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Abstract

The ultimate goal of most biomedical research is to gain greater insight into
mechanisms of human disease or to develop new and improved therapies or
diagnostics. Although great advances have been made in terms of developing
disease models in animals, such as transgenic mice, many of these models
fail to faithfully recapitulate the human condition. In addition, it is difficult
to identify critical cellular and molecular contributors to disease or to vary
them independently in whole-animal models. This challenge has attracted
the interest of engineers, who have begun to collaborate with biologists to
leverage recent advances in tissue engineering and microfabrication to de-
velop novel in vitro models of disease. As these models are synthetic systems,
specific molecular factors and individual cell types, including parenchymal
cells, vascular cells, and immune cells, can be varied independently while si-
multaneously measuring system-level responses in real time. In this article,
we provide some examples of these efforts, including engineered models of
diseases of the heart, lung, intestine, liver, kidney, cartilage, skin and vas-
cular, endocrine, musculoskeletal, and nervous systems, as well as models
of infectious diseases and cancer. We also describe how engineered in vitro
models can be combined with human inducible pluripotent stem cells to
enable new insights into a broad variety of disease mechanisms, as well as
provide a test bed for screening new therapies.
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INTRODUCTION

The ultimate goal of virtually all biomedical research is to understand the molecular basis of human
disease in order to develop new and more effective modes of diagnosis, prevention, or therapeutic
intervention. Because it is not possible to carry out fundamental research investigations using
humans as “guinea pigs,” scientists have had to develop alternative models of human disease.
Most commonly, animal models, such as transgenic mice with specific gene alterations, are used
for this purpose. Although many of these animal models reconstitute disease manifestations and
phenotypes that are ostensibly similar to those observed in humans, recent studies in sepsis, for
example, show that the underlying molecular mechanisms can actually differ greatly between mice
and humans with the same disease phenotype (1). This inability to effectively mimic human disease
is becoming evident in increasing numbers of animal models, and it is likely the reason why many
drugs fail to show efficacy and safety when advanced from animal studies to human clinical trials.
For this reason, many investigators and pharmaceutical companies have placed greater emphasis
on studies with cultured human cells, including primary cells, established cell lines, and, more
recently, derivatives of induced pluripotent stem cells (iPSCs). Some cells cultured on standard
culture dishes might exhibit differentiated cell functions, but they commonly fail to mimic tissue-
and organ-level structures and functions that are central to disease etiology. Thus, there is a great
need to develop alternative experimental systems containing living human cells that recapitulate
tissue- and organ-level pathophysiology in vitro.

In this article, we review recent advances in the development of in vitro disease models made by
leveraging recent advances in tissue engineering and microfabrication. Human diseases are hugely
complex, and different responses can be observed in the same organ depending on disease location,
influences of the physical and chemical microenvironment, immune and inflammatory responses,
and whether the condition is acute or chronic; disease manifestations can also differ depending on
genetic variation between different patients. For these reasons, it will be difficult to model every
facet of human disease in vitro. However, the goal in this emerging field of engineered disease
models is not to solve all these problems at once. Rather, investigators take a synthetic approach by
starting to build simple tissue and organ models and then constructing progressively more complex
in vitro experimental systems that recapitulate more and more features that are critical for disease
etiology and progression. Importantly, although this field is still in its infancy, there already
have been a few exciting examples of major successes in terms of both mimicking organ-level
functions and recapitulating key features of human disease in vitro. Below, we describe multiple
examples of engineered in vitro disease models ranging from two-dimensional (2D) networks
composed of neuronal cells derived from human iPSCs to three-dimensional (3D) reconstructions
of complex heart valve structures lined by living valvular endothelial cells. In addition, we describe
recently developed organ-on-a-chip cell culture devices, created with microchip manufacturing
methods, that contain hollow microchannels inhabited by human cells; these devices recreate the
specialized tissue-tissue interfaces, physicochemical microenvironments, and vascular perfusion
characteristics of the lung, liver, gut, kidney, and many other living organs. We also describe how
these organs-on-chips are being used to create novel in vitro models of human disease.

STEM CELLS AND IN VITRO DISEASE MODELS

The development of in vitro human disease models hinges on the availability of tissue- and organ-
specific cell types that accurately recapitulate disease phenotypes. To date, most tissue engineering
strategies rely on established cell lines (often transformed cell lines) or primary cells derived from
patients with or without the disease of interest. Although primary cells are more representative of
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the functional units of the tissue from which they are derived, they are difficult to obtain, proliferate
slowly, have limited life span, and are often poorly characterized. Stem cells, particularly iPSCs
(2), provide tremendous opportunities to overcome these limitations. Human iPSCs, which are
derived from somatic cells by overexpression of a few transcription factors (3, 4), can be generated
from patients with or without a specific disease, and the resulting pluripotent cells can self-renew
indefinitely. Under appropriate conditions, these self-renewing human iPSCs can be differentiated
into virtually any cell type. Although techniques for direct conversion of some differentiated cell
types into other specialized cells (without reverting to the stem cell state) have also been reported
(5–7), human iPSCs potentially offer an unlimited supply of cells for tissue engineering, therapeutic
discovery, and modeling of diseases that affect almost all human tissues or organs.

A growing number of reports have employed human iPSC-derived cells to model several
diseases in vitro and, in some cases, aid drug testing and therapeutic discovery by illuminating
disease mechanisms. Although these lines of investigation remain largely underexplored, a few
reports have focused on uniting the principles of tissue engineering and stem cell biology to
develop in vitro models of human disease, as we describe below. However, it is important to note
that almost all specialized cell types derived by differentiation of iPSCs still exhibit immature
phenotypes. Such immature cells may be relevant for studying early-onset disease processes, but
it is less clear whether their biological responses can be extrapolated to mature and functional
cell types that normally compose adult organs. As such, robust methods to not only differentiate
iPSCs but also facilitate their maturation and expression of adult-like functionalities are needed.
It is also less clear what combinations of soluble, insoluble, and mechanical signals are necessary
to coax human iPSCs to commit to specific lineages. Given the importance of soluble, insoluble,
and mechanical signals within the extracellular microenvironment for cell fate switching (8, 9)
and human pluripotent stem cell self-renewal (10, 11), it is conceivable that robust methods for
directed differentiation and maturation of human iPSCs into specialized and functional cell types
could be developed by employing combinatorial tissue engineering strategies, including the use of
biomimetic scaffolds (12), bioreactors (13), organ-on-a-chip microphysiological systems (14), and
3D biological printing technologies (15). In fact, these types of engineered models are currently
being used to facilitate iPSC differentiation, as we describe below, and they may be necessary for
realizing the full potential of human iPSCs as tools for in vitro disease modeling and therapeutic
discovery. Below we present our review of engineered disease models organized by organ system.
We also discuss the relevance of iPSCs for these models.

HEART DISEASE

The heart is a complex organ, with a hierarchical architecture and multiple cell types, that re-
sponds to external stimuli and systemic changes by sensing humoral and neurogenic factors while
simultaneously being regulated by internal feedback mechanisms (16). Therefore, the mere use
of human cells in culture is not enough to construct a reliable heart disease model, a limitation
confirmed by studies of cultured cardiomyocytes, which do not recapitulate organ-level structure
or functionality (e.g., contractility). Additionally, it is difficult to maintain cardiac cell cultures
for extended times, making long-term studies impossible. In contrast, as described below, en-
gineered cardiac tissue constructs can exhibit a genotype and phenotype more similar to those
of the native myocardium, reconstitute heart tissue microarchitecture, enable cell-cell and cell–
extracellular matrix (ECM) interactions, promote tissue maturation, and enable reliable functional
measurements.
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Cardiac Stem Cell Models

To appreciate the value of engineered models of heart disease, it is helpful to first understand
the power and limitations of recent advances in stem cell biology, which have made it possible
to generate unlimited amounts of human cardiomyocytes from healthy individuals and patients
with various cardiac diseases for disease studies. This ability has enabled major improvements in
understanding the pathogenesis of inherited cardiomyopathies and developing drug-based treat-
ments, by circumventing one of the main limitations of animal disease models—the substantial
differences between human and animal genomes. For example, the human congenital long QT
(LQT) syndrome, which is characterized by prolonged QT interval, delayed repolarization, and,
consequently, lethal polymorphic ventricular tachycardia (PVT), was recently modeled in vitro
(17). Human iPSCs were generated from dermal fibroblasts obtained from a 28-year-old patient
diagnosed with familial type 2 LQT syndrome due to a missense mutation in exon 9 of the KCNH2
gene, and they were then differentiated into cardiomyocytes. Intracellular recordings revealed that
LQT iPSC-derived cardiomyocytes had a markedly prolonged action potential duration compared
with control iPSC-derived cardiomyocytes, both while paced and while spontaneously beating.
Voltage clamp studies demonstrated a more than 60% reduction in the IKr currents of LQT
cells, consistent with recordings from heterologous expression systems. Extracellular recording
with microelectrode arrays was also used to evaluate the electrophysiological properties at the
multicellular level. In agreement with the patch clamp data, LQT cells displayed prolonged field
potential duration, but also marked arrhythmogenicity, as manifested by the frequent occurrence
of early afterdepolarizations, many of which developed into sustained triggered activity.

This LQT syndrome model was further employed to evaluate drugs that may either aggravate
or ameliorate the disease phenotype. On one hand, the IKr blocker E-4031 significantly increased
the action potential duration and increased arrhythmogenesis in LQT cells in both single-cell
and multicellular assays. This finding suggested that LQT syndrome patients may be susceptible
to PVT in response to IKr-inhibiting drugs. On the other hand, nifedipine, a calcium channel
blocker, decreased LQT cells’ action potential duration by 57% and completely abolished all
early afterdepolarizations and triggered activities. Additional studies also have employed iPSC-
derived cardiomyocytes to model other rhythm disorders, such as type 1 LQT syndrome (18),
Brugada syndrome (19), and PVT (20). Human iPSCs can thus be used to characterize the disease
phenotype in heart arrhythmias and provide meaningful mechanistic insight at the cellular level
in vitro.

Cardiomyopathies, such as hypertrophy and pathological dilatation of the ventricles, have been
hard to study in vitro because of the difficulty of obtaining cardiomyocytes from patients with these
conditions. However, the availability of iPSC-derived cardiomyocytes recently enabled a study of
familial dilated and hypertrophic cardiomyopathies characterized by dilatation of the ventricles
and impaired systolic function (21, 22). Human cardiomyocytes were generated from iPSCs pre-
pared from members of three generations of a family with dilated cardiomyopathy due to a point
mutation in exon 12 of TNNT2, which encodes cardiac troponin T, and from a healthy individual
from the same family who did not carry the mutation (21). Sarcomeric α-actinin immunostaining
and transmission electron microscopy both demonstrated decreased sarcomeric organization and
scattered patterns of condensed Z bodies in iPSC-derived cardiomyocytes from the diseased pa-
tients compared with controls. Calcium imaging of single cells revealed decreased Ca2+ transient
amplitude and time to peak and increased transient duration in the diseased cardiomyocytes com-
pared with the healthy cells. Ca2+ measurements with caffeine yielded consistent results, implying
that the diseased iPSC-derived cells have relatively less storage of Ca2+ in their sarcoplasmic
reticulum. Using atomic force microscopy to measure contractile forces in single adherent cells,

198 Benam et al.



PM10CH08-Ingber ARI 2 December 2014 10:14

the investigators found that diseased cardiomyocytes produced significantly lower forces com-
pared with controls, a finding consistent with clinical data and with genetic mouse models bearing
the same mutation and showing impaired systolic function (22). Furthermore, overexpression of
the Serca2a gene, an intervention that is currently in preclinical testing for treatment of dilated
cardiomyopathy (23), partially rescued the disease phenotype. Transfection of Serca2a into the
diseased iPSC-derived cardiomyocytes returned gene expression to the levels measured in con-
trol cardiomyocytes, restored contractile forces to control levels, and elevated Ca2+ amplitudes
without altering sarcomere organization. This study also revealed several new pathways, not pre-
viously linked to this disease, that appeared to contribute to the rescue of function, including
cardiogenesis, integrin and cytoskeletal signaling, and ubiquitination.

Hypertrophic cardiomyopathy is an autosomal dominant disease of the cardiac sarcomeres
caused by various mutations in genes encoding sarcomeric proteins; these mutations induce patho-
logical thickening of the left ventricular wall and fibrosis, thereby increasing the risk for progressive
heart failure, arrhythmia, and sudden cardiac death (22, 24, 25). Although genetic causes of hyper-
trophic cardiomyopathy have been widely studied, the pathways by which these mutations lead to
a hypertrophic phenotype are not well understood. Human iPSC-derived cardiomyocytes were
prepared from a family of 10 individuals, half of whom carry an autosomal dominant missense
mutation in exon 18 of the β-myosin heavy chain gene (MYH7) (26). The cells from diseased
patients exhibited several hallmarks of hypertrophic cardiomyopathy, such as increased cell size,
multinucleation, atrial natriuretic factor expression, elevation of the β/α myosin ratio, and dis-
organized sarcomeres. Whole-cell patch clamping also showed arrhythmic waveforms similar to
delayed afterdepolarizations in the diseased cells starting at day 30 after induction of differentia-
tion. Moreover, single-cell assays revealed that elevation of cytosolic calcium is a key mechanism
underlying the pathogenesis of the disease, and overexpression of the patient-specific myosin mu-
tation in normal human embryonic stem cell (hESC)-derived cardiomyocytes recapitulated the
calcium-handling abnormalities of cardiomyocytes prepared from the patients with hypertrophic
cardiomyopathy. Most interestingly, Ca2+ transient abnormalities were observed in both the dis-
eased cardiomyocytes and mutated hESC-derived cells before noticeable cellular hypertrophy,
suggesting abnormal calcium handling as a causal factor for expression of a hypertrophic pheno-
type. Moreover, treatment with verapamil, an L-type calcium channel blocker, not only amelio-
rated Ca2+ transient abnormalities and arrhythmia but also rescued the hypertrophic phenotype.

2D Engineered Cardiac Tissue Models

Although human induced iPSC-derived cardiomyocytes provide several significant advantages
over animal models for study of disease mechanisms, they still exhibit several limitations. First,
these cardiomyocytes are usually immature, and they show gene expression profiles characteristic
for fetal cardiomyocytes as well as lower β-myosin levels compared with adult cardiac muscle
cells (17, 27). Second, the assays described above may not faithfully reflect the human disease
phenotype, as they do not recapitulate significant environmental and epigenetic factors. Third,
disease models utilizing single cardiomyocytes cannot exhibit disease phenotypes at the tissue
level, such as decreased conduction velocity, fibrosis, scarring, myocyte disarray, and tissue-level
electromechanical coupling.

Tissue engineering techniques have been used to construct cardiac tissues that mimic the native
myocardium’s structure and function more closely than do cardiomyocyte cell cultures. In early
studies, substrates containing ECM deposited in specific patterns were used to engineer aligned
strands or pairs of cardiomyocytes to study conduction abnormalities (28–30). The creation of heart
tissues composed of aligned cardiac muscle cells reconstitutes more normal structure-function
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relations from the sarcomere to the tissue level (31–34), promotes cell maturation, restores natural
directional propagation of action potentials, enhances cell-cell coupling, and, as a result, facilitates
stress generation with values comparable to those obtained with ex vivo preparations (isolated
fibers) (35–37).

Building 2D tissues with aligned cardiomyocytes has become a popular technique for the in
vitro study of electrophysiology and rhythm disorders, due to the spatial heterogeneity of the tissue
and to its conduction velocity, which is similar to that of native cardiac tissue. These factors play
a dominant role in arrhythmogenesis following decreased cell-cell electrical coupling, myocardial
infarction, and tissue fibrosis (30, 38–41). Patterned anisotropic cardiac tissue monolayers can
be built by seeding cardiomyocytes on substrates containing geometrical or chemical cues. For
example, alignment cues can be engineered into culture surfaces by using microcontact printing
of ECM proteins, microabrasion of coverslips, or micromolding of soft substrates (32, 42–44).

In microcontact printing, soft lithography techniques originally developed as an inexpensive
way to make computer chips are used to create a flexible stamp with defined surface microto-
pography that can be used to transfer ECM molecules in a similar microscale pattern onto the
surface of a culture substrate. Specifically, a photomask with the desired line patterns (e.g., a set
of thin lines) is created using computer-assisted design software and standard photolithography
methods, and then the mask is used to shadow a wafer glass covered with a photoresist when
exposed to UV light. The depth of the grooves is determined by the thickness of the photoresist
layer, and their width is determined by the photomask line patterns when the light-exposed areas
of the photoresist are dissolved away. This etched surface is then used as a master form onto which
liquid polydimethylsiloxane (PDMS) silicone rubber is cast and allowed to polymerize overnight
at 65◦C. The product of this process is a PDMS stamp that can be used either to directly stamp
(microcontact print) ECM molecules in patterns that match those designed into the master onto
a culture substrate, or to micromold soft polymerizable materials, such as alginate or gelatin,
creating grooves and ridges in desired patterns that similarly direct anisotropic tissue formation.

Microcontact printing of the ECM protein fibronectin was used in combination with mi-
croabrasion of substrates to create linear adhesive substrates that pattern cardiac tissues and dictate
cardiac myofiber directions and anisotropy in vitro (32). The cells on the line-patterned substrates
appeared elongated, with preferential orientation in the direction of the lines (stamped fibronectin
or microabraded grooves). Cell elongation in anisotropic cultures was associated with coalignment
of actin fibers along the cell’s long axis, parallel arrangement of sarcomeres, and elongation of cell
nuclei, as observed in native tissue.

Importantly, upon electrical point stimulation, the electrical wave propagated faster through
the engineered cardiac tissue along the direction of the line patterns and significantly slower in the
transverse direction. When the direction of the lines sharply varied, a border zone formed where
the direction of the fastest propagation of an electrical pulse abruptly changed when crossing.
Essentially, the border zone acted as a secondary source following field stimulation, causing far-
field activation to initiate along the border zone line and propagate through the rest of the culture.

This method has been extended to create cocultures of patterned monolayers, which have
been used to study reentry cardiac rhythm dynamics in an in vitro model of a healed infarct border
zone (39). Myocardial infarct border regions have a nonuniform anisotropic structure resulting
from fibrosis and gap junction remodeling, both of which result in decreased electrical coupling
of cardiomyocytes (40), which causes these zones to be highly susceptible to tachyarrhythmic
events (41). To create a 2D in vitro model of arrhythmia generation within a healed infarct border
zone, human skeletal myotubes were cocultured with neonatal rat ventricular cardiomyocytes.
The skeletal myotubes were chosen to simulate the fibrosis seen in these border zones because
they lack gap junctions, exhibit linear morphology similar to that observed in regions of fibrosis,
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and orient neighboring cardiomyocytes into bundles, resulting in nonuniform anisotropic archi-
tecture. A healed “epicardial” infarct border zone was simulated by plating a mixture of these cells
on fibronectin-coated coverslips, whereas a “lateral” infarct border zone was created by micropat-
terning a sector composed of a similar coculture juxtaposed with a fibronectin-coated region of a
PDMS-treated coverslip lined only with ventricular cardiomyocytes. This model succeeded in re-
producing the decreased conduction velocity with increased dispersion while maintaining the cell
excitability and easy induction of sustained reentrant arrhythmias observed in healed myocardial
infarcts (40). In addition, the reentrant arrhythmias induced in this engineered model could be
consistently terminated by addition of the L-type calcium channel blocker nifedipine, but not by
addition of sodium or potassium channel blockers. These findings provide a possible reason why
sodium channel blockers, such as lidocaine, have low efficacy in terminating sustained ventricular
tachycardias in patients with old myocardial infarcts.

Following a myocardial infarct, cardiac fibroblasts also undergo a phenotypic change to be-
come α smooth muscle actin (α-SMA)-positive cells (42), which exert strong contractile forces
to stabilize scar tissue. They persist in and around the scar tissues formed following myocardial
infarction, affecting neighboring cardiomyocytes through biochemical, mechanical, and electrical
interactions and by modulating ECM production (43–46). To study this process and model these
cell-cell interactions between cardiac myofibroblasts and myocytes, linear islands of ECM created
with microcontact printing were employed to build 2D anisotropic cardiac tissues containing both
cell types (47). Slowing of both longitudinal and transverse conduction velocities in ventricular
cardiomyocytes was demonstrated within 30 min after the myofibroblasts were plated on top of
the anisotropic myocyte layer, and cadherin expression levels increased within 1 h. Real-time
time-lapse microscopic imaging enabled by this 2D tissue engineering method revealed that the
cardiac myofibroblasts were highly motile and constantly interacted with cardiomyocytes, indicat-
ing dynamic formation and breakdown of heterocellular connections, mainly via N-cadherins, that
supported contractility-mediated deformation of the cardiomyocytes. These mechanical linkages
appear to enable transmission of contractile forces from the myofibroblasts to the cardiomyocytes,
which deform their membranes, thereby altering the activity of stretch-activated ion channels and
impairing electrical wave conduction in the scar tissue area.

The heterogeneous connexin 43 (Cx43) distribution that is observed in the ventricular my-
ocardium of heart failure patients is associated with dispersed conduction and ventricular arrhyth-
mias (48, 49). A chimeric mouse model in which the heart contains a macroscopic mosaic of tissues
with or without normal Cx43 expression exhibits irregular macroscopic electric propagation and
poor heart contractility (50). Because this observation suggests that abnormal heterogeneous pat-
terns of cell-cell coupling could affect the electromechanical function of the whole heart, tissue
engineering was used to create defined cell pairs and cell strands by seeding ventricular cardio-
myocytes on coverslips coated with adjacent, microcontact-printed, rectangular ECM islands (30).
Ventricular myocytes settle on the ECM islands and extend cell processes across the intervening
nonadhesive regions to form well-defined cell-cell adhesions linking cells on neighboring islands.
Long (4–5 mm) adhesive islands were also created using photolithography and ECM coating.
Ventricular myocytes obtained from Cx43 knockout (KO) or wild-type (WT) mice were cultured
on these ECM islands, and dual-voltage patch clamp assays were used to assess intracellular con-
ductance between heterogeneous and homogeneous cell pairs. Calculation of conduction velocity
using high-resolution optical mapping revealed that the inclusion of one Cx43 KO cell in a cell pair
reduced the conduction velocity by 94% compared with WT-WT cell pairs, and KO-KO pairs
showed an even further decrease in conductivity. Analysis of longer cell strands containing various
mixtures of KO and WT cells revealed that the macroscopic conduction velocity significantly
decreased with increasing Cx43 KO:WT ratios, with the most significant decrease occurring for
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strands composed of more than 50% KO cells. KO clusters were consistently excitable, but they
were electrically dissociated from neighboring WT clusters.

Although these engineered 2D anisotropic cardiac tissues are useful for studying cardiac ar-
rhythmias, they lack a critical feature necessary for modeling many heart diseases: the ability to
generate the mechanical contraction that normally pushes blood throughout the entire body. To
study muscle contraction in vitro, the 2D cardiac muscle engineering approach was modified by
creating muscle tissues on freestanding, elastic thin films microcontact-printed with ECM that
allow three degrees of freedom during contraction and facilitate quantitation of stresses generated
by the cells (Figure 1) (51). These muscular thin films (MTFs) remain planar during culture and

a c

b

t = 96h t = 96ht = 96h

t = 1ht = 96h10 μm

50 μm 50 μm 50 μm

50 μm50 μm

Electrode

Thin
films Electrode

Petri dish

Chamber
ring

RA
LA

RV

LV

PDMS
PIPAAm

Silicone membrane

MTFs

Chamber ring

Cyclic
stretch

iii

iv

i i ii iii

i

i ii iii

iv v vi

iv v

ii iii

1 cm

0

10

20

30

40

Diastole Systole

Diastole Systole Diastole Systole

Active

S
tr

e
ss

 (
k

P
a

)

*

#

# #
#

# # #

#

1

Time (s)

10

20

30

S
tr

e
ss

 (
k

P
a

)

Diastole Systole

# #
#

P
e

a
k

 F
/F

0

T
im

e
 t

o
 p

e
a

k
 (

m
s) * # * # * #

1.0

1.5

2.0

2.5

3.0

500

F
lu

o
-4

 F
/F

0

2500

Time (ms)

1 mm 1 mm

ii

1.0

1.5

2.0

2.5

3.0

0

40

80

120

160

d

Figure 1
Modeling failing myocardium in vitro. (a) Overview of the muscular thin film (MTF) model. (i ) Schematic of the heart, illustrating the
right atrium (RA), left atrium (LA), right ventricle (RV), and left ventricle (LV). (ii ) Diagram of the arrangement of the ventricular
myocardium, which consists of aligned, elongated cardiac myocytes. (iii ) Schematic of the failing myocardium-on-a-chip system
adapted for the MTF assay. (iv) Photograph of an experiment in which the MTF is stretched laterally. Other abbreviations: PDMS,
polydimethylsiloxane; PIPAAm, poly(N-isopropylacrylamide). (b) Electron micrographs. (i ) Elastomeric silicone membrane
micropatterned with fibronectin (white) in a brick wall pattern. (ii ) The same membrane seeded with neonatal rat ventricular myocytes.
(iii, iv) Myocytes seeded onto membranes coated with isotropic fibronectin (iii ) cultured for 1 h and (iv) cyclically stretched.
(v) Myocytes patterned and stretched in the longitudinal direction. (vi ) Myocytes patterned and stretched in the transverse direction.
(c) Measuring contractile function. Cyclic stretch reduces contractile function, as shown by a reduction of the average fluorescence
intensity F of Fluo-4 normalized to F0 and plotted for (i ) a cardiac cycle, (ii ) peak F/F0, and (iii ) time to peak for each condition (mean
± SE; n = 5; asterisks denote p < 0.05 versus static, isotropic tissues; pound signs denote p < 0.05 versus static, patterned tissues).
(d ) Measuring stress generation. (i ) Schematic of stretchable MTFs at diastole and systole. Contraction of MTFs was recorded from
above, as shown for representative (ii ) patterned and (iii ) transversely stretched films transitioning from diastole to systole.
(iv) Displacement of these films was used to determine stress generation over time. (v) Average diastolic, systolic, and active stress for
each condition (mean ± SE; n = 16; asterisks denote p < 0.05 versus static, isotropic tissues; pound signs denote p < 0.05 versus static,
patterned tissues). Figure modified with permission from Reference 52.
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then can be released partially or completely to enable free cell contraction. Active contraction
and shortening of the cardiomyocytes following electrical stimulation causes the PDMS to bend
during systole and return to its original position upon relaxation. The polymeric thin films are
manufactured by spin coating a thermally sensitive sacrificial layer of poly(N-isopropylacrylamide)
(PIPAAm) on glass coverslips and then spin coating a thin film of PDMS on top of the PIPAAm.
The thickness of the film can be adjusted by modulating the viscosity of the PDMS and the spin
coating parameters; ECM patterns are microcontact-printed on the top surface of the thin PDMS
layer after it has cured.

2D laminar organized cardiac tissues form within 5 days after rat ventricular cardiomyocytes
are plated on these substrates. The desired shape of the MTFs can be cut by hand or using lasers,
and the PIPAAm layer can be dissolved to release the undersurface of the MTFs from the coverslip
by cooling the cultures to room temperature. By retaining adhesion of a rectangular MTF to the
coverslip at one edge, it is possible to measure deflection of the MTF relative to its remaining
fixed edge along the longitudinal axis of the anisotropic tissue by video tracking and to calculate
changes in its curvature (31). MTF deflection was shown to depend on the film geometry (aspect
ratio and thickness) and on the tissue alignment and contractile forces. Resulting changes in MTF
curvature can be converted to the contractile stresses generated by the active muscular tissue by
using engineering modeling approaches in which the MTFs are assumed to be two-layered beams
and the geometry and mechanical properties of the PDMS film are known.

Importantly, rat cardiac MTFs respond actively to electrical stimulation, and the generated
contractile stresses change in response to pharmacological manipulation to a similar degree as
measured in the whole-rat ventricular strips that are often used by the pharmaceutical industry
to study heart contractility (31, 33). The MTF assay also has been used to mimic maladaptive
remodeling of failing myocardium in response to volume overload (Figure 1) (52). In this study,
the anisotropic cardiac tissues were built on stretchable PDMS membranes rather than on glass
coverslips, and the substrates were uniaxially and cyclically stretched for four days at 10% strain
and a frequency of 3 Hz. Cyclic stretch decreased the α/β myosin heavy chain mRNA ratio and
activated markers of pathological cardiac hypertrophy, including genes encoding T-type calcium
channels, myocardin, and cytoskeletal proteins, consistent with results obtained in animal models
of hypertrophic remodeling. In addition, the longitudinally stretched tissues exhibited elongated
cardiomyocytes with a 10:1 cell aspect ratio, whereas unstretched and normal tissues contained
cells with a 7:1 aspect ratio. Calcium measurements demonstrated remodeled Ca2+ transients, with
longer time to peak and lower amplitudes, similar to the Ca2+ transients reported for hypertrophic
and failing heart (53, 54). Finally, measuring the deflection of the MTFs enabled calculation of the
stresses generated by stretched and control tissue and demonstrated the functional deficiency of
these abnormally stretched tissues, which were characterized by lower systolic and twitch stresses
compared with controls. Thus, this study demonstrates that tissue engineering approaches can be
used to model the abnormal contractile responses of a failing myocardium in vitro.

3D Engineered Cardiac Tissue Models

2D tissue monolayers have provided a relatively simple tool to advance the understanding of
cardiac cell function, interactions between neighboring cardiac cells, and electrical properties of
cardiac tissues. Yet they lack the complex 3D structures whereby different cell types interact and
exert forces on each other. Several groups have been working toward developing 3D constructs of
heart cells (55–57). A widely used technique is to mix isolated cardiomyocytes with biodegradable
matrices (e.g., collagen, Matrigel, fibrin) that are then polymerized into different geometrical
shapes, such as cylinders, rings, or sheets. The cells contained in the ECMs are aligned with the
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direction of the principal stresses acting on the structure, forming aligned cardiac tissues. During
culture of these constructs, the matrix is gradually remodeled and the cardiac tissue condenses.
Similar to 2D cultures, the 3D tissues start to beat spontaneously, gaining synchronicity.

Tissue differentiation and maturation can be promoted in these engineered heart tissues using
electrical or cyclic mechanical stimuli. The fiber-like or ring-like formed tissues are usually grown
wrapped around bendable posts of known elasticity, which are used for calculating the forces gen-
erated by the contraction of the 3D cardiac tissue constructs. Cardiac tissue constructs have been
built from neonatal rat ventricular myocytes and from cells extracted from genetically modified
mouse models of heart disease. One of the challenges of using mouse-derived cells is the relatively
small numbers of cells that can be extracted (58). This problem is being addressed by constantly
refining the process of building 3D engineered cardiac tissues and by minimizing the construct’s
size (59, 60).

An automated, miniaturized, 24-well assay of engineered heart tissues has been used to study a
mouse model of homozygous and heterozygous hypertrophic cardiomyopathy (60). Homozygous
Mybpc3-targeted knock-in (KI) mice express different splice variants of cardiac myosin-binding
protein C (cMyBP-C) and exhibit a 90% reduction of total cMyBP-C protein levels along with
early cardiac hypertrophy, left ventricular dilation, and reduced fractional shortening in young
adulthood (61). Heterozygous (Het) mice have only slight reduction in cMyBP-C levels, as well
as diastolic dysfunction without hypertrophy and no apparent cardiac phenotype until the age
of 18 months (61, 62). Het mice thus represent the mild phenotype of cMyBP-C-associated
hypertrophic cardiac myopathy. To engineer fiber-like tissues to study these processes in vitro,
cardiomyocytes isolated from these mice were suspended in fibrinogen and 10% Matrigel, mixed
briefly with thrombin, and pipetted into rectangular agarose casting molds of 12 × 3 × 4 mm in
a 24-well plate. Prior to casting, silicone racks with four pairs of elastic silicone posts each were
placed onto the 24-well plate (six racks per plate), such that the posts reached into the casting molds
from above. Once the fibrin polymerized, rectangular cell-containing gels formed around the tips
of the posts. The racks were then transferred into fresh 24-well plates containing culture medium
and maintained in cell culture for up to 4 weeks. Spontaneous contractility of the engineered
tissue constructs was recorded over time using a video camera and evaluated automatically by
designated software (59). The extracted parameters were frequency, force, and contraction and
relaxation times. The same parameters could be evaluated under constant beating conditions with
electrical stimulation of the tissues.

These studies revealed that cMyBP-C protein and Mybpc3 mRNA levels were 70% lower in KI
and 20% lower in Het compared with WT cells when measured after 20 days in culture. The levels
of β-MHC and Myh7 mRNAs were 3- to 4-fold higher in Het and KI than in WT. α-Skeletal
actin protein and Acta1 mRNA levels were similarly increased, and sarcoplasmic reticulum Ca2+-
ATPase and sodium-calcium exchanger mRNA levels did not differ between the groups. The
gene and protein expression data suggest the presence of hypertrophy in KI and Het tissues, with
no significant changes in calcium-handling functionality. Engineered tissues composed of KI cells
showed abnormal spontaneous activity, with a burst beating pattern. Under electrical stimulation at
near-physiological conditions, KI tissues exhibited accelerated kinetics and increased sensitivity to
external Ca2+. The relative contractile responses to β-adrenergic agonist, isoprenaline, calcium
sensitizer, EMD 57033, and verapamil at maximally effective concentrations were significantly
smaller than in WT tissues, likely reflecting the high sensitivity of KI engineered cardiac tissues
to external calcium levels. This reasoning was supported by showing the lack of positive inotropic
effect of EMD 57033 in KI mice in vivo. The Het engineered constructs were apparently normal
under spontaneous conditions but showed increased sensitivity to external Ca2+ and relatively
lower inotropic responses to isoprenaline and EMD, similar to KI.
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The results of this study substantiate the hypothesis that reduced inotropic responses can
be mainly attributed to the cMyBP-C mutation altering myofilament function. Other studies
have recapitulated and extended previous findings obtained in isolated cardiomyocytes (62, 63),
engineered cardiac tissues (64), and intact heart preparations (63) from mice, suggesting that
tissues engineered from mouse-derived cells are useful to model inherited diseases, particularly
the Mybpc3-related hypertrophic cardiomyopathy phenotype in vitro.

Engineered cardiac tissues built using dry Gelfoam collagen sponges as scaffolds, seeding them
with neonatal rat ventricular myocytes in Matrigel (65), and culturing them for 8 or 16 days under
static conditions also have been used to model the diabetic myocardium (66). These constructs
were cultured under four different conditions: normal glucose without insulin (N), normal glucose
with insulin (NI), high glucose without insulin (H), and high glucose with insulin (HI). The
results demonstrated diabetes-induced gene expression in H engineered cardiac tissues, similar
to that observed in animal models, as well as contractile dysfunction and decreased electrical
excitability. Insulin increased cell viability, improved excitability, and normalized gene expression
profiles in both NI and HI engineered tissues. Antidiabetic drugs showed antiapoptotic effects, with
improvement of electrical excitability in H tissues, but did not rescue gene expression profiles. This
study demonstrates the feasibility of using engineered tissue constructs as platforms for screening
drugs and studying diabetic cardiomyopathies.

Engineered cardiac tissues also have been used to study ischemia-reperfusion conditions in
vitro (65–67) and to compare them to previous results obtained with adult myocardium under
hypoxic stress. This approach employed ring-shaped scaffolds in which cells were cultured for
5 days to form tissues and then exposed to cyclic mechanical stretch for 1 week to promote
maturation. When the engineered tissues were exposed to ischemic conditions with 1% O2 for
6 h followed by reoxygenation, they exhibited conduction defects, dephosphorylation of Cx43,
and downregulation of cell survival proteins, similar to adult ischemic heart (68). Importantly,
these effects also were inhibited by pretreating the engineered tissues with protective agents such
as cyclosporine and acetylcholine (68–70).

Most recently, a 3D paper-based model for cardiac ischemia was developed that recapitulates
the fibrotic process that occurs in ischemic tissue and provides a mechanistic view of ischemic injury
(71). In this model, thin porous sheets of paper are impregnated with ECM gels containing cardiac
cells and then stacked to create controlled oxygen and nutrient gradients across the 3D tissue con-
struct; the model also facilitates coculturing of multiple cell types and paracrine signaling between
different cell populations. Additional advantages of this new approach include simplicity of system
assembly, low cost, compatibility with high throughput, and amenability to rapid data analysis.

In this cells-in-gels-in-paper (CiGiP) approach, which was originally developed to study hy-
poxia in cancer (72–74), 190-mm-thick chromatography paper was patterned with a wax printer
to yield 20 separated circular hydrophilic islands (each 3 mm in diameter) in hydrophobic sur-
roundings; this setup yielded 20 experimental replicates in a single experiment. The islands were
seeded with neonatal rat ventricular myocytes suspended in Matrigel and cultured for 3 days. Six
paper sheets were prepared identically and were stacked in layers after the 3 culture days to form
a tissue-like construct. The stack was then placed in an impermeable Derlin holder to block diffu-
sion of nutrients from the bulk medium to the stack, except for the top layer, which was directly
exposed to the medium. The nutrients and oxygen diffused into the stack and were metabolized by
the cardiomyocytes, resulting in nutrient depletion and ischemic conditions in the bottom layers
of the stack. After 1 week, the layers were unstacked and analyzed separately.

This study demonstrated that cardiomyocytes respond to ischemic conditions by undergoing
changes in morphology to become round rather than elongated. Cell viability also decreased and
was lowest in the bottom layer. Ischemic conditions promoted the release of signaling molecules
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from cardiomyocytes as well. Moreover, when layers of fibroblasts were stacked above the car-
diomyocyte layers, fibroblasts migrated toward the ischemic cardiac layers. The severity of the
ischemia could be increased by increasing the number of fibroblast layers stacked on top of the
heart cells. This produced a further decrease in myocyte viability and an increase in fibroblast
migration into the ischemic zone due to secretion of cytokines by the cardiomyocytes. Although
this method provides a relatively simple way to study complex cocultures in 3D hypoxic environ-
ments, it lacks the ability to measure contractile function, which is a major drawback in developing
a reliable heart disease model.

All the techniques presented so far for engineering 3D cardiac tissues involve casting of ECM
gels containing cardiomyocytes. These ECM scaffolds are animal derived and may introduce un-
controlled variability to the experiments. The scaffolds generated from different batches or vials
of these ECM proteins may vary in structure and mechanical properties due to vial-to-vial vari-
ability. To address this limitation, a laser writing technique based on two-photon absorption,
termed two-photon-initiated polymerization (TPIP), was used to produce scaffolds with accu-
rately defined composition and micro- and nanoscale features (75). In this technique, photoresists
can be cured only near the laser focal volume, which enables fabrication of 3D structures with
spatial resolution down to 100 nm (76). This technique was used to create a cardiac tissue model
containing 3D filamentous matrices consisting of synthetic parallel fibers with tunable spacing
and diameter. The fabricated filamentous scaffolding controlled the mechanical microenviron-
ment and dictated the structural alignment of the cardiomyocytes cultured within it. The scaffolds
were populated with human cardiomyocytes derived from iPSCs from healthy individuals and
patients with type 3 LQT (LQT3) syndrome. The disease-specific 3D human cardiac tissues were
evaluated by measuring gene expression, structure, electrophysiology, and contractility by using
motion-tracking analysis of bright-field microscopy video recordings. Quantitative reverse tran-
scriptase polymerase chain reaction (RT-qPCR) analysis showed upregulation of cardiac-specific
genes, and beating was observed 3 days after seeding. The cells were optimally packed and aligned
along the filamentous scaffold when the fibers were spaced 50 mm apart.

Tissues engineered with cells from LQT3 syndrome patients exhibited prolonged QT intervals
and abnormalities in contractility compared with those generated with cells from healthy heart
tissues, but only when the filament diameter was 5 mm. The model was validated by recapitulating
known responses of LQT3 tissues to caffeine, nifedipine, and propranolol. LQT3 tissues also were
more susceptible to propranolol-induced cardiotoxicity when grown on filamentous matrices with
low fiber stiffness. This study demonstrates the advantages of building reproducible, accurately
controlled scaffolds for 3D cardiac tissue engineering, but it also reveals the high sensitivity of
these tissues to microscale geometrical cues. The WT and LQT3 tissues differed in contractility
only when seeded on specific scaffold configurations, demonstrating the immense importance of
scaffold fine-tuning and engineering-system optimization.

Engineered Heart Valve Models

Tissue engineering has been used to model diseases of the heart valve in vitro. Cardiac valves
exhibit pronounced structure-function relationships, and valvular heart disease (VHD) can result
from abnormal valve leaflet number, thickness, rigidity, composition, and/or organization (77–
79). Valve leaflets are thin, multilayer tissues containing valvular interstitial cells (VICs), which
are associated with remodeling and repair (80), and valvular endothelial cells (VECs), which coat
the leaflet surfaces. VIC dysregulation can lead to valve fibrosis and calcification that progress to
sclerosis and stenosis (81, 82). VECs also modulate VIC fate, undergo endothelial-mesenchymal
transformation, and likely replenish VIC populations (83).
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Traditionally viewed as wear-and-tear phenomena, valve fibrosis and calcification are now rec-
ognized to be actively regulated, but they are rarely diagnosed at early stages of disease progression
(81, 84). Although congenital defects are increasingly diagnosed (85), early detection and nonsur-
gical treatment of progressive VHD require clarification of the cellular and molecular mechanisms
underlying disease progression and improvements in the use of noninvasive imaging modalities
(86, 87). Thus, there is a need for good in vitro VHD models.

Emerging in vitro VHD platforms mimic key aspects of the native valve environment in
miniaturized and arrayed formats amenable to high-throughput screening. These include the
use of hydrogel-based culture substrates to mimic valve tissue stiffness (88–91), trilaminar leaflet
structure (92), and 3D valve morphology (93, 94). Because native cardiac valves operate within
mechanically and hemodynamically demanding environments (84), in vitro VHD models increas-
ingly incorporate fluid flow (95, 96) and mechanically active culture capabilities (97–99) that are
lacking in traditional cell culture platforms.

To screen the combined effects of soluble cues, ECM composition, and dynamic mechanical
deformation on small VIC populations isolated from distinct layers of the aortic valve leaflet,
a cell culture chamber array was constructed with integrated mechanical actuation capabilities
(99). The platform consisted of 12 segregated groups of 9 circular suspended films, a setup that
permitted 12 combinations of matrix proteins, chemical cues, and cell types to be simultaneously
probed on a device measuring 7.5 × 5 cm. VICs cultured on the films experienced radial and
circumferential strains when the films were distended by the application of pressure via a network
of underlying microchannels. VICs isolated from distinct valve layers (fibrosa versus ventricularis)
exhibited myofibroblast-specific expression of SMA stress fibers as a function of mechanical load-
ing and ECM protein coatings, either with or without the addition of transforming growth factor
β1 (TGF-β1). Increased levels of myofibroblast differentiation were observed in cells from the
ventricularis over cells from the fibrosa for all culture conditions, and fibrosa VICs demonstrated
increased myofibroblast differentiation on fibronectin compared with collagen substrates. On col-
lagen, fibrosa cells exhibited an increase in myofibroblast differentiation only at high strain levels;
however, this increase also was observed at low strains if TGF-β1 was added simultaneously. These
experiments provided novel insights into the relationships between soluble (TGF-β1) and nonsol-
uble (e.g., cell source and ECM composition) factors affecting valvular fibrosis. By allowing inves-
tigators to independently vary these factors in a small form-factor platform and to use small quanti-
ties of primary VICs, this work reaffirmed the advantages of microfabricated in vitro VHD models.

To examine VEC modulation of VIC activation within a physiologically relevant valve tissue
architecture, a bilayer membrane microfluidic device was built that incorporated two microfluidic
channels (upper “luminal” and lower “mural” channels) separated by a porous membrane, per-
mitting heterotypic cell interactions between cells cultured in the different microcompartments
while allowing passage of macromolecules and extravasation of cells (96). In the bottom channel,
VICs were embedded in a 3D photopolymerizable gelatin-based hydrogel (gelatin methacrylate).
VEC monolayers were cultured in the top channel, either under static conditions or under steady
flow-induced shear stress (20 dyn/cm2) for 24 h. The presence of endothelial cells significantly
suppressed pathological differentiation of VICs into α-SMA-positive myofibroblasts, and this
effect was enhanced when the endothelium was exposed to flow-induced shear stress.

These in vitro methods permit direct observations of VEC effects on pathological differentia-
tion of VICs that cannot be done in vivo due to difficulties in arresting fluid flow and removing
VECs from native valves. Future iterations of these platforms would benefit from the addition of
pulsatile fluid flow conditions and, for some applications, improved mimicry of valve geometry.
Future VHD platforms that mimic valve geometry may ultimately bridge the gap between flow
duplicators and on-chip platforms, but valve scaling laws must be established to achieve this aim
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(100, 101). Importantly, microphysiological platforms are also ideally suited to support toxicology
screening and the nascent field of VHD induced by drugs [e.g., ergot derivatives, fenfluramine-
phentermine (fen-phen)-based appetite suppressants, 5-hydroxytryptamine].

LUNG

Asthma

Asthma is a complex, multifactorial disease of the airways with genetic and environmental compo-
nents that involves airway remodeling (e.g., increased hyperplasia of goblet cells, smooth muscle
cells, fibroblast cells, and capillary endothelial cells), bronchoconstriction (due to smooth muscle
hyperresponsiveness and mucus obstruction), increased inflammation (including edema and in-
duction of cytokines and chemokines), and enhanced immune responses (abundant Th2 cytokines,
IgG and IgE secretion, mast cells, eosinophils, T cells) (102). Because of its multifactorial nature
and complexity, it has been possible to model only some components of the disease. The most
complete models of asthma are animal models, such as mice, rats, cats, dogs, pigs, horses, and
primates. Although other animal models of asthma exist, most use mice that do not spontaneously
develop the disease (103) and that must be sensitized with ovalbumin and locally challenged with
allergens or other stimuli. Most importantly, although promising antiasthmatic drugs have been
discovered using mouse models (e.g., IL-5, IL-4, VLA4, and PAF antagonists), ongoing clinical
trials have been so far disappointing (104–109). Thus, there is a great need for models of asthma
in humans.

To overcome the limitations of animal models, ex vivo and in vitro models of asthma have
been developed using tissue explants and cultured human cells, respectively. Whereas many dif-
ferent types of cells (e.g., airway epithelial and smooth muscle cells, fibroblasts, endothelial cells,
immune cells) and ECM are involved in asthma pathogenesis, these simplified models generally
permit analysis of the contribution of only one of these components at a time (110–115). Given
the central role that the airway epithelium plays in the pathogenesis of asthma (102), there have
been recent efforts to engineer human airway epithelium (HAE) in vitro. The complexity of these
models ranges from a simple monolayer of airway cells to physiologically relevant, 3D airway
structures lined by several cell types (116). Most of these models use the Transwell technology,
which is composed of a two-compartment culture well separated by a rigid, ECM-coated, semiper-
meable membrane that supports the growth of cells or excised explants on one or both sides of
the membrane (117). Using Transwell inserts, human primary airway epithelial cells have been
cultured and differentiated at the air-liquid interface with the addition of retinoic acid to suppress
the squamous phenotype (118). Following differentiation, a pseudostratified mucociliary airway
epithelium is formed, recapitulating normal in vivo morphology (118). Fully differentiated cultures
of HAE cells grown in Transwell inserts have been used to study the role of the airway epithelium
in asthma pathogenesis. HAE cultures derived from patients with asthma exhibit higher num-
bers of mucus-producing cells and fewer ciliated cells than HAE cultures derived from healthy
donors (115). Moreover, IL-13-induced goblet cell hyperplasia and mucus hypersecretion, critical
hallmarks of allergic asthma, have been reproduced in HAE cultures (119).

Human fetal lung fibroblasts have also been grown in a type I collagen matrix in a Transwell
device while HAE cells that differentiate, form beating cilia, and produce mucus were cultured on
top of the matrix (120). ECM remodeling can be demonstrated over time in this system, which
could be useful to study asthma-associated matrix remodeling (121). In addition, ECM gels have
been used to develop a model of matrix stiffness–induced fibroblast differentiation, which could
be used to analyze how ECM reorganization affects differentiation of cells in the airway wall, a
central hallmark of asthma (122).
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Most recently, tissue engineering approaches have been used to develop better models of airway
physiology. A model of the human bronchiole was engineered to study cell-cell interactions and
remodeling by coculturing in a bioreactor system (cylindrical-shaped bronchioles constructed from
human lung primary cells, lung fibroblasts, airway smooth muscle cells, and ECM) (123). Because
of the cylindrical geometry of the engineered bronchiole, the tissue applies radial tension, inducing
mechanotransduction, and the air pumping through the lumen provides a natural environment for
the epithelial cells. This engineered model of the bronchiole can be used to investigate individual
components of airway remodeling such as subepithelial fibrosis, smooth muscle hyperplasia and
hypertrophy, and epithelial cell metaplasia.

Chronic Obstructive Pulmonary Disease

Chronic obstructive pulmonary disease (COPD) is a progressive and chronic lung disorder charac-
terized by chronic bronchitis, which predominantly affects small airways (conducting airways with
diameter <2 mm), and emphysema, which causes gradual destruction of alveolar walls (124). To
date, there are no validated in vitro models of COPD (125). The best-established in vitro model
of COPD uses cultured HAE cells derived from COPD patients (or healthy donors), which are
differentiated at an air-liquid interface in Transwell inserts. These systems are generally used to
mechanistically address how and why COPD develops. For example, similar to the situation in
asthma, goblet cell hyperplasia and mucus hypersecretion are two of the characteristic features of
COPD epithelial lining in vivo (126). Goblet cell hyperplasia can be induced by exposing HAE
cells in Transwells to cigarette smoke total particulate matter (127). The effect of cigarette smoke
on the conducting airways, which can exacerbate COPD, also can be mimicked by exposing the
cultures directly to smoke or cigarette smoke extract (128). In fact, addition of smoke extract at-
tenuates inflammatory responses to endotoxin in HAE cells derived from COPD patients, but not
in similar cells from nonsmoking individuals (129). Squamous cell metaplasia, another hallmark of
COPD, can be modeled in HAE cells by simply omitting retinoic acid from the culture medium
(130). HAE cells have been cocultured with monocytes, which results in synergistic augmenta-
tion of CXCL10 and CCL2 secretion following rhinovirus infection (131). Coculture of HAE
cells and fibroblasts from COPD patients showed that inducing squamous metaplasia resulted in
IL-1β secretion, leading to a fibrotic response in the airway fibroblasts (132). This work led to
identification of a pivotal role for TGF-β in squamous metaplasia and fibrosis, two key features
of COPD.

Lung Granulomas

Granulomas are aggregates of organized chronic inflammatory reactions predominantly com-
posed of macrophages and/or lymphocytes. Macrophages in granulomas are often described as
epithelioid cells and the granulomas as epithelioid granulomas (133). The lungs, along with the
skin and lymph nodes, are the most common sites of granuloma formation (133). The etiology of
the granuloma has been attributed to persistent infectious irritants (e.g., mycobacteria, fungi) and
noninfectious agents that are not cleared or killed by acute inflammatory reactions. Granulomas
can be immunogenic or nonimmune, foreign-body granulomas. Various 2D models of immune-
mediated granulomas have been developed in which macrophages are exposed to pathogens (134,
135) and pathogen-coated beads (136); however, a 3D in vitro model of foreign-body granulomas
has also been created using biopersistent nanomaterials as inducers (137). In this study, granuloma
formation was induced in murine macrophages cultured in agarose gels by adding high-aspect-
ratio nanomaterials, such as carbon nanotubes. Carbon black particles (Printex 90) and crocidolite
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asbestos fibers were used as negative and positive controls, respectively, for granuloma genera-
tion. Three different high-molecular-weight carbon nanotubes induced macrophage activation,
TNF-α and IL-1β expression, and granuloma formation. One major limitation of the model was
that macrophages were used in a static culture, whereas in vivo macrophages and monocytes are
dynamically recruited from the circulation or neighboring interstitial tissue, a process that may
be important for aggregate formation and subsequent inflammatory responses.

Pneumonia

Pneumonia is an acute inflammation of the lung induced by microbial infection of the alveoli.
Recently, a microfluidic human breathing lung-on-a-chip was developed to meet the challenge
of mimicking the physiologically relevant tissue-tissue interfaces, physicochemical microenviron-
ments, and vascular perfusion that are necessary to recapitulate organ-level physiology of the lung,
as well as inflammation due to lung infection, in vitro (138). Organs-on-chips are cell culture
devices created with microchip manufacturing methods that contain hollow, micrometer-sized
chambers inhabited by living cells. The lung-on-a-chip contains a lower capillary channel sepa-
rated from an upper air-filled alveolar channel by an intervening porous ECM-coated membrane
that has human lung alveolar epithelial cells cultured on its top surface and pulmonary capillary
endothelial cells cultured on its bottom to recreate the alveolar-capillary interface of the living
lung (Figure 2) (138). These two microchannels are lined along each side by full-height hollow
chambers through which cyclic suction is rhythmically applied; this distorts the central porous
membrane and results in the application of cyclic mechanical strain (10%; 0.25 Hz) that mimics
the forces living cells experience in the alveolus due to breathing motions. By generating an air-
liquid interface in the alveolar channel, flowing fluid through the vascular channel, and applying
cyclic mechanical distortion, it is possible to greatly enhance the differentiation of the established
human alveolar epithelial (NCI-H441) and lung microvascular endothelial cell lines that line the
microchannels, as demonstrated by increased surfactant production and enhanced vascular barrier
function (measured by both quantitating transepithelial electrical resistance and assessing macro-
molecular transport). Importantly, this microengineered device also permits one to flow primary
human neutrophils through the vascular channel, which do not bind to the quiescent endothelium
under baseline conditions. When inflammation is simulated by adding either TNF-α or living
bacteria to the upper channel, the endothelium rapidly becomes activated, as indicated by a rapid
increase in expression of cell surface ICAM-1 and active recruitment of human neutrophils per-
fused through the microvascular channel. Interestingly, because this engineered organ-on-a-chip
device permits the use of real-time, high-resolution microscopy, the immune cells that bind the
endothelium can be observed to undergo diapedesis and migrate through both cell layers to the
upper chamber, where they actively engulf the living bacteria on-chip.

Importantly, the use of this human lung-on-a-chip led to new mechanistic insights into how
mechanical breathing motions contribute to lung function and disease. For example, when silica
nanoparticle simulants of environmental airborne particulates that can induce lung inflammation
and injury were introduced into the upper channel, breathing motions were found to be critical for
production of reactive oxygen species, cellular uptake of nanoparticles, and transport of nanoparti-
cles across both cell layers and into the vascular channel. Moreover, the dependence of nanoparticle
absorption on breathing motions was confirmed using a mouse ex vivo ventilation-perfusion model
(138), demonstrating the power of the organ-on-a-chip approach. Thus, this ability to recreate a
physiologically relevant mechanical microenvironment simultaneously involving flow and cyclic
strain is a key aspect of this engineered model that cannot be easily incorporated in 2D cell culture
models.
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Figure 2
Recapitulating human lung pathophysiology in vitro. (a) Human lung-on-a-chip: a photograph of the
polydimethylsiloxane lung-on-a-chip microfluidic device placed on a microscope stage. (b) On-chip
pulmonary edema model: a diagram of the microfluidic lung-on-a-chip design and how it was modified to
create an in vitro model of human pulmonary edema. This device recapitulates the alveolar-capillary
interface by culturing human alveolar epithelial cells on top of a flexible, porous, extracellular matrix–coated
membrane and human capillary cells on the bottom; air is passed through the upper (alveolar epithelium)
channel while culture medium is flowed through the lower (vascular) channel. Breathing motions are
mimicked by applying cyclic suction to the side channels, which rhythmically deform and relax the flexible
polydimethylsiloxane side walls and the porous membrane to which the cell layers are attached. To create an
on-chip model of human pulmonary edema, IL-2 was infused into the vascular channel, which resulted in a
shift of fluid into the air space, as observed in human patients. (c) Measuring vascular leakage: a diagram
showing how pulmonary vascular leakage was measured on-chip by quantifying the passage of fluorescent
inulin ( green circles) from the lower to the upper channels in the presence of IL-2. (d ) Chip results mimic
whole lung: a graph showing the increase in fluorescent inulin leakage into the airspace measured on-chip
compared with that measured in whole mouse lung in the absence (control) or presence of IL-2, with (10%
strain) or without (no strain) mechanical breathing motions. IL-2 induced much greater vascular leakage in
the presence of physiological breathing motions both on-chip and in vivo. Figure modified with permission
from References 138 and 139.

Pulmonary Edema

The same human lung-on-a-chip microfluidic device was used to create a model of pulmonary
edema (Figure 2) (139). To do this, the cancer drug IL-2 was perfused through the vascular chan-
nel, as it has been reported to produce pulmonary vascular permeability and lung edema as its major
dose-limiting side effect. Administration of IL-2 at the same dose used in patients resulted in fluid
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permeation into the air channel, blood clot formation in the air space, and associated compromise
of oxygen transport, and this occurred over the same time course (2–4 days) observed in humans.
In addition, this study revealed that physiological breathing motions also contribute to the devel-
opment of increased vascular leakage induced by IL-2 (e.g., as measured by increases in gaps within
both endothelial and epithelial monolayers and decreased barrier function), and that circulating
immune cells are not required for the development of this form of pulmonary edema. Once again,
these effects of breathing motions observed on-chip were experimentally confirmed in an animal
model (Figure 2), thus demonstrating the power of the organ-on-a-chip approach for human
disease modeling. Importantly, the potential clinical value of this disease model was reinforced by
showing that it could be used to identify a new therapeutic (TRPV4 inhibitor, GSK2193874) that
suppresses IL-2-induced pulmonary edema on-chip; this compound also suppressed cardiogenic
pulmonary edema in dogs and rabbits, as shown in a sister publication (139).

INTESTINE

Inflammatory Bowel Disease

Crohn’s disease and ulcerative colitis are forms of inflammatory bowel disease (IBD) that involve
chronic inflammation of the human intestine and result in mucosal injury with villus destruction
(140). The etiology of these diseases is thought to involve complex interactions between gut
microbes, intestinal mucosa, immune components, and wall peristalsis (141). However, due to the
complexity of animal models, it is not possible to study the independent contributions of these
different potential contributing factors.

Existing in vitro models of human IBD rely on culturing an intestinal epithelial cell monolayer
in a static Transwell culture (142–148) and then adding microbes and immune cells to the apical
and basolateral side of the culture well, respectively. Because intestinal cells cultured in Transwell
plates often fail to produce mucus (e.g., Caco-2 cells) or undergo differentiation of intestinal villi
that become injured in IBD, these models do not effectively recapitulate the pathophysiology
of this disease in living intestine. Recently developed 3D organoid cultures (149–151) produce
higher levels of intestinal differentiation; however, the cells in organoids also do not experience
physiological peristalsis-like motions and cannot be cultured with a living microbiome under these
static conditions because bacterial overgrowth will result in death of the epithelium (152). This
is a critical limitation, because the resident gut microbiome is a crucial contributor to early IBD
progression (153) and because mechanical deformations resulting from peristalsis both influence
normal epithelial cell differentiation (154) and restrain microbial overgrowth in vivo (155, 156).

To confront these limitations, the lung-on-a-chip device was modified to create a human gut-
on-a-chip lined by human intestinal epithelial (Caco-2) cells (Figure 3a,b). This is an established
cell line, originally derived from an intestinal tumor, that is poorly differentiated when cultured
in standard static cultures. When the same Caco-2 cells are exposed to trickling flow analogous
to that experienced in the gut lumen and cyclic mechanical distortion that mimics peristalsis-like
motions of the living intestine in the gut-on-a-chip microfluidic device, they spontaneously reor-
ganize into 3D intestinal villi lined by columnar epithelial cells (Figure 3c) (152, 157). These villi
closely mimic the architecture of the small intestine and exhibit multiple differentiated features,
including reestablishment of basal proliferative cell crypts, differentiation of all four cell types
of the small intestine (absorptive, mucus-secretory, enteroendocrine, and Paneth), production of
high levels of mucus, and creation of a much higher resistance epithelial barrier. Thus, this system
is well designed to study the etiology and mechanisms underlying intestinal diseases, such as IBD;
however, these phenomena remain largely unexplored.
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Figure 3
Human gut-on-a-chip. (a) A schematic of the gut-on-a-chip device, which is similar in design to the
lung-on-a-chip. In this case, the flexible porous extracellular matrix–coated membrane in the central
microfluidic channel is lined by human intestinal epithelial cells, which are exposed to trickling flow and
peristalsis-like cyclic mechanical deformation by using a controlled vacuum in the side channels.
(b) A photograph of the gut-on-a-chip microdevice, made of optically clear silicone polymer
(polydimethylsiloxane). Blue and red dyes indicate the upper and lower microchannels, respectively, to allow
visualization of the flow of culture medium. (c) A phase contrast image of human Caco-2 intestinal cells that
undergo spontaneous villus morphogenesis after 100 h (shear stress of 0.02 dyn/cm2; 10% cyclic strain at
0.15 Hz). (d ) Graphs of transepithelial electrical resistance (TEER) measurements in a Caco-2 monolayer in
a static Transwell culture (top) compared with those in the microfluidic gut-on-a-chip with cyclic mechanical
strain (μF + St) measured over time in the absence (control) or presence (LGG) of the probiotic bacterium
Lactobacillus rhamnosus GG (LGG). In the static culture, intestinal barrier function was rapidly compromised,
whereas the presence of this naturally occurring microbe increased epithelial barrier integrity on-chip. A
single asterisk denotes p < 0.01; a double asterisk denotes p < 0.05. Figure modified with permission from
References 152 and 157.

Contributions of the Microbiome

The human body harbors a stunningly diverse array of microbial species (500–1,000 species) and a
tremendous number of microbial cells (10 times more than the number of human cells in the body)
and genes (100 times more than the number of genes in the human genome) (158, 159). In the
intestine, these microbes play essential roles in metabolizing nutrients and xenobiotics (i.e., drugs,
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chemical compounds), regulating immune responses, and maintaining gut homeostasis (160),
and not surprisingly given these diverse functions, intestinal microbes contribute significantly
to human health and disease. Thus, controlling host-microbe interactions in engineered disease
models is extremely important.

Investigators have used Transwell systems (142–148, 161, 162), 3D culture models with cell-
coated microbeads (163–171), hydrogel-based organoids (150, 151, 172–176), and the microfluidic
gut-on-a-chip device (14, 152, 157, 177) to recreate the host-microbe ecosystem in vitro. Static
Transwell cultures commonly utilize established intestinal cell lines, such as Caco-2 or HT-29 cells
(161), in short-term (<24 h) cultures with live probiotic gut microbes or pathogenic bacteria. For
example, some of the pathological features of celiac disease were recapitulated in a Transwell cul-
ture by exposing the Caco-2 cell monolayer to known triggers of this disease (e.g., gluten-derived
gliadin peptides and gram-positive or -negative bacteria on the apical side; blood mononuclear
cells on the basolateral side) (162). In this study, inflammatory responses (e.g., production of the
proinflammatory cytokines IL-12 and IFN-γ) induced by gliadin were suppressed by the addition
of probiotic strains of bacteria (e.g., Bifidobacterium spp.), whereas they were increased by the ad-
dition of opportunistic or pathogenic gram-negative bacteria (e.g., Bacteroides fragilis, Escherichia
coli, and Shigella spp.). These findings suggest that interactions between gut bacteria, epithelial
cells, and immune cells play a key role in celiac disease progression.

Transwell intestinal cell cultures also have been used to model infectious pathogenesis by
enterovirulent bacteria (145) and chronic inflammation (142–144), as well as immunomodulatory
(146, 148) and anti-inflammatory effects (147) of host-probiotic interactions. However, because
Transwell cultures are static, these studies are commonly limited to less than 1 day in duration
due to bacterial overgrowth, and the absence of peristalsis-like motions and fluid flow brings the
physiological relevance into question given that these mechanical motions are known to contribute
to control of microbial overgrowth in the living intestine (e.g., cessation of peristalsis leads to ileus)
(178–180).

To conserve the histological architecture of human tissues during host-microbe interactions,
ex vivo models have been developed in which human tissue sections from clinical biopsies are
maintained in culture. For example, to model an intestinal infection, a human intestinal tissue
biopsy specimen was mounted on a modified Transwell-like porous insert, and a circular disk was
glued on its apical surface to provide a leakage-free space for the introduction of enteropathogenic
E. coli. Colonization of the tissue section by these bacteria resulted in an increased innate immune
response, including rises in the levels of IL-8 and induction of Toll-like receptor 5 (181). The
protective effects of probiotic Lactobacillus strains also were demonstrated against invasion by a
pathogenic Salmonella strain using intestinal tissue biopsy samples from healthy or IBD patient
donors (182). In addition, the mechanism of enterohemorrhagic E. coli invasion under anaerobic
or oxygenated conditions was studied by embedding a polarized intestinal epithelium in a modified
Ussing chamber (183). Although these ex vivo intestinal tissue models provide a more in vivo–like
microenvironment than conventional Transwell cultures, they require high levels of oxygenation
due to the lack of vasculature, they are limited by the availability and variability of clinical biopsy
specimens, and they permit analysis only of short-term interactions between intestinal epithelium
and pathogenic bacteria in the absence of any peristalsis-associated mechanical cues.

Some researchers have attempted to integrate the microbiome into 3D cultures by using
microbead-based rotation chambers (termed microgravity cultures) or organoids. The micrograv-
ity cultures use a rotating vessel bioreactor containing multiple ECM-coated porous microbeads
lined by human epithelial cells cultured in medium with a central gas-exchange port. In contrast
to other in vitro models, cells on the surface of individual 3D microbeads experience low levels of
shear stress, because this bioreactor is continuously rotating at a defined speed, and this property
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apparently results in increased cell differentiation (163). This approach has been used in a model of
norovirus infection, which causes diarrheal diseases in humans. 3D cultures of human embryonic
intestinal epithelial INT-407 cells (169) or Caco-2 human intestinal cells (171) have demonstrated
cytopathic effects (e.g., loss of apical microvilli, vacuolization) as well as evidence of virus replica-
tion; however, there were concerns regarding the reproducibility of viral infection and replication
(170). In other studies, 3D microbead cultures of human HT-29 colon cells (164) or embryonic in-
testinal epithelial INT-407 cells (166) were used to study Salmonella enterica serovar Typhimurium
pathogenesis. The Salmonella cells exhibited decreased pathogenicity and lower levels of basal and
infection-induced cytokine secretion when cultured with intestinal cells on the 3D microbeads
than when cultured with cells in the conventional monolayer cultures. Using bioreactors, it may be
possible to prevent outgrowth of microbes in host-microbe cocultures by maintaining continuous
flow in the system, although this has not yet been demonstrated experimentally. However, despite
the flexibility of growing host cells and applying various microbial species in rotation cultures,
microbead cultures do not permit analysis of other key contributing factors, such as immune cells
recruited from lamina propria or cytokine release from the basolateral surface of the epithelium.

Whereas the rotation cultures use microbeads as culture substrates, 3D organoid cultures lever-
age ECM or synthetic polymer hydrogels as scaffolds to support the growth and differentiation
of human intestinal tissues derived from iPSCs (149–151) or disease-specific tissue biopsies (176).
Rotavirus infection (172) and host-parasite interactions (174) have been reported using organoids,
but the difficulty in introducing pathogens into the lumen of these closed structures and in prevent-
ing rapid microbial overgrowth severely limits the utility of this model system. It is also difficult to
introduce immune cells into these models, and again, they lack the normal mechanical cues that
play a key role in the regulation of intestinal development and physiology.

Microfluidic culture devices provide a way to circumvent these limitations. For example, be-
cause human intestinal cells produce mucus and experience continuous fluid flow in the human
gut-on-a-chip microdevice (152, 157), it is possible to coculture them with a living microbiome.
Specifically, when probiotic normal gut flora (e.g., Lactobacillus rhamnosus GG) was introduced
in the upper channel (intestinal lumen) of the human gut-on-a-chip, they successfully colonized
the villus microenvironment and showed health-promoting activities, such as increased barrier
function (Figure 3d ) (152). Because the continuous fluid flow of fresh culture medium constantly
supplies nutrients and removes unbound residual bacterial cells as well as metabolic wastes in these
microfluidic devices, this steady-state chemical microenvironment helps to establish a stable cocul-
ture condition in vitro (184). Thus, the gut-on-a-chip could be used to study how the microbiome
contributes to intestinal diseases, such as IBD or infection with pathogenic microbes. However,
challenges remain, including the need to establish robust control over aerobic and anaerobic condi-
tions, which perhaps can be met by engineering devices that create a defined oxygen gradient (185).

LIVER

Although in vitro models of liver function have a long history in adsorption, distribution,
metabolism, elimination, and toxicity (ADMET) and pharmacokinetics studies of drugs, there
are fewer models of liver disease. To model disease in a meaningful way, it is necessary to achieve
high in vivo–like functionality. Thus, it is important to consider that many liver metabolic dis-
orders, as well as hepatotoxicity, are dependent on interactions between hepatocytes and other
nonparenchymal cells of the liver or ECM. It is also important to recapitulate vascular perfusion
as in vitro studies with hepatocytes cultured in bioreactors and miniaturized microfluidic systems
have been shown to increase cell viability and to upregulate the expression of liver-specific dif-
ferentiated cell functions (186). Here, we summarize in vitro models that have been developed to
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study infectious liver diseases and inherited metabolic liver disorders; a discussion of liver cancer
models can be found in the Cancer section.

Infectious Liver Diseases

Infectious hepatitis C virus (HCV) virions have been generated in a radial flow bioreactor lined
by hepatoma-derived FLC4 cells, whereas this could not be accomplished in monolayer cultures
(187). Human hepatoma Huh7 cells were permissive for HCV infection and acquired a more
differentiated hepatocyte-like phenotype when cultured in a 3D rotation wall vessel bioreactor
compared with a monolayer culture (168). A PDMS-based microfluidic system also supported
viral transduction of rat hepatocytes and human HepG2 hepatoblastoma cells in vitro (188).
However, it is necessary to maintain long-term stability of differentiated liver functions at physi-
ologically relevant levels to support a persistent HCV infection, which has not yet been possible
with bioreactor models. In the future, it also might be possible to study patient-specific aspects
of HCV infection, as iPSC-derived hepatocyte-like cells can support the entire viral life cycle
(189).

To meet this challenge, a multiwell system was fabricated in which microislands of hepato-
cytes are surrounded by supportive stromal cells (3T3 rat fibroblasts) (190). The micropatterning
method is performed by applying a PDMS stencil in conventional 24- or 96-well plates to deposit
microdomains of collagen. Hepatocytes selectively adhere to the collagen, and in a second step,
fibroblasts are seeded to surround these domains. The micropatterns maintain essential hepa-
tocytic functions, such as high albumin expression and cytochrome P-450 activities, for several
weeks. This coculture microsystem also supported persistent HCV replication for more than
12 days and led to the generation of infectious virions, which cannot be achieved with conven-
tional hepatocyte cultures (191). More recently, this micropatterned hepatocyte coculture system
was shown to support the stages of liver infection by the malaria parasites Plasmodium falciparum
and Plasmodium vivax (192). As this model of liver infection appears to be robust, it should aid
in the development of therapeutics and vaccines against Plasmodium infections, because repro-
duction within hepatocytes is an indispensable stage in the pathogen life cycle and occurs at the
very beginning of infection, making it an especially attractive target. Microengineered in vitro
liver systems such as these that support long-term differentiated function could potentially be
used to model other types of liver diseases, such as hepatic steatosis (fatty liver disease) induced
by alcohol or metabolic disease. More refined models with increasing levels of complexity could
be developed to mimic the inflammatory responses, oxidative stress, apoptosis, and fibrosis that
often accompany these diseases.

Inherited Metabolic Liver Disorders

It may be possible to model inheritable metabolic disorders affecting the liver, as well as to evaluate
patient-specific disease mechanisms, by incorporating primary patient-derived cells or iPSCs into
these engineered liver models. Differentiation protocols have been developed that specify iPSCs
along the endoderm lineage to become cells displaying bona fide hepatocyte features, including
apolipoprotein B, albumin, and urea secretion as well as low-density lipoprotein uptake, glycogen
storage, and functional bile transport (193). There are very few reports of iPSC-derived non-
parenchymal liver cells, but protocols have been developed that generate bipotential progenitors
that differentiate into cholangiocytes and hepatocytes (194, 195).

Models of liver disease that incorporate iPSC-derived cells have primarily focused on mono-
genetic metabolic disorders, which, although rare individually, account for 15% to 20% of liver
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transplantation indications in children (196). Phenotypes of liver diseases that have been mod-
eled with iPSC technology include progressive familial hereditary cholestasis, α1-antitrypsin de-
ficiency, glycogen storage disease type 1α, familial hypercholesterolemia, hereditary tyrosinemia,
and Crigler–Najjar syndrome (197–199). These reports evaluated effects on relevant functions in
differentiated hepatocyte-like cells in static monolayer cultures, and they could recapitulate char-
acteristic molecular alterations of these major disease phenotypes. However, to perform deeper
studies of disease mechanisms and evaluate treatment strategies, hepatocyte differentiