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Abstract
Development of improved cancer therapeutics requires better experimental
models because results from animals often do not predict drug responses in humans.
Cancer researchers often implant human tumor xenografts in mice at the orthotopic site
from which the tumors were derived because this generally improves model
performance, however, the organ microenvironment is still not human. Orthotopic
animal models are also complex, expensive and as with any in vivo model, it is difficult
to identify contributions of the tumor microenvironment or visualize cancer cell
behaviors over time. While in vitro models of human cancer have been developed that
permit study of various tumor responses (e.g. growth, migration, invasion, angiogenesis,
extravasation, drug effects, etc.), none of these recapitulate complex organ-level
patterns of cancer growth or therapeutic responses seen in patients.
In this dissertation I demonstrate that microfluidic organ-on-a-chip (Organ Chip)
cell culture technology can be used to create in vitro human orthotopic models of nonsmall cell lung cancer (NSCLC) that recapitulate organ microenvironment-specific
cancer behaviors as well as tumor responses to tyrosine kinase inhibitor (TKI) therapy
previously observed in vivo. Moreover, the growth cues for the cancer cells are
specifically provided by normal epithelial and endothelial cells within the
microengineered culture environment as the NSCLC cells failed to grow on conventional
culture dishes in the same medium. Using the dynamic, high resolution imaging
capabilities and mechanical actuation functionalities of this technology, we discovered a
iii

previously unknown sensitivity of lung cancer cell growth, invasion, Epidermal Growth
Factor Receptor (EGFR) phosphorylation state, and sensitivity to TKI inhibition to
physical cues associated with breathing motions. These findings may help to explain the
high level of resistance to therapy in cancer patients with residual disease in regions of
the lung that remain functionally aerated and mobile.
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Chapter 1: Introduction and literature review
1.1 Motivation and overview
Cancer is a highly complex disease in which evolution of genetic instabilities with
random environmental pressures and epigenetic perturbations enable normal cells
within healthy tissues to progressive acquire powerful and deadly properties, including
uncontrolled growth, invasive properties and metastatic behaviors, which are the
hallmarks of cancer1. How and when these properties manifest themselves depends on
the type of cancer and they can appear anywhere from weeks to years after addition of
a carcinogenic stimulus2,3. Thus, as these processes span multiple time and length
scales, it is particularly difficult to develop physiologically relevant models of the disease
for experimental analysis.
At the protein level, advancements in sequencing technologies have helped
reveal mechanisms driving disease onset4,5, while at the cellular level, progress has
established the role of various tissue-specific components (e.g. vascular endothelium,
stroma, immune cells, mechanical forces) in disease progression and response to
therapy6–9. Despite these fundamental advances, cancer is still the second greatest
cause of mortality in the world10. How cancer continues to evade our interventions,
remains one of the most highly researched and debated questions, possibly of all time.
The lack of progress in finding effective treatments for cancer is due, in part, to
the lack of experimental models that accurately mimic the biological processes that
occur in patients with this disease. Conventional two-dimensional (2D) cell cultures
have provided great insight into the ability of tumor cells to grow, but they do not provide
1

information about the complex interactions between the cancer cells and the
physicochemical microenvironment that exists within living tumors, which can have
potent effects on cancer cell behavior11–14. For this reason, many groups have explored
use of 3D in vitro models such as Transwell and spheroid cultures, and more recently,
microfluidic devices have been applied for this purpose as well. My goal in this
dissertation is to describe the development of a new type of experimental cancer model.
Thus, in this chapter, I begin by reviewing engineered in vitro cancer models
highlighting the areas where I believe there is an opportunity for improvement or
technological gaps which could filled. I will then discuss in detail the microfluidic
Organs-on-Chips (Organ Chips) technology at the core of my research, pioneered by
my thesis adviser, Dr. Donald Ingber, which is at the leading edge of in vitro
physiological and pathophysiological modeling. Finally, I will introduce the goal and
aims of my work, which focus on developing in vitro orthotopic and metastatic models of
human lung cancer using this Organs Chips approach.

1.2 Review of engineered in vitro cancer models
Cell-based assays have been the foundation of the drug discovery process to
provide a simple and fast process in attempts to avoid the cost-intensive animal testing.
To date, the majority of cell-based assays are performed using traditional twodimensional (2D) monolayer cells cultured on a flat and rigid substrates e.g. petri dishes
or multi-well plates. Although this time-honored method has proven to be valuable for
cell based studies, the limitations have also been increasingly recognized. This is
because cancers arise in normal tissues and the specific normal organ
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microenvironment can significantly influence cancer initiation and progression.. The
microenvironment is composed of other types of organ-specific cells and tissues,
extracellular matrix (ECM) and physical mechanical forces, which are all organized in
three-dimensional (3D) space. Thus, 2D cell culture by its nature, does not adequately
take into account the natural 3D organ environment in which cancers arise and
propagate. As a result, 2D cell culture tests may provide misleading and non-predictive
data for in vivo responses15–17. It is for this reason that more complex 3D models have
been developed, with the hopes of representing the actual microenvironment where the
cells of interest reside. I will describe some of these models below, namely the
Transwell co-culture system, tumor spheroids, organoids, hybrid engineered 3D models
and microfluidic approaches, noting that these too have limitations, and overcoming
these obstacles is a key focus of my dissertation research, which I will describe in
subsequent chapters.

1.2.1 Conventional in vitro model systems used for cancer studies
Transwell Cultures
Transwells are commercial cell culture inserts that fit within standard 6- or 24-well
plates, which allow for the simultaneous culture of different types of cells on top and
bottom of the same porous membrane with access to medium on both sides.
Transwell-based assays have been used extensively to investigate cancer cell migration
and invasion (Figure 1.1), where invasion usually refers to the movement of cells
through the pores of the membrane that is pre-coated either with extracellular matrix
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(ECM) molecules, such as collagen or fibronectin, or a three-dimensional (3D) ECM gel
(e.g., Matrigel, collagen gel)18.

19

Figure 1.1. Transwell assay schematic (modified with permission from )

The migration assay involves seeding cancer cells on top of the porous membrane
(typically with 8µm pores) most commonly in serum-containing medium and quantifying
the number of cells that migrate across the membrane toward a chemoattractant. Cells
are typically fixed after 24–72 hours for imaging, and the migrated cells adherent to the
bottom surface of the membrane are stained and quantified (e.g., by counting total
number of cells per high power field; HPF). Tumor cell invasion and trans-endothelial
migration assays are performed in a similar fashion except with a layer of defined ECM
molecules or an ECM gel deposited prior to seeding the cells or confluent monolayer of
endothelial cells, respectively.
These types of Transwell experiments have allowed for the exploration of how
various environmental cues (e.g., chemoattractants, ECM, mechanical forces) and
various cell types (e.g., fibroblasts, endothelium, macrophages or other immune cells)
affect cancer cell behavior. For example, in one study, co-culture of colon cancer cells
(CT26) with macrophages (RAW 264.7) was shown to enhance tumor growth and
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stimulate release of soluble chemotactic factors that promote chemotaxis and altered
gene expression of the cancer cells20. Also, increasing expression of tissue factor
pathway inhibitor-2 (TFPI-2), which involved in activation of matrix metalloproteinases
(MMPs) in pancreatic cancer cells (Panc-1), was shown to increase invasiveness and
migration of these cells in Transwell cultures21. This study also highlighted how this
simple, controllable assay can be used to test complex theories through gene
manipulation in vitro. In another study, isolation of successive passages of epidermoid
carcinoma (A431) cells that migrated more readily through the pores of a Transwell
membrane lead to identification of two MMPs (-2 and -9) that correlated with increasing
invasiveness of these cancer cells22. One potential drawback of the Transwell system,
however, is its over-simplicity. This model does not incorporate any mechanical forces
(e.g., fluid shear stress, hydrostatic pressure, mechanical deformation) that can
significantly influence cancer cell behavior23–26, and it is difficult to achieve complex 3D
tissue architectures.
Tumor Spheroids
Tumor spheroids are aggregates of cancer cells grown in suspension or
embedded in a matrix or gel using 3D culture methods, which are designed to mimic
representative avascular tumor nodules or micro-metastases (Figure 1.2). Spheroids
have been popular for studies involving drug screening and analysis of tumor growth
and proliferation and immune interactions. When the tumor spheroid is embedded in an
ECM, this method also may be used to investigate invasion, matrix remodeling, and
angiogenesis27,28.
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There are several general methods for spheroid formation: suspension culture,
non-adherent surface methods, hanging drop methods, and microfluidic methods.
Suspension culture methods promote spheroid formation by maintaining cells in
suspension through agitation or by increasing the viscosity of the medium (e.g., with the
addition of carboxymethyl cellulose), thereby enabling spontaneous cell aggregation29.
Culturing cancer cells on non-adherent surfaces such as agar, 1–1.5% agarose, or polyhydroxy-ethyl methacrylate (HEMA)30 similarly prevents attachment to the substrate and
promotes spheroid formation. Both of these methods are straightforward but do not
allow for fine control of size or uniformity. Non-adherent 96-well plates or stamped
agarose microwells, also may be used to direct the growth in a more controlled, higher
throughput fashion, but for optimal control, the use of the hanging drop technique or
microfluidic arrays are employed (Figure 1.2). The hanging drop technique involves
formation of droplets of cells that are suspended from the underside of an adherent
tissue culture lid. Gravity drives cell aggregation into a cluster at the bottom of the drop,
which then grows into a spheroid31. Microfluidic methods for spheroid formation are
becoming increasingly common because they allow for precise control of spheroid
formation with continuous flow under physiological conditions. Microfluidics are also
convenient because formation, maintenance and testing of the tumor spheroids may be
done within same device32.
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Hanging Drop

or

Microfluidic
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Figure 1.2. 3D Tumor spheroid generation methods and model schematic. Modified with permission
19

from .

There 3D spheroid model can recapitulate cell–cell and cell–ECM interactions
between tumor cells and the surrounding matrix microenvironment, and if grown large
enough, spheroids may sustain oxygen and nutrient gradients that often result in the
formation of a necrotic core similar to poorly vascularized tumors33. In early studies
using spheroids that were aimed at studying various aspects of tumor biology (e.g.
proliferation, differentiation, apoptosis, gene expression etc.), it was found that the
protein and gene expression profiles of tumor cells grown in spheroids are much closer
to those observed in vivo than in conventional 2D culture34–36. Spheroids are also often
used for drug screening assays by incubating the spheroids with a drug and then
monitored growth kinetics and cell survival over time. Interestingly, tumor cell spheroids
were found to be overall more resistant to drugs than cells in 2D culture37, recapitulating
similar resistance mechanisms observed in solid tumors in vivo28.
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Spheroid models have also been used extensively for studies of angiogenesis
and immune cell response, where spheroids are formed from tumor cells are mixed with
endothelial cells or immune cells, respectively. Interesting studies have investigated
tumor-induced angiogenesis and subsequent increased expression of hypoxia-related
and proangiogenic genes38. It also has been possible to track the infiltration and
cytotoxic effects of immune cells within spheroids27, highlighting the utility of the
spheroid model for developing therapeutic strategies that stimulate immune responses
by increasing infiltration and cytotoxicity39. However, spheroids still have a major
limitation in that they lack most the tissue-specific microenvironmental cues that are
known to contribute greatly to cancer behavior in vivo14,40,41.
Organoids
Another more recent approach for developing in vitro cancer models involves
engineering of 3D structures grown from organ-specific embryonic and adult
mammalian stem cells. These cells self-organize and differentiation in a tissue-specific
manner, resulting in the formation of ‘organoid’ with characteristic 3D forms that reflect
key structural and functional properties of specialized tissues within organs, such as
kidney, lung, gut, brain and retina42,43. The feasibility of growing organoids from primary
colon, prostate and pancreatic cancers has been demonstrated44–47. This approach
provides a unique opportunity for functional testing of drug sensitivity, and the ability to
correlate this to genetic makeup of the individual tumor and patient, thus opening new
avenues for personalized medicine (Figure 1.3). Other organ-specific examples of the
use of organoids for cancer research will be described in the following sections, and this
is clearly a novel and exciting area of research. However, this method also has
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significant limitations. Namely, these epithelial tissues form spherical structures with a
closed lumen that does not allow access to the apical side of the cells or easy sampling
of the parenchymal compartment. Blood vessels and immune components are also
absent, thus the disease process may only be partially recapitulated. In addition, there
is no ability to mimic the biomechanical forces that cancer cells encounter in vivo, and
the heterogeneity of the organoid morphology makes it difficult to analyze the same site
over time; highly variable sizes and shapes of organoids also can impede phenotypic
screens.

Figure 1.3. Applications of organoid technology for studying development, homeostasis and diseases.
(a,b) Murine- and human-derived organoids from ESCs/iPSCs (a) as well as tissue subunits (b) contribute
to the study of development and homeostasis. (c) Genome, transcriptome and proteome profiling of the
organoids enables delineation of the contribution of various signaling pathways in development and their
dysregulation in disease. (d) Bacterial and viral infections can be studied by injecting infectious agents
into the lumen of organoids. (e) Human disease can be modelled by biochemical and genetic
manipulations to identify driver mutations and key signaling pathways. (f) Organoids represent a
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physiological model that can be used in high-throughput screens for effective drugs and small compounds
at the preclinical stage. (g) Importantly, human organoids are being collated and catalogued as open35

access. Modified with permission from .

Hybrid Engineered 3D Models
There are also hybrid models that embed ex vivo explants or histological sections
of tumors within 3D ECM gels, in an effort to maintain the complexity of the tumor
microenvironment while utilizing the relative simplicity of an in vitro model. This concept
has been employed to investigate and recapitulate tumor drug sensitivity, growth and
preservation of all of types of cancer-associated cell types in culture, as well as zonal
distributions of cell populations and 3D growth patterns observed in tumors in vivo48,49.
For example, embedded biopsies can maintain the heterogeneity of tumor cell
subpopulations, stromal cells and the tumor vasculature. However, it is not possible to
perfuse this vasculature, which is critical for proper drug delivery and one of the primary
reasons for the transition to vascularized, perfusable microfluidic models.
Microfluidic Approaches
Microfluidics is a field at the intersection of engineering, physics, chemistry and
biotechnology. As the name implies, these are micro-scale devices constructed using
microfabrication techniques adapted from the computer microchip manufacturing
industry50,51. Microfluidics has spawned a whole new field of research called Lab-on-aChip with the goal of miniaturization and control of complex biological systems52. They
allow users to design and create architectures of their choice in a biocompatible
substrate.
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This is achieved by first microfabricating the microchannel geometry using SU-8
epoxy-based negative (UV leads to crosslinking) photoresist. SU-8 is spin-coated on top
of a silicon wafer at the thickness of the desired microchannel height, hardened, then
only the areas to remain as a channel are exposed to UV which crosslinks the epoxy.
Areas which were not exposed will remain soluble and wash away with development.
Once the microchannel geometry is created, the microfluidic device is made by pouring
a liquid polymer, such as the silicone poly-dimethylsiloxane (PDMS), on top of the
microfabricated channel structures, and allowing to polymerize into an optically clear,
rubber-like material (Figure 1.4).

Figure 1.4. The process of making a microfluidic device out of polydimethylsiloxane (PDMS).

Photolithography and soft lithography procedures. (a–f) Schematics of the photolithography (a–
c) and soft lithography (d–f) procedures. (a) SU-8 is spin-coated and prebaked on a bare wafer.
(b) With a transparency photomask (black), UV light is exposed on the SU-8. (c) Exposed SU-8
is then baked after exposure and developed to define channel patterns. (d) PDMS mixed
solution is poured on the wafer and cured. (e) Cured PDMS is then peeled from the wafer. (f)
The device is trimmed, punched and autoclaved ready for assembly. Modified with permission
from53.
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The small dimensions of the microfluidic channels mean that viscous forces
dominate (low Reynolds number), thus inhibiting turbulent flow, ensuring that fluids may
only mix only due to molecular diffusion54. Taking advantage of these physics, it is
possible to form discrete parallel flow paths used to create gradients of soluble
chemicals or ECM molecules on the scale of a single cell55. Most microfluidic cancer
models extend this concept, generating multiple horizontal parallel channels alternating
with either different cell types (healthy or cancerous), ECMs or hydrogels, and/or
chemoattractants (summarized in Figure 1.5). A notable aspect of these devices
compared to other in vitro models, is that the channel, whether in PDMS or in an ECM,
may be coated with endothelial cells simulating a vascular lumen. It may be imagined
then, that when cultured next to another compartment containing cancer cells,
spheroids or organoids, this is one step closer to a more in vivo-like system, providing a
vascular delivery system for drugs and another tissue-tissue interface (endothelium and
cancer) known to be crucial in cancer development56. Other novel studies have
demonstrated the ability to control other parameters such as pressure25,57 and oxygen
concentration23 across microfluidic channels, as these pertain to the in vivo cancer
microenvironment and have therapeutic implications24,58–60. As with other in vitro
models, microfluidics provide a novel approach to modeling various aspects of cancer,
which I will describe in more detail in the following sections. Yet, it is the combination of
all of these desired attributes of a cancer model: perfusion through a vascular lumen
adjoining an organ-specific cancer-containing tissue, with the ability to exert mechanical
forces, with sampling and imaging capabilities, is left to be desired and is the topic of
the work presented here.
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Figure 1.5. Various experimental in vitro cancer models of cell seeding and morphogenesis in the
53

hydrogel-incorporating microfluidic assay. Modified with permission from .

