor (TNF)-a, which increased both the
permeability of the endothelial barrier and BC cell intravasation
into the chamber. A similar study introduced natural killer (NK)
cells into EC-lined channels on either side of a hydrogel containing
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BC spheroids. The NK cells migrated towards and penetrated the
spheroids, where they killed tumor cells; NK cytotoxicity was
enhanced by cancer-targeted antibodies, replicating antibody-
dependent cell cytotoxicity [77]. In a 2018 study by our group,
ECs and normal fibroblasts were combined to generate self-
assembled microvascular networks in the central chamber of a
device. Then, patient-derived BC tumor organoids were introduced
into adjacent chambers; the BC cells induced angiogenesis from
the quiescent vascular network into the tumor chamber and intra-
vasated into the capillary lumens. We also delivered chemothera-
pies to the tumor organoids through the vascular network and
observed reductions in both angiogenesis and tumor growth,
demonstrating the utility of the platform for personalized medi-
cine applications [75].

Additional microfluidic models mimic the unique features of
the BC TME, including hypoxia [78,79] and tumor-stromal cell
interactions [80–83]. Recently, our group established a spatiotem-
poral method to precisely control oxygen tension in a microfluidic
device [79]. We applied the technique to show that even mild
hypoxic conditions (oxygen tension < 4%) increase the proliferation
and migration of MDA-MB-231 BC cells in fibrin gels and that these
phenotypes depend on HIF-1a expression (Fig. 4B) [78]. Truong
and colleagues cultured the BC cell line SUM-159 in a circular
chamber adjacent to a concentric chamber; the chambers were
filled with hydrogels comprised of Matrigel, collagen, or a mix of
the two. In this device, the research team showed that when the
concentric chamber contained i) an EGF gradient [83] or ii)
patient-derived CAFs [82], BC cells migrated towards and invaded
the outer chamber. Morgan et al. [81] explored estrogen signaling
in an organotypic microfluidic model comprised of a MCF7 BC cell-
lined lumen in a hydrogel embedded with fibroblasts. The results
show that 17-b estradiol increases MCF7 proliferation and that
fibroblasts moderately enhance this effect. Further, the team incor-
porated patient-derived stromal cells into the system and exam-
ined the efficacy of therapies that inhibit estrogen signaling. They
found that inhibiting the enzyme aromatase—which is expressed
in stromal cells and metabolizes testosterone to estrogen—is more
effective in stromal cells from lean than obese patients. In addition
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to shedding light on the moderate efficacy of aromatase inhibitors,
the results highlight the utility of the platform for personalized
medicine [80].

Future Directions. Current microfluidic models accurately recre-
ate the architecture of breast tissue and separately incorporate
CAFs, immune cells, or hypoxia. However, a comprehensive plat-
form remains elusive, and only a few model systems use primary
cell sources. Additionally, the technology used to model blood ves-
sels in the TME should be adapted to model lymphatic vessels, a
key feature of both breast tissue anatomy and BC metastasis. Fur-
ther, microfluidic models have the potential to more fully elucidate
the role of hormone signaling in BC development, progression, and
response to therapy.
2.3. Prostate Cancer

Relevant Anatomy and Physiology. The male prostate is a walnut-
sized gland located at the base of the bladder and in front of the
rectum; its primary function is to secrete alkaline fluids that
protect and nourish sperm [84–86]. The gland is encased in fibro-
muscular tissue, bisected by the urethra, and composed of many
interconnected acini. The urethra is a tube through which urine
and sperm flow, and the fibromuscular tissue surrounding the
gland—composed of smooth muscle and collagen—facilitates fluid
flow to and through the urethra [84]. Acini in the prostate are hol-
low spheres with three concentric layers: an outer basement mem-
brane, a basal cell barrier, and an inner lining of secretory cells. The
basal cell barrier separates the basement membrane from the
secretory cells—a structure typical of glandular organs—and is also
dotted with a handful of neuroendocrine cells, which support the
growth of secretory cells through paracrine signaling. The inner-
most secretory luminal cells are dependent on the hormone andro-
gen to produce and release specialized fluids into the core of the
acini; these fluids then pass through a network of ducts to the ure-
thra, where they protect and nourish sperm during ejaculation
[85]. The prostate gland can be classified into three morphological
zones—the transition zone, the central zone, and the proximal
zone—each of which is linked to specific diseases [85,86] and
loosely interlaced with smooth muscle tissue [84]. The proximal
zone accounts for the majority of the gland (70% volume), is
located towards the base and along the outside of the gland, and
gives rise to the majority of prostate cancers [84,85].
Fig. 5. Primary prostate TME. (A) Prostate cancers develop in secretory cells in acini, have
is characterized by an immunosuppressive environment largely devoid of immune cells; a
PCa TME was modeled using a modular microfluidic device composed of separate chamb
these chambers can be stacked and analyzed with precise temporal control.
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Primary Prostate Cancer. Prostate cancer (PCa) (Fig. 5A, Table 1)
is the second most commonly diagnosed cancer in males. The
majority of PCas are adenocarcinomas that originate in secretory
cells found in the proximal zone. PCas can also form in neuroen-
docrine cells, and these tumors are particularly aggressive
[84,85]. The development of adenocarcinomas in the prostate
begins with uncontrolled growth of secretory cells in the acinar
core and loss of basal cells; the disease is considered invasive when
the basement membrane surrounding the acini is broken [85]. PCas
are uniquely heterogeneous and tumor cells in adjacent acini are
often clonally distinct [85]. Additionally, these tumor cells are rel-
atively slow growing, display chromosomal abnormalities (mostly
allelic losses), and demonstrate aberrant androgen receptor (AR)
and phosphoinositide 3-kinase signaling [11,85,87].

Aberrant AR signaling is a hallmark of PCa and a frequent ther-
apeutic target [85,87–89]. AR is a transcription factor that
increases cellular growth and proliferation following binding of
agonists like testosterone and 5a-dihydrotestosterone. In PCa, AR
signaling is upregulated through overexpression of AR or its coac-
tivators, mutations in the binding pocket of AR that expand the
ligands it recognizes, or ligand-independent AR activation
[88,89]. Therapies that block AR signaling—including removal of
the testosterone-producing testes and treatment with AR antago-
nists—are effective in early-stage cancers, but often lead to the
development of androgen-independent tumors, which are associ-
ated with invasive tumor cell phenotypes, metastasis, and poor
patient prognosis [88,89].

Crosstalk between stromal cells and cancer cells is a driving
force for carcinogenesis in the prostate [11,85,90,91]. The stromal
cell population in the PCa TME is larger than and activated com-
pared to that found in healthy prostate tissue. These cells are
involved in ECM remodeling—specifically, loss of laminin, deposi-
tion of collagen I and tenascin-C, and secretion of proteases includ-
ing MMPs—and these changes increase matrix stiffness and
promote tumor cell proliferation, migration, and metastasis [90–
92]. Enhanced fibroblast growth factor (FGF), Src, and VEGF signal-
ing by stromal cells in the PCa TME promotes neovascularization of
the tumor [11,90]. The stroma also contributes to dysregulation of
the transforming growth factor b (TGFb) pathway, which is
involved in ECM deposition, immune cell modulation, and tumor
cell proliferation and resistance to AR therapy [11].

PCa also demonstrates a unique immunosuppressive TME
[87,91]. Tumor cells have a low mutational burden, often retain
a low mutational burden, and depend on androgen receptor signaling. The PCa TME
n abundant CAF population; and a stiff ECM rich in collagen I and tenascin-C. (B) The
ers containing tumor cells, monocytes, and vascular networks [96]. As pictured here,
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the cellular machinery necessary for genetic repair, and downreg-
ulate expression of major histocompatibility complex I and phos-
phatase and tensin homolog deleted on chromosome ten (the
former enables T cell recognition of cancer cells, the latter is
involved in recruitment of immunosuppressive cells) [87]. TAMs,
MDSCs, and regulatory T cells (Tregs) in the PCa TME may support
tumor growth and progression [87,91]. In contrast to patterns
observed in other tumors, high T cell infiltration into the PCa
TME correlates with poor patient prognosis. An explanation for this
effect remains undetermined, though it may be linked to aberrant
T cell function—for example, suppression or exhaustion—induced
by the TME [87].

