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Abstract—Advances in microengineering technologies have
enabled a variety of insights into biomedical sciences that
would not have been possible with conventional techniques.
Engineering microenvironments that simulate in vivo organ
systems may provide critical insight into the cellular basis for
pathophysiologies, development, and homeostasis in various
organs, while curtailing the high experimental costs and
complexities associated with in vivo studies. In this article, we
aim to survey recent attempts to extend tissue-engineered
platforms toward simulating organ structure and function,
and discuss the various approaches and technologies utilized
in these systems. We specifically focus on microtechnologies
that exploit phenomena associated with compartmentaliza-
tion to create model culture systems that better represent the
in vivo organ microenvironment.

Keywords—Organ, Compartment, Microtechnology, Micro-
engineering, Microenvironment, Barrier.

INTRODUCTION

Utilizing animal models to study various aspects of
development, homeostasis, and diseased behavior is a
critical step in understanding, predicting, and eventu-
ally controlling biological function. In vivo experiments
form a crucial bridge between carrying out experiments
in a Petri dish and developing viable clinical and
technological solutions for current challenges to
human health and quality of life. However, in vivo
models can be expensive, highly variable, difficult to
manipulate, and experimental results can often be
confounded or challenging to interpret. As a result, in
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the pharmaceutical industry, for example, in vivo
studies require exorbitant resources, but often fail to
translate promising in vitro results for drug compounds
to clinically viable solutions.'® One factor that could
account for these discrepancies is the inability of the
conventional in vitro models to capture the critical
features of the cellular microenvironment, which may
influence or modulate cellular response to the ther-
apy.>* Hence, in vitro culture systems of sufficient
complexity may provide an alternative, low-cost, pre-
clinical test platform with improved relevance and
utility in identifying therapeutic avenues that warrant
in vivo testing. Furthermore, such artificial surrogates
would enable the precise manipulation of specific
environmental parameters to tease out the underlying
mechanisms for biological phenomena, and provide a
greater understanding of the underlying biology.
While static Petri dish culture has been utilized for
decades, it is simply unable to capture the structural,
mechanical, chemical, and communicative complexities
of in vivo systems. The development of engineered
tissues as model systems has partially bridged this gap,
and recent efforts have focused on making these
models more relevant by creating an organ-like
microenvironment. Micro-engineered strategies pro-
vide a number of unique advantages and benefits in
studying organ biology. The ability to pattern rela-
tively large surfaces with subcellular resolution fea-
tures allows precise control over various aspects of the
cellular microenvironment, while maintaining the size
necessary to allow for complex interactions between
system components. In this review, we highlight the use
of microtechnologies in simulating critical features of
in vivo organs, and specifically focus on microdevices
that leverage compartmentalization strategies to move
toward re-creating complex organ microenvironments
that bridge the gap between in vitro and in vivo models.

© 2011 Biomedical Engineering Society



MORAES et al.

FROM TISSUES TO ORGANS

Basic biology textbooks ubiquitously define a “tis-
sue” as a group of cells that act together to perform
one or more functions. Similarly, an “organ” is a
group of tissues that perform a specific function or
group of functions. Though students have no practical
difficulties in identifying and differentiating between
organs in the body, they often encounter problems in
applying this definition in the classification process.®
This may be due to the hierarchical nature of the
definition, in which “tissues” and “‘organs’ are not
distinguished based on a level of functional capability,
but rather on arbitrarily assigned levels of complexity.
We encountered similar issues in defining inclusion
criteria for this review: while tissue-like multicellular
constructs are often cultured on microengineered
platforms, researchers are currently unable to fully
recapitulate the complete structure or function of a
native organ. In order to provide a systematic review
of the current state of the art toward creating organs
on a chip, we have adopted the hierarchical aspect of
the standard definition, and based our selection criteria
on level of complexity, rather than on specific
requirements of function, output, or accuracy in bio-
logical imitation.

For the purposes of this review, we define “tissues”
as those systems in which (1) biological material is
cultured with at least the potential for long-term
studies; (2) multicellular constructs of one cell type are
formed; and (3) the resulting tissue recapitulates some
aspect of the native in vivo tissue. Following this defi-
nition, examples of a “‘tissue-on-a-chip” would include
microengineered systems in which tissue constructs
are formed using various techniques'®® (such as cell
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trapping in microfluidic devices''*®), under the influence

of factors such as substrate topography,® fluid shear,
or perfused culture.'* We chose to identify “organs-on-
a-chip” as those systems that extend upon these min-
imum characteristics to better recapitulate the in vivo
organ milieu, either within a distinct organ structure or
between multiple organ systems. To narrow the scope
of this article, we focus specifically on those micro-
systems that utilize microscale compartmentalization
strategies to achieve this goal.

THE ROLE OF MICROENGINEERED
COMPARTMENTS

Compartmentalization can broadly be described as
creating separations between differentiated environ-
ments (Fig. 1). Compartmentalization can take the
form of imposing constraints on the physical envi-
ronment to precisely define microenvironmental con-
ditions, and controlling the nature of the separation
barrier between compartments. This approach broadly
mimics organ structure and function, in which spe-
cialized tissues in well-defined environments interact
with each other via several modalities to generate
organ function. Using microtechnologies to define
such compartments yields significant advantages in
re-creating organ function. Specifically, microengi-
neering compartments results in the ability to (1) create
unique conditions arising from favorable scaling laws,
(2) simultaneously and precisely control multiple
chemical and physical culture conditions with a spatial
resolution appropriate for cell and tissue culture, and
(3) manipulate chemical and physical communication
between such environments.
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First, using microtechnologies to create such com-
partments allows us to establish environmental con-
ditions that would not have been possible with
conventional macroscale techniques. For example, in a
simple microfluidic compartment in which cells are
confined within a small volume, physiological con-
centrations of secreted soluble signaling molecules can
be achieved,® a critical feature in re-creating organ
conditions of communication between tissue types.
The confined regions also allow us to reliably create
and sustain gradients of soluble molecules, a charac-
teristic feature associated with in vivo organogenesis
and development.** Laminar flow in microchannels
also enables the formation of sub-compartments
within the channel. Additional examples of microscale
fluidic sub-compartmentalization include the creation
of traveling air and liquid compartments, which can
simulate diseased conditions within the lung.*

Second, given the interdependent nature of cell-
environment interactions, experimental platforms
capable of simultaneously manipulating multiple
aspects of the cellular environment are required to obtain
a better understanding of how cells integrate and
respond to external cues within and between tissues
and organs.’>® Compartmentalized regions designed
to manipulate several environmental parameters allow
researchers to precisely define multiple spatial, chemi-
cal, and physical culture cues that best represent the
organ milieu. Furthermore, the number of experi-
mental conditions necessary for a parametric study of
organ culture parameters increases exponentially with
the number of parameters being tested. Creating
microscale compartments reduces the resource foot-
print of an experiment, enabling multiple replicates to
be tested simultaneously. Valving structures,'>>4>7791
droplet microfluidics,”® or varied features across an
array’*°%7* enables multiple parameters to be screened
in the same experiment. Hence, exploiting microscale
compartments can greatly scale up our ability to rap-
idly probe multiple, interacting environmental param-
eters that are of importance to organ systems.

Third, the ability to manipulate communication and
measure functional interactions between these defined
environments is of critical importance in under-
standing how tissues work together to produce func-
tional organs. Communication between tissues is
mediated by transport of soluble molecules or physical
forces, and can be manipulated by controlling mass
and energy transport properties between compart-
ments. For example, in compartments defined by walls
but connected via a controllable liquid bridge, fluid
flow can be used to control soluble signaling molecule
movement between multiple culture environments.®'
Such approaches are particularly powerful in dissect-
ing the complex feedback loops that exist within and
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between tissues and organs. Hence, the ability to
locally position and constrain cells, control transport
properties between compartments and observe the
resulting functional behavior is a crucial approach in
furthering our understanding of the cellular basis for
organ function.

CURRENT PROGRESS TOWARD
ORGANS-ON-A-CHIP

In recent years, several organ systems have been
re-created in vitro using compartmentalized micro-
engineering approaches. These include a kidney,*
cartilage,” intestine,**'*” and bone-on-a-chip**'°?; and
systems that stimulate pancreatic function,”*'*" among
many others. We have elected to focus only on those
systems which artificially recapitulate features of
in vivo organ microenvironments, and have hence
excluded those articles which focus on forming tissues,
improving analytic ability, or creating non-physiolog-
ically relevant test environments. Furthermore, due to
space constraints, we only highlight (in arbitrary order)
those organs for which several microsystem-based
methods and approaches have been published.

Pulmonary

Pulmonary systems are responsible for gas exchange
between air and blood, and remain one of the most
challenging systems to study in vivo. The geometric and
compositional structure of the lung is highly complex,
preventing straightforward manipulation and obser-
vation of cells at different regions of the lung. Differ-
ences between humans and animal models make it
difficult to generalize results to human pathologies,
and such approaches suffer from several confounding
effects. In response, researchers have developed
microfabricated devices to mimic lung structure and
function in the small airway and alveolar regions of the
lung.

The small airways conduct air between the external
environment and the alveolar structures at which gas
exchange occurs across the air-blood barrier of the
lungs. The small airways are lined with epithelial cells,
and are subject to a variety of mechanical and chemical
stimuli, arising from inhaled particles, infection, and
complications from various diseases. Several patho-
logical conditions including pneumonia, pulmonary
fibrosis, or bronchitis are accompanied by distinctive
symptomatic crackling sounds, believed to be caused
by the clearing of airway occlusions.®® For example, in
the case of fluid-filled occlusions, computational
modeling suggests that propagation and rupture of
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these “liquid plugs” can cause a variety of unexpect-
edly significant mechanical conditions.®!® Particularly,
when the interfacial tensions are high, as can occur
during surfactant dysfunction, large gradients of shear
stress and pressure are caused which may have dele-
terious effects on cell function and viability.®

In order to understand the effects of liquid plug
propagation and rupture, Huh er al. developed a
microfluidic system to create propagating compart-
ments of air and liquid over a microfluidically engi-
neered model epithelium. Using a microfluidic liquid
plug generator (Fig. 2), they delivered picoliter vol-
umes of occluding fluid to an epithelial sheet cultured
at an air-liquid interface in a microfluidic channel.
This required the development of a two-compartment
membrane culture system within the channel, as cul-
ture at an air-liquid interface has been shown to pro-
mote cellular differentiation toward a more in vivo-like
epithelial sheet.'® The need for precise control over
multiple microenvironmental parameters such as small
volume liquid plug formation and air-liquid interface
culture makes microfluidic compartments uniquely
well suited for these studies.®* As the plugs propagate,
they shed liquid, eventually causing plug rupture. The
group found that liquid plug rupture caused crackling
noises similar to those heard clinically, and also found
that repeated rupture of plugs caused cell death.
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Hence, insights are obtained validating that the clinical
symptoms associated with such stethoscope sounds,
particularly when combined with surfactant dysfunction
may exacerbate lung pathophysiology.** The group has
gone on to show experimentally and numerically, that
a clinical surfactant reduces the interfacial tension and
the fluid shear and pressure gradient profiles, modu-
lating cell-death caused by liquid plug propagation and
rupture.84

The alveolar structure of the lungs contains signifi-
cantly different environmental features as compared to
the lung airways. Solid and fluid mechanical stresses
continue to play a key role; Douville er al. have
recently attempted to capture the complexities inherent
in this structure. Using a microfabricated deformable
membrane on which cells are cultured, the effects of
moving air-liquid compartments, in combination with
deformation of the underlying substrate was used
to assess the impact of fluid-filled alveolar cavities
(a frequent occurrence in pneumonia), in cell death
(Fig. 3a).'® Their system successfully combines both
solid- and fluid-mechanical environmental factors to
mimic pathophysiological conditions including those
caused by ventilator-induced lung injury, and demon-
strates deleterious effects of air-liquid interfaces on cell
viability can occur after as few as 30 “breaths” under
severe conditions.

Iow
Membrane

FIGURE 2. Engineered small airways on a chip (a). Takayama and co-workers developed a multilayer microdevice in which (b)
epithelial cells are cultured under liquid, and (c) at an air-liquid interface. (d) A liquid plug generator is used to produce nanoliter
droplets in the channel, simulating pulmonary occlusions. (e) Moving plugs shed liquid as they move, and eventually rupture,
producing a crackling noise, similar to those heard in patients with pulmonary disorders. Liquid plug rupture was found to cause
cell death, exacerbating lung pathophysiology (reproduced by permission from the National Academy of Sciences®?).
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FIGURE 3. Alveoli on a chip. (a) A multilayer microfluidic device is used to culture cells on a flexible membrane, which deforms
under vacuum to mechanically stress cells, while exposing them to a moving air-liquid interface similar to those found in alveolar
structures under conditions of pneumonia'® (reproduced by permission of The Royal Society of Chemistry). (b) Microdevice
designed to simultaneously culture a tissue-engineered epithelium and endothelium cells, under physiologically relevant condi-
tions of flow and stretch, to mimic conditions in the alveoli (from Huh et al.3* Reprinted with permission from AAAS).

Culture at an air-liquid interface has been shown
to produce an epithelium more representative of the
in vivo state. This is difficult to perform when the cell
culture substrate needs to be both flexible and perme-
able. For example, materials such as track-etched
polycarbonate membranes are permeable,®*” but are
stiff and do not lend themselves well to a mechanically
dynamic environment. To address this, Huh ez al.
developed a porous PDMS membrane structure, inte-
grated into an alveoli-on-a-chip device. This enabled
the group to culture both alveolar epithelial cells on
one side of the membrane at an air-liquid interface,
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and endothelial cells on the other, while applying
physiologically relevant shear profiles to the endothe-
lium and mimicking the substrate distention of the unit
caused by breathing (Fig. 3b). Inflammatory responses
were measured in response to simulated inhalation of
nanoparticles, and these responses were mirrored in an
in vivo murine model system. Failure to include any of
the environmental stimuli resulted in a mismatch
between in vitro and in vivo results.** This study dem-
onstrates the utility of a microfabricated compartment
with multiple, precisely defined culture parameters, to
act as a surrogate for in vivo models, potentially
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allowing for cost-effective, high-throughput screening
of various drugs and treatments.

Cardiovascular

Replicating cardiovascular organs in a microsystem
requires several design factors to be taken into con-
sideration in re-creating the physiological microenvi-
ronment. Blood vessels are complex structures
consisting of smooth muscle cells in the vessel walls, an
endothelial layer lining the inner surface of the vessel,
and a complex blood flow pattern causing fluid shear
and radial deformation of the vessel®®; some of which
are ideally re-created using microtechnologies.®-'%®

Microfluidics is well adapted to applying precisely
defined shear profiles to cultured cells, through careful
channel design. Though syringe pumps can be used to
drive flow, they can be difficult to use for generating
multiple or complex flow profiles. Other approaches
that allow for more multiplexed generation of flow
include on-chip valves,””! or commercially available
Braille display devices,”” in which periodic deforma-
tion of a channel is used to move fluid by peristaltic
action. Each of these approaches have been used to
drive fluid flow over a microfluidically cultured endo-
thelium in a programmable manner, creating oscilla-
tory and pulsatile flow profiles which better mimic the
in vivo blood vessel microenvironment.

Closely spaced tapered microfabricated cylindrical
channels within a hydrogel construct can be used as a
compartmentalized model system to independently
study the effects of hydrostatically driving fluid over
cultured endothelial cells. Endothelial barrier function
was assessed and found to depend significantly on
maintaining physiological levels of both shear stress
and transmural pressure.®’

Compartmentalization within microfluidic channels
can also be used to re-create other aspects of blood
vessel physiology. For example, a common endothelial
cell migration assay involves scratching the monolayer
surface to simulate a wound. The sheet of cells then
migrates to fill the gap. In order to create a more
repeatable assay, researchers developed a microfluidic
version of an endothelial wound. Laminar streams in a
microfluidic channel are used to deliver trypsin to the
central portion of a cultured endothelium. The result is
a well-defined, reproducible gap in an endothelium,
migration across which was then studied under physi-
ological conditions of shear stress and stable gradients
of soluble signaling molecules.”® The study demon-
strated that both physiological shear stresses and sol-
uble molecule gradients significantly enhance wound
healing, emphasizing the importance of mimicking
both chemical and mechanical in vivo parameters in
biological studies.

Complex signaling processes occur between distinct
compartmentalized cell populations. Endothelial cells
and smooth muscle cells cultured on either side of a
porous membrane in a microfluidic device maintain
separate cell populations but allow extracellular sig-
naling. Utilizing this approach in a microfabricated
platform enables endothelial cells to be regionally
treated on the basal side with specific chemokines.
With this method, an endothelium with differing
metastatic potentials was created for a circulating
breast cancer study.’® This technique can also be
used to independently apply controlled shear stress
and extracellular matrix proteins to the interacting
cell types, and has been used to understand
the complex interactions between fluid shear and the
effects of TNF-alpha on monocyte adhesion to the
endothelium.”®

Several groups have developed a series of com-
partmentalized microfluidic systems to study migration
into a hydrogel, with excellent imaging capabilities and
control over the microenvironment. One or more
hydrogels integrated into a chamber between two or
more adjacent microfluidic channels serves as a bio-
logically relevant barrier.**”°> The Kamm lab has cul-
tured endothelial cells as a monolayer on the side-wall
of the collagen gel, which are induced to migrate into
the gel, under physiological conditions of interstitial
fluid flow,”> chemoattractants,'>>® and simultaneous
gradients of multiple signaling molecules.”” The
microfabricated approach provides an unprecedented
ability to precisely control the microenvironment, and
may be scaled up for future high-throughput studies.

Finally, a recent approach to cardiovascular studies
on a chip has leveraged the ability of microfabricated
systems to precisely position biological material and
simultaneously manipulate the microenvironment. In
their artery-on-a-chip platform, Guenther and col-
leagues use a microfluidic system to position an excised
blood vessel within a channel, clamped in place by the
application of negative pressure to specific regions. The
vessel can then either be perfused or perifused with
varying concentrations and gradients of biochemical
solutions, to study the physiological response of the
small blood vessel.”* This hybrid approach effectively
captures the physiological complexity of the biological
structure, while taking advantage of the capabilities
afforded by microtechnologies.

Neural

Neural system function stems from physical archi-
tecture, and from the diverse chemoelectrical and
electrical properties that allow for the brain to store,
access, and transmit information to control organ and
tissue function. Microdevices have focused on spatio-
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temporal recordings of electrophysiological signals;
and have been recently utilized to engineer de novo
neural systems.”® These systems will enhance our
understanding of this complex bioelectric network, and
also potentially give greater insight into neural disease
states.

A key microengineered approach to study neural
communication and network development has been to
compartmentalize cell populations from each other or
cell bodies from other cells. Neuronal position and
outgrowth is of critical interest in various fields from
cellular biosensors to tissue engineering.” Surface
modification is often used to separate and culture
neurons while allowing neurite outgrowth through
adhesive substrate patterns °® or physical restraints
such as microgrooves or channels®® to view neuronal
outgrowth ability under different conditions. Though
these outgrowth systems allow for molecular and
structural studies, they are unable to simulate structure
of in vivo neural networks. However, these methods
have demonstrated that compartmentalizing cells
modulates neuronal communication during network
development and can be applied as a tool for neural
systems-on-a-chip. A compartmentalized co-culture
platform was also used to promote oligodendrocyte
maturation, which is critical for CNS axon myelination
and improved bioelectric conductivity. By separating
somatic cells from an axon/glia compartment, with an
axon-guiding microchannel connecting them, oligo-
dendrocytes were found to recapitulate in vivo devel-

(a) Axon-guiding
Channels

N

Soma
Compartment

opment (Fig. 4a) allowing precursor oligodendrocytes
to differentiate into mature oligodendrocytes and
begin producing myelin basic protein,®® one of the
major myelin constituents.

Indirect compartmentalization has also been used in
the development and analysis of electrical potential
and responsiveness. Shein et al. used cell-adhesive
carbon nanotube islands to pattern neuronal and glial
cells in specific locations. These carbon nanotube
islands played a double role of anchoring neurons
directly to electrode sites while providing the electrical
measurement resolution necessary to study the devel-
oping neural network in real time, as outgrowths occur
between cells.”! This system provided a strong proof of
concept for electrical network fabrication. Another
approach for cell adhesion used a surface-modifying
stamping technique to constrain a neuronal network
into a cell-adhesive compartment. This ring-shaped
compartment aimed to reproduce persistent activity,
the theoretical mechanism for fast-access memory,
through a recurrently stimulating disk network. The
system validated the recurrent function and persistent
activity as a potential structure for such memory, by
simultaneously stimulating at one location and
recording from the rest of the disk network”® (Fig. 4b).

Communication in neural tissue has been studied
using compartmentalized organotypic cultures of brain
slices that allow for growth and extension of axons
from the cortex to the hippocampus slice. These axon
extensions formed functional connections, resulting in

FIGURE 4. Brains on a chip. (a) Fluorescent images of neurons cultured in compartmentalized regions, with microchannel axon
guides, demonstrating growth and extension away from the soma compartment toward a secondary axon-glial compartment (with
kind permission from Springer Science®). (b) Fluorescent image of ring structure formed using microcontact printing to restrict

neurons within adhesive regions, used to study recurrent networks and persistent activity (Vishwanathan et a

permission of The Royal Society of Chemistry).
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neural activity synchronization between the slices, and
provided a platform to observe pharmacological
manipulation of activity in the explants. This platform
enabled spatially restricted experimental manipulation
of pre- and post-synaptic neurons in organotypic
cultures, and can be applied to understanding the
development, plasticity, and pathologies of neural
pathways.*

Compartmentalization has been applied to specifi-
cally study soluble signaling between neural popula-
tions. Separation of primary astrocytes and microglia
into microchambers has been employed in an “over-
flow” microfluidic network, allowing for controlled
soluble signal communication through fluid manipu-
lation between the two cell populations housed in their
respective compartments. This overflow device dem-
onstrated long-term co-culture and astrocyte control
over purigenic receptor activation in microglia,
through the well-known glutamate-induced release of
ATP mechanism. This platform provides a model
system to study and dissect the specific intercellular
pathways involved in a variety of processes and neural
disease states.”!

Fabrication of guiding 3D structures for neural
engineering has also employed compartmentalization
and harnessed 3D microfluidic devices to construct
neural layers and 3D architecture. Kunze et al., dem-
onstrated agarose—alginate mixtures that form multi-
layered scaffolds with embedded primary cortical
neuron layers separated from each other by cell-free
layers. B27 supplementation was delivered to form
concentration gradients inducing increased neurite
outgrowth. Neurite outgrowth was directed to other
neurite rich regions, demonstrating the early stages of
network formation within these three dimensional
structures and the use of compartmentalization to
promote 3D-directed outgrowth.*' Though this meth-
od shows the potential of forming more in vivo like
neural tissue and networks, there is still a need to
further develop the system to provide an enhanced
functionality from these mimetic tissue cultures.

Liver

The liver has many vital functions such as produc-
tion of biomolecules, metabolization, and detoxifica-
tion of ingested substances, synthesis and breakdown
of small and complex molecules, decomposition of red
blood cells, and filtration of impurities from the blood.
The structure of the liver is complex,” consisting of
sinusoids, or vascular channels lined with a permeable
endothelium and surrounded by polarized parenchy-
mal epithelial hepatocytes, as well as mesenchymal
cells, such as macrophages, stellate cells, and lympho-
cytes.” Using compartment-based microtechnology,

various research groups are working on establishing
liver-on-chip systems, which are advantageous for
understanding liver regeneration and for high
throughput drug screening, toxicity, and metabolism
studies.

Co-Cultured Hepatic Sinusoids

Hepatic sinusoid models have been created by
compartmentalizing hepatocytes and non-parenchymal
cells such as fibroblasts into domains that allow par-
acrine crosstalk. Kane er al. micropatterned murine
fibroblasts around primary rat hepatocytes with mur-
ine fibroblasts in micropatterns. Under continuous
perfusion and co-culture, the hepatocytes remained
metabolically functional, as evidenced by the steady
production of critical metabolites.*” In this example,
physically localizing the two cell types while main-
taining paracrine communication were critical in
maintaining hepatocyte function, which are typically
reduced in 2D culture. In a separate study, the same
cells were co-cultured in microwells layered on colla-
gen-coated plates in 500-um islands of primary rat or
human hepatocytes surrounded by fibroblasts. The
differentiated functions of hepatocytes were then
evaluated by several measures including toxicity of
model hepatotoxins. Though significantly fewer hepa-
tocytes were used in this microwell model system,
phenotypic liver functions were maintained for several
weeks longer than conventional cultures in similar
multi-well formats,”® emphasizing the importance of
communications established between the two cell
types. These micropatterned co-cultures are compati-
ble with in situ microscopy, robotic fluid handling, as
well as, plate-reader assays, making them useful for
ADME/Tox (absorption, distribution, metabolism,
excretion, and toxicity) screening in industrial settings.
Cho et al.'® took a similar approach and patterned
fibroblasts ecither around or as a feeder layer beneath
hepatocyte islands. Increased heterotypic interaction in
the latter case supported higher levels of liver-specific
functions and active glycogen synthesis. Hence, the
ability to pattern and position multiple cell types on
the microscale, which modulates heterotypic and par-
acrine interactions, is an essential approach to reca-
pitulating liver function in vitro.

Endothelial-Like Barrier Hepatic Sinusoids

In the liver, sinusoidal endothelial cells facilitate
transport of blood and plasma to the hepatic cords. To
recapitulate these transport phenomena, an artificial
microfluidic liver sinusoid was created by packing a
high density of hepatocytes in a microchannel (Fig. 5).
The hepatocytes were fed with nutrient supply via thin
(1-2 um thick) channels that formed the high fluidic

% BIOMEDICAL ENGINEERING SOCIETY™

www.bmes.org



Organs-on-a-Chip

="
=4
==
=]
=
=]
=
[
—>
=]
—>
==
=
B
==

Flow Channel

FIGURE 5. Artificial liver sinusoids on chip. In vivo, the sinusoid space is bordered by a sheet of highly fenestrated endothelial
cells, and this highly permeable barrier enables hepatocytes to be bathed in blood plasma, while shielding them from high shear
stresses. This condition is recapitulated in a simple microfluidic device in which an endothelial-like barrier of micropillars sepa-
rates hepatocytes from nutrient flow. This barrier served two functions: concentrating hepatocytes in the culture area, and
minimizing convective flow while allowing diffusive transport (Scale bar 20 pm). Reprinted with permission from John Wiley and

Sons.®®

resistance endothelial-like barrier between hepatocytes
and the continuous convection microchannel.*® In
these artificial sinusoids, primary rat and human
hepatocytes were maintained for over 7 days without
losing viability, in an environment where mass trans-
port properties of the sinusoid, such as continuous
nutrient exchange and extensive cell—cell contact, were
preserved. Compartmentalization of the hepatocytes
and the vascular elements not only mimicked the
transport processes in the sinusoid but also shielded
hepatocytes from high shear stresses, known to be
injurious to hepatocytes.

Perfused 3D Hepatic Cultures

It is increasingly clear that certain cells cultured in
3D are much more physiologically and clinically rele-
vant than their counterparts in 2D."* To re-create the
complex 3D liver microenvironment, a hepatic perfu-
sion model was created by culturing cells within an
array of micropillars and forming a thin layer of
matrix over the cells.*® Using this approach, rat
hepatocytes, bone marrow mesenchymal stem cells,
and human hepatoma cells were perfused for up to
1 week in compartments surrounded by micropillars,
preserving their 3D morphology and cell-specific
functions. This design was extended to create parallel
cell culture channels independently addressed by a
concentration gradient generator.®” This 3D perfusion
culture system was found to maintain functional
hepatocytes at a higher level than multi-well plates,
and can be readily integrated with other microdevices
for the next generation of in vitro drug testing. Simi-
larly, Goral et al.** used a retention micropillar array
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around the cell culture chamber, along with micro-
structures at the bottom of the chamber, which served
to control the polarity of hepatocytes by minimizing
cell-surface interactions and cell spreading.

Compartmentalization of human hepatocytes with-
in the device in the absence of any exogenous matrix
induced extensive 3D cell-cell interactions, leading to
high viability over 2 weeks, restored gap junctions, and
formation of extended bile canalicular networks. Since
hepatocytes do not directly contact the perfusing
medium, such devices reduce the shear stress experi-
enced by the hepatocyte compartment by shielding
them from direct flow. To address the cellular com-
plexity of the liver sinusoids, the Griffith lab designed
3D-perfused hepatic co-cultures where cells were sup-
ported on arrays of scaffolds that were continuously
perfused by pneumatic diaphragm micropumps in a
multiwell plate format (Fig. 6).>> Co-cultures of
hepatocytes with stellate, Kupfer, and liver sinusoidal
endothelial cells (LSEC) were successfully established,
and these cells formed multicellular constructs under
perfusion. Primary LSEC, which are typically difficult
to culture in 2D, retained their differentiation markers,
and oxygen uptake rates. Although the hepatocytes
were not sheltered from shear stress in this model, it is
one of the most comprehensive depictions of the
diverse cell types that make up the liver, and has
applications in drug toxicity and metabolism studies.
The use of microfluidics enabled localized perfusion
and 3D mechanical support of the tissue structure and
was critical in promoting paracrine signaling between
the heterogeneous cells that resulted in network-like
structures representative of liver sinusoids.
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FIGURE 6. Microengineered 3-D perfused hepatic cultures on chip. Perfused multiwell bioreactor containing 12 fluidically iso-
lated bioreactors for co-culturing hepatocytes, liver sinusoidal endothelial, stellate, and Kupfer cells (Domansky et al.'>—repro-
duced with permission from The Royal Society of Chemistry). Perfusion through the cell-seeded scaffolds allows critical oxygen
delivery immediately after seeding, and lead to formation of 3D multicellular aggregates around the scaffold pores.

Indirect Hepatocyte-Vascular Models

Given that hepatocytes have limited viability in high
shear stress environments,® the Neville lab designed
hepatic devices based on compartmentalization that
allow indirect contact between hepatocytes and flowing
medium through a semi-permeable membrane to limit
the shear stress experienced by hepatocytes.”*° The
sustained viability of hepatoma cells and primary rat
hepatocytes under perfusion was tested in a microflu-
idic device with a bilayer design, comprising a fluid flow
compartment and a parenchymal hepatocyte com-
partment separated by a semi-permeable nanoporous
membrane.” Compared to static 2D dishes, primary rat
hepatocytes expressed significantly improved markers
of hepatocyte differentiation. In a separate study, these
devices were seeded with rat hepatocytes and human
hepatoma cells, and tested in a rodent femoral arte-
riovenous shunt model, where survival of liver cells was
highly dependent on hepatocyte chamber pressures.™

Hepatocytes were protected from the high shear
stresses caused by the volumetric flow rates necessary
for adequate oxygen delivery by designing micro-
grooves in a stacked substrate, radial flow bioreactor.®*
The hepatocytes and fibroblasts co-cultured in these
bioreactors maintained stable rates of synthesis of
albumin and urea over 5 days. These examples illus-
trate the utility of using elegantly designed, simple
microbioreactors to establish conditions of low-level
shear stress via compartmentalization, required to
re-create liver sinusoids.

Inter-Organ Communication

In addition to the liver, the intestine also plays a role
in drug metabolism. To study the interactions between
liver and intestine in the context of metabolism of
hepatotoxic compounds and the regulation of bile acid
homeostasis, rat intestinal and liver slices were peri-
fused by placing a semi-permeable membrane around
the organ explants, in adjoining chambers of a
microfluidic device.”® The metabolites formed by the
intestine in the first chamber are passed to the liver in
the second chamber for further metabolism, mimicking
in vivo metabolism.

In another effort to study the communication
between two organs in a microfluidic device, thick
explants of chick embryonic liver and kidney in dif-
ferent compartments were cultured up to 14 days in
the presence or the absence of fibronectin-coated sub-
strates. Fibronectin was found to control migration
direction between kidney and liver cells.*® Perfusion
along the microchannels facilitated migration of the
organ explants toward each other, which was absent
on static 2D surfaces.

Technological strides in MEMS, biomaterials, and
tissue engineering provide opportunities to transform
standard cell culture methods into more complex sys-
tems that retain liver function over time. As a result,
more physiological models of hepatic sinusoids are
becoming available, creating more predictive and
reliable tools for understanding drug toxicity and
disposition.
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Cancer

Tumors are a heterogeneous amalgam of cells that
develop through two mechanisms. The first, individual
cell mutations resulting in cancer progression can be
studied with conventional biochemical tools. The sec-
ond, modulation of the tumor microenvironment is
more challenging to study in vitro, but is of critical
importance, as it provides spatiotemporal cues and
support, necessary to progress from a few cells to
malignant phenotypes. The role that non-malignant
components play on the development and progression
of carcinomas® has only recently been recognized.
Carcinomas modify the stroma through expression of
growth factors that promote angiogenesis, alter ECM
expression, accelerate fibroblast and inflammatory cell
proliferation and recruitment.’ This dynamic interplay
results in the stroma supporting growth and develop-
ment of the carcinomas. Microfluidic platforms have
been able to compartmentalize and study size- and
spatiotemporal-dependent effects that cannot be
achieved by other means.”

Fibroblasts are influenced by soluble factors
secreted by tumor cells, which promote migration and
expansive fibroblastic growth. Simple microfluidic
devices have been developed to investigate cancer-driven
fibroblastic responses. Ma et al. developed such a
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device and demonstrated fibroblastic affinity for different
cancer cell types. This system enables multiple cell
types to be cultured in connected microchambers that
allowed diffusive signaling between cell types and
migration between chambers. The study demonstrated
a robust assay re-creating fibroblastic preference for
carcinoma cells compared to an epithelial cell line
(Fig. 7a).>> This proof of concept emphasizes the
necessity for stromal cell recruitment. Further study in
re-creating cancer-stromal communication includes
studying cancer interactions with inflammatory or
endothelial cells.’**?> Microfluidic signaling devices
re-creating the tumor microenvironment have also added
more realistic environmental features such as oxygen
gradients”® and biopolymer matrices and have studied
more specific and complex interactions. Pneumatic
valves have been used to manipulate communication
between separated cell populations (Fig. 7b). The
ability to use microfluidics to control the signaling
waveform has been useful in analyzing paracrine loop
signaling between lung cancer cells and respective
fibroblasts.*!

A similar pneumatic system was developed to
dynamically modulate cross-talk between two adjacent
endothelium and tumor cell populations—a critical
factor in tumor growth, progression, and eventual

HFL- ACC-2

o ——
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FIGURE 7. Cancer models on a chip. (a) Schematic representation and experimental images of fibroblast migration toward tumor
cells (reproduced from Ma et al.>2 with permission from Springer); (b) PDMS-based pneumatic valve used to isolate cells into
separate chambers, through the use of air pressure applied to the air chamber (reproduced from Gao et al.?° with permission from

John Wiley and Sons).
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metastasis. This platform enabled bidirectional cell
migration studies between the cellular compartments
when both cell groups were sufficiently perfused with
nutrients. This bidirectionality is characteristic of
tumor angiogenic potential and signaling, as well as the
intravasation and extravasation process of cancer
cells.® However, microtumor niches progressing
toward malignant growth create a hypoxic environment
requiring oxygen delivery via vascular components.
This study went on to induce hypoxic stress in the
cancer cell compartment in the same device before
allowing soluble communication between the two cell
types. Induction of a hypoxic state resulted in one-way
migration of endothelial cells toward tumor cells.
These results mirror hypoxic tumor conditions, in
which the release of angiogenic growth factors leads to
migratory endothelial cell recruitment.

The stroma impacts cancer cells, promoting prolif-
eration, migration, and metastatic potential. Torisawa
et al. used a hydrodynamic compartmentalization sys-
tem to separate cells known to be sources and sinks for
stromal-derived factor 1 (SDF-1). The separated cell
types created a cell-derived physiologically realistic
SDF-1 gradient that caused migration in CXCR4-
overexpressing breast cancer cells. This system lever-
aged small volumes in microchannels to produce auto/
paracrine-rich microenvironments® and region-specific
functional groups to drive gradient formation. Other
studies of the interaction between fibroblasts and car-
cinoma cells have utilized 3D culture systems to analyze
paracrine-signaling pathways and screen for inhibitors,
or study the migratory response of carcinoma cells to
fibroblastic regions. Liu ez al.” showed communication
via medium diffused in matrix between adjacent
microchambers containing adenoid cystic carcinoma and
cancer-associated fibroblasts (CAF), resulting in inva-
sion of cancer cells into CAF-rich matrix as spheroids.

Utilizing 3D culture systems may lead to better
re-creation of tumor tissue phenotypes and metabolic
traits. Multicellular tumor spheroids (MCTS) simulate
avascular tissue microenvironments and are accepted
as tumor models in cancer research.”>** Microfluidic
technologies have been used to robustly produce large
arrays of homogenous MCTS and use them as drug-
testing platforms. These microdevices employ physical
barriers to separate groups of cells from each other,
thereby promoting spheroid formation. Microfluidic
systems are then able to dynamically perfuse the
compartmentalized spheroids, allowing for improved
nutrient and waste transport, similar to a tumor
adjacent to capillaries in vivo."'% To achieve better
simulation of this situation, Walsh et al. developed a
system to incorporate soluble signaling gradients
present in perfused tumors. They characterized growth
and diversity of cell states under these physiologically

relevant conditions.”” Avascular spheroids formed in
microdevices are themselves compartmentalized into
perfused and necrotic tissue portions, mimicking
in vivo cancer tumors. In addition to re-creating these
structures, microfluidic systems have also been used to
re-create secondary tumor sites typical of metastasis.
Hsiao et al., reported microfluidic 3D metastatic
prostate cancer model that include bone microenvi-
ronmental cues as well as metastatic prostate cancer
cells. This study demonstrated physiologically repre-
sentative growth rates in the co-cultured microfluidic
niche.”” Recapitulating different aspects of the tumor
microenvironment provides a realistic model for
pharmacological screening of new therapies, as well as
a reductionist platform to study the effects of tumor
developmental cues.

Animal-on-a-Chip

The ultimate extension of multi-compartment organ
mimics is a system that combines multiple organ com-
partments together to construct an animal- or human-on-
a-chip. In an effort to move toward models of the body,
which account for such systemic interaction between
different organs that occur naturally in vivo, researchers
have included multiple cell types in microfluidic chips. Li
and co-workers developed the integrated discrete multi-
ple organ cell culture (IdMOC) system, in which various
cells and tissue explants are cultured in wells, and
allowed to communicate via soluble signals through an
overlying layer of cell culture media.*” * As these sys-
tems do not leverage microengineering approaches, they
are not reviewed in detail here. Simultaneously however,
the Shuler group pioneered microfabricated multi-cul-
ture systems in which fluid flow is controlled between
distinct organ compartments. Here, ““cell culture ana-
log” microbioreactors with arrays of interconnected
compartments that simulate separate organ systems;
each compartment having cells specific to different or-
gans cultured in them.'”-7>-80-81.96.97

The goal of these systems was to create a physical
replica of pharmacokinetic models used to assess tox-
icity and metabolism of drugs and chemicals. These
animal-on-chip models contained chambers for cul-
turing cells from lung, liver, tumor, and bone marrow
cells that can be encapsulated in hydrogels (Fig. 8).
Fluid flow between the organ chambers, circulation of
metabolites and times of contacts of diluted molecules
with the cells simulate in vivo models. Oxygen sensors
integrated within the chip measure real-time metabo-
lism.”> Toxicity of liver toxins were modeled and
evaluated in the three organs in these microcell culture
analog systems. *-81-97

Using an approach similar to Toh ez al.,*” Zhang
et al.'’” created 3D microfluidic cell culture system
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FIGURE 8. Animal on a Chip. Shuler and co-workers demonstrated the first animal-on-a-chip model, in which cells representative
of certain organs are cultured in compartments which communicate via microfluidic channels. (a) Schematic representation and
(b) experimental setup for a system in which the liver, bone marrow, and a tumor are allowed to interact (Sung and Shuler®'—

reproduced with permission from The Royal Society of Chemistry).

with compartmentalized chambers for a human-on-a-
chip model. To mimic the liver, lung, kidney and the
adipose tissues, four representative cell types were
cultured in separate chambers, and allowed to
communicate via soluble signals. Such animal-on-chip
systems that are a first step toward realistic artificial
models of interactions between physiologically com-
plex organ chambers can be used for fundamental and
applied research.

CONCLUSIONS AND FUTURE DIRECTIONS

Progress toward the development of artificial sur-
rogates for fundamental and applied studies of bio-
logical organs has come about as a result of utilizing
microtechnologies to achieve conditions not possible
with conventional techniques. The emerging technol-
ogies reviewed in this article have improved our
understanding of cellular behavior within the larger
context of function arising from interactions between
multicellular tissues. However, much study remains to
be done to completely recapitulate organ function, and
to progress toward human-on-a-chip model systems
with greater relevance for drug discovery, and devel-
opmental and pathological studies. Furthermore, the
practical utility and widespread adoption of such
microengineered tools often raises concerns, in terms
of both the ability of a non-specialist to operate the
devices, and compatibility of the devices with existing
biological assays. Though typical PDMS-and-glass
microfabricated devices offer excellent conditions for
optical analysis through immunohistochemistry and
fluorescent microscopy, other robust and well-vali-
dated molecular biology assays such as western blots
and PCR require significantly large populations of
cells, which can often be difficult to obtain from
microfluidic culture systems. Moreover, such assays
require retrieval of the biological material from the
microdevice, a feature that is often not considered in
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designing organs-on-a-chip. The development and
integration of highly sensitive microfluidic PCR,*
western blot assays,””®"*? and flow cytometry'®* sys-
tems into microdevices may alleviate these constraints,
but much study remains to be done before these
microfluidic modules can be considered as readily
available and accessible to researchers engaged in this
field. Hence, the practical utility of such microengi-
neered platforms can often be limited in obtaining
biological information, at sufficient throughput for
robust hypothesis testing.

The ongoing development of improved microtech-
nologies to mimic cues in the organ microenvironment
and to integrate with conventional biological assays
will accelerate the progress toward creating human-on-
a-chip model systems that are accessible, inexpensive,
and readily manipulatable. Such systems will enable
rapid and definitive testing of both fundamental and
applied biological hypotheses. The feasibility and
utility of such approaches as replacements for in vivo
models have already been demonstrated in some cases,
and further technological advances will put us a step
closer toward creating a fully integrated human model.
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