As there are virtually as many different types of cancers as there are organs, and
each of their behaviors is distinct, below I will present a few pertinent examples of how
these models were used to create organ-specific in vitro models of cancer, as well as
models of key processes, such as angiogenesis and metastasis, that are shared by all.
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1.2.2 Lung cancer models
Cancer research has recently turned to focus on the tumor microenvironment:
the normal cells, signaling molecules, ECM, mechanical cues, immune cells, and blood
vessels that surround and feed a tumor cell. A tumor can change its microenvironment,
and the microenvironment can affect how a tumor grows and spreads. For example, it
was found that when human A549 lung tumor cells were grown in 3D decellularized
lung matrix, they formed nodules that grew over time and they produced MMPs similar
to those seen in human lung cancer patients, whereas these responses were not
observed in 2D culture61. MMPs, in general, are a family of zinc-dependent
endopeptidases that play a key role in tumor cell invasion, migration, and metastasis by
degrading the specialized epithelial and/or endothelial ECM, which is known as a
basement membrane. Remarkably, MMP-1, MMP-9, and MMP-10 production were
significantly greater in this 3D model, a trend also seen in lung cancer patients.
Similarly, when H1975 non-small cell lung cancer (NSCLC) cells were cultured in 3D gel
spheroids, it was found that this change in architecture (from 2D dish to 3D spheroid)
resulted in reduction of the expression of the Epidermal Growth Factor Receptor
(EGFR)62, a receptor that when mutated in many cancers leads to enhanced growth,
and thus, it is a common therapeutic target. Together, these examples highlight the
impact of the 3D culture architecture on recapitulating in vivo cancer behaviors.
In an example of novel microfluidic architectures used for lung cancer research, a
microfluidic chip equipped with pneumatic micro-valves was used to analyze the
paracrine loop between human CL1-0 lung adenocarcinoma cells and human
fibroblasts. Cytokines from the cancer cells were shown to stimulate the fibroblasts to
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transform into myofibroblasts, which then produced cytokines that increased the
migration speed of the cancer cells63. In another study, cultured A549 lung alveolar
epithelial cells that were originally isolated from a human lung tumor were exposed to
the anti-cancer drug, Tirapazamine, under various oxygen gradients created within a
microfluidic device. These studies demonstrated enhancement of drug-induced cancer
cell killing by hypoxia in vitro64. Through these examples, we can see that complicated
circuitry and valving, and precise control over the chemical (e.g., oxygen) environment
is possible through microfluidics, and use of these systems can help understand very
fundamental processes involved in cancer signaling and growth.
Lacking though in lung models, are multiple cell types native to the lung
(epithelium, endothelium, immune cells etc.) and the mechanical forces, which also are
key features of the lung tumor microenvironment. Analysis of how these mechanical
and cellular components contribute to and alter the progression of cancer in the lung
has previously been impossible due to the complexity of the organ, but given the
technological breakthroughs of our lab, discussed in the coming sections, this is now
achievable and this is the central focus of this dissertation.

1.2.3 Breast cancer models
Breast cancer is often modeled using multicellular tumor spheroids. While
normal mammary epithelial cells form hollow spheroids lined by polarized epithelium
and surrounded by a basement membrane when cultured in 3D ECM gels, cancerous
breast epithelial cells formed spheroids composed of solid masses of disorganized cells
that lack polarity or a continuous basement membrane. Thus, the morphology and
growth kinetics, as well as cell–cell and cell–ECM interactions, within these spheroids
15

resemble tumor nodules, which makes them potentially valuable models of tumor
growth and tissue disorganization33. This system has been leveraged, for example, to
manipulate expression of potentially cancer-relevant genes, and then determine
whether they alter the ability of malignant MDA-MB-468 breast cancer cells or nonmalignant MCF-10A cells to undergo acinar morphogenesis (Figure 1.6)65,66. In another
study, gene network reverse engineering approaches were used to identify genes that
had a high likelihood of being causally involved in cancer progression in a mouse
transgenic breast cancer model, and then these genes were silenced using siRNA in
mouse breast tumor cells that were grown as spheroids in 3D ECM gels. This study led
to the discovery that the HoxA1 gene can induce breast cancer cells to reduce their
growth, restore normal epithelial polarization, induce accumulation of basement
membrane, and undergo acinar differentiation in vitro67.

Figure 1.6. Silencing HoxA1 reduces human breast cancer cell growth and restores lumen organization
67

in tumor cell spheroid cultures. Modified with permission from .

Importantly, when this same siRNA was bound to nanoparticles and delivered through
the nipple into the breast ducts in young transgenic mice, suppression of this gene was
shown to be sufficient to prevent breast cancer development even though cancer
formation was still driven by an active oncogene (SV40 T antigen) in this model.
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Phenotypes representative of malignant and benign breast tumors also can be
recapitulated in vitro by controlling cell-microenvironment interactions through
modulation of β1 integrin signaling, which is aberrantly expressed in human breast
carcinomas and is thought to play a central role in cancer cell growth, apoptosis,
invasion, and metastasis68. Using a laminin-rich gel, it was found that inhibition β1
integrin in malignant human MDA-MB-231 breast cancer cells resulted in cell death, and
phenotypic reversion of malignancy. In contrast, non-malignant HMT-3522-S-1 cells that
formed tissue-like structures, remained unaffected by β1 integrin inhibition, and similar
results were observed in in vivo mouse models16,69,70. The reversibility of the breast
cancer phenotype was also demonstrated in 3D ECM gels by combining mouse breast
cancer cells with embryonic mesenchyme or ECM components, such as biglycan, that
are deposited by these cells, which retain the ability to induce partial breast cancer
reversion in vitro and in vivo71.
In addition to spheroids, microfluidic devices have been implemented to
investigate breast epithelial tumor cell-stromal interactions. For example, the laminar
flow properties of microfluidic devices (which prevent mixing of neighboring flow
streams) have been leveraged to compartmentalize human mammary fibroblasts in an
ECM gel side-by-side with another ECM gel containing breast ductal carcinoma in situ
cells to study the role of stromal interactions involved in the transition to invasive ductal
carcinoma (Figure 1.7)72.
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Figure 1.7. 3D compartmentalization and the invasive transition of MCF-DCIS cells. Passive
pumping allows for the loading and compartmentalization of 3D cultures. Drops of cell containing polymer
solutions are loaded onto the inlet ports. Laminar flow leads to two side-by-side 3D compartments.
72

Modified with permission from .

This study revealed that the fibroblasts had to be in direct contact with the tumor cells to
induce the transition to the invasive phenotype. In another study using the same
method, metastatic MDA-MB-231 breast cancer cells and RAW 264.1 macrophage cells
were placed within neighboring ECM gels composed of collagen type I and Matrigel,
respectively. The RAW 264.1 cells invaded into the gels when the breast cancer cells
were cultured within it, but not when the cells were absent73. Again, new levels of
control of cancer cell behaviors was achieved using these models, which led to novel
and insightful discoveries. Yet, without more components of the human tumor
microenvironment it is difficult to really say whether these observations will be
translatable into novel therapeutic approaches.
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1.2.4 Brain cancer models
Brain cancer is an outstanding example of how challenging it can be to model
cancer behavior in vitro. Until recently, many glioma cell lines were cultured in serumcontaining medium, however, then a study showed that the presence of serum actually
results in significant chromosomal abnormalities, decreased tumorgenicity and loss of
cancer cell infiltration into brain tissues when implanted back in vivo74. More recently,
optimization of culture conditions, derivation and propagation of the tumor cells from
patient samples has created increased excitement in the brain cancer field for in vitro
modeling. One of the key aspects of this aggressive and persistent form of cancer is the
high degree of vascularization of the brain tumor, and for this reason, many in vitro brain
cancer studies focus on interactions between
cancer cells and endothelial cells (Figure 1.8).
To study these interactions, a microfluidic
device was created with multiple parallel
channels: a central channel filled with fibrin
matrix surrounded by two fluidic channels,
which were in turn adjacent to stromal cell
culture channels. Human umbilical vascular

Figure 1.8. Endothelial cell interactions with
pericytes, cancer cells and leukocytes.

endothelial (HUVE) cells that were seeded

Confocal micrographs of angiogenic sprouts
grown for 2 and 4 days under co-culture with

through one fluidic channel adhered to the

U87MG cancer cells, characterized by the

exposed surface of the central fibrin gel.

sprouts with branching tip cells (white
arrowhead) and convoluted and aberrantly

When highly malignant human U87MG

fused tubules (yellow arrowhead). Scale bars,

glioblastoma multiform cells were cultured in
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20 mm. Modified with permission from .

the stromal cell culture channel on the opposite side of the fibrin gel, the endothelial
cells invaded the fibrin matrix within 24 hours, apparently in response to the U87MGderived factors. Interestingly, vascular sprouts formed, but they did not grow in a direct
path toward U87MG cells; instead, some sprouts appeared convoluted and aberrantly
fused with adjacent vessels, resulting in formation of vascular patterns resembling those
observed in certain brain tumors in vivo75. This is an excellent example of how
microfluidics may be used to investigate, with high resolution, the complex interaction
between multiple cancer-associated cell types.

1.2.5 Colon cancer models
An interesting model combining spheroids and microfluidics was shown when
human LS174T colon carcinoma cells that were first cultured as spheroids then
transferred to microfluidic devices and exposed continuously to ﬂowing medium to
mimic chemical gradients surrounding blood vessels in the tumor microenvironment
(Figure 1.9). This device was used to characterize the transport differences between a
passively diffusing therapeutic (doxorubicin) and actively penetrating vectors
(Salmonella bacteria). The ability to quantify diffusion resistance will be essential for
developing and tuning new tumor-penetrating therapeutics (nanoparticles, nanotherapeutics)76.
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B

Figure 1.9. (A) Design of microfluidic tumor spheroid device (B) Microenvironment gradients in tumor
tissue constrained by the device. Viable and dead cells are cells are stained green and red, respectively.
Unstained cells at the distal end of the chamber were visibly necrotic in transmitted light images. White
arrows indicate a region of newly formed dead cells bordering the edge of the chamber. Modified with
76

permission from .

In a recent study, a very novel use of tumor organoids was exhibited. In the study, by
using CRISPR/Cas9 genome editing to engineer human colon tumor organoids with
various combinations of oncogenic mutations, is was possible to identify novel key
signaling pathways which facilitated efficient tumor cell migration and metastasis77. This
was done by injecting these tumor organoids into mice but it could be speculated that
with the development of new human tissue models, a similar approach could be used to
inject similar cancerous organoids into in vitro human models to even further enhance
discovery and predictive models.

1.2.6 Liver cancer
Growth factors play a huge role in tumor growth and progression. The matrix or
scaffold on which the tumor model grows can significantly influence the secretion of
these crucial factors as seen in a study where utilization of a chitosan-alginate scaffold
was found to significantly increase the amount of interleukin 8 (IL-8), basic fibroblast
growth factor (bFGF) and vascular endothelial growth factor (VEGF) (Figure 1.10).
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Figure 1.10. Comparison of growth factor expression profiles of hepatocellular carcinoma cells cultured in
vitro for 10 days on different culture conditions. (A) IL-8, (B) bFGF, and (C) VEGF secretion by PCL and
HepG2 cells cultured on 2D tissue culture plates, Matrigel matrices, and CA scaffolds as determined by
78

ELISA. Modified with permission from .

The hepatocellular carcinoma (HCC)-derived cell lines also exhibited accelerated
growth when implanted in mouse models, as well as higher chemotherapy resistance in
vitro compared to conventional cultures78. Comparison of HCC-derived cell lines in
static cultures versus dynamic microfluidic cultures have revealed that flow conditions
supported gene and protein expression patterns that differences were more reminiscent
of cells in the periportal zone of the liver, whereas the cells in static culture displayed
a perivenous-like phenotype79.

1.2.7 Hematologic cancers
Primary multiple myeloma (MM) has been difficult to propagate ex vivo because
of these cells require the bone marrow microenvironment to grow80. To sustain MM cell
growth in vitro, a 3D culture model was developed that reconstituted the composition of
the in vivo bone marrow microenvironment81. To mimic the bone marrow matrix, an
endosteal niche was reconstructed by surface coating with a mixture of type I collagen
and fibronectin and then overlaying bone marrow cells suspended in a mixture of
fibronectin and Matrigel, and this system was shown to support proliferation of MM cells
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in vitro. To recapitulate interactions between MM cells and the osteoblast niche, a
microfluidic 3D culture system was developed that uses 3D ossified tissue constructed
by osteoblast cells cultured within a perfused microfluidic device to recreate the
endosteal surface82. Importantly, primary MM cells could be propagated in vitro by
directly culturing bone marrow mononuclear cells from MM patient biopsies in this
device, which confirms that the endosteal layer is critical for MM cell proliferation.
Biomimetic scaffolds have been developed to maintain leukemia cell growth in vitro as
well, for example, an osteoblast niche was engineered to maintain chronic myelogenous
leukemia (CML) cells in vitro83. In this system, marrow mesenchymal stem cells from
CML patients were cultured on decellularized human bone and induced to undergo
osteoblast differentiation to recreate the osteoblastic niche where leukemic stem cells
normally reside. This biomimetic culture system was able to maintain primitive CML
stem and progenitor cells, and to retain their proliferating potential in vitro, for a longer
period of time (more than 5 weeks) compared to 2D stroma-supported cultures.
Polymeric scaffolds with a high porosity that were fabricated and coated with type I
collagen and fibronectin to mimic the bone marrow84, also can maintain acute myeloid
leukemia (AML) cells in vitro for over 6 weeks in the absence of exogenous growth
factors. When bone marrow stromal cells and leukemic cells were cultured in these 3D
scaffolds, the tumor cells were more resistant to drug-induced apoptosis compared to
cells in 2D cultures85.
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1.2.8 Angiogenesis
Tumor angiogenesis is the growth of new capillaries that is required for supplying
nutrients and oxygen and removing waste products, and hence, necessary for the
growth and expansion of solid tumors. Due to its inherent complexity and the
involvement of flow, many microfluidic models have been developed to study
angiogenesis in vitro. Biodegradable microfluidic devices composed entirely of ECM
have been developed by using photolithographic and replica molding methods to
fabricate internal networks of microchannels filled with sacrificial material (sugar
crystals) that are dissolved prior to seeding cells in the device. This model is interesting
because endothelial cells may be plated inside the channels while tumor cells can be
grown within the surrounding 3D ECM86,87, and all structures within the system have
well defined and controllable geometries (Figure 1.11).

Figure 1.11. A flexible approach to forming 3D collagen microfluidics. Schematic overview of
fabrication process for forming microfluidic channels within collagen gels. Briefly, sacrificial gelatin
structures are micromolded on a glass surface, a gasket possessing porting and a central chamber for
the collagen gel is registered upon the gelatin structure, collagen is introduced and gelled, and the device
o

is incubated at 37 C to extract the gelatin to leave open channels. Subsequently, connections to device
86

ports or media reservoirs are made and flow is initiated. Modified with permission from .

This is significant because for the first time, the relationship between the geometry of
the initial (un-sprouted) vessel and the location of the source of vessel growth factor
signals could be controlled and explored. It was found that vessel geometries and
location of the source of growth factors (thus, resulting diffusion patterns) dictate the
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location and morphology of 3D, sprouting endothelial cells, and that these parameters
also influence the ability of angiogenic inhibitors to antagonize filopodia formation.
Administration of anti-VEGF therapies is common to patients of varying cancer types,
but also yields aberrant, inconsistent results. In vitro models, such as described here,
may elucidate the tumor angiogenesis process such that if the spatial relationship of the
tumor to vasculature is known a priori, therapies may be improved and pathologies
better explained. Other on-chip angiogenesis models generate functional capillary
networks that sprout freely within a 3D matrix of stroma and ECM88–90. Importantly,
these in vitro angiogenesis models enable high-resolution analysis and they have
provided new insights into the molecular mechanisms of angiogenesis inhibitors and
how spatial patterns of diffusive gradients influence the position of angiogenic sprouting.

Trans-endothelial cell migration of neutrophils has been studied in a microfluidic
device containing a central channel lined by endothelium separated from a side channel
containing chemo-attractants by an intervening ECM gel. The power of microfluidic
systems, namely the ability to multiplex, has been employed to develop nearly identical,
human micro-tissues containing vascularized networks in a parallelized PDMS platform.
The fluidic layout, which connects the micro-tissue chambers, was designed using a
circuit analog such that each chamber may be observed in series or parallel with
respect to other chambers. This provides precise control of the chemical (e.g. growth
factors) and mechanical (pressure) microenvironment. It was shown that modulating
the interstitial pressure, greatly affects the growth characteristics of sprouting vessels,
something that has been observed during tumor angiogenesis in vivo, but never able to
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be recapitulated in vitro. Thus, the effects of multiple microenvironmental variations on
angiogenic responses can now be multiplexed and studied in a single chip, providing a
large amount of insight into the process of microenvironmental perturbation to
pathology, in a short amount of time91.

1.2.9 Metastasis
Cancer metastasis involves physical invasion of cancer cells through their natural
tissue boundary (e.g. basement membrane), translocation through the interstitium,
intravasation into the blood stream or lymphatics, circulation through the body, adhesion
and extravasation out of a distant blood vessel or lymphatic, and implantation into the
interstitium of a distant site where new growth of the cells leads to a secondary
‘metastatic’ lesion. Recently, there has been a transition from using static
transmigration chambers to analyze tumor cell migration in vitro to use more
sophisticated microfluidic devices, which permit analysis of more complex interactions
between tumor cells and other cells, as well as with ECM, while under physiological flow
conditions. For example, a microfluidic-based in vitro assay was developed that enables
real-time visualization and quantification of interactions between tumor cells and
endothelial cells to mimic physiological process involved in tumor cell intravasation.
Studies with highly invasive fibrosarcoma cells revealed that treatment of the
endothelium with TNFα results in a higher number tumor-endothelial cell binding
interactions with faster dynamics, providing evidence that the endothelium poses a
barrier to tumor cell intravasation that can be regulated by factors present in the tumor
microenvironment (Figure 1.12)92.
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Figure 1.12. Microfluidic tumor-vascular interface model. (A) Endothelial channel (green), tumor
channel (red), and 3D ECM (dark gray) between the two channels. Channels are 500 μm wide, 20 mm in
length, and 120 μm in height. Black arrow shows the y-junction. (Scale bar: 2 mm.) (B) Phase contrast
image showing the fibrosarcoma cells (HT1080, red) invading through the ECM (gray) toward the
endothelium (MVEC, green). A single 3D ECM hydrogel matrix region is outlined with the white dashed
square. (Scale bar: 300 μm.) (C) VE-cadherin and DAPI staining to show the confluency of the endothelial
monolayer on the 3D ECM (outlined with white square in B). (D) Three-dimensional rendering of a
confocal z-stack of a single region showing the tumor cells invading in 3D and adhering to the
92

endothelium. (Scale bar: 30 μm.) Modified with permission from .

Prior to extravasation, tumor cells are believed to undergo mechanical
deformation as they squeeze through small capillaries, before they adhere to the
endothelium and transmigrate through the underlying basement membrane. This
process was modeled in a microfluidic device by flowing tumor cells through small
(10μm diameter) channels of variable length, and it was found that the more mechanical
strain a tumor cell experiences, the greater its ability to adhere to the endothelium and
the higher its migration rate93. Moreover, similar results were obtained with three
different types of cancer cell lines (HepG2 liver, HeLa cervical, and MDA-MB-435S
breast), suggesting that this may a fundamental response involved in tumor cell
extravasation. In a separate study, MDA-MB-231 breast cancer cells were flowed
through the top channel of a 2-layered microfluidic device, where a 0.4μm polyester
membrane separated the channels and the top of the membrane was lined with
27

endothelium; cytokines also were flowed through the lower channel to simulate the
presence or absence of stimulants. This study reproduced the preferential adhesion of
circulating cancer cells to endothelium in organs and tissues that express high levels of
CXCL12 as has been observed in vivo (Figure 1.13)94.
Figure 1.13. Microfluidic vasculature enables regionspecific activation of endothelium under physiological flow
conditions. (A) Schematic of the poly-(dimethysiloxane)
(PDMS) microfluidic device demonstrating multi-layer
fabrication with a thin, porous polyester membrane
sandwiched by the top and bottom PDMS layers. (B)
Chemokine in the bottom channel activates the
endothelium from the basal face while cancer cells flow in
the top channel above the endothelium. Reproduced with
94

permission from .

Bone is the most common site for metastasis and advanced breast and prostate cancer
patients almost always develop bone metastases. A microfluidic 3D culture model has
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been developed to analyze the specificity of human breast cancer metastases to bone
by recreating a vascularized bone-like microenvironment95.
Osteo-differentiated human bone marrow-derived mesenchymal stem cells were
mixed with collagen solution, introduced into a microfluidic channel and gelled, and then
endothelial cells were seeded 3 days later in the adjacent channel separated by posts to
create a monolayer covering the adjacent channel walls and the gel-channel interfaces.
When human breast cancer cells were injected into the channel, it was possible to
quantitate tumor cell extravasation and micro-metastasis generation within a bone-like
microenvironment in vitro. These studies demonstrated that co-culture of cancer cells
with osteoblast-like cells significantly increases drug resistance, invasiveness, and
angiogenic potential96–98. Furthermore, the cancer cells were observed to self-organize
into micro-colonies in these cultures, and this was associated with a reduction in
osteoblastic tissue thickness as well as an increase in osteo-clastogenesis, reminiscent
of the vicious cycle of bone metastasis observed in vivo. The liver is also highly
metastasis permissive organ, so in an interesting study, micro-reactors combined
human hepatocytes and non-parenchymal liver cells and it was found that this
supported growth of prostate and breast cancer cell lines as well as primary breast
cancer explants, whereas it was not supported in static culture99,100.

1.2.10

Summary

We see that even with the vast amount of in vitro models, all contributing to the
research of various aspects of cancer in various organ environments, there are still
features lacking. Specifically, they lack the combination of the cellular (primary cells),
3D tissue organization, and mechanical components (strain), of the organ-specific tumor
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microenvironment. Because of this, the in vitro model still might not accurately
recapitulate the disease, such as organ-level and organ specific differences in growth
and responses to therapy, seen in vivo. A similar trend has occurred in the in vivo
modeling community as the subcutaneous injection of tumor cell xenografts into mice
often do not faithfully recapitulate tumor growth, metastasis or responses to
therapy40,101. For this reason, researchers now implant human tumor xenografts at the
“orthotopic” site, or the site from whence the tumor was derived, and this has shown to
correlate better to clinical growth and drug response data, yet a major problem remains:
the environment is not human. As we are well aware of the failure of mouse models as
predictive surrogates of clinical trials102, there is a desperate need for human cancer
models that are capable of overcoming the limitations of other in vitro models and
recapitulating the growth and therapeutic responses that occur in human patients in
vivo. In the following section, I will describe our hypothesized solution to this problem:
Orthotopic Human Organs-on-Chips.
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1.3 Organs on Chips
Organs-on-Chips (Organ Chips) are biomimetic, microfluidic, cell culture devices
created with microchip manufacturing methods that contain continuously perfused
hollow microchannels inhabited by living cells arranged to simulate tissue- and organlevel physiology50. By recapitulating the multicellular architectures, tissue-tissue
interfaces, chemical gradients, mechanical cues, and vascular perfusion of the body,
these devices produce levels of tissue and organ functionality not possible with
conventional 2D or 3D culture systems. They also enable high-resolution, real-time
imaging and in vitro analysis of biochemical, genetic and metabolic activities of living
human cells in a functional human tissue and organ context. We have engineered
multiple Organ Chip micro-devices that reproduce structural, functional, and mechanical
properties of key functional units of whole human organs, including lung alveoli103,104
and bronchioles105–107, kidney tubules106,107, small intestine108, and blood-brain
barrier109, as well as large intestine, liver, kidney glomeruli, skin, and bone marrow,
which are currently in development. All of these devices contain human organ-specific
parenchymal cells (e.g., lung alveolar epithelium, bronchiolar epithelium, kidney
proximal tubular epithelium, liver hepatocytes, etc.) and human vascular endothelium in
parallel microchannels separated by a porous ECM-coated membrane. Importantly, we
have shown that our Organ Chip microfluidic devices can reproduce complex human
organ-level physiologies and pathologies, including responses of lung, intestine, liver,
kidney, brain, and bone marrow to pharmaceuticals, toxins, radiation, cigarette smoke,
pathogens, and normal microbiome, as well as organ-specific inflammatory reactions.
We also have demonstrated that our Organ Chips can effectively mimic many types of
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organ disease states, including pulmonary edema, asthma, chronic obstructive
pulmonary disease (COPD), and inflammatory bowel disease on-chip, and that these
devices can be used for drug development and new therapeutic discovery.
Lung Alveolus Chip
The Lung Alveolus Chip was the first organ chip we developed. It recapitulates
the human alveolar-capillary interface, which is the key functional unit of the living lung
alveolus, by recreating the boundary between the lung's air sacs and its capillaries
within a microfluidic system (Figure 1.14).

Figure 1.14. A 2-channel, vascularized, microfluidic, Human Organ Chip with lateral vacuum channels to
mimic cyclic breathing motions

This device consists of 3 parallel microfluidic channels etched into a transparent silicone
rubber (poly-dimethylsiloxane; PDMS) polymer chip the size of a computer memory
stick. The central channel contains two layers of human cells, separated by a horizontal
porous membrane coated with ECM that mimics the lung basement membrane. In our
past publications, human alveolar (A549) epithelial cells were cultured on the top of the
ECM-coated membrane and overlaid with air to create an air-liquid interface (ALI), while
human pulmonary microvascular endothelial cells (HMVECs) or umbilical vein
endothelial cells (HUVECs) were cultured on the opposite side of the same membrane
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and exposed to flowing culture medium containing primary human white blood cells
(neutrophils). Unlike other in vitro systems that are static, the Lung Alveolus chip also
mimics the breathing motions of the lung by applying cyclic suction to hollow side
chambers that rhythmically distort the entire human tissue-tissue interface in the central
chamber, which profoundly affects differentiation, transport processes, inflammatory
responses and barrier permeability, such that the chips more accurately mimic lung
properties observed in vivo when compared to static 2D or Transwell cultures104. For
example, in our initial publication in Science, we showed that this Lung Alveolus chip
can be used to mimic lung alveolar physiology, and to detect absorption of airborne
nano-particulates as well as inflammation due to toxicity and infection, and these
findings replicated results we obtained in parallel in vivo studies103.
We later confirmed in an article in Science Translation Medicine that the Lung
Alveolus chip also can be used to model human pulmonary edema, and showed that it
can effectively predict lung toxicity responses to the cancer chemotherapeutic drug
interleukin-2 (IL-2), which has a dose-limiting toxicity due to vascular leakage leading to
pulmonary edema in humans104. Using the Lung Alveolus chip with fluorescent-inulin as
a marker of vascular permeability (fluid shifts), we demonstrated that IL-2 produces a
small but significant increase in pulmonary vascular leakage into the air channel of the
microdevice under static conditions. However, with physiological breathing motions
(10% cyclic strain), this response increases by more than 3-fold and it was
accompanied by blood clot formation as is seen in humans. The critical physiological
importance of providing this correct mechanical microenvironment was confirmed by
studies in a mouse ex vivo ventilation-perfusion model that demonstrated a similar
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dependency of pulmonary edema induction by IL-2 on breathing motions. Working with
a pharmaceutical collaborator (GlaxoSmithKline), we were able to pharmacologically
suppress this IL-2-induced pulmonary toxicity in the Lung Alveolus Chip in vitro using a
new drug compound that specifically inhibits the TRPV4 ion channel, which we
previously showed mediates ultra-rapid mechanical activation of intracellular signaling
when cells are mechanically stretched110. Importantly, our pharmaceutical collaborator
confirmed that these results obtained with this TRPV4 inhibitor in the Lung Alveolus chip
effectively predicted similar results obtained in a cardiogenic pulmonary edema model in
dogs and rabbits111. Thus, the findings we obtained with the Lung Alveolus chip
provided proof-of-principle for the clinical relevance of the entire in vitro Organ-on-aChip approach as this single microfluidic cell culture device effectively modeled normal
lung physiology, recreated a human disease state, recapitulated a drug toxicity, and
facilitated discovery of a potential new therapeutic.

Figure 1.15 Primary cell lung alveolus on chip. Micrograph of human lung alveolar epithelial cells
(ZO1, top-left; brightfield, top-right; Scale bar, 50 µm) and vascular endothelial cells (VE-cadherin, mid-
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left; brightfield, mid-right, Scale bar, 50 µm). Side-view (bottom) of confocal micrographs showing
junctional structures, after twelve days of co-culture, of a single layer of the primary alveolar epithelium at
the top chamber (purple, stained with E-cadherin) and endothelial monolayers covering the entire surface
of the lower chamber (green, stained with VE-cadherin), through which blood perfusion takes place. Scale
bar: 100 µm. Reproduced with permission from

112

.

It is important to note that although these Lung Alveolus chips recapitulated many
normal and pathological responses of the human lung104,113, the human alveolar cell
lines used in those experiments were originally isolated from a lung tumor, which could
complicate cancer modeling studies. However, we recently developed a primary human
Lung Alveolus Chip lined by normal human alveolar epithelial cells and human lung
microvascular endothelial cells; in addition, then endothelium that now covers all four
sides of the vascular channel, which permits perfusion by whole human blood without
anticoagulants112 (Figure 1.15). Importantly, we also found that when we cultured human
monocytes at ALI on the epithelial surface of the Lung Alveolus Chip, they maintained
expression of PPAR-g (a transcription factor expressed in alveolar macrophages
required for lung surfactant catabolism114) for many days in culture without requiring
exogenous cytokines.
Lung Airway Chip
As described in our Nature Methods article105, we also developed a primary
human Lung Small Airway Chip that is lined by a normal human, mucociliary bronchiolar
epithelium cultured at an ALI and an underlying human microvascular endothelium that
experiences fluid flow, which enables analysis of organ-level lung airway
pathophysiology in vitro (Figure 1.16).
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Figure 1.16 Primary Human Lung Airway Chip. (a,b) Chip design schematics, (c) Confocal vertical
cross-section through pseudostratified epithelium (green), membrane (blue) and endothelium (red). (d)
ZO-1 staining of epithelium. (e) VE-cadherin in endothelium. (f) Cilia (green) & mucin (purple) on surface
of epithelium

In this study, we showed that exposure of the epithelium to IL-13 reconstituted the
goblet cell hyperplasia, cytokine hypersecretion and decreased ciliary function of
asthmatics. Small Airway chips lined by epithelial cells from COPD patients also
recapitulated features of the disease including selective cytokine hypersecretion,
increased neutrophil recruitment, and clinical exacerbations by exposure to viral and
bacterial infections. Using this robust in vitro method for modeling human lung
inflammation, we detected synergistic effects of lung endothelium and epithelium on
cytokine secretion, identified new biomarkers of disease exacerbation, and measured
therapeutic responses to anti-inflammatory compounds that inhibit cytokine-induced
recruitment of circulating neutrophils under flow.
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In a recent follow up article115, we extended this work by showing that our Organ
Chip technology enables true matched comparisons of human biological responses by
culturing cells from the same individual with or without exposure to an experimental
stimulus or perturbation. For example, smoking represents a major risk factor for
patients with COPD (as well as cancer), but it is difficult to characterize smoke-induced
injury responses under physiological breathing conditions in humans due to patient-topatient variability. In this recent work, we showed that Small Airway chips lined by living
human bronchiolar epithelium from normal or COPD patients can be connected to an
instrument that ‘breathes’ whole cigarette smoke in and out of the chips to study smokeinduced pathophysiology in vitro. These studies led to identification of ciliary micropathologies, COPD-specific molecular signatures and gene expression profiles, as well
as epithelial responses to smoke generated by electronic cigarettes. Thus, these
findings showed that the Airway Chip represents a tool to study normal and diseasespecific responses of the human lung to stimuli (in this case, inhaled smoke) across
molecular, cell, and tissue levels in an organ-relevant context. The breathing device
also may be used to deliver other stimuli, such as aerosol-based therapeutics in future
cancer chip studies.
Kidney Chip
Another interesting clinical observation in the cancer field is that primary renal
clear cell carcinoma (RCCC) lesions in the kidney respond less well to therapy with the
cancer drug, Sunitinib, than metastatic lung lesions in the same patients116. We could
therefore potentially mimic this clinically relevant response in vitro by integrating human
RCCC cells into a Kidney Chip as well as our Lung Alveolus Chip. To do this, we could
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leverage microfluidic human Kidney Proximal Tubule Chip (here referred to as ‘Kidney
Chip’) that we previously described117, which is lined by living primary human kidney
proximal tubule epithelial cells exposed to fluid flow that mimics key functions of the
human kidney proximal tubule. Exposure of the kidney epithelium to an apical fluid
shear stress (0.2 dyne cm-2) that mimics that found in living kidney tubules resulted in
enhanced epithelial cell polarization and primary cilia formation compared to traditional
TW culture systems. The cells also exhibited significantly greater albumin transport,
glucose reabsorption, and brush border alkaline phosphatase activity. Importantly,
toxicity of the cancer drug cisplatin and Pgp efflux transporter activity measured on-chip
more closely mimicked in vivo responses than results obtained with cells maintained
under conventional culture conditions. In addition, we have integrated human kidney
endothelial cells into the lower channel to reconstitute the tissue-tissue interface of the
kidney tubule, and these studies have demonstrated even greater levels of kidneyspecific responses, such as albumin re-adsorption, compared to use of human umbilical
vein endothelial cells (HUVECs) (Figure 1.17).

Figure 1.17 Human Kidney Chip schematic (left) and Albumin Reabsorption function in Proximal Tubule
(PT) epithelial cells in the presence or absence of Gentamycin inhibitor drug. PT+HUVEC, chips with
HUVECs; PT+G endo, with kidney glomerular endothelium
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Liver Chip
As many cancers, including lung, metastasize to the liver, we also created a
human Liver Chip in which primary human hepatocytes are grown on one side of a type
I collagen-coated porous membrane in one microchannel and human liver sinusoidal
endothelial cells on the opposite side of the same membrane in the second channel of
our microfluidic organ chip device; the hepatocytes are also overlaid with a thin layer of
Matrigel. In preliminary studies, when we simultaneously flow hepatocyte medium
through the upper channel and endothelium-specific medium through the lower, we
were able to maintain viability and higher levels of liver functions, such as albumin
production for weeks in culture compared to previously published in vitro liver models118.
We will show in a later section that using this model, it was possible to create a growth
phenotype similar to that of lung cancer which has metastasized to the liver.

Other Organ Chips
We developed many other organ chips leveraging our 2-channel microfluidic chip
design approach. For example, we created a human Intestine Chip (gut-on-a-chip)
culture device lined with human Caco-2 intestinal epithelial cells that spontaneously
undergo intestinal villus differentiation within ~5 days when exposed to physiologically
relevant trickling luminal flow and peristalsis-like mechanical deformations on-chip119.
Although never seen previously in static 2D or TW cultures, these Caco2 cells
spontaneously form differentiated intestinal villi with basal proliferative crypts and
physiological migration of daughter cells to the villus tip, as well as differentiation of the
cells into all four epithelial cell lineages of the small intestine (absorptive, goblet,
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enteroendocrine, and Paneth). The villi also exhibit enhanced barrier function,
upregulated activity of drug-metabolizing cytochrome P450 enzymes, increased surface
absorption area, and much higher levels of apical mucus secretion compared with the
same Caco2 cells grown in conventional TW cultures. In the most recent version of the
human Gut Chip described in PNAS120, we integrated human endothelial cells into the
second microchannel to create a tissue-tissue interface as we have done in the other
Organ Chips. This Intestine Chip was also used to analyze how gut microbiome,
inflammatory cells and peristalsis-associated mechanical deformation independently
contribute to intestinal bacterial overgrowth and inflammation. Importantly, this in vitro
model replicated results from past animal and human studies, including demonstration
that probiotic and antibiotic therapies can suppress villus injury induced by pathogenic
bacteria. By ceasing peristalsis-like motions while maintaining luminal flow, lack of
epithelial deformation was shown to be sufficient to trigger bacterial overgrowth, which
is similar to that observed in patients with ileus and inflammatory bowel disease. Thus,
these studies confirmed that this engineered Intestine Chip can be used to dissect
disease mechanisms and potentially screen for new therapeutics in a controlled manner
that is not possible using existing in vitro systems or animal models.
We also are currently developing many different types of 2-channel Organ Chips,
including some that contain stromal cells in addition to endothelium and epithelium. For
example, we have created a Blood-Brain Barrier chip lined with astrocytes and pericytes
in one channel and endothelium in the other, as well as a Skin Chip that contains
endothelial cells in one channel and a collagen gel filled with fibroblasts as well as
epidermal covering cells at an ALI in a second channel. Thus, these preliminary results,
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combined with past studies demonstrating recruitment of circulating immune cells,
support the feasibility of integrating stromal and immune cells into future Cancer Chips
to model cancer growth and therapeutic responses.

1.4 Specific aims of the thesis
Organ Chips offer a way to pursue Synthetic Biology at the cell, tissue and organ
levels in that we are able to examine how individual cellular components and
microenvironmental stimuli contribute individually, and in various combinations, to
organ-level pathophysiology. Given the thorough review of in vitro modeling of cancer
presented here, we felt that the Organ Chip architecture and platform was ideal for
future cancer studies of the tumor-organ microenvironment and therapeutic testing.
Thus, in this work I set out to explore whether we may leverage Organ Chip technology
to create Orthotopic Human Cancer Chip models that recapitulate useful in vivo organspecific growth patterns and identify key cellular and microenvironmental contributors to
human cancer growth and therapeutic responses in vitro. I have achieved this through
completion of the following specific aims:
1. Establish a human lung cancer-on-a-chip model containing a co-culture of nonsmall cell lung cancer cells with primary epithelium (alveolar and small airway)
and endothelium
2. Investigate the independent effects of the two healthy cell types, epithelium and
endothelium, on the growth of the lung cancer
3. Explore the effects of mechanical stimulation on lung cancer growth and
invasiveness
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4. Evaluate the therapeutic response of the lung cancer to a 3rd generation tyrosine
kinase inhibitor (TKI) in the lung cancer chip, comparing static versus
mechanically stimulated lung cancer chips that mimic physiological breathing
motions.

The results of these studies are described in Chapters 2 and 3. I end the thesis
with a discussion of the implications of this work in Chapter 4. I also include an
Appendix that describes many additional microengineering methods that I helped to
develop, which have assisted in these studies, and which have great potential value for
creation of other 3D engineered culture models in the future.

42

Chapter 2: Human Organ-on-Chip Orthotopic
Cancer Models
Cancer researchers implant human tumor xenografts in mice at the ‘orthotopic’
organ site from which the tumors were derived to better mimic cancer growth and
metastatic behaviors observed clinically, however, these models still have many
limitations, most notably being that the organ microenvironment is not human. Here, I
will show that human Organ-on-a-Chip microfluidic models of the human Lung Alveolus,
Lung Small Airway and Liver can be used to recreate characteristic growth patterns of
non-small cell lung cancer (NSCLC) cells that are similar to those observed in human
patients. Use of this synthetic biology approach also revealed that the presence of
healthy, primary lung tissue cells can alter the growth rate of the lung cancer cells.
Interestingly, I also discovered that physiological breathing motions can suppress lung
cancer cell growth and invasion, suggesting that interference with alveolar motions
during cancer development may positively feedback to further enhance tumor
expansion.

2.1 Orthotopic lung cancer-on-a-chip models
Lung cancer is the leading cause of cancer-related death in the United
States121,122, and the adenocarcinoma form of NSCLC provides an excellent example of
a tumor that exhibits microenvironment-dependent differentials in growth at the organ
level in that it emerges at the bronchiolar-alveolar border of the lung, but it preferentially
grows along preexisting alveolar structures in human patients123. To create in vitro
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orthotopic models of human NSCLC, we leveraged recently described microfluidic
Organ Chip models of the lung alveolus (Alveolus Chip103,104) and small airway (Airway
Chip105,124). The Alveolus and Airway Chips are microfluidic culture devices containing
a central hollow microchannel that is split into an upper and lower channel by a porous,
extracellular matrix (ECM)-coated membrane with either human primary lung alveolar
epithelial cells or primary bronchiolar epithelial cells cultured on its top surface under air,
while primary human lung microvascular endothelial cells are cultured on the lower
surface of the same porous membrane and on the remaining surfaces of the lower
channel to create a vascular lumen112 (Figure 2.1 a,b). The Alveolus Chip also has two
parallel hollow chambers (Figure 2.1 a) through which cyclic suction can be applied to
repeatedly deform the flexible membrane and attached tissue layers to mimic the effects
of physiological breathing motions.

Figure 2.1. Human orthotopic lung cancer-on-a-chip models. (a) Schematic diagram of a
cross-section through the 2-channel microfluidic chip containing human lung epithelial cells and
a low density of NSCLC tumor cells cultured on the upper surface of a porous ECM-coated
membrane (brackets) with human lung microvascular endothelial cells cultured on all four walls
of the lower channel, forming a hollow vascular lumen. In this schematic, the two parallel side
chambers of the Alveolus Chip are shown; physiological breathing motions can be mimicked by
applying cyclic suction to these chambers, which rhythmically deforms the flexible side walls
and attached horizontal membrane with the adherent lung tissues. (b) Confocal fluorescence
micrograph of a cross-section through the two central cell-lined channels of an Alveolus Chip,
showing GFP-labeled lung cancer cells (green, anti-GFP) co-cultured with primary lung alveolar
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epithelial cells labeled with antibodies against the tight junction protein ZO-1 (white) at an ALI in
the apical compartment of the microfluidic device. Primary lung microvascular endothelial cells
labeled with anti-VE cadherin (red) form a continuous monolayer that covers all four sides of the
lower microchannel, creating a vascular lumen through which the ALI maintenance medium
flows. Note that the tumor cells grow within, above and below the epithelial monolayer, in
addition to appearing within the pores of the membrane and in the endothelial monolayer below
in this Alveolus Chip that was cultured for 7 days without breathing motions (bar, 200µm).

To create an orthotopic model of human NSCLC representative of the in vivo
microenvironment, we plated H1975 human NSCLC adenocarcinoma cells at a low cell
density (3200 cells cm-2) simultaneously with a 100-fold higher number of primary lung
alveolar or small airway epithelial cells on the upper surface of the ECM-coated
membrane (Figure 2.1 a). After plating, the medium was removed from the upper
channel to create an Air-Liquid Interface (ALI) above the epithelium, while an ‘ALI
medium’ (DMEM with 0.05% serum) was continuously perfused through the lower
vascular channel to feed both tissue layers. The NSCLC cells were engineered to
stably express high levels of green fluorescent protein (GFP) to optically quantify tumor
cell growth and invasion.
We first analyzed the growth of the NSCLC cells in the human Airway Chip and
found that they appeared as isolated GFP-positive cells within the epithelial monolayer
(Figure 2.2, left) and remained quiescent for approximately 12 days of culture on-chip
before they shifted into logarithmic growth and began to exhibit a doubling time of about
40 hours (Figure 2.3, top).
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Figure 2.2. GFP-labeled lung cancer cells (green) exhibit distinct growth patterns within the
normal epithelial monolayer containing cells delineated by ZO1-containing tight junctions (white)
after 2 weeks of culture in the Airway Chip (left) versus the Alveolus Chip in the absence
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Figure 2.3 Top- Lung cancer cell growth dynamics when cultured alone in normal growth
medium in a 2D plastic dish (2D) or on the same dishes in ALI medium (2D+ALI) versus in ALI
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medium in the microfluidic Airway Chip with co-cultured normal lung small airway epithelium and
endothelium (Chip+ALI). Bottom- Lung cancer cell growth dynamics in ALI medium when
cultured alone in a 2D plastic dish (2D+ALI) versus when co-cultured with normal lung alveolar
epithelium and endothelium in a Transwell insert (TW) or in a microfluidic Alveolus Chip with
(Chip+Br) or without (Chip-Br) breathing motions.

Furthermore, when we carried out control studies by injecting the same number
NSCLC cells at a single site within the epithelium in Airway Chips after the epithelium
was allowed to fully differentiate (rather than co-plating them during induction of
differentiation), tumor cell growth was completely inhibited, even though viable, GFPlabeled, dormant lesions remained present for up to 4 weeks of culture (Figure 2.4 a,b).
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Figure 2.4. NSCLC tumor cells implanted within a fully differentiated Airway Chip do not
proliferate. (a) Immunofluorescence micrograph of an implanted cluster of GFP-labeled NSCLC
cancer cells (green) which do not significantly expand in number at the site of injection when
viewed at 1, 14 and 28 days after implantation in the Airway chip (bar, 100 µm). (b)
Quantification of NSCLC tumor cell densities when cultured for up to 1 month after implantation
in the fully differentiated Airway Chip.

In contrast, when these NSCLC cells were cultured on plastic culture dishes in
the rich medium (DMEM with 10% serum) in which they are commonly passaged, they
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failed to exhibit any growth lag and proliferated even more rapidly (30 hour doubling
rate) than when plated simultaneously with epithelial cells in the Airway Chip (Figure 2.3,
top). In contrast, the same tumor cells failed to exhibit any growth when cultured alone
on plastic dishes in the same ALI medium used for Airway Chip cultures (Figure 2.3,
top), and thus, the engineered lung airway microenvironment appears to convey distinct
growth signals to these cells.
Interestingly, the NSCLC cells proliferated much more rapidly when cultured in
the human Alveolus Chip than in the Airway Chip whether cultured in the presence or
absence of cyclic mechanical strain (10% strain; 0.2 Hz) to mimic physiological
breathing motions (Figure 2.3, bottom vs. top), much as is observed in human patients
with this adenocarcinoma form of lung cancer in vivo123. The growth of the cancer cells
in the static Alveolus Chip was comparable to that observed when the cells were cocultured with lung alveolar epithelium and endothelium in a Transwell insert even
though they did not proliferate in this ALI medium on their own (Figure 2.3, bottom).
We previously showed that mimicking normal breathing has potent effects on various
pathophysiological responses in the human Lung Alveolus Chip103,104, however, we
were surprised to find that recapitulation of this physiologically relevant mechanical
microenvironment suppressed lung cancer growth significantly (by >50%; p < 0.001) in
this model (Figure 2.2 and Figure 2.3, bottom).
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Figure 2.5. Top (top) and cross-sectional (bottom) confocal fluorescence microscopic views of a
non-breathing Alveolus Chip showing NSCLC tumor cells (green, anti-GFP) growing beneath
and within the alveolar epithelium (white, anti-ZO1) and disrupting its normal epithelial continuity
(bar, 100 µm).

When grown in the absence of breathing motions on-chip, the tumor cells
expanded to replace large regions of the epithelium (Figure 2.1b and Figure 2.2,
middle), and grew both above and below the epithelial layer (Figure 2.1b, Figure 2.5),
whereas the same tumor cells remain limited to smaller localized regions of the
epithelium when grown with cyclic deformation (Figure 2.2, right). This observation
raises that possibility that loss of lung motion due to filling of the alveolar spaces by
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growing cancer cells could produce a positive feedback loop to further enhance tumor
cell proliferation during disease progression.
Another interesting observation was made that showed when in co-culture, after
a duration of 1-2 weeks, the H1975 cancer cells began to express ZO-1, sometimes
forming junctions in the small airway (Figure 2.2 left) or with cytoplasmic expression in
the alveolus. We then compared this to the cell line in monoculture conditions, where
we found that there was no baseline expression of ZO-1 by the H1975 cells (Figure 2.6),
even after 3 days of culture in the ALI medium (ruling out a medium driven change)
indicating that these different microenvironments are capable of changing cancer cell
expression of certain key factors, such as tight junction marker, ZO-1. This highlights
that not only does the interaction with the normal primary cells alter the growth of the
cancer, it also may change the gene expression, in this case, potentially reversing an
epithelial-mesenchymal transition (EMT) that is commonly associated with advanced
tumor progression.
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Figure 2.6. Immunofluorescence of H1975 in monoculture demonstrates the absence of ZO-1
tight junction protein in monoculture but cytoplasmic expression in co-culture (bar, 50µm).

Given that rampant tumor cell proliferation is a key contributor to cancer, we next
analyzed how the normal lung tissues contribute to this response. To focus on effects
independent of fluid flow or breathing motions, we carried out these studies in Transwell
inserts. Co-culture with endothelium alone did not significantly support NSCLC cell
growth whether measured by quantifying cell number (Figure 2.7) or incorporation of
EdU into DNA (Figure 2.8 and Figure 2.9).
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Figure 2.7. NSCLC tumor cell growth measured under static conditions either alone (T) or in the
presence of normal lung alveolar epithelium (T+Epi), normal lung microvascular endothelium
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Figure 2.8. Effects on lung cancer cell DNA synthesis (EdU incorporation) measured when
cultured under the conditions shown in Figure 2.7. Data are presented as the ratio of nuclei
labeled positively for both GFP + EdU relative to total GFP-labeled tumor cell nuclei. Chip data
were obtained from analysis of 5-6 regions per chip in 2-3 chips per condition in 3 separate
experiments; *P < 0.05; ***P < 0.001; n.s., not significant.
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Figure 2.9. Fluorescence microscopic images of GFP-labeled H1975 tumor cells (H1975, GFP)
cultured in the presence of EdU to quantify DNA synthesis (EdU, red) either alone or co-cultured
with alveolar epithelium (Epi) or lung endothelium (Endo) or both in Transwell inserts; Hoechststained nuclei and merged images are also shown.

In contrast, co-culture of the tumor cells with lung alveolar epithelial cells
dramatically increased their growth, whereas further addition of endothelium
significantly (p < 0.001) suppressed this response (Figure 2.7, Figure 2.8). This effect
appeared to be mediated by soluble factors as epithelium-conditioned medium
produced nearly identical effects on NSCLC growth as co-culture with living cells (Figure
2.10).
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Figure 2.10. The NSCLC tumor cells grow equally rapidly when cultured in the presence of
conditioned medium from the healthy alveolar epithelial cell cultures (Conditioned) as they do
when in direct contact with the epithelial cells (Contact).

Moreover, the growth suppressing effects of the endothelium seems to be
specific for the lung cancer cells since the proliferative rate of the normal epithelium was
unaffected by co-culture with endothelium in the absence of cancer cells observed by
EdU incorporation, and the endothelium remained quiescent in all conditions. (Figure
2.11 a,b).
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Figure 2.11. The growth of alveolar epithelial cells is not significantly altered by co-culture with
lung microvascular endothelium, NSCLC tumor cells or both. (a) Epifluorescence of EdU
incorporation into healthy alveolar epithelium and microvascular endothelium and (b)
quantification of total epithelial cellular DNA synthesis. Data were obtained 3-4 Transwell inserts
per condition in 3 separate experiments; there were no significant differences between the
conditions, as determined using an unpaired Student’s t-test.
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As we identified that it is possibly soluble factors that mediated the promotion of NSCLC
cell growth by the alveolar epithelium, we performed a cytokine analysis on the medium
from the Transwell experiments (Figure 2.7). Interestingly, we found that the different
culture conditions (+/- epithelium and endothelium) led to modulation of multiple
cytokines that have been previously shown to be associated with various features of
cancer behavior, including angiogenesis, pro-inflammatory response, immune
recruitment and migration125–130 (Figure 2.12). More importantly, expression of some of
these cytokines correlated directly with changes in their expression observed in clinical
studies with patients with NSCLC and will be discussed in detail in the next chapter.
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Figure 2.12. Cytokine analysis of medium from Transwell co-culture experiments reveals
epithelial-endothelial-tumor modulation of angiogenic, inflammatory and chemotactic factors.
Data represents mean of 2 wells over 3 different biological replicates and was normalized with
respect to the tumor cell secretion at the density of each corresponding condition; bars
represent s.e.m. Significance determined using an unpaired Student’s t-test.

Another interesting finding was that tissue specific endothelium may modulate this
cytokine response. When Transwells containing the same primary epithelium and
H1975 cancer cells were cultured with either human umbilical vein endothelial cells
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(HUVECs) or the lung-specific HMVECs described previously, we found a significant
modulation of many cytokines also associated with angiogenesis, pro-inflammatory
response, immune recruitment and migration125–130 (Figure 2.13). Many in vitro cancer
studies use HUVECs, and these data highlight why tissue-specific components of the
cancer model might be critical for the study.
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Figure 2.13. Cytokine analysis of medium from Transwell co-culture experiments reveals lung
specific modulation of angiogenic, inflammatory and chemotactic factors. Data represents
mean of 2 wells over 2 different biological replicates; bars represent s.e.m. Significance
determined using an unpaired Student’s t-test.

Although we were not able to identify which of these molecules specifically contributed
to the changes in growth and invasion observed in the present study, these findings
clearly demonstrate that their release is controlled through tissue-tissue (epithelialendothelial) interactions at the organ level, which are absent from most existing in vitro
cancer models. These data will also serve as the baseline for future studies in which
greater microenvironmental complexity can be added into these models (e.g., addition
of immune cells, cancer-associated fibroblasts, microbiome, etc.).
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2.2 Effects of mechanical breathing on cancer behavior
As the migration dynamics and formation of cancer cell clusters have been
shown to contribute to the development of the invasive phenotype and resistance to
therapy131, we leveraged our ability to non-invasively monitor lung cancer cell migration
over time within the Alveolus Chip. Fluorescence microscopic imaging and
computerized morphometric analysis of the GFP-labeled NSCLC cells after 14 days of
co-culture revealed that larger tumor cell clusters formed in the static Alveolus Chips
compared to the mechanically-active breathing Chips (Figure 2.14), which is consistent
with the differentials in tumor cell growth we observed (Figure 2.3, bottom).

Figure 2.14 Fluorescence microscopic images (top) showing GFP-labeled lung cancer cell
clusters growing within the epithelium of the Alveolus Chip cultured for 1, 7 and 14 in the
absence (- Breathing) or presence (+ Breathing) of cyclic mechanical deformations that mimic
physiological breathing motions (bar, 100 µm). Cluster area histograms (bottom) generated with
computerized image analysis confirm that larger cell clusters form in the absence of breathing
motions
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In addition, we were able to visualize active tumor cell migration and invasion
through the tissue boundary and the ECM that fills the membrane pores separating the
epithelium and endothelium in the Alveolus Chip (Figure 2.1b). This resulted in
accumulation of tumor cells within endothelium and their expansion into the vascular
channel over time (Figure 2.15a), and again we found that breathing motions
suppressed this invasive response by ~50% (p < 0.001) (Figure 2.15b).
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Figure 2.15 (a) High magnification confocal fluorescence microscopic Z-stack images of GFPlabeled NSCLC cells within the breathing and non-breathing Alveolar Chips presented in a
showing that the cancer cells invade from the epithelial channel through the ECM-filled pores of
the PDMS membrane (dashed lines) and into the endothelium within vascular channel below,
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and that this process is suppressed when the Alveolar Chips experience breathing motions (bar,
100 µm). (b) Quantification of the invasive behavior shown in a. Data are presented as the ratio
of the GFP intensity measured within tumor cells on the lower vascular side of the membrane to
the GFP signal within tumor cells above the membrane on the epithelial side (obtained from
analysis of 5-6 regions per chip in 2-3 chips per condition in 3 separate experiments; ***P <
0.001).

2.3 A metastatic lung cancer model in the liver-on-a-chip
To further explore the influence of the microenvironment of NSCLC growth, we
created a model of a metastatic liver lesion by implanting H1975 cells in a human Liver
Chip that we created using a similar 2-channel microfluidic device containing and ECMcoated porous membrane that was lined on opposite sides with primary human
hepatocytes and liver sinusoidal endothelium (Figure 2.16) (in collaboration with Girija
Goyal).

Cancer cells

Figure 2.16 Schematic of the liver-on-a-chip with cancer. Primary liver hepatocytes are cocultured in the apical chamber of the Liver Chip. Liver sinusoidal endothelium line the basal
channel of the device where the blood flow is simulated.
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Interestingly, the growth of the NSCLC cells was severely suppressed in the Liver Chip
even though the same tumor cells grew robustly in the same medium on a conventional
2D culture substrate (Figure 2.17). These findings are consistent with the behavior of
many metastatic lesions, which can remain dormant for many years before they
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Figure 2.17 Growth of H1975 lung cancer cells is suppressed in a co-culture liver-on-a-chip
(Chip-Br) compared to 2D monoculture growth (2D) in the same medium.

2.4 Discussion
These data show that a NSCLC adenocarcinoma cell line (H1975) exhibits
different growth behavior when implanted in the Lung Alveolus Chip, Small Airway Chip
or Liver Chip, with the alveolar microenvironment promoting much more rapid growth
than the small airway, and near dormancy being observed in the liver (Figure 2.3 and
Figure 2.17). Respectively, these data are reminiscent of clinical observations showing

differential intrapulmonary growth in patients with the adenocarcinoma form of NSCLC
as well as the dormancy that many types of cancer exhibit for years at metastatic
sites123,132–134. Thus, these findings provide proof-of-concept for using human Organs
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Chips to mimic human cancer pathophysiology in vivo, and demonstrate the potential
utility of using these microfluidic culture devices as representative surrogates that mimic
relevant organ-specific microenvironments for primary and metastatic cancer models.
Another novel and interesting finding from these studies was that mimicking the
effects of breathing motions on lung tissues by applying cyclic mechanical strain
significantly reduced cancer growth and invasion. Mechanical forces have been shown
as important regulators of organ development in the embryo, as well as both normal and
abnormal tissue development in the lung135–137. During early development, pulmonary
hypoplasia (underdevelopment of lung epithelium) occurs when lung motions are
restricted, and this response is mediated by changes in tyrosine kinase activity135.
Reduced breathing in the developed lung also has been shown to lead to hyperproliferation of bronchial fibroblasts, although this depends on the lung’s differentiation
status135–139. I will explore the signaling mechanism by which this mechanical signaling
through tyrosine kinases might influence cancer cell growth in the next Chapter.
However, these findings are potentially clinically important because this observation
raises that possibility that loss of lung motion due to filling of the alveolar spaces by
growing cancer cells could produce a positive feedback loop to further enhance tumor
cell proliferation and invasion during disease progression.
Focusing on the rampant growth in the primary site of the alveolus, we applied a
synthetic biology approach, allowing us to methodically dissect the relationships
between the healthy and cancerous cells. This is of particular importance because in
other tissues, like the breast, a relationship has been established between breast
cancer, endothelium and growth. Specifically, the healthy endothelium within stable
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vessels was shown to suppress cancer growth by producing thrombospondin-1 in vivo,
whereas growing and migrating endothelium within neovascular sprouts that
downregulated production of this angiogenesis inhibitor promoted tumor growth56. Here,
we maintained a quiescent endothelial barrier that similarly acted to suppress lung
cancer proliferation, and when it is not present there is fast, uncontrollable growth
(Figure 2.7). Future studies might address if the suppression observed here in the lung
cancer model might be due to a similar mechanism involving thrombospondin-1
production.
Conversely, epithelial tumors also can produce factors that stimulate or inhibit
angiogenesis, such as VEGF and Flt-1 (VEGFR1) respectively, which can feed back to
alter tumor growth by altering angiogenesis125. Similarly, analysis of the cytokine profiles
and growth trends in our model revealed that greatest cancer growth involved healthy
epithelium without endothelium, and this was associated with high levels of VEGF and
low levels of Flt-1. Moreover, addition of primary lung microvascular endothelium
resulted in almost a 50% reduction in growth, which was accompanied by complete
suppression of VEGF production and increased levels of Flt-1. We also demonstrate
that from monoculture to epithelial co-culture to complete culture with cancer, healthy
epithelium and endothelium, there is a significantly different cytokine landscape with
respect to chemokines (IP-10, MCP-1, MDC and TARC) along with pro-inflammatory
molecules (interleukins-6 and 8), and that this is modulated with if the organ-specific
lung endothelial cells (HMVEC) are replaced with human umbilical vein endothelial cells
(HUVEC). Although further studies are required to establish that these varying cytokine
levels contribute to control of NSCLC cancer cell growth, these data emphasize that it
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might be necessary need to integrate multiple relevant normal cell and tissue types to
recapitulate a physiologically relevant cancer microenvironment in vitro.

2.5 Materials and methods
Device fabrication
Our methods for fabricating the Organ Chips have been previously described103–
105,124

. In brief, the upper and lower layers of the microfluidic device were created by

casting PDMS pre-polymer on molds prepared using stereo-lithography (Fineline, USA).
Curing (10:1 PDMS base to curing agent, wt/wt) was carried out overnight at 60°C to
produce devices containing two adjacent parallel microchannels (top channel, 1,000 µm
wide × 1,000 µm high; bottom channel, 1,000 µm wide × 200 µm high; length of
overlapping channels, 16.7 mm), which were used to form the air-filled lumen and the
microvascular channel, respectively. The channels were separated by a thin (~10 µm)
semi-porous polyester (PET) membrane (0.4-µm pores; Maine Manufacturing, USA) in
the Airway Chip, or a PDMS membrane (25-50 µm thick; 9 µm pores) in the Alveolus
Chip, which was made in house.

Cell culture
Human primary airway epithelial cells (Lonza, USA) were cultured as previously
described105,124. Primary human primary alveolar epithelial cells and human lung
microvascular endothelial cells (both from Cell Biologics, USA) were expanded in
gelatin-coated tissue culture flasks using complete epithelial cell growth medium or
endothelial cell growth medium, respectively, obtained from the same supplier. H1975
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NSCLC tumor cells (ATTC) that were used in these studies were infected with lentivirus
containing the transgene integration, (CMV) ⃗ - Luciferase - (SV40) ⃗ - eGFP-IRES-puro
(GeneCopoeia™), according to manufacturer’s protocol with 5 µg mL-1 polybrene at 4oC
for 1 hour. Puromycin (1µM) was included in tumor cell cultures for 2-3 passages, after
which the cancer cells exhibited stable high levels of GFP expression for multiple
passages (>1 month), as confirmed by flow cytometry.
Transwell inserts with polyester-PET membranes (6.5 mm diameter, 0.4µm pore;
Corning, USA) were plasma treated for 1 minute in an Atto Plasma Cleaner (Diener,
Germany) before being coated with a mixture of human ECM proteins containing
laminin (0.5 mg mL-1; Sigma), fibronectin (1 mg mL-1; Akron) and collagen type I (3.2 mg
mL-1; Advanced Biomatrix) for at least 2 hours at room temperature. The inserts were
gently aspirated and washed with medium prior to plating the cells. For co-culture
experiments, the Transwell inserts were first flipped upside-down in a sterile petri dish
lid, seeded with endothelial cells at high density (6.4 x 105 cells in 35 µl endothelial
growth medium; 2 x 106 cm-2), allowed to attach in a CO2 incubator at 37oC for 1 hour,
and then flipped right-side up and returned to well plates containing 500 µL endothelial
growth medium in each basal chamber. Next, GFP-labeled NSCLC cells were plated in
the apical chamber (1024 cells in 100 µL epithelial growth medium; 3.2 x 103 cm-2) for 3
hours before alveolar epithelial cells were added to the same upper chamber (6.4 x 104
cells in 200 µL epithelial growth medium; 2 x 105 cm-2). After culture overnight in a CO2
incubator at 37oC, the apical medium was replaced with the same medium containing
1µM dexamethasone to promote surfactant production and formation of tight
junctions103. The apical liquid was removed 2-3 days later to create an ALI; thereafter,
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the epithelial cells were fed only by an ALI medium within the basal chamber (400 µL
per well), which was composed of endothelial basal medium and supplements (Cell
Biologics,) with reduced fetal bovine serum (0.4%), EGF (0.01%) and additional CaCl2
(1 µM), but without phenol red or ECGS (FGF). This medium was optimized to support
long term survival of the primary alveolar epithelium and endothelium under these
conditions.

Microfluidic Organ-Chip culture
The methods for carrying out Lung Airway and Alveolus Chip cell culture studies
have been described previously103–105, 112,124. For the Small Airway Chip studies, the
PDMS microfluidic chips with PET membranes were plasma treated and coated with
ECM using the same method used to coat the Transwell PET membranes. The GFPlabeled NSCLC cells were then injected with a syringe into the upper channel of the
Chip (530 cells in 35 µl epithelial growth medium; 3.2 x 103 cells cm-2) and allowed to
attach for 3 hours under static conditions at 37oC before the medium was removed
gently with a syringe and primary small airway epithelial cells were injected (3.3 x 104
cells in 35 µL epithelial growth medium; 2 x 105 cells cm-2) into the same channel. The
chips were cultured statically and the medium was gently removed and replaced with a
syringe once every day; after 3 days, the medium was removed from the apical channel
to create an ALI, and ALI medium supplemented with 50 ng mL-1 retinoic acid105 was
then perfused through the basal channel (60 µL hr-1) driven by a peristaltic pump (ISM
933, ISMATEC, Germany). After the airway epithelial cells were allowed to differentiate
for approximately 2 weeks, the chips were taken off flow, primary human lung
microvascular endothelial cells were seeded in the basal channel of the microfluidic
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device (3.3 x 105 cells in 35µL; 2 x 106 cell cm-2), and the devices were flipped upsidedown and cultured in an incubator for 2 hour under static conditions before being
returned to their normal orientation for another hour to ensure endothelial cell coverage
of all four walls of the lower channel. Chips were then reconnected to the peristaltic
pump and perfused (60 µL hr-1) through the lower vascular channel for the remainder of
the experiment.
In the experiment in which cancer cells were implanted into pre-differentiated
Airway Chips, the GFP-labeled NSCLC cells were loaded (104 cells mL-1) in a syringe
with 29 gauge needle tip, inserted through the PDMS, and injected into the
differentiated layer of normal airway epithelium on the top surface of the porous
membrane within the chip while viewing under a bright-field microscope. This was
repeated until several localized areas of GFP-labeled cancer cells successfully
integrated into the epithelium.
For the Alveolar Chip studies, PDMS microfluidic chips with PDMS membranes
were plasma treated, then immediately exposed to 10% APTMS
(aminopropyltrimethsiloxane) in pure ethanol for 10 minutes, washed 3 times with
ethanol, dried in an 80oC oven overnight, and then coated with the same ECM mixture
used for the Transwell inserts. The primary human lung microvascular endothelial cells
were plated the same way as in the Airway Chips, except that these cells were plated
first with endothelial growth medium. The GFP-labeled NSCLC tumor cells and primary
alveolar epithelial cells were then plated using the same method as described for the
Airway Chips. The following day, the apical channel was perfused with epithelial growth
medium containing 1 µM dexamethasone and flushed manually for 2-3 days, after
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which, the medium in the apical channel was removed to create an ALI, while the basal
channel of the chip was continuously perfused with ALI medium via peristaltic flow (60
µL hr-1). In studies where physiological breathing motions were mimicked, cyclic strain
(10% strain, 0.2 Hz) was initiated 3 days after the creation of the ALI by applying
vacuum (-75 kPa) to the hollow side chambers of the device, as previously
described103,104.

Cancer cell growth monitoring
Tumor cell growth was monitored non-invasively on-chip and in the Transwell
cultures using fluorescence microscopy every 1-2 days, and the numbers of GFPlabeled cells were estimated based on a standard curve generated experimentally that
correlate cell density to GFP fluorescence intensity. To generate this standard curve,
H1975-Luc/GFP cells were serially diluted and seeded in a 96 well plate from 2x105
cells/cm2 to 100 cells cm-2 (approximately 6.6x104 cells well-1 to 33 cells well-1 for a
single 96 well plate 0.33cm2 well). The first 3 densities of wells (~33, 66 and 132 cells
well-1) were hand-counted under bright-field to confirm proper seeding and accuracy of
cell count. The wells were subsequently imaged for GFP and plotted as a function of
cell density (Figure 2.18).
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Figure 2.18. The standard curve of observed GFP+ pixels as a function of cell density (cells
cm-2). H1975 Luc-GFP cells were seeded at 12 different densities in a 96 well plate, allowed to
attach for 4-5 hours and then imaged at 4 images per well x 3 wells, with a Zeiss Axio Observer
Z1 inverted fluorescence microscope at 440 ms, acquired with a Cool Snap HQ2 camera.
Forcing the (0,0) condition yields the equation [cells cm-2] = 0.2246 x [GFP+ pixels]; R2 = 0.96.
B. Comparison to the traditional way of monitoring cell growth using the MTS, metabolic assay.
During the same seeding as plate for GFP counting, another well was seeded with the exact
same densities as just described. After a full day to attach, 20µl of MTS solution CellTitreGlo –
Promega was added to the wells, incubated for 2 hours and absorbance read at 490nm. As
reported by the manufacturer, the linear range was around 0.5x104-0.5x105 cells cm-2.

Using the imaging technique is more time intensive, but clearly yields a linear range
over all cancer cell seeding densities. Moreover, the MTS assay was only validated for
monocultures, not for co-culture and even if time was invested to correlate the metabolic
activity with cancer cell growth, the very small window of linear response makes it not
practical.
In parallel studies, we quantified DNA synthesis within the tumor cells by adding
EdU (EdU Click-iT Plus LifeTechnologies) to the culture medium for 24 hours prior to
fixation. For conditioned medium studies, tumor cells were seeded in complete growth
medium in wells of a 96 well plate at the same density as co-culture experiments (3.2 x
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103 cells cm-2) and allowed to attach overnight. The medium (100 µL per well) was then
replaced daily with conditioned medium that had been removed from basal chambers of
Transwells in which human alveolar epithelial cells had been cultured alone in the top
chamber of the insert.

Morphological analysis and computerized morphometry
For live cell GFP imaging, Organ Chips and Transwell cultures were imaged
using confocal laser-scanning microscopy system (Leica SP5 X MP) with HybriD
detector and a Ludin incubation chamber with active CO2 control to maintain the
samples at optimal temperature, CO2 and humidity or a Zeiss Axio Observer Z1
microscope with Hamamatsu 9100-02 EMCCD. For immunostaining studies, Transwells
and Organ Chips were washed with PBS, fixed with 4% paraformaldehyde (Electron
Microscopy Sciences, USA), washed with PBS, permeabilized with 0.2% Triton X-100
(Sigma) in PBS, and blocked with PBS containing 2% BSA (Sigma) prior to incubating
samples with antibodies directed against GFP (Abcam ab5450), ZO1 (Life Technologies
617300) and VE-cadherin (Life Technologies 19612) to visualize cancer cells, epithelial
tight junctions and endothelial cell-cell adhesions, respectively. Primary antibodies
diluted in blocking buffer were introduced into the apical and basal microchannels of the
Organ Chips, and incubated at room temperature for at least 2 hours, replacing the
primary antibody solutions every 30 minutes to account for the small volumes. After
washing 3 times with PBS at room temperature, the samples were then incubated with
secondary antibodies for an additional 1 hour at room temperature, followed by
counterstaining with 1:1000 Hoechst in PBS for 10 minutes to visualize nuclei, and
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washing in PBS. The membranes with fixed and stained adherent cells were then cut
free from the Chip and mounted on microscopy slides in Prolong Diamond Antifade
Mountant (Life Technologies, P36961). Fluorescence imaging was carried out using a
Zeiss TIRF/ LSM 710 confocal microscopy and Hamamatsu ImagEM-1K BackThinned
EMCCD camera. Image processing and three-dimensional Z-stack reconstruction were
done using Imaris (Bitplane, Switzerland) and ImageJ/FIJI software
(https://imagej.net/Fiji).
For analysis of the size and distribution of cancer clusters on chip, epifluorescent
images were analyzed in FIJI using the built in Analyze Particles software. The particle
area distributions were then imported to Matlab (MathWorks Inc., USA) and analyzed
using the statistics toolbox for optimized histogram binning. Invasion quantification from
Fig. 2c was done using the confocal Z-stacks from Fig. 2b; image stacks were imported
into FIJI where each stack was manually divided into above and below the PDMS
membrane. Thresholds were applied to the resulting sub-stacks and summed for GFPlabeled areas.

Human primary lung microvascular endothelial cells
Human primary lung microvascular endothelial cells (hMVECs) were obtained
from a commercial supplier (Cell Biologics, US, catalog no. H-6011) and expanded in
gelatin coated, 75cm2 tissue culture flasks using complete endothelial cell growth
medium (catalog no. M-1168) supplemented with the following growth
factors/supplements:
•

0.5 mL VEGF

•

0.5 mL Heparin
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•

0.5 mL EGF

•

0.5 mL FGF

•

0.5 mL Hydrocortisone

•

5.0 mL L-Glutamine

•

5.0 mL Antibiotic-Antimycotic Solution

•

10.0 mL Endothelial Cell Supplement

•

50.0 mL FBS (10%)

Upon 70-80% confluency cells were expanded into 3-5, 75 cm2 tissue culture flasks
depending on cell count (ideal seeding density for expansion is around 6.5 x 103 cells
cm-2). After this expansion cells were at passage 5 and frozen in liquid nitrogen at
approximately 1x106 cell mL-1. All healthy microvascular endothelial cells were used
from cryo stocks preserved in this fashion. Confirming that the primary HMVECs were
sustainable at least for 2 weeks, culture on the basal side of the Transwell membrane
was fixed and stained and showed presence of platelet endothelial cell adhesion
molecule (PECAM-1 / CD31) immunofluorescence (Figure 2.19).

Figure 2.19. PECAM-1 (CD31/red) immunofluorescent image of human microvascular
endothelial cells (HMVECs). HMVECs were cultured statically submerged on the basal side of
a 0.4µm PET Transwell membrane with human primary alveolar epithelial cells (hPAECs) on the
apical side at Air-Liquid Interface for 2 weeks. Scale = 75µm
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Cytokine analysis
To compare cytokines secreted by cells cultured within Alveolus Chips with or
without breathing versus in Transwell inserts, medium samples (400µL) were collected
every day from the basal chamber of the Transwells and every other day from the
outflow of the lower vascular channel of the chips to account for the twice larger surface
area of the Transwells (0.32 cm2 versus 0.167 cm2 for each channel of the chips), and
then frozen and stored at -80oC. Thawed effluent samples were diluted according to
manufactures guidelines (1:2 or 1:10 depending on cytokine) and multiplexed cytokine
measurements for VEGF, IL-6, and IL-8 were performed using an
electrochemilluminescence immunoassay (Meso Scale Discovery, Rockville, MD, USA)
on a QuickPlex SQ 120 instrument.

Statistical analysis
All results and error bars are presented as mean and s.e.m unless otherwise
noted as standard deviation. Data were analyzed with an unpaired Student’s t-test using
Graphpad Prism (GraphPad Software Inc., San Diego, CA, USA) software. Differences
between groups were considered statistically significant when P < 0.05.
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Chapter 3: Analysis of Drug Responses in the
Orthotopic Lung Cancer Chip Model
3.1 Introduction
The H1975 cell line is derived from a NSCLC tumor that harbors mutations in the
epidermal growth factor receptor (EGFR). EGFR-mutant tumors were first discovered in
2004 and represent the most well-studied example of oncogene addiction of tumors in
lung cancer. EGFR belongs to a family of receptor tyrosine kinases (TKs) that includes
EGFR, ERBB2 (HER2), ERBB3 (HER3) and ERBB4 (HER4). Structurally, each
receptor is composed of an extracellular ligand-binding domain, a transmembrane
domain and an intracellular domain. Upon binding of ligands such as EGF,
amphiregulin or transforming growth factor-a (TGF-a), the receptors undergo
conformational changes that facilitate homodimerization and heterodimerization. Growth
factor induced dimerization of EGFR is followed by intermolecular phosphorylation of
tyrosine residues in the activation loop of the catalytic TK domains through the transfer
of gamma-phosphates from bound ATP. Subsequently, appropriate adaptor or
signaling molecules bind to phospho-tyrosines and recruit proteins involved in
downstream signaling events. This signaling cascade was found to control many cellular
processes such as proliferation and survival, therefore, selective blockade of EGFR has
been shown to be an effective therapeutic approach against many epithelial
cancers140,141. Importantly, mechanical strain also has been shown to influence EGFR
signaling in other tissues26,142, and thus, this signaling pathway could contribute to the
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sensitivity to physical cues that I observed when NSCLC cells are cultured in our
breathing versus non-breathing Lung Alveolus Chips, as described in the last Chapter.
Two types of EGFR mutations have been reported that contribute to the
sensitivity and resistance of NSCLC cells to EGFR therapies, both of which occur in the
ATP-binding cleft. First, missense mutations that are detected within the nucleotide
triphosphate binding domain (P-loop, exon 18) of the tyrosine kinase (G719S and
G719C); or within the activating loop (A-loop, exon 21) (L858R and L861Q). Second, inframe deletions with or without the insertion of a serine residue (exon 19), which are
clustered in the region between codon 746–759; for example, ΔE746–A750, ΔL747–
T751insS, ΔL747–P753insS. Mutations clustered within the ATP-binding cleft would be
predicted to stabilize the interaction of ATP or an inhibitor molecule with this pocket,
consequently leading to the more intense and sustained activation or inhibition of EGFR
than that of the wild-type receptor143. A resistance-related mutation, T790M, was also
found within the ATP-binding cleft of the EGFR kinase domain. This mutation leads to
steric hindrance to the accessibility of an inhibitor into the cleft due to the bulkiness of
the methionine side chain144. While NSCLC patients with activating EGFR mutations
typically have good initial responses to therapy with 1st generation reversible TKIs, such
as erlotinib144–146, disease progression commonly reoccurs within 9-14 months of
therapy in patients who acquire an additional EGFR mutation (e.g. T790M), which is
less sensitive to this therapy147,148. In these cases, treatment with a 3rd generation
irreversible TKI that targets kinases that phosphorylate both sites, such as rociletinib, is
recommended149; yet patients with late stage NSCLC still often eventually fail to
respond to therapy150,151.
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3.2 Characterization of TKI responses in 2D monocultures
We first characterized how the H1975 NSCLC cells respond to 1st and 3rd
generation TKIs (erlotinib and rociletinib, respectively) when cultured alone under
conventional static culture conditions. As expected given their acquired second point
mutation, these NSCLC cells are significantly more sensitive to the inhibitory effects of
rociletinib than erlotinib (half-maximal inhibition at > 1000 nM vs. ~100 nM, respectively;
Figure 3.1).
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Figure 3.1. Sensitivity of H1975 lung cancer to EGFR-TKIs (A) The NSCLC tumor cells
which express EGFR L858/T790M mutations shows increased sensitivity to the 3rd generation
TKI rociletinib (black circles) compared to 1st generation erlotinib (open circles). Data are
presented as the number of viable NSCLC cells as a percentage of the number of viable
untreated cells (control) measured with the MTS assay after 72 hours of drug exposure (error
bars indicated standard deviation; data obtained from 3 wells per condition in 3 separate
experiments). (B) The results of immunoblotting for H1975 cells are shown. The cells were
treated with the indicated concentrations of EGFR-TKIs for 4 hour. Erlotinib and rociletinib were
used as EGFR-TKIs. pEGFR, pAKT, and pERK indicate the phosphorylated form of EGFR,
AKT, and ERK, respectively. Actin was used as a loading control. (Western blotting reproduced
with permission from152).
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3.3 Co-culture response
We next wanted to determine if similar sensitivity would be observed in a coculture setting, independent of the flow or stretch in the Organ Chip. To do so, H1975
cancer cells were cultured with normal alveolar epithelial and endothelial cells as
previously described and upon the cancer entering log-growth phase, varying
concentrations of erlotinib and rociletinib were introduced into the basal chamber of the
wells. It was observed that, as in monoculture, the highest dose of erlotinib (1000nM)
was not able to produce any inhibition of the tumor growth. Alternatively, there was
complete growth inhibition at a dose of 30-300nM, with tumor cell death and

Tumor density
(x104 cells cm-2)

detachment being observed at the highest dose (1000nM) of rociletinib (Figure 3.2).
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Figure 3.2. H1975 cancer cells exhibit similar response to erlotinib and rociletinib in static
Transwell co-culture as compared to monoculture.

In contrast, when we analyzed the effects of rociletinib on NSCLC cell growth in
the small airway microenvironment within static Transwells, which delayed the onset of
tumor growth shown previously, growth suppression occurred more slowly (10 versus 5
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days in the alveolar microenvironment) and complete inhibition was only observed at
the highest dose (1000 nM; moreover, this dose did not induce cell death (Figure 3.3).
These data suggested that utilizing the primary cell co-culture cancer models developed
here, we may be able to distinguish both tissue specific growth patterns (chapter 2) and

Tumor density
(x104 cells cm-2)

tissue-specific responses to therapies.
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Figure 3.3. H1975 dose response to rociletinib in a static Transwell small airway co-culture.

3.4 Modulation of tyrosine kinase activity by mechanical
strain
When we administered rociletinib at similar doses to lung cancer cells cultured
within static Alveolus Chips, we found again that the tumor was more sensitive to this
TKI drug in that complete growth suppression was observed at a lower dose (100 nM;
Figure 3.4, left). Even more interestingly, these lung cancer cells were almost

completely resistant to the inhibitory effects of this 3rd generation TKI when growing onchip in the presence of physiological breathing motions (Figure 3.4, right).
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Figure 3.4. Growth of NSCLC tumor cells in Alveolar Chips cultured in the presence of 0 (Control;
open squares), 100 (gray squares) or 1000 nM (black squares) rociletinib (arrow indicates time of
drug addition) in the absence (left) or presence (right) of breathing motions. Date were obtained 5-6
regions per chip in 2-3 chips per condition in 3 separate replica studies.

The decreased sensitivity of cancer cells to the TKI drug in the breathing Alveolus Chip
could be due to mechanical regulation of EGFR expression and signaling within the
tumor cells, and so we cultured the NSCLC cells with or without cyclic mechanical
deformation (10% strain; 0.2 Hz) for 48 hours in a FlexCell culture plate to test this
hypothesis independent of other lung cells or fluid flow. Mechanical stimulation
produced a significant (p < 0.01) decrease in total EGFR protein levels in the NSCLC
cells even before rociletinib was added (Figure 3.5), which could possibly account for
the observed inhibitory effects of breathing motions on growth (Fig. 2.3, bottom) and
motility (Fig. 2.14).
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Figure 3.5. Mechanical strain of H1975 lung cancer cells decreases total EGF receptor
expression and subsequent phosphorylation activity

Importantly, while we found that treatment of these tumor cells with rociletinib resulted in
the inhibition of tyrosine kinase phosphorylation at EGFR sites Y845, Y998 and Y1068
in the absence of breathing motions, this inhibition was greatly diminished in the
mechanically stimulated cells (Figure 3.6). Thus, both down-regulation of EGFR and
reduced suppression of phosphorylation of the EGFRs that were expressed could
explain why the mechanically strained cells were resistant to growth inhibition by this 3rd
generation TKI drug (Figure 3.4, right).
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Figure 3.6. Total EGFR (EGFR total) and levels of phosphorylation measured at tyrosines 845
(pEGFR Y845), 998 (pEGFR Y998) and 1068 (pEGFR 1068) in NSCLC tumor cells cultured for
2 days in presence of 0 (Control, white bars), 100, 500 or 1000 nM rociletinib (gray bars) for 2
days in the absence (- Breathing; gray) or presence (+Breathing; white) of cyclic mechanical
strain (10%; 0.2 Hz). Phosphorylated values are normalized with respect to the corresponding
total EGFR. Data were obtained from 2-4 samples in 2 separate experiments; *P< 0.05; **P<
0.01; ***P< 0.001; ****P< 0.0001.

Another important clinical observation is that many patients with the EGFR
L858/T790M mutation who develop resistance to 3rd generation TKIs have shown an
overexpression of c-Met (a.k.a., tyrosine-protein kinase Met or hepatocyte growth factor
receptor HGFR)151,153–157. Interestingly, we found that when subjected to mechanical
strain that mimic breathing motions, the NSCLC cells significantly increased both MET
expression and phosphorylation (Figure 3.7).
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Figure 3.7. Total cMET levels (MET total) and levels of phosphorylation measured at tyrosine
1349 (pMET Y1349) in NSCLC tumor cells cultured for 2 days in presence of 0, 100, 500 or
1000 nM rociletinib for 2 days in the absence (- Breathing; gray) or presence (+Breathing; white)
of cyclic mechanical strain (10%; 0.2 Hz). Phosphorylated values are normalized with respect to
the corresponding total MET. Data were obtained from 2-4 samples in 2 separate experiments;
*P< 0.05; **P< 0.01;

Importantly, there was no statistically significant difference between MET expression or
phosphorylation with increasing rociletinib dose, only as a function of mechanical strain.
MET overexpression has been implicated as a mechanism of resistance to TKI therapy
in NSCLC patients158, and here, we show that this may be a mechanically induced
effect.

3.5 Mechanical and therapeutic modulation of cytokines
Past in vivo studies have revealed that the cytokines, interleukin-6 (IL-6),
interleukin-8 (IL-8) and VEGF, may serve as clinically important prognostic indicators of
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cancer growth60, 126,159. Because the Alveolus Cancer Chip model features fluid flow in
the vascular channel, we were able to analyze these secreted components within
effluents collected over time from this compartment. These studies revealed that IL-6
and VEGF are more abundant, whereas IL-8 was decreased, in the microfluidic Alveolar
Chip model of NSCLC with or without breathing when compared to Transwell cultures
without breathing or flow. In addition, treatment of lung tumor cells with rociletinib
significantly reduced levels of IL-6 and IL-8, and increased VEGF levels in both static
and breathing Alveolus Chips; however, the level of suppression of the two interleukins
was significantly greater in chips exposed to physiological breathing motions (Figure
3.8).
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Figure 3.8. Production of cytokines, IL-6, IL-8 and VEGF, by NSCLC cells, alveolar epithelial
cells and lung endothelial cells co-cultured in Transwells (-Flow, -Breathing) versus the Alveolus
Chip in the absence (+Flow, -Breathing) or presence (+Flow, +Breathing) of cyclic mechanical
strain mimicking breathing motions. Data represent averages from 3-6 chips per experiment in 3
separate experiments; *P < 0.05, **P < 0.01, ***P < 0.001.

Importantly, the finding that TKI treatment reduces IL-8 levels in our orthotopic in vitro
lung cancer model is also consistent with results from human clinical trials126,159.
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3.6 Discussion
These studies revealed that local microenvironmental cues elicited by cells that
comprise the epithelial and endothelial tissues of the lung, as well as by mechanical
breathing motions, can significantly influence NSCLC growth. In addition, the finding
that breathing motions suppress NCSLC cell response to therapy could explain why it is
so difficult to eradicate residual disease within functional (aerated) parts of the lung after
larger (alveolar space-filling) NSCLC tumors are induced to regress by treatment with
TKI drugs in patients. Discovery of this previously unknown mechanism for developing
resistance to therapy could help to lead to development of new forms of drug resistance
mitigation in the future.
The observation that rociletinib treatment led to increased VEGF levels is of
potential interest, as this is not seen in conventional 2D cultures of H1975, and it has
been shown in vivo that EGFR-TKI treatment may lead to increased tumor
vascularization in resistant tumors such as this160 due a potential drug-induced
increased in VEGF production. The finding that rociletinib induced these effects on
cytokine production, but did not alter tumor growth in the breathing Lung Alveolus Chips
confirms that the drug was still active, however, further studies are required to fully
understand whether these molecules are the result of drug effects on the tumor cells,
the epithelium or the endothelium. Our results also are consistent with the finding that
fluid shear stress induces endothelial activation in vivo, and that mechanical strain
modulates production of -1, VEGF, IL-6 and IL-8 in vitro 60, 126,159. Taken together, we
may conclude that implantation of a human cancer cell line within these healthy organspecific, co-cultures provides similar growth phenotypes, microenvironmental cues and

85

inflammatory cytokines found in vivo, thus supporting the use of human Organ Chips
capability for future studies on immuno-oncology, although this will require creation of
chips with primary cancer cells, normal tissue cells, and immune cells derived from the
same patient.

3.7 Materials and Methods
EGFR phosphorylation analysis
The NSCLC tumor cells were plated (~1x106 cell per well) in complete growth
medium on collagen I-coated flexible 6-well plates (BioFlex® Culture Plate; FlexCell
Intel Corporation, Burlington, NC, USA). The next day, the medium was replaced with
ALI medium containing 0, 100, 500 or 1000 nM rociletinib. Cyclic mechanical
deformation (10% strain; 0.2 Hz) was applied using the BioFlex® baseplate with
Loading Stations™ and FX5K™ Tension FlexLink to mimic breathing motions, and 2
days later, cells were lysed on ice using cell lysis buffer supplemented with 1mM
phenylmethylsulfonyl fluoride (both from Cell Signaling Technologies, USA). Lysates
were centrifuged at 4oC and the supernatants were collected and transferred to array
slides from the PathScan® EGFR Signaling Antibody Array Kit (Fluorescent Readout;
Cell Signaling Technologies). Antibody array slides were incubated with the lysate
overnight at 4oC, followed by primary and secondary staining, and imaged using a Zeiss
Axio Observer Z1 with Hamamatsu Orca-Flash 4.0 sCMOS camera. Fluorescence
intensity of each microdot was quantified using ImageJ software, first applying a uniform
threshold, then calculating the integrated fluorescent intensity and lastly normalizing to
the housekeeping protein on each assay pad array.
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Tyrosine kinase inhibitors
Erlotinib and Rociletinib (CO-1686) were purchased from Cayman Chemicals
(183321-74-6 and 1374640-70-6, respectively). Drugs were re-suspended in DMSO
and diluted to appropriately such that the vehicle for each dose was 0.1% DMSO.

Dose response to TKIs
H1975 cells were plated at 3200 cells per cm2 (~1000 cells per well) in 96 well
plates and allowed to attach overnight. The following day, medium was replaced with
varying concentrations of TKIs and incubated for 72 hours according to the MTT/MTS
protocol from Promega (CellTiter 96® AQueous One Solution Cell Proliferation Assay).
After the incubation period, medium was supplemented with 20µL per well of CellTiter
solution and incubated an additional hour. Absorbance was then read with a plate
reader at 490nm and data is reported as % of viability with respect to the vehicle
condition.

Statistical analysis
All results and error bars are presented as mean and standard error of the mean
(S.E.M.) unless otherwise noted. Data were analyzed with an unpaired Student’s t-test
using GraphPad Prism (GraphPad Software Inc., San Diego, CA, USA) software.
Differences between groups were considered statistically significant when p < 0.05.
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Chapter 4: Discussion and future directions
The results presented in this dissertation demonstrate that microfluidic Organ
Chip technology can be used to create in vitro human orthotopic lung cancer models
that faithfully mimic microenvironment-specific growth patterns, cytokine secretion
profiles, and clinical responses to therapy previously observed in human patients, as
well as permit analysis of molecular level modulation of drug actions by the organ
microenvironment, which has not been previously possible with other in vitro cancer
models or even with animal studies. There are however some potential limitations of
this model, but also some exciting paths to explore in the future which I will discuss here
in the final chapter.

4.1 Insight into how normal tissue cell and mechanics
influence cancer behavior
One of the major findings of this work was that there was a significant difference
in cancer growth between two tissues which are adjacent to each other in the whole
lung: the small airway and alveolus. I showed that the NSCLC cells recapitulated their
preference to grow in the alveolus microenvironment in vitro as they do in vivo. I also
demonstrated that there is an observable difference between the response to the same
TKI therapeutic, rociletinib, in these distinct microenvironments. As we extend this
model to other tissues e.g. liver, bone and brain, and fluidically link these chips by their
common endothelium-lined vascular channels to model lung cancer metastases, we
may then be able to dissect the individual contributions of the different tissues to tumor
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growth and drug responses in an even more physiologically relevant context.
Leveraging the synthetic biology approach used in our models, we may actually insert
the cancer for orthotopic and metastatic analysis, then remove it for single cell genomic
and transcriptomic analysis. Also, utilizing our ability to sample medium from both cell
compartments, we are able to perform proteomic analysis on the effluent, possibly
pushing forward the concept of the cytokine-ome as a possible diagnostic and
prognostic marker for cancer therapy response. Another important finding here is that
the healthy epithelium provides potent growth signals to the cancer, which may in turn
be modulated by the endothelium. It might be possible to gain further insight into these
interactions using coupled multi-omics and bioinformatics approaches, possibly leading
to the discovery of new therapeutic targets.
Further investigation also needs to be dedicated to understanding how cyclic
mechanical strain associated with breathing motions suppresses cancer cell growth and
invasion. One possible approach would be to analyze the cancer cells with and without
co-culture mechanical stimulation to determine what is happening at the gene
expression level to suppress the growth. I have carried out preliminary studies that
confirm it is possible to isolate cells from the apical and basal channel separately, with
the hopes of observing a genotypic shift in those cells which migrated and extravasated
through the endothelium.
Importantly, we also will need to determine the mechanisms behind decreased
growth observed with mechanical strain that lead to sustained EGFR and MET
phosphorylation even in the presence of tyrosine kinase inhibitors. We first need to
carry out studies where we over-express a constitutively active EGFR in the tumor cells
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to see if this negates the inhibitory effects of cyclic strain on tumor cell growth. If overexpression restores rapid growth in the presence of breathing motions, we may
conclude that mechanical strain is acting directly suppressing expression of a subset of
EGFR receptors that are responsive to the tyrosine kinases. If over expressing the
constitutively active EGFR has little effect, the we would need to explore other potential
mechanisms, including strain-induced secretion of a particular EGFR ligand that
stimulates EGFR phosphorylation in a manner that is less sensitive to inhibition by
existing TKI drugs. Alternatively, mechanical strain my activate alternative proliferative
signaling pathways that both stimulate growth and interfere with EGFR phosphorylation
by TKI drugs. For example, other studies have shown that mechanical strain may alter
integrin signaling, which may subsequently alter the recruitment and activation of
signaling proteins including non-receptor tyrosine kinases, such as focal adhesion
kinase (FAK) and proto-oncogene tyrosine-protein kinase (c-Src)161. These form a dual
kinase complex that can phosphorylate specific tyrosine residues on other proteins,
such as EGFR and other members of the ERbB family, which have been linked to
cancer progression162 and alteration of NSCLC responses to the 3rd generation TKI,
osimertinib163.
I also showed that mechanical strain also led to increased expression and
phosphorylation of c-MET, a very interesting finding considering the occurrence of
increased c-MET expression found in NSCLC patients with or without TKI
administration153-157. Increased c-MET expression and phosphorylation was observed
independent of rociletinib suggesting that this effect might be attributed purely to
mechanical strain. These EGFR and c-MET data combined lead to a provocative
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hypothesis that residual growths in late stage cancer patients might be found in parts of
the lungs that remain well aerated. It could be exciting to see if possible to develop an
orthotopic in vivo lung cancer model where we selectively aerate parts of the lung in
order to test this exciting postulation.
Also with these findings in mind, it would be of interest to determine more
accurately the relationships between strain, drug, and EGFR and MET expression and
phosphorylation; there are several levels of complexity, which we need to decouple. For
example, with no drug, strain leads to decreased proliferation which correlates to EGFR
expression and phosphorylation, yet is inverse to c-MET expression and
phosphorylation. It is not clear whether with strain the cells are signaling through EGFR
or primarily with c-MET. With drug we observe that EGFR decreases for both strain and
unstrained cases, yet the residual growth with drug and strain is unaffected, suggesting
that this residual growth is purely due to c-MET signaling, or in other words, that strain
leads to EGFR independent growth. First, we should determine if this is specific to this
EGFR mutant cancer (L858R/T790M) possibly by performing the same experiments
with cell lines with single activating EGFR mutations (e.g. L858R or exon19del) or wildtype EGFR. It is possible that EGFR mutant lung cancers may be susceptible to strain
activation of c-MET, and we could test this with c-MET inhibitors with and without TKIs,
something which actually has been shown to increase patient survival clinically
(crizotinib+osimertinib). Additionally, we could investigate this balance between EGFR
and c-MET signaling through variable blocking and activation. For example, we could
first test if with no-strain and EGFR blocking via TKI, we could recover growth by
activating c-MET with HGF or another c-MET ligand. Alternatively, with-strain we could
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test whether if blocking c-MET with a c-MET inhibitor led to blocking of the persistent
growth. A final comment is that the H1975 cell line is reported as a “mesenchymal” cell
line; expressing vimentin, low levels of E-cadherin and basal levels of N-cadherin etc.
Other NSCLC cell lines that are EGFR wild-type or with activating mutations, are
typically considered epithelial-like, and it would be very interesting to see if this
relationship to mechanical forces is correlated to the mesenchymal transition. These
types of studies could again, potentially lead to new therapeutic targets or novel types of
combined therapy, such as combining use of a ventilator to enhance breathing motions
while administer TKI drugs, for example.

4.2 Incorporation of stromal and immune components
Cancers are not merely self-sufficient neoplastic cells but are also composed of a
complex microenvironment composed of normal parenchymal and mesenchymal cells
(e.g., cancer-associated fibroblasts), as well as infiltrating immune cells that contribute
to cancer behaviors at the organ level, including growth, invasion and metastatic
spread. Thus, our Orthotopic Organ Chip models could benefit from integrating stromal
cells and immune cells in future studies.
The normal tissue stroma is essential for maintenance and integrity of epithelial
tissues and contains a multitude of cells (e.g., fibroblasts, immune cells, endothelium
etc.) that collaborate to sustain normal tissue homeostasis. There is a continuous and
bilateral molecular crosstalk between normal epithelial cells and cells of the stromal
compartment, mediated through direct cell-cell contacts and by secreted soluble factors
and insoluble ECM molecules (Figure 4.1). Importantly, changes in the ECM, stromal

92

mechanicals and tissue organization can drive initial tumor formation164–166 and tumor
cells can transform the stroma, alter the surrounding connective tissue and even modify
the metabolism of resident cells, thereby producing a permissive, rather than defensive
stromal environment167–169.

Figure 4.1. Crosstalk (efferent and afferent signaling) between the normal epithelial cells and
the stromal cells (blue arrows) maintains tissue equilibrium and integrity (green arrow). During
epithelial carcinogenesis, the efferent signaling changes (orange arrow). This leads to
alterations in the stroma, and alterations in the stroma can feed back to enhance tumor
progression. The new established crosstalk (dashed blue arrow) between tumor cells and cells
of the tumor stroma leads to invasion and subsequently to metastasis (red arrow). Adapted
from169.

Also relevant to many cancers, including NSCLC, is the presence of large numbers
of different types of infiltrating immune cells within the tumor parenchyma. Where these
cells localize and the distribution throughout the tissue has been shown to correlate with
patient progression and survival170. Accumulating evidence is showing that although
there are distinct parts of the immune system that either promote cancer or protect
against ite, immunosuppression tends to dominate and cancer-associated immune
responses more frequently contribute to growth and progression171.
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Thus, it would be interesting to construct our models with patient tumor-derived
cells in the future to study the behavior of CD8+ T cells in vitro, as these are the effector
immune cells that are responsible for tumor cell killing in vivo. CD8+ T cells express
inhibitory receptors and they are the major target of immunotherapies that activate T
cells. The anti-tumor function of CD8 cells is restricted by expression of the surface PD1 receptor, and the expression of the PD-1ligand, PD-L1, is modulated by EGFR
mutations as well as targeted therapies against these mutations172. Importantly,
blocking antibodies against PD-1 and PD-L1 have been shown to be more effective in
treating NSCLC than many other tumors173,174. Thus, it would be exciting to engineer
Orthotopic Lung Cancer Chips with all of the components that are needed to model PD1/PD-L1 blockade efficacy: PD-L1 expressing tumor cells, PD-1 expressing CD8+ cells,
and an endothelial barrier as well as organ-specific lung alveolar epithelial cells. Using
this type of in vitro immune-oncology model, we could quantify PD-L1 expression on the
cancer cells and normal epithelium in the different engineered microenvironments, and
determine if particular EGFR mutations lead to increased PD-L1 expression. We could
also explore whether TKI treatment reduces PD-L1 expression in our Cancer Chip
model as it does in vivo175. In addition, CD8+ T cells could be incorporated into the
tumor chip to test if changes in PD-L1 expression correlate with alterations in T cell
activity and the ability of the patient’s own CD8+ cells to destroy the tumor within
different tissue microenvironments, which would help to validate these Chips as
testbeds for checkpoint blockade in vitro. Interestingly, CD8+ T cell-mediated killing was
recently shown to be sensitive to mechanical forces176, and so it also would be exciting
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to explore whether breathing motions modulate CD8+ T cell recruitment or killing
activity.
Finally, as we use a synthetic biology approach, we can incorporate other immune
cells in our model, such as regulatory T cells and macrophages, that also might impact
the efficacy of immunotherapies and contribute to key facets of immunosuppression that
are normally only observed in vivo. CD8+ T cells should be relatively inert in our system
until activated with anti-PD1. Although quantifying tumor cell killing on-chip could be
challenging, performing multi-parameter studies, using cytokine arrays, as well as live
imaging and histocytochemical analyses at the end of the experiment, would allow us to
unequivocally define these responses. We expect that the tumor cell killing of
checkpoint blockade-treated and untreated tumors would be markedly different from
conventional 2D cultures in efficacy as well as the time to tumor eradication.
Mechanistically, these experiments also would be the first to link a patient’s EFGR
mutation status to PD-L1 expression and CD8 activity in vitro, which could potentially be
used to predict patient responses to immunotherapies in the future. If successful, these
studies will provide the proof-of-principle for a transformative way to study live immunemediated tumor cell killing in a human organ-specific context in vitro.
Although our current model does not contain tumor stromal cells or immune cells,
another member of our laboratory (Amy Wen) has recently successfully integrated
human lung fibroblasts into the Alveolus Chip. This combined with our previous
demonstration that circulating immune cells can be recruited from the vascular channel
and into the epithelial compartment of the 2-channel Lung Alveolus chip as well as other
Organ Chips103–105, support the feasibility of integrating immune cells and other stromal
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cells into Cancer Chips to model cancer growth and therapeutic response. The more
important observation is that because Organ Chips utilize a bottom-up, synthetic biology
approach, our results indicate that these other cell types are not required for expression
of the NSCLC phenotypes we recapitulated here as the combined presence of lung
epithelium, endothelium and breathing motions is sufficient to manifest these behaviors.
The ultimate value of these human orthotopic Cancer Chip models lies in their potential
ability to uncover new insights into mechanisms of cancer control, and to facilitate
discovery of novel drug targets and anti-cancer therapeutics.

4.3 Final remarks
Over the past few years, microfluidic culture devices have been used to model
various cancer cell behaviors (e.g., growth, differentiation, invasion through ECM, and
initiation of angiogenesis) in vitro, but not to recapitulate clinically relevant, human organ
microenvironment-specific differentials in cancer behavior. Most of these models also
used single channel microfluidic devices in which cancer cell lines are co-cultured with a
specific type of normal epithelium or vascular endothelium, either within an ECM gel or
on one surface of the microchannel. Thus, these models usually fail to recapitulate the
unique organ microenvironments in which cancers grow and exhibit relevant differences
in clinical phenotype. Our vascularized Organ Chip microfluidic technology utilizes a
parallel, multichannel architecture which allows for co-culture of multiple cell types (e.g.
epithelial, endothelial, stromal, cancer, immune) while exerting physiologically relevant
mechanical cues (e.g. strain from breathing motions, shear flow within the vasculature),
and has been shown to successfully recapitulate various organ-level function and
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pathophysiology with clinical significance. In conclusion, the creation of our humanderived, orthotopic and metastatic NSCLC models represents not only considerable
feats of biotechnology, but heralds the next generation of cancer models for drug
discovery and development.
The Organ Chip microsystems span the currently unfulfilled void between simplehuman and complex-mouse models. With this study, we have made evident the need
for increased tissue complexity (e.g. multiple primary cell types, mechanical forces) for
proper simulation of in vivo conditions, while proving that the Organ Chips is a robust
platform that can meet this challenge. This system can be extended beyond the current
report to impact cancer research, for instance, by leveraging the high-resolution, realtime monitoring capabilities of our system to create a tool that can be used to probe
cancer’s evolutionary trajectories at the single cell level. Furthermore, by fluidically
linking multiple modular Organ Chips via blood flow through a fully formed, endotheliumlined, vascular lumen, we may observe the metastatic cascade with unprecedented
detail, investigate systemic effects of therapeutics, explore novel biomarkers, and revisit
old concepts (e.g. seed and soil) with a new perspective. Following the successful
functionality of the other organ systems in our pipeline (e.g. lymph, kidney, bone, brain),
we foresee this methodology being applicable to other types of cancer as well. Given
the power of Organ Chips and its unique ability to culture multiple primary tissues in an
organ-relevant context with exquisite control, we hope that these models will usher a
cancer research revolution, providing hope that patient-derived, personalized and truly
predictive models are just on the horizon.
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Appendix
1.

Development of Lung Chip Manufacturing Methods
The first microfluidic Organ Chip devices described in the seminal lung-on-chip

paper1 and the following pulmonary edema paper2, contained symmetric channels on
either side of the porous membrane. Specifically, the apical “air” channel was equal
dimensions to the basal “blood” channel at 400µm wide and 100µm tall. These models
recapitulated the alveolar-capillary interface using the human lung A549 alveolar
epithelial cell line that was originally isolated from a tumor, and human umbilical vein
endothelial cells (HUVECs); both of these cells formed monolayers approximately 20-30
µm in height when cultured on opposite sides of the same ECM-coated porous PDMS
membrane. While use of the 100 µm tall channel supported growth of the alveolar
epithelial cells, it was not possible to culture airway epithelial cells in this channel
because they form a pseudo-stratified epithelium multiple cell layers thick, which can
extend over 100µm in height. Not only will the cells not have adequate space to grow,
but in the models requiring air-liquid-interface (ALI), there also needs to be adequate
volume of air in the channel for oxygen delivery. This posed a major technical problem
because while it is possible to generate channel above 100 µm high using standard
soft-lithography techniques, it becomes very timely, more variable and inconsistent. In
my dissertation research, I developed a solution to this problem by using an alternate
type of lithography, stereolithography (Appendix Figure 1).
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Appendix Figure 1. Schematic of stereolithographic technique used to manufacture a 1mm tall
microchannel

Stereolithography is a technique for creating 3D objects, which uses an ultraviolet laser
focused to a small point to draw on the surface of a liquid thermoset resin. Where it
draws, the liquid turns to solid. This is repeated in thin 2D cross-sections of the
structural design that are formed layer-by-layer to create complex 3D parts. Previously,
stereolithography was not used for microfluidic applications because the resolution was
almost on the scale of some of the features of the devices (20-50µm) and because the
surface roughness was too high, so the PDMS layers would not bond properly to each
other. By optimizing the hardware and software in collaboration with Eric Utley at
FineLine Prototyping (now ProtoLAbs), it is now possible to carry out this process with
around 1 µm resolution and post-processing surface finishing yields a perfectly
bondable microfluidic device. This technique can therefore produce fluidic channels
from 1 µm to 1 mm in height, a range not achievable by the SU-8 process. Also,
whereas 3-5 inch silicon wafers are used for the SU-8 technique, stereolithography is
only limited to the size of the bed containing the liquid polymer (~ 29 inches x 25
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inches). Importantly, it has been possible to achieve massive scale-up due to this
process.
The redesigned lung chip, deemed the “Tall Channel” chip, initially used for the
Small Airway Chip, which has apical and basal channel dimensions of 1 mm x 1 mm
and 1 mm x 200 µm (basal) respectively, nd is made by bonding 2 asymmetric channels
of PDMS to a porous (0.4 µm diameter pores) PET membrane (Appendix Figure 2).
Increasing the dimensions from the original chip was done for several reasons:
•

Larger dimensions results in lower fluid shear stress. This is useful for consistent
seeding and important for sensitive primary cells. After initial seeding and
preparations, the flow rate may be increased to approach physiological shear
levels.

•

Decreases the effect of bubbles. Bubbles are almost impossible to avoid at
some point in 2-3 weeks of microfluidic culture. The larger dimensions allow for
bubbles to pass through the device without getting stuck and without harming the
cells.

•

The new chip design contains a membrane surface area (~1 mm x 16.7 mm) that
is about half the surface area of a 24 well Transwell insert. Use of this larger
surface area (and therefore, more cells) is essential for protein based assays and
future multi-omics analysis.
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Appendix Figure 2. Schematic and bright field image of the APTMS bonded, 0.4µm PET
membrane Tall Channel Chip

Utilizing stereolithography also enables fabrication of multi-level microfluidic devices in
one process, as opposed to SU-8 which would need to be done in multiple steps. As
described in chapter 1, SU-8 channels are made by spin-coating the SU-8 epoxy onto a
silicon wafer at the desired height of the microfluidic channel. Therefore, for various
channel heights and dimensions, multiple spin-coats are required. This was essential
because with different heights of the apical and basal channels, applying vacuum to
chambers of equal size would not stretch in the plane of the membrane (Appendix
Figure 2). We therefore needed to modify the parallel vacuum channels located on

either side of the central culture channels, requiring a multi-level mold, easily
accomplished using the stereolithographic process.
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B

“Tall Channel” chip

Original lung on chip

Strain
plane

C

PDMS membrane

Appendix Figure 3. Schematics of (a) the original lung on a chip and (b) the “tall channel” chip
prior to stereo lithography manufacturing with non-membrane stretch plane. (c) Schematic and
bright field image of the Tall Channel Chip with vacuum ports accomplishing membrane-plane
strain.

2. Protocol for bonding PET or polycarbonate membranes to
PDMS
Another issue encountered was that some primary cell types were difficult for
maintain long-term culture on the PDMS membranes of the chips. For instance, at the
time the Airway Chip was first being developed, this was solved by using PET
membrane (with 0.4 µm diameter pores), which is the same as the membrane used in
Transwell inserts. Therefore, I worked to generate and optimize a procedure to bond
PDMS to a PET membrane. The final protocol is as follows:
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1. Prepare solution of 5% (3-Aminopropyl)trimethoxysilane (APTMS) in DI water
and place on 80oC hotplate in chemical hood. Cover the beaker to prevent
evaporation
2. Cut PET membrane in rectangle 1-2mm larger than size of chip and activate in
plasma chamber for 1 minute
3. Use plastic tweezers and place/suspend the activated membrane in the 5%
APTMS solution for 20 minutes. Ensure that the membrane does not fold in on
itself or attach to the side glass walls
4. At the end of the APTMS incubation, take the membrane out of the solution and
place on a cleanroom wipe or microscopy lens paper, to dry. Also, may spray in
hood with pressurized nitrogen but need to be very careful so membrane does
not bend at all
5. While the membrane is drying, prepare the PDMS top and bottom by plasma
activating for 30 sec – 1 minute
6. With the bottom channel activated, carefully and slowly place the membrane on
top of the channel, ensuring smooth and complete coverage of the whole surface
area of the device
7. Under a microscope, carefully align the top channel and place on top of the
bottom channel/membrane. If misaligned, it is still possible to re-align once more
8. Once alignment looks perfect, place a piece of polycarbonate sheet on top of the
device and a weight (~1kg) and place in the oven for 1-2 hours or overnight. The
polycarbonate ensures that the weight does not stick to the PDMS and the
weight, ensures a strong, stable bond
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3.

Image J / FIJI macros

The code written below was done so with Tom Ferrante. It allows the user to analyze
all confocal or epifluorescent images (Leica .LIF and Zeiss .CZI) within a folder and/or
subfolders within. It automates opening and auto-thresholding of the images so the
analysis is done in an unbiased fashion.

// THRESHOLD GFP SIGNAL, TABULATE POSITIVE PIXELS THEN CREATE FILE IN
THE WORKING DIRECTORY SELECTED – THIS IS FOR 6 IMAGES WHICH ARE
STITCHED IN THE ZEISS SOFTWARE
dir=getDirectory("Choose RAW Data Folder");
//resultDir=getDirectory("Choose RESULT Data Folder");
count = 0;
countFiles(dir);
n = 0;
setBatchMode(true);
processFiles(dir);
//print(count+" files processed");
function countFiles(dir) {
list = getFileList(dir);
for (i=0; i<list.length; i++) {
if (endsWith(list[i], "/"))
countFiles(""+dir+list[i]);
else
count++;
}
}
function processFiles(dir) {
list = getFileList(dir);
for (i=0; i<list.length; i++) {
if (endsWith(list[i], "/")){
currentFolder = list[i];
print(list[i]);
processFiles(""+dir+list[i]);
//print(",");
}
else {
showProgress(n++, count);
path = dir+list[i];
//print(list[i]);
processFile(path);
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}
}
}
// process all images in the folder/subfolders
function processFile(path) { // THIS IS SUBROUTINE FOR THRESHOLDING GFP
if (endsWith(path, ".czi")) {
run("Bio-Formats Importer", "open=["+path+"] color_mode=Default
view=[Standard ImageJ] stack_order=XYCZT series_1 series_2 series_3 series_4 series_5
series_6");
label=File.nameWithoutExtension;
orig=getImageID();
for (j=1; j<6; j++) {
//selectWindow(label+".czi - "+label+".czi #0"+j);
selectWindow(currentFolder+label+".czi - "+label+".czi #0"+j);
//setThreshold(4000, 65535);
setThreshold(0,9000);
run("Convert to Mask");
nBins=256;
row=0;
getHistogram(values, counts, nBins);
for (i=0; i<nBins; i++) {
setResult("Value", row, values[i]);
setResult("Count", row, counts[i]);
row++;
}
updateResults();
PositivePixels=getResult("Count",0);
//print(currentFolder + "," + PositivePixels);
print(PositivePixels);
//close();
}
run("Close All");
}
}
selectWindow("Log");
saveAs("text", dir+"Results"+".txt");
run("Close");

// PARTICLE ANALYSIS USED TO GENERATE HISTOGRAM OF CANCER CLUSTER
SIZE FROM CHIP TAKING 20 IMAGES PER CHIP; SUBROUTINE BELOW MAY BE
EXCHANGED IN THE SAME CODE AREA SEEN ABOVE
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function processFile(path) {
if (endsWith(path, ".czi")) {
for (j=1; j<21; j++) {
run("Bio-Formats Importer", "open=["+path+"] color_mode=Default
view=[Standard ImageJ] stack_order=XYCZT series_"+j);
label=File.nameWithoutExtension;
orig=getImageID();
if (j<10){
selectWindow(currentFolder+label+".czi - "+label+".czi #0"+j);
}
if (j>9){
selectWindow(currentFolder+label+".czi - "+label+".czi #"+j);
}
setThreshold(4000, 65535);
//setThreshold(0,5000);
//setOption("BlackBackground", false);
run("Convert to Mask");
run("Analyze Particles...", "size=100-Infinity add");
roiManager("Measure");
roiManager("reset");
//close();
}
run("Close All");
}
}
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4.

Additional confocal microscopy

Appendix Figure 4. H1975 cancer cells (green) invading into the normal alveolar cells labeled
with tight junction marker ZO-1 (red) and all nuclei are Hoechst labeled blue. Scale bar, 50µm.
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Appendix Figure 5. H1975 cancer cells (green) in quiescent growth phase, incorporate into the
healthy small airway epithelium around day 14 of co-culture. The normal small airway cells are
labeled with a tight junction marker (ZO-1, red) and mucus (MUC5AC, yellow). Scale bar, 50µm.
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Appendix Figure 6. H1975 cancer cells (green) form nodules after 3 weeks in co-culture in the
small airway chip. The normal small airway cells are labeled with a tight junction marker (ZO-1,
yellow), f-actin (phalloidin, red) and all nuclei are Hoechst labeled blue.
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Appendix Figure 7. A zoomed out 10X image of the cancer cells invading while the healthy
cells recede in a small airway chip after 3-4 weeks of co-culture. Tight junction marker ZO-1 is
shown as white.
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Appendix Figure 8. H1975 cancer cells (green) form nodules after 3 weeks in co-culture in the
small airway chip. The normal small airway cells are labeled with a tight junction marker (ZO-1,
yellow), f-actin (phalloidin, red) and all nuclei are Hoechst labeled blue.
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Appendix Figure 9. H1975 cancer cells (red) form nodules after 3 weeks in co-culture in the
small airway chip. The culture was labeled with f-actin (phalloidin, black).
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Appendix Figure 10. H1975 cancer cells (green) invade into a healthy, differentiated small
airway tissue. The normal small airway cells are labeled for tight junction marker (ZO-1,
orange), cilia (acetylated tubulin, white) and all nuclei are Hoechst labeled blue.
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Appendix Figure 11. H1975 cancer cells (green) invade into a healthy, differentiated small
airway tissue. The normal small airway cells are labeled for tight junction marker (ZO-1, red),
cilia (acetylated tubulin, white) and all nuclei are Hoechst labeled blue.
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Appendix Figure 12. H1975 cancer cells (green) invade into a healthy, differentiated small
airway tissue. The normal small airway cells are labeled for tight junction marker (ZO-1,
orange), cilia (acetylated tubulin, white) and all nuclei are Hoechst labeled blue.

129