Microfluidic Models of Prostate Cancer. Jiang and colleagues
reported amicrofluidicmodel of a healthyprostate gland,which fea-
tures perfusion coculture of prostate stromal and basal cells on
opposite sides of a flexible, porousmembrane. Thismodel simulates
paracrine communication between the cells types, exemplified by
the differentiation of basal cells to secretory cells through an AR-
mediated mechanism [93]. Additionally, microfluidic models of
the PCa TME have sought to mimic stromal-tumor cell crosstalk
[94], simulate immunity [95,96], and test chemotherapeutic drugs
[97,98]. To mimic a prostate duct in a microfluidic device, Kerr and
colleagues cultured epithelial cells in a lumen surrounded by
matrix-embedded fibroblasts; the cells were selected to represent
various stages of PCa progression. Peripheral blood mononuclear
cells (PBMCs) cultured in the lumen of metastatic TME models
demonstrated a higher redox ratio—a state linked to immunosup-
pression—and increased expression of genes associated with angio-
genesis, tumor cell proliferation and migration, and pro-tumor
processes than PBMCs in primary TME models [95]. A 2019 report
outlined a microfluidic device comprised of stackable layers of
chambers; this platform offers unique temporal control overmicro-
tissue contact and analysis (Fig. 5B). As proof-of-concept, the study
explored the impact of androgen-dependent and -independent PCa
cells on macrophage phenotype and function. The results showed
that androgen-independent PCa cells differentiated macrophages
towards immunosuppressive phenotypes, which support angiogen-
esis; in contrast, androgen-dependent PCa cells fostered pro-
inflammatory macrophage phenotypes and blood vessel networks
characterized by short branches [96]. Further, Pandya et al. [97]
combined perfused 3D culture of tumor cells (including PCa) and
electrical sensing in a microfluidic device to rapidly screen the effi-
cacy of chemotherapies. Lin et al. [98] created a concentration gradi-
ent of the therapy docetaxel in a microfluidic device to characterize
the relationship between this condition and the development of PCa
resistance to therapy. Another study showed that paracrine hedge-
hog signaling fromstromal cells supports tumor cell growth through
culture of stromal and tumor cells in separate chambers of a
microfluidic device [94].

Future Directions. Despite the prominent role of AR signaling on
PCa development, microfluidic models recapitulating this feature—
and the subsequent development of resistance to AR-directed ther-
apies—are currently limited. Adding this feature to the current
morphologically accurate models of primary and metastatic PCa
acini and ducts may produce useful insight into patient prognosis
and response to therapy. Additionally, incorporating multiple
immune cell lineages into future models may help answer open
questions about immunosuppression—especially the unusual func-
tion of T cells—in the PCa TME. A complete model of the TME
should also include the ECM composition and stromal cell popula-
tions typical of PCa.

2.4. Colorectal Cancer

Relevant Anatomy and Physiology. The colon, also known as the
large intestine, is the final section of the digestive system. It is a
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folded organ that is approximately 5 feet long and narrows from
start to end. It is located directly after the small intestine and con-
sists of six anatomically consecutive parts: the cecum; the ascend-
ing, transverse, descending, and sigmoid colon; and the rectum.
The primary functions of the colon are to absorb water and elec-
trolytes from digested food, absorb and produce vitamins, and pass
increasingly solidified waste forward. The rectum stores feces prior
to defecation [99–101].

The wall of the colon consists of five layers. From the lumen out,
these are: the mucosa, the submucosa, the muscularis propria, the
subserosa, and the serosa [101]. The mucosa consists of a single
layer of epithelial cells arranged into long narrow invaginations
(or crypts). There are two types of epithelial cells: absorptive cells
and secretory luminal cells. The latter produces a thick mucus layer
that covers the mucosa, facilitating movement of waste through
the colon [99]. Commensal bacteria in the lumen of the colon pro-
duce vitamins, degrade insoluble fibers like cellulose, and maintain
homeostasis in the colon [99,100,102]. The submucosa is a subep-
ithelial layer of connective tissue and lymph nodes. The muscularis
propria is a thick layer of smooth muscle cells that rhythmically
contract to generate peristalsis and move waste forward through
the colon [99]. The subserosa and serosa are thin layers of fat
and connective tissue, respectively, which encase the colon
[100,101].

Primary Colorectal Cancer. Colorectal cancer (CRC) arises from
multipotent stem cells found at the base of crypts following accu-
mulation of genetic mutations and epigenetic changes [103–106].
Frequently mutated genes include adenomatous polyposis coli,
Smad4, TP53, and PIK3CA [103]. Cancer lesions develop gradually:
first, the mutated multipotent stem cells develop into premalig-
nant polyps on the lining of the colon and rectum, then these
polyps project into the lumen of the intestine, and eventually the
tumor cells invade the mucosa (Fig. 6A, Table 1) [104,107]. CRCs
can generally be categorized as microsatellite stable (MSS, ~85%
of all CRC) or microsatellite instability-high (MSI-H, ~15% of all
CRC). In MSI-H tumors, the DNA mismatch repair mechanism is
dysfunctional, which leads to highly mutated, poorly differentiated
tumor cells and a high infiltration of proinflammatory immune
cells into the TME [103,105,106,108]. On the other hand, MSS
tumors exhibit fewer mutations and have a TME that is largely
absent of immune cells, but display more chromosomal abnormal-
ities (deletions, amplifications, and translocations) and are more
aggressive [103,105–107].

Tumor infiltrating immune cells play a key role in CRC tumor
development and progression [109]. In fact, a metric known as
the ImmunoScore—or, the density of immune cells in the tumor—
predicts patient prognosis more accurately than traditional tumor
staging [110,111]. In detailed recent studies, infiltration of the CRC
TME by T helper 1 cells, M1 macrophages, dendritic cells, and NK
cells has been linked to favorable patient prognoses, while the
presence of M2 macrophages, MDSCs, T helper 17 cells, and B cells
has been associated with poor outcomes [112–114]. The micro-
biome in the colon also influences inflammation and carcinogene-
sis in the tissue [115]. Imbalances and the presence of specific
bacteria—for example, Fusobacterium [116]—support the develop-
ment of CRC. The mechanisms behind these effects remain rela-
tively unexplored, but may include secretion of metabolic
byproducts, bacterial invasion of tissue, and interactions between
bacteria and immune cells [115].

The positive feedback loop between CAFs and tumor cells is a
distinguishing feature of the CRC TME. First, tumor cells secrete
growth factors like platelet-derived growth factor, TNF, and FGF,
which activate normal fibroblasts and promote differentiation
towards CAF phenotypes; subsequently, CAFs become the main
cellular component within the reactive tumor stroma [117,118].
Then, CAFs secrete chemokines like stromal cell-derived factor 1,



Fig. 6. Primary colorectal TME. (A) Colorectal cancers develop when the multipotent stem cells found at the base of crypts accumulate genetic mutations, chromosomal
aberrations, and/or epigenetic changes. The CRC TME is characterized by a large CAF population and contact with the microbiome. (B) Our lab developed a high-throughput
tumor-on-chip platform (top) [137]. Each tumor-on-chip model in the platform consisted of a vascularized TME (bottom), which included ECs (red), fibroblasts (blue), and
CRC tumor cells (green). The device was used to study tumor cell crosstalk with stromal cells, gene expression, and response to therapy. J. Hachey, S. Movsesyan, Q.H. Nguyen,
G. Burton-Sojo, A. Tankazyan, J. Wu, T. Hoang, D. Zhao, S. Wang, M.M. Hatch, E. Celaya, S. Gomez, G.T. Chen, R.T. Davis, K. Nee, N. Pervolarakis, D.A. Lawson, K. Kessenbrock, A.P.
Lee, J. Lowengrub, M.L. Waterman, C.C.W. Hughes, An in vitro vascularized micro-tumor model of human colorectal cancer recapitulates in vivo responses to standard-of-care
therapy, Lab Chip, 21 (2021) 1333–1351. - Published by The Royal Society of Chemistry. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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hepatocyte growth factor, and VEGF; deposit collagen; and pro-
duce proteins that remodel the ECM. These conditions maintain
CSCs, support tumor cell invasion and metastasis, and promote
neovascularization [104,119–121]. Dysregulation of the TGFb sig-
naling pathway is a particularly prominent feature of the CAF-
tumor cell feedback loop [104,117,120] and contributes to self-
renewal of CRC CSCs [122], sustained tumor growth [122,123],
induction of EMT [124,125], and resistance to chemotherapy [126].

Microfluidic Models of Colorectal Cancer. Recent microfluidic
models mimic the physiology of the human colon. These models
typically consist of adjacent channels separated by an ECM-
coated membrane on which colon epithelial cells are grown
[102]. Fluid flow through the cell-lined channel mimics movement
of digested food and waste through the colon, and the models may
also include cyclic mechanical stress simulating peristalsis [127],
bacteria found in the microbiome [127–129], and/or geometry
mimicking the crypt-villi architecture [130]. Like natural colon
tissue, these models feature an absorptive epithelial barrier
[127,128], support stem cell maintenance and differentiation
[130], and produce mucus [127,129]. We also recently presented
a model of a vascularized gut-on-chip that included perfused ves-
sels, primary intestinal epithelial cells, and patient-derived gut
myofibroblasts [131].

Additional microfluidic models of CRC have enabled examina-
tion of angiogenesis [75,76,132,133], nutrient gradients
[134,135], stromal-tumor cell crosstalk [133,136,137], immunity
[22,134,138–142], gene expression [137], response to therapy
[75,76,132,136–141,143,144], and the microbiome [145] in the
TME. For example, when CRC tumor cells in Matrigel were cultured
in a circular chamber adjacent to colonic EC-lined channels, the ECs
sprouted into the tumor chamber, mimicking angiogenesis in the
TME. This model was also used to test nanoparticle-based delivery
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of the chemotherapy gemcitabine and analyze gene expression in
tumor cells following therapy [132]. In a vascularized tumor-on-
chip model wherein a self-assembled vascular network supports
the growth of tumor cell lines (including those from CRC), we
demonstrated that anti-angiogenic therapies inhibited tumor cell
growth [76]. Ayuso and colleagues developed a microfluidic device
with i) a large (millimeters wide) chamber filled with hydrogel-
encapsulated cancer cells and ii) adjacent fluidic lines to mimic
the blood vessels and deliver nutrients. They used the platform
to demonstrate that hypoxia, limited nutrients, and low pH reduce
proliferation and viability of the CRC cell line HCT-116 [134,135].

Microfluidic devices have also been used to reconstruct cross-
talk between cell types in the CRC TME (Fig. 6B) [133,136–142].
Two independent studies cultured tumor cells and fibroblasts in
adjacent channels of microfluidic devices and demonstrated that
paracrine signaling [133] from and ECM deposition [136] by
fibroblasts promotes growth and proliferation of CRC cell lines. In
another microfluidic model of the CRC TME, Parlato and colleagues
characterized the relationship between tumor cells and dendritic
cells—which educate T cells through presentation of antigens fol-
lowing phagocytosis of tumor cells—in the absence and presence
of novel anti-cancer therapy. The therapy increased dendritic cell
migration towards and interaction with tumor cells, an effect reg-
ulated by the CXCR4/CCL12 signaling axis [138]. In a study from
our group, we cultured a self-assembled vasculature in the central
chamber of a device and patient-derived tumor cells in adjacent
chambers. Co-culture of M1 macrophages in the tumor cell cham-
bers reduced angiogenesis and tumor growth, while M2 macro-
phages facilitated angiogenesis, tumor growth, and tumor
migration into the vasculature; these effects were mediated by sol-
uble factors [142]. Additionally, patient- and murine-derived CRC
spheroids cultured in perfused microfluidic devices retain their
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tumor, stromal, and immune cell populations; mimic the in vivo
response to checkpoint blockade immunotherapies; and can be
used to screen novel therapies [139–141].

A handful of reports used microfluidic technology to couple the
CRC TME to models of other organs, providing a systemic perspec-
tive on response to therapy [143,144] and metastasis [146,147].
Sung and colleagues cultured liver, CRC, and bone marrow cell
lines in 3D hydrogels connected by fluidic lines. Following admin-
istration of the chemotherapy 5-fluorouracil, they characterized
cell viability and drug concentration in each compartment and
used the results to build a mathematical model describing the
drug’s pharmacokinetics and pharmacodynamics [143]. In related
work, we cultured CRC cell spheroids and iPS-derived cardiomy-
ocytes in microfluidic chambers separated by a channel lined with
iPS-derived ECs to mimic the vasculature; we then evaluated the
anti-cancer efficacy and cardiotoxicity of the chemotherapies dox-
orubicin and oxaliplatin. We found that both drugs reduced tumor
growth and doxorubicin induced cardiotoxicity at its IC50, while
oxaliplatin required concentrations above its IC50 to do the same,
matching clinical observations [144]. These models enable scien-
tists and clinicians to quantify drug kinetics and dynamics and
screen therapies for off-target effects in humanized and potentially
personalized systems; further, they can be adapted to other tumor
types and/or organ systems.

Future Directions. Most microfluidic models of CRC rely on cell
lines; primary cell sources and more consideration of tumor cate-
gory (i.e., MSI-H versus MSS) will improve the biological and clin-
ical relevance of future models. Additionally, very few current
models include CAFs, despite their prominence in the CRC TME.
Future CRC models should also incorporate the colon-specific fea-
tures—for example, flow through the colon, peristalsis, and the
microbiome—found in microfluidic models of healthy colon tissue.
2.5. Pancreatic Cancer

Relevant Anatomy and Physiology. The pancreas is a long, slender
organ located behind the stomach and between the duodenum—
the first section of the small intestine—and the spleen. Structurally,
the pancreas consists of a wide lobe next to the duodenum known
as the ‘‘head”; the ‘‘body” of the organ tapers to a narrow ‘‘tail”
located near the spleen. The pancreas tissue is composed of exo-
Fig. 7. Primary PDAC TME. (A) Pancreatic ductal adenocarcinomas form in exocrine cells t
by its uniquely dense and abundant ECM; large populations of CAFs and immune cells
vessels present in the pancreas, Nguyen et al. [170] lined channels embedded in collagen
invasion into blood vessels. (For interpretation of the references to colour in this figure
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crine (>80% volume) and endocrine (<2% volume) tissues [148–
150]. The exocrine tissue produces digestive enzymes which drain
through the pancreatic duct into the duodenum, where they facil-
itate digestion and absorption of nutrients and neutralize stomach
acid. The enzyme-secreting glandular cells are highly polarized,
arranged into hollow acini, and capable of storing digestive
enzymes for release following stimulation. The acini are connected
through a series of ducts lined by cells that produce bicarbonate to
neutralize stomach acid [149]. The endocrine tissue secretes hor-
mones—namely, insulin, glucagon, and somatostatin—that regulate
blood glucose levels. These cells are arranged into islets—also
known as islets of Langerhans—which are interspersed throughout
the organ and release their products directly into the blood stream
[150,151]. The endocrine and exocrine structures are surrounded
by pancreatic stellate cells, a specialized fibroblast that deposits
ECM and supports each tissue’s specialized structure [150]. The
pancreas has a dual blood supply (celiac and superior mesenteric
arteries) and is laced with sympathetic and parasympathetic
nerves [149,150].

Primary Pancreatic Cancer. Pancreatic cancers originate in the
exocrine cells (95% of cases) or endocrine cells (5% of cases)
[152]. Pancreatic ductal adenocarcinoma (PDAC)—an adenocarci-
noma of the exocrine cells lining the ducts, typically found in the
head of the pancreas—is among the most aggressive, lethal, and
difficult to treat cancers. Though PDAC is a rare disease, it is the
third leading cause of cancer-related death in the United States
because cases are often metastatic at diagnosis and largely refrac-
tory to current therapies [150,153–158]. Pancreatic neuroen-
docrine tumors develop in islet cells and offer more favorable
patient prognoses [152].

The PDAC TME (Fig. 7A, Table 1) demonstrates a uniquely dense,
fibrotic stroma [153,156,157,159,160]; hypovascularization
[153,156,157,159]; hypoxia [153,160,161]; and immunosuppres-
sion [154,156,158,160]. ECM in the PDAC TME is dense, stiff, and
rich in collagens, hyaluronic acid, and glycoproteins
[153,156,159,160,162]. The abundance and composition of the
ECM serve as a nutritional source for PDAC cells and promote
tumor cell proliferation, migration, and invasion [159,160]. The
density of the ECM, combined with water retention by glycopro-
teins, generates high interstitial fluid pressure in the pancreas,
which prevents perfusion of the tumor and efficient delivery of
hat line the ducts and have a lowmutational burden. The PDAC TME is characterized
; and hypovascularity accompanied by hypoxia. (B) To mimic the ducts and blood
gels with tumor cells (green) or ECs (red). The device was used to study tumor cell
legend, the reader is referred to the web version of this article.)
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anti-tumor therapeutics; hence, the ECM is a potential therapeutic
target [155,159,160]. Hypoxia in the TME induces tumor cell EMT,
invasion, and metabolic changes; activates CAFs; supports
immunosuppressive TAMs and excludes proinflammatory T cells;
and contributes to resistance to treatment [153,160,163–166].

The cellular component of the PDAC stroma is dominated by
CAFs [159,162] but also includes immune cells, while tumor cells
comprise a small minority of cells. Together, CAFs and immune
cells can comprise > 50% of the tumor mass [156], a particularly
unique feature of PDAC relative to other tumors. CAFs in the PDAC
TME originate from pancreatic stellate cells and can take on multi-
ple tumor phenotypes [153,162]. Inflammatory CAFs deposit the
ECM and promote tumor growth and neoangiogenesis. Myofibrob-
last CAFs establish immunosuppression in the TME; for example,
they secrete granulocyte–macrophage colony-stimulating factor
to recruit macrophages [162]. The immune infiltrate in the PDAC
TME is predominantly immunosuppressive MDSCs, TAMs, and
Tregs [156,158,160,165]. The MDSCs are recruited to the tumor
from the bone marrow when PDAC tumor cells co-opt chemokine
pathways like CCL2/CCR2 and CXCL1-3/CXCR2 [167,168]. PDAC
tumor cells have a low mutational burden and the TME is largely
devoid of T cells; however, some tumors display high T cell infiltra-
tion and these patients have better clinical outcomes
[154,158,165,169].

Microfluidic Models of Pancreatic Cancer. Recent work has capi-
talized on microfluidic technology to mimic the PDAC TME’s dis-
tinctive physiochemical properties [170–172], cell–cell
interactions [170,171,173–176], and resistance to therapy [171–
173,175,176]. For example, Nguyen and colleagues introduced a
collagen hydrogel-filled device that includes adjacent channels,
one filled with PDAC cells in a hydrogel and the other lined with
EC cells (Fig. 7B). The team used the device to probe the paradox
presented by PDAC’s early metastasis and apparent hypovascular-
ity, and found that PDAC cells migrate towards and invade into the
vascular channel, where they kill ECs and eventually fill the chan-
nel. Further, the team demonstrated that activin-ALK7 signaling
mediates this process and replicated their findings in mice [170].
Kramer et al. [172] developed a high-throughput microfluidic
device with controllable and quantifiable interstitial flow. In this
device, PDAC cells cultured under high interstitial pressure were
viable but less proliferative than cells cultured under normal per-
fusion conditions. Further, tumor cells under high interstitial pres-
sure were resistant to the common treatment gemcitabine, which
the research team attributed to upregulation of MRP efflux trans-
porters rather than exclusion of the drug from the TME. This model
provides unique insight on the role of high interstitial pressure in
the PDAC TME. Lee and colleagues cultured pancreatic stellate cells
and PDAC spheroids in adjacent chambers of a collagen hydrogel-
filled microfluidic device. The pancreatic stellate cells enhanced
tumor cell growth, EMT, and migration and modified the response
to common chemotherapies; meanwhile, PDAC cells differentiated
PSCs to an activated phenotype that included increased growth and
migration and a spindle-like morphology [171]. Additional studies
have shown that PDAC cell lines cultured in microfluidic platforms
mimic in vivo PDAC TME cell–cell interactions [173–176], EMT
[174,177], ECM remodeling [174,176], and response to chemother-
apies [173,175–177].

Future Directions. The current generation of microfluidic devices
used to model the PDAC TME lack several distinct features of the
tumor, including the immune cell infiltrate, hypoxia, and the
dynamic and overwhelming desmoplastic stroma. These models
also typically use cell lines—some of which are derived from
mice—and future iterations should prioritize the use of human
and primary cell sources. Further, a PDAC TME model integrated
with a bone marrow tissue model would permit studies of the
recruitment of myeloid cells from the bone marrow to the tumor,
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which is believed to be a primary mechanism for development of
immunosuppression in the PDAC TME.

2.6. Skin Cancer

Relevant Anatomy and Physiology. The primary role of the skin is
to provide a barrier between the environment and the organism; it
acts as a physical barrier and provides a unique immune system
responsive to trauma, pathogens, and external stimuli/stressors
(for example, ultraviolet (UV) light). The organ also regulates tem-
perature and hydration, transmits sensation, and stores nutrients
[178–180]. The skin is a few millimeters thick and has three layers:
the epidermis, dermis, and hypodermis [178]. The epidermis,
which directly interfaces with the environment, is an avascular
sheet composed of keratinocytes, basal cells, melanocytes, and
immune cells [178]. The inner layer of the epidermis is dominated
by rapidly reproducing, rounded basal cells. As these cells travel
towards the surface of the epidermis, they mature into stratified
keratinocytes—also known as squamous cells—that produce ker-
atin, a hard protein that protects the organism from physical
threats. Humans constantly shed dead keratinocytes from the sur-
face of the skin [178,180]. Melanocytes produce the pigment mel-
anin, which protects the organism from UV light [178]. The dermis
is a dense layer that hosts blood and lymphatic vessels, nerves,
fibroblasts, and immune cells [178,179]. The hypodermis is a vas-
cularized layer of fat tissue separating the skin from the muscu-
loskeletal system [178,180]. The skin has an abundant ECM—
composed of collagen, proteoglycans, and elastin—which gives
the organ its distinctive flexibility [178–180]. The organ is also
interspersed with cells and structures related to the autonomic
nervous and auto/paracrine systems (e.g. hair follicles and seba-
ceous glands) [178].

Primary Skin Cancer. Skin cancer is the most commonly diag-
nosed cancer, and the large majority of these lesions arise from
squamous cells, basal cells, or melanocytes [181,182]. These can-
cers can be found in any cutaneous location, but are most common
in sun exposed areas (i.e., back, face, and shoulders). UV radiation
from the sun plays a key role in skin carcinogenesis; specifically,
UV radiation penetrates the skin and damages cells and DNA
[182]. Basal and squamous cell skin cancers account for ~ 75%
and ~ 20% of cases, respectively, and are very treatable. Though
melanomas—which originate in melanocytes—account for only
1% of diagnosed skin cancers, they are more aggressive and thus
are a primary focus of current skin cancer research. Less common
skin cancers include Merkel cell carcinoma, skin lymphoma, and
Kaposi sarcoma [181].

Basal and squamous cell carcinoma cells frequently carry UV-
induced mutations in oncogenes like TP53 and Ras [183]. In fact,
genomic instability—from UV-induced mutations and double-
stranded DNA breaks, human papillomavirus virus, and telomerase
aberrations—appears to be the driving force behind carcinogenesis
in basal and squamous cell carcinoma cells [182,183]. Since these
tumors are typically easy to remove and less aggressive, there is lit-
tle information available about other features of the TME.

Melanoma (Fig. 8A, Table 1) typically arises from a congenital
nevus (mole), in a benign-to-malignant tumorigenesis process that
includes gaining the ability to proliferate, invade the surrounding
tissue, and metastasize to distant organs [184]. Like basal and
squamous cell carcinomas, melanomas often develop following
UV light exposure and exhibit a high tumor mutational burden
[181,182]. Specifically, many melanomas exhibit a BRAF mutation,
which often results in downstream mitogen-activated protein
kinase activation and tumor growth [181,184]. Melanoma cells
downregulate expression of E-cadherin—which normally mediates
interactions between melanocytes and keratinocytes—and upregu-
late expression of N-cadherin—which enables interactions with



Fig. 8. Primary melanoma TME. (A) Melanoma skin cancers stem from UV-damaged, highly mutated melanocytes found near hair follicles (shown here) or in moles. The
melanoma TME is characterized by an abundant immune cell infiltrate that includes TAMs, neutrophils, NK cells, dendritic cells, and cytotoxic T cells; a remodeled ECM rich
in collagen, fibronectin, and laminin; and angiogenesis. (B) ECs and stromal cells suspended in a hydrogel and exposed to interstitial flow self-assembled into perfused
vascular networks (red). The melanoma cell line MNT-1 was added to the system to model the vascularized TME [76]. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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ECs and fibroblasts. Together, these changes in cadherin expression
facilitate tumor cell proliferation, motility, invasion, and metasta-
sis [184]. Melanoma cells promote conversion of fibroblasts to
CAFs through secretion of platelet-derived growth factor, FGF2,
and TGFb. Subsequently, CAFs deposit collagen, fibronectin, and
laminin ECM proteins; promote angiogenesis; and secrete growth
factors like FGF2 and insulin-like growth factor 1 that support con-
tinued tumor cell growth and proliferation [184]. CAFs can also
establish CXCL9, CXCL10, and CXCL11 chemokine gradients to
recruit effector T cells or secrete MMPs and prostaglandin E2 to
suppress cytotoxic NK cell activity [185]. Melanoma’s high tumor
mutational burden renders the TME highly immunogenic: initial
disease progression is marked by infiltration of anti-tumor TAMs,
neutrophils, NK cells, dendritic cells, and cytotoxic T cells into
the tumor. To evade this strong immune response, tumor cells
evolve to reduce expression of major histocompatibility complex
proteins and neoantigens; suppress the activity of anti-tumor
neutrophils and T cells; and promote differentiation of resident
TAMs and neutrophils to pro-tumor phenotypes [185]. Notably,
checkpoint blockade therapies like PD-1 and CTLA-4 inhibitors
and cytokine stimulation with IL-2 or interferon a can reinvigorate
the anti-tumor immune response in 30–60% of melanoma patients
[185–190]. In fact, the success of checkpoint blockade therapies in
melanoma patients heralded the current immunotherapy revolu-
tion and was recognized with the 2018 Nobel Prize in Physiology
or Medicine [185,191].

Microfluidic Models of Skin Cancer. Multiple microfluidic models
recreate the normal anatomy and physiology of the skin (reviewed
in [179,180]). First generation microfluidic models extended the
lifetime of commercially available skin constructs—typically com-
posed of primary dermal and/or epidermal cells embedded in
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ECM-mimetic hydrogels [192]—through the addition of perfusion
[179,192–194]. More recent models pattern keratinocytes, fibrob-
lasts, and/or ECs to mimic native organ architecture
[180,195,196] and may incorporate hair follicles, adipocytes,
mechanical strain, or fluidic connections to other organs
[179,180]. These platforms have primarily been used to study skin
biology, drug transport and response, and inflammation [179,180].

Despite a plethora of microfluidic devices modeling the skin,
only a few platforms have been adapted to the study of skin cancer.
In a 2021 report, keratinocytes, melanoma cells, and fibroblasts
were cultured in adjacent chambers of a microfluidic device.
Cross-talk between tumor cells and normal cells in the device
altered tumor cell morphology and metabolism; additionally, ker-
atinocytes and fibroblasts secreted chemokines—including IL-6, IL-
8, IL-1b, and IL-1a—that support tumor cell growth [197]. Businaro
et al. [198] cultured melanoma cells and murine spleen cells at
opposite ends of a fluid-filled channel. They showed that expres-
sion of the transcription factor interferon regulatory factor 8 in
spleen cells promotes spleen cell migration towards and interac-
tion with melanoma cells and inhibits tumor cell migration and
invasion. Another report cultured melanoma cells resistant and
sensitive to the drug vemurafenib—which targets mutant BRAF—
on either side of a 100 mm-wide poly(ethylene glycol) hydrogel
barrier. The results demonstrated that vemurafenib-resistant mel-
anoma cells can confer resistance on previously sensitive cells via
paracrine FGF2 signaling [199]. Additional studies have cultured
melanoma cell lines in microfluidic devices to study tumor growth
(Fig. 8B) [76,133] and response to therapy [97,200].

Future Directions. Current microfluidic models of skin cancer are
simplistic relative to those of healthy skin. Future iterations should
seek to mimic native tissue architecture; incorporate multiple cell
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types, the vasculature, and lymphatics; and include mechanical
strain and an air-tissue interface. Additionally, current models
are restricted to melanoma cell lines. Studies that utilize primary
cell sources and consider nonmelanoma cancers may provide addi-
tional insight on carcinogenesis and metastasis in the skin. Further,
characterization of immune-tumor cell interactions in melanoma—
the prototypical candidate for immunotherapy—with the high spa-
tiotemporal resolution offered by microfluidic models may help
explain the variable response rates in this and other cancers.
3. Metastatic Sites

3.1. Liver

Relevant Anatomy and Physiology. The liver is the largest organ in
the body and consists of two lobes covered by the Glisson capsule—
the visceral peritoneum of the liver [201,202]. It has multiple
functions, including carbohydrate transformation and storage;
detoxification of endogenous and exogenous substances; and syn-
thesis of cholesterol, bile salts, immune complement components,
and cytokines/chemokines [8,202–204]. The liver has a dual blood
supply: the portal vein system carries deoxygenated blood rich in
nutrients and toxins and constitutes 75–80% of the organ’s blood
supply; while the hepatic arteries deliver oxygenated blood and
account for the balance of the supply [8,201,202,205]. Parenchymal
cells—namely, hepatocytes and cholangiocytes—constitute 70% of
the cells in the organ and are responsible for the metabolic, detox-
ification, and synthesis processes that take place in the liver
[8,205]. The hepatocytes are organized into plates which are inter-
laced with sinusoids, the liver’s specialized vasculature [202]. Sinu-
soids are tortuous and highly permeable vessels that lack a
basement membrane and are lined with fenestrated liver sinu-
soidal endothelial cells (LSECs). The permeability of the sinusoids
facilitates the necessary exchange of nutrients and waste between
the blood and the liver parenchyma [8,202,204]. The sinusoidal
lumen contains Kupffer cells—a liver-specific macrophage that
constitutes ~ 10% of the organ’s cells—and NK cells, which together
represent the organ’s first line of immune protection
Fig. 9. Metastatic liver TME. (A) CTCs in the liver encounter Kupffer and NK cells in the si
into the space of Disse. Metastatic lesions grow between the sinusoids and hepatocyte pl
metastasis to the liver, Kim and colleagues developed a two-chamber microfluidic mode
with hepatic stellate cells embedded in hydrogel and lined with hepatocytes on the botto
the sinusoids. Reprinted (adapted) with permission from J. Kim, C. Lee, I. Kim, J. Ro, J. Kim
Dimensional Human Liver-Chip Emulating Premetastatic Niche Formation by Breast Ca
2020 American Chemical Society.
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[203,204,206]. Other immune cells in the organ include T cells,
dendritic cells, mast cells, and neutrophils [203,204]. The space
between the hepatocyte plates and sinusoids, known as the peris-
inusoidal space or space of Disse, contains hepatic stellate cells.
Hepatic stellate cells are typically quiescent and store vitamin A
and nutrients; they become activated following damage to the liver
and orchestrate the subsequent self-renewal process [202,205].
Notably, the liver has the capacity to replace up to 70% of its orig-
inal volume [202].

Metastasis to the Liver. The liver is the most common site of
metastasis, and liver metastases are far more common than pri-
mary liver tumors. Primary tumors that frequently metastasize to
the liver include cancers of the gastrointestinal tract (i.e., CRC
and pancreatic cancer), BC, lung cancer, and melanoma
[8,206,207]. Multiple characteristics of the liver enable the devel-
opment of metastatic lesions (Fig. 9A, Table 2): i) the organ has a
dual blood supply, is highly vascularized, and experiences a large
total volume of blood flow; and ii) the sinusoids feature fenes-
trated LSECs, are highly permeable, and experience slow rates of
blood flow [8,202].

Exosomes secreted by the primary tumor further condition the
liver for metastasis by increasing vessel permeability, activating
local fibroblasts, and recruiting bone marrow-derived immune
cells to the niche [8,206]. For example, when Kupffer cells absorb
exosomes containing macrophage migration inhibitory factor, they
express TGFb; the soluble factor activates hepatic stellate cells in
the space of Disse, which subsequently recruit tumor-promoting
macrophages from the bone marrow [8,206,207]. Activated hepatic
stellate cells also initiate fibrotic processes involved in liver repair,
including production of collagen I & IV-rich ECM and angiogenesis
[8,206]. The stiffer ECM promotes tumor cell survival and growth
[207].

CTCs arriving in the liver initially encounter Kupffer and NK
cells in the lumen of the sinusoids. Both of these cells display
potent cytotoxicity towards tumor cells and represent a challeng-
ing obstacle to metastasis. However, CTCs occasionally evade these
immune cells, bind to LSEC adhesion receptors (i.e., E-selectin,
vascular cell adhesion molecule 1, and intercellular adhesion mole-
cule 1), and extravasate into the space of Disse [8,206]. When CTCs
nusoids and extravasate through a fenestrated, highly permeable endothelial barrier
ates and are supported by activated hepatic stellate cells (i.e., CAFs). (B) To study BC
l of the liver [208]. The lower chamber, which mimics the space of Disse, was filled
m wall. The upper chamber was lined with LSECs and perfused with fluid to model
, Y. Min, J. Park, V. Sunkara, Y.S. Park, I. Michael, Y.A. Kim, H.J. Lee, Y.K. Cho, Three-

ncer-Derived Extracellular Vesicles, ACS Nano, 14 (2020) 14971–14988. Copyright



Table 2
A summary of the organ-specific features of common metastatic sites.

Metastatic
Site

Prominent Features

Liver � Highly vascularized with dual blood supply
� Very permeable sinusoid vessels with fenestrated ECs
� Large population of macrophages
� Remodeled ECM rich in collagen I & IV
� Hypoxia

Lung � Highly vascularized with dual blood supply
� Abundance of immunosuppressive cells, including macro-
phages and neutrophils

� Angiogenesis
Bone � Highly vascularized

� Very permeable blood vessels
� Large populations of fibroblasts and immature immune
cells

� ECM composed of collagen I and rich in minerals, growth
factors, and cell adhesion molecules

� Hypoxia
Brain � Highly vascularized

� Blood-brain barrier restricts entry of cells and soluble
factors

� Small population of immune cells, primarily astrocytes and
microglial cells

� Hypoxia, limited nutrients
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begin to establish themselves in the liver, Kupffer cells switch from
inhibiting to promoting metastasis. Instead of phagocytosing
tumor cells, Kupffer cells upregulate adhesion receptor expression
in LSECs, produce chemokines that promote tumor cell prolifera-
tion and invasion, and can facilitate angiogenesis [8,206,207]. In
the space of Disse, metastasizing tumor cells establish lesions that
become infiltrated with bone marrow-derived neutrophils, Tregs,
and MDSCs. Tumor cells can bind to hepatocytes and their ECM
[206], but the precise role of hepatocytes in the metastatic cascade
is currently under characterized [8]. As the metastatic lesion
grows, it displaces and kills hepatocytes and requires additional
nutrient support (acquired through cooption of existing blood ves-
sels or, less frequently, angiogenesis) [8].

Microfluidic Models of Liver Metastases. Multiple microfluidic
platforms model metastasis to the liver [146,147,205,208–213].
Kim and colleagues recreated liver sinusoid architecture in a
two-channel device (Fig. 9B). Bounded by hepatocytes lining the
bottom and a porous membrane at the top, the lower chamber is
filled with liver fibroblasts embedded in Matrigel. The team
showed that introduction of extracellular vesicles from BC cell
lines into the upper chamber alters LSEC phenotype—namely,
expression of tight junctions decreases while that of mesenchymal
markers increases. These changes emulate primary tumor condi-
tioning of the metastatic niche as shown by the fact that BC cells
introduced into the upper chamber bind to these altered LSECs at
higher rates. Further, the team shows that BC cell binding to LSECs
depends on physiochemical features of the liver microenviron-
ment, the identity of the primary tumor, and the extracellular vesi-
cle cargo protein TGFb1 [208]. In a 2016 report, two hydrogel
compartments modeling CRC and liver tissues were connected by
a micro-peristaltic pump. The platform was used to study meta-
static spread of CRC cells to the liver and to screen potential
anti-cancer drugs [147].

The commercially available ‘‘LiverChip” system consists of pri-
mary parenchymal and non-parenchymal hepatic cells cultured at
physiologically-relevant ratios in a 3D, perfused microfluidic
chamber [205,209–211]. In addition to recreating the normal
physiological functions of the liver [205,209,210], this system
has been extensively employed to study metastatic seeding in
the organ. Following introduction of BC cell lines to the tissue
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chamber, the platform mimics dormancy of tumor cells in the
liver [209] and demonstrates the influential role of scaffold stiff-
ness on dormancy, inflammation, and tumor cell response to
chemotherapy [211]. Further, treatment of the LiverChip with
BC-derived exosomes enables more tumor cells to establish them-
selves in the niche; however, hepatic cell-derived exosomes coun-
ter this effect by reducing tumor cell growth, proliferation, and
invasiveness [211].

Future Directions. A model of the liver metastatic niche should
include the liver microarchitecture (sinusoids, space of Disse, and
plates of hepatocytes), the liver-specific population of immune
cells, and a microfluidic connection to the primary TME. Currently
available models typically include only one of these features and
largely ignore immune cell populations—including Kupffer cells,
which are known to play a key role in metastasis to the liver. Fur-
ther, most of these models use cell lines and study BC; future work
should seek to incorporate primary cells and a variety of primary
cancers, which may inform future therapeutic strategies.

3.2. Lung

Metastasis to the Lung. Section 2.1 summarized the basic anat-
omy of the lung, including a seminal feature that plays a major role
in the lung as a site for metastatic cancer: the entire cardiac output
from the right side of the heart passes through the pulmonary cir-
culation. This anatomical feature renders the lung as a site of
metastasis through two mechanisms. First, CTCs in the venous cir-
culation or the lymphatic circulation (which empties into the
venous circulation prior to entering the right atrium) are delivered
directly to the microcirculation of the lung, where they can poten-
tially become trapped or lodged. Second, primary tumor-derived
soluble factors or extracellular vesicles produced in any other
organ are emptied into the venous circulation; thus, the lung is
the first site where these tumor-derived products can impact the
local microenvironment to create a favorable site for metastasis.
This latter process has been dubbed the pre-metastatic niche
[12,214,215]. The pre-metastatic niche in the lungs is generally
thought to be initiated by soluble factors or extracellular vesicles
derived from the primary tumor that encourage the recruitment
of bone marrow-derived leukocytes (e.g., macrophages and neu-
trophils) to the lung and remodeling of the ECM [12,216–219].
The presence of these immune cells in the lung creates a favorable
environment for tumor cell seeding and growth by stimulating
angiogenesis and creating an immunosuppressive microenviron-
ment. As a result, the lungs are the second most common site for
metastatic tumors (Fig. 10A, Table 2) accounting for roughly 20–
50% of all cases [220]. The most common primary tumors to metas-
tasize to the lung are BC, CRC, renal cancer, and head and neck
cancer.

Microfluidic Models of Lung Metastases. Modeling metastasis of
tumors to the lungs has relied heavily on the use of mouse models,
in particular tail vein injection of CTCs, which travel directly to the
lungs. While numerous microfluidic models have attempted to
simulate essential features of metastasis including extravasation
[221–229], only a few reports attempt to specifically model the
metastasis of tumors to the lungs using microfluidic models. A
2019 model created a multi-organ chip to simulate lung metastasis
by linking a primary CRC chamber to chambers representing the
liver, lungs, endothelium, and a hydrogel control; all tissues were
modeled using common cell lines (Fig. 10B). The CRC cells prefer-
entially migrated to the lung and liver chambers, mimicking the
metastatic patterns observed in CRC patients [146]. In a 2016
model, a porous membrane separated primary lung or muscle cells
from a human umbilical vein EC-lined channel which was perfused
with CTCs from BC and salivary gland cancers. The CTCs preferen-
tially bound to the endothelium adjacent to primary lung versus



Fig. 10. Metastatic lung TME. (A) CTCs in the lung extravasate into the tissue adjacent to alveoli. Tumor-derived soluble factors and exosomes pre-condition the tissue for
metastasis. The metastatic lesion is infiltrated by immunosuppressive cells—i.e., macrophages and neutrophils—which permit and support tumor cell growth. (B) To study
metastasis of CRC cells, lung epithelial cells (Lu), hepatic cells (Li), ECs (E), and CRC cells (C) embedded in hyaluronic acid/gelatin hydrogels and an empty hydrogel control
(not labeled) were cultured in fluidically linked chambers [146].
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muscle cells, and treatment with the small molecule metastasis
inhibitor AMD3100 dramatically reduced cell attachment. In sub-
sequent experiments, the lung cells were replaced with primary
bone or liver cells [212].

Future Directions. There has been very limited progress in mod-
eling metastasis to the lungs; thus, there are many opportunities to
advance the field. Models should attempt to include the most sali-
ent anatomical features of the lung, including lung-specific ECs,
stromal cells, and macrophages; cyclic mechanical strain; and the
air-tissue interface. Finally, future models should incorporate pri-
mary cell sources and compare and contrast the major cancers that
metastasize to the lungs.

3.3. Bone

Relevant Anatomy and Physiology. The bone marrow is the pri-
mary site of hematopoiesis and also plays a central role in bone
remodeling [230]. Hematopoiesis, or the production of all blood
cell types, occurs through maturation and differentiation of
hematopoietic stem cells (HSCs). HSCs are maintained in quiescent
and self-renewing states in the bone marrow and can differentiate
Fig. 11. Metastatic bone TME. (A) CTCs in the bone marrow extravasate through the high
immature immune cells, fibroblasts, and adipocytes. The environment is hypoxic and r
lesions are supported by dysregulated osteoblasts or osteoclasts. (B) This 2014 bone ma
right (blue) was filled with MSCs embedded in a hydrogel to mimic the bone marrow t
replicate a blood vessel. BC cells perfused through the blood vessel chamber can metast
figure legend, the reader is referred to the web version of this article.)
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into erythroid, lymphoid, and myeloid lineage blood cells
[231,232]. Bone remodeling is a continuous process that occurs
at the surface of bones and requires a precise balance between
the activity of osteoblasts—or, bone forming cells—and osteo-
clasts—or, cells that resorb bone [233,234].

Bone marrow tissue resides at the core of bones [234] and is
characterized by a heterogenous, dense cellularity [230]. Cells of
the bone marrow include HSCs, immature and mature blood
cells, ECs, and mesenchymal stem/stromal cells (MSCs)
[230,234]. ECs in the bone marrow form dense vascular net-
works [230,235]. MSCs are self-renewing progenitor cells that
give rise to many non-hematopoietic cells found in the bone
marrow, including osteoblasts, adipocytes, and chondrocytes
[230,234]. The extracellular matrix in the bone marrow is com-
posed of 90–95% Type I collagen supplemented by calcium salt
deposits, the mineral hydroxyapatite, growth factors, and pro-
teins involved in cell adhesion [7,233,234]. The bone marrow
microenvironment is hypoxic relative to other tissues in the
body [230].

Metastasis to the Bone. Multiple features of the microenviron-
ment promote metastasis to the bone marrow (Fig. 11A, Table 2)
ly permeable endothelial barrier into a densely cellular space populated with HSCs,
ich in collagen I, minerals, growth factors, and cell adhesion molecules. Metastatic
rrow microfluidic model consisted of two adjacent chambers [222]. The chamber at
issue. The chamber at left (yellow) was lined with ECs and perfused with media to
asize into the tissue chamber. (For interpretation of the references to colour in this
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[7,230,233,234]. Due to its characteristic dense vascular network,
the bone marrow experiences high blood flow, increasing the
opportunity for CTCs to extravasate from a blood vessel into the
tissue [233]. This vascular network is also quite permeable [235],
which further facilitates tumor cell extravasation. After a CTC exits
the vasculature, it encounters a microenvironment rich in adhesive
molecules and immobilized growth factors; these conditions favor
tumor cell attachment, survival, and proliferation [7,233,234].

Many solid tumors metastasize to the bone marrow and these
metastases disrupt the normal bone remodeling process
[7,233,234]. In osteolytic metastases, tumor cells activate osteo-
clasts, which break down the bone matrix and release growth fac-
tors, thereby generating a niche conducive to tumor cell survival
and growth [7,233]. Conversely, osteoblastic metastases are char-
acterized by overactivation of osteoblasts and subsequent forma-
tion of bone matrix; however, the mechanisms governing this
process remain poorly understood [233,234]. Approximately 70%
of BC and PCa patients experience metastasis to the bone
[7,233,234]; the majority of BC patients experience osteolytic
metastases, while PCa patients experience predominantly
osteoblastic lesions.

Microfluidic Models of Bone Metastases. In the last decade, a num-
ber of studies have utilized microfluidic devices to recreate the
physiology of the bone marrow microenvironment. These plat-
forms typically include primary bone marrow MSCs embedded in
a bone-mimetic matrix cultured under perfused media conditions;
this construct can be supplemented with vascular networks and/or
HSCs. Popular bone-mimetic matrix choices include decellularized
bone scaffolds [236], collagen I [222,237,238] (which may be sup-
plemented with proteins like bone morphogenetic protein 2 and 4
[239,240]), hydroxyapatite-coated zirconium oxide ceramic [241],
hydroxyapatite-gelatin [242], and fibrin [224,243,244]. To recreate
the native bone marrow vasculature, researchers use one of two
approaches: either i) the channel of a microfluidic device is seeded
with ECs and perfused with media (Fig. 11B) [222]; or ii) ECs and
MSCs are cultured in a hydrogel or matrix to promote self-
assembly of vascular networks [224,244]. HSCs are sourced from
either primary bone marrow [239,240,242,243] or primary cord
blood samples [241,244]. Notably, these microfluidic models of
the bone marrow microenvironment can maintain HSCs and sup-
port hematopoiesis [239–243], a feat that is not possible in tradi-
tional in vitro systems. These microfluidic models also enable
observation of cellular events in the bone marrow with a spa-
tiotemporal resolution that is impossible in mouse models.

These microfluidic models of the healthy bone marrow
microenvironment have also been adapted to the study of patho-
logical processes, including primary cancer [237,242,245], cancer
metastasis [212,213,222,224,236,238,244,246], and response to
pharmaceuticals and radiation [236,239,240,243,246]. For exam-
ple, a pair of papers from the Kamm lab perfused BC cells
through EC-lined microfluidic channels (Fig. 11B) [222] or self-
assembled vasculature cultured in microfluidic devices [224].
They observed that more cells extravasate across the endothe-
lium and that these cells migrate further into adjacent tissue
chambers when the tissue includes human bone marrow-
derived MSCs (control tissues included muscle-mimetic self-
assembled vasculature and empty hydrogels). These studies also
replicated the role of the CXCL5-CXCR2 signaling axis in enabling
BC extravasation to the bone marrow [222] and adenosine A3
receptor in preventing BC metastasis to the muscle [224].
Marturano-Kruik and colleagues seeded ECs and MSCs into
decellularized 3D bone matrices and cultured them in perfused
microfluidic devices to recreate the bone marrow microenviron-
ment [236]. BC cells introduced into this system demonstrated a
16
decreased cancer cell growth rate—that is, dormancy—and an
increased resistance to the commonly used chemotherapy suni-
tinib; both of these observations are consistent with the behav-
ior of BC cells at metastatic bone marrow sites in vivo. Further,
metastatic BC cells demonstrated enhanced extravasation [224]
and tissue remodeling [238] relative to non-metastatic BC cells
in bone marrow microfluidic models.

Future Directions. Hypoxia is a distinguishing feature of the bone
marrow microenvironment and is known to modulate cell pheno-
type, but most current microfluidic models are cultured at ambient
oxygen levels. Additionally, the current bone marrow metastasis
models rely on cancer cell lines and focus on BC, while the behavior
of primary CTCs and cells from other solid tumors known to metas-
tasize to the bone (i.e., PCa) remain uncharacterized. Finally,
metastasis is an unusual event involving, at most, a handful of cells
extravasating into a tissue and establishing a colony. Current
metastasis models overwhelm the tissue model with cancer cells,
which may obscure detailed features of metastasis under the phys-
iological dilute ratio of tumor cells to bone marrow.
3.4. Brain

Relevant Anatomy and Physiology. The brain is the control center
of the nervous system and its primary function is to protect and
support neurons, the cells responsible for transmitting signals
through the brain and to the spinal cord and the rest of the body
[15,247]. Neurons demand a relatively high amount of oxygen
and glucose, resulting in a partial pressure of only 35 mmHg
(~4.6% oxygen) and limited nutrients in the brain parenchyma.
Proper functioning of the brain relies on the maintenance of a
stable microenvironment around neurons by the blood–brain bar-
rier (BBB), a vascular network that surrounds neurons and strictly
limits the free movement of molecules and cells between the blood
and the brain tissue. Four components work together to generate
this barrier, which together is termed the neurovascular unit: spe-
cialized ECs are connected by extensive tight junctions and display
low pinocytotic activity with high expression of efflux pumps;
dense pericytes surround the capillaries; a double-layered base-
ment membrane encapsulates the ECs and pericytes; and astro-
cytes wrap foot processes around the entire vessel structure
[15,247–249]. Astrocytes regulate homeostasis in the brain par-
enchyma through transport of solutes, and transport and metabo-
lism of glutamate and c-aminobutyrate [247,249]. While small
lipophilic molecules such as oxygen and caffeine can cross the
BBB with relative ease, most molecules have to be actively trans-
ported across the endothelium; hence, brain ECs express numerous
transporters for necessary nutrients, including glucose and amino
acids [250]. The brain is further protected by microglial cells, or
brain-specific macrophages that regulate immunity in the brain
through secretion of chemokines and phagocytosis [15,247].
Finally, the organ is bathed in the cerebrospinal fluid, which allows
for exchange of nutrient and waste molecules between the body
and brain and is usually immunosuppressive [247,249].

Metastasis to the Brain. The metastatic spread of cancer to the
brain is a devastating diagnosis, with an average survival time of
less than a year. Somewhere between 10 and 30% of newly-
diagnosed cancers will ultimately metastasize to brain, with the
most common being lung cancer, melanoma, BC, renal cancer,
and CRC [9,15,247,251]. The vast majority (>95%) of brain metas-
tases are found in the brain parenchyma, though a minority—
known as leptomeningeal metastases—are located in the blood-
cerebrospinal fluid or the protective membrane that surrounds
the organ [15].



Fig. 12. Metastatic brain TME. (A) CTCs in the brain encounter the blood–brain barrier—a unit of organ-specific ECs surrounded by pericytes, a basement membrane, and
astrocytes that restricts movement of cells and molecules into the organ parenchyma. Cells that overcome this barrier to extravasation encounter a hypoxic, nutrient-poor
environment populated by neurons, microglial cells, and astrocytes. Metastatic lesions adopt an altered metabolism and coopt the vasculature and astrocytes to support
tumor cell survival and growth. (B) Microfluidic models of the lung and brain were fluidically linked to study NSCLC metastasis [260]. The lung model included an air-tissue
interface consisting of epithelial and endothelial cells cultured on opposite sides of a permeable membrane, cyclic mechanical strain, and NSCLC cells. In the brain model,
astrocytes embedded in hydrogel were cultured in a circular chamber surrounded by channels lined with brain-specific ECs. Metastasizing NSCLC cells traveled from the lung
compartment to that of the brain through the fluidic lines.
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Much like other common sites of metastasis, the brain is den-
sely vascularized and experiences relatively high blood flow [15].
However, the BBB’s considerable barrier to entry and the brain par-
enchyma’s uniquely restrictive environment present strong selec-
tion pressures to any metastasizing cells (Fig. 12A, Table 2).
Tumor cells circulating through the brain vasculature arrest in
the organ at capillary branch points due to their large size, or via
interactions between tumor cells and the endothelium [15]. For
example, the most commonly upregulated gene in BC cells that
have metastasized to the brain compared to other organs is a2,6-
sialyltransferase ST6GALNAC5, an enzyme that modifies cell sur-
face receptors and promotes cell adhesion to the brain vasculature
[15,252]. Following adhesion to the vasculature, tumor cells
express proteases like MMPs and cathepsins to break down the
ECM and tight junctions between ECs, respectively, [15,251,253]
and soluble factors like VEGF, FGF2, and TNFa to increase perme-
ability of the BBB [15,247,251,253], thereby enabling paracellular
extravasation of tumor cells across the endothelium [9].

Upon reaching the brain parenchyma, tumor cells must adapt to
a challenging environment of low oxygen tension and limited
nutrients [9]. These conditions select for tumor cells that can
upregulate glycolysis [15,251]. For example, the most upregulated
gene in brain metastatic BC cells compared to primary BC cells is
hexokinase-2—an enzyme that converts glucose to glucose-6-
phosphate, thereby trapping the nutrient in the cell [254]. Tumor
cells that successfully metastasize to the brain also upregulate
expression of integrins to facilitate adhesion to the environment
[15,251], adopt some characteristics of neurons [15,251], and
remodel the vasculature to secure a source of nutrients
[9,15,251]. Interestingly, metastatic cells from primary BC and
melanoma co-option the existing vasculature, while cells from pri-
mary lung and renal cancers promote angiogenesis [9,251]. Finally,
metastatic tumor cells must contend with brain-specific astrocyte
and microglial immune cell populations. Specifically, tumor-
activated astrocytes secrete chemokines like interferon a and
TNF that promote tumor cell survival, growth, and chemoresis-
tance [9,15,247]. Microglial cells, on the other hand, typically tar-
get and kill tumor cells through TNFa and inducible nitric oxide
synthase-mediated mechanisms [9]; hence, reactivation of micro-
glial cells is a potential immunotherapeutic strategy [247]. Brain
metastases also recruit MDSCs and T cells [247].
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Given the highly selective brain tissue microenvironment,
tumor cells of different origins often converge on similar survival
mechanisms—including altered metabolism, astrocyte activation,
and chemoresistance—once they have metastasized to the brain
[15,251]. Notably, the BBB reforms following establishment of a
metastatic lesion. This remodeled BBB, dubbed the blood-tumor
barrier (BTB), features activated immune cells and higher perme-
ability; however, it remains impermeable to most chemotherapies
and presents a significant challenge to the delivery of other molec-
ular and cellular therapies [9,15].

Microfluidic Models of Brain Metastases.Microphysiological mod-
els of the healthy BBB (reviewed in [248,255]) can recreate the
tight junctions, nutrient transporter expression, impermeability,
and perfusion of the vasculature; mimic the nutrient-restricted
brain parenchyma; and incorporate astrocytes and/or microglial
cells. These models have been used to characterize organ-specific
molecular and cellular mechanisms and drug transport across the
BBB. The majority of these platforms consist of EC-lined microflu-
idic channels where the EC cells are either brain-specific or treated
with all-trans retinoic acid for 2–3 days, a method that temporarily
tightens the BBB [256]. A 2020 report self-assembled a BBB vascu-
lature from brain-specific ECs, pericytes, and astrocytes [257]. It
should be noted that several studies have been published using
BBB EC generated directly from iPSC without an intervening meso-
derm induction—these cells have now been shown definitively to
be epithelial and not endothelial cells [258].

Recent work capitalizes on the strengths of healthy BBB plat-
forms to model metastasis to the brain [212,213,259–264]. For
example, a 2016 study separated a fluid-filled vascular chamber
from a gel-filled brain parenchyma with an ECM barrier coated
with brain microvascular ECs on one side and astrocytes on the
other; inclusion of flow in the vascular chamber and astrocytes
were critical to BBB integrity. Lung cancer, BC, and melanoma cells
lines—but not liver cancer or primary brain cancer cell lines—in the
vascular chamber extravasated into the brain parenchyma and dis-
rupted the integrity of the BBB, mimicking in vivo metastatic pat-
terns [259]. A 2019 report coupled a lung TME to a brain
microenvironment and examined metastasis of NSCLC to the brain
(Fig. 12B). In this platform, metastasizing NSCLC cells had to intra-
vasate into the circulation, travel to the brain compartment, extra-
vasate across the BBB, and establish themselves in the brain
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parenchyma. This model can characterize the metastatic capacity
of different cell lines, and the study showed that metastasis of
NSCLC cell lines increases with expression of the protein aldo–keto
reductase family 1 B10 [260]. Additional models mimic the in vivo
transition from the BBB to the BTB through addition of cancer cells
[259,261,262] or inflammatory cytokines [263] to otherwise
healthy BBB microfluidic platforms. These BTB models expressed
fewer tight junctions and transporters, were more permeable,
and demonstrated higher rates of extravasation. Finally, Oliver
et al. [264] used a BBB microfluidic model to characterize the phe-
notype of metastatic and non-metastatic BC cell lines and patient-
derived cells, which may facilitate clinical predictions of metastatic
risk through analysis of CTCs.

Future Directions. FutureBBBandBTBmicrofluidicmodels should
seek to replace EC-lined microfluidic channels with self-assembled
vasculature models, which more accurately mimic the architecture
of native vessels. This is especially pertinent since vessel branching
and density are known factors in brain metastasis. Multiple current
microfluidicmodels couple primary TMEs to brainmodels, and con-
tinued efforts to improve the physiological relevance of both
microenvironments and the fluidic connections may produce valu-
able insights intometastasis to the brain—including comprehensive
characterization of the process by tumor of origin. Inclusion of
hypoxiaandmicroglial cellswill also improve the relevanceof future
brain metastasis microfluidic models.
4. Conclusions & Future Directions

Tissue engineered microfluidic platforms have vastly improved
the organ-specificity of current physiological and pathological
preclinical model systems. These devices can incorporate organ-
specific architecture, cell types, vessel structures, and physiochem-
ical features (i.e., cyclic mechanical strain, interstitial pressure,
hypoxia, ECM composition). Further, recent work demonstrates
that these systems accurately recapitulate native biology. As
reviewed here, this emerging technology can be employed to study
the organ-specific TME, an effort that has provided valuable
insights on the immunobiology of carcinogenesis and metastasis
and the utility of various chemo- and immuno-therapies.

However, the building blocks of most current tumor-on-chip
models are immortalized cell lines, which cannot reproduce cer-
tain biological phenomena and are unrealistically homogeneous.
Future work should seek to incorporate autologous cell sources,
which may include primary cells and/or induced pluripotent stem
cells. Organoids, which recapitulate many features of whole organ
physiology, and immune cells, now known to play a key role in
tumor development and progression, may also improve the rele-
vance of current tumor-on-chip models. Additionally, different cell
types (i.e., ECs, CAFs, tumor cells, immune cells, and/or organ-
specific specialized cell types) should be introduced at
physiologically-relevant ratios. These autologous, proportionally
accurate tumor-on-chip systems may elucidate unknown princi-
ples of tumor immunobiology and enable patient-specific assess-
ments of response to therapy. Further, long-range interactions
between organs are a recognized principle of carcinogenesis and
metastasis. Future microfluidic platforms should capitalize on the
modular nature of microfluidic technology to connect the organs
involved in cancer—that is, the primary tumor, the metastatic
niche, and tissues of the immune system—via fluidic lines that
mimic circulation throughout the body.
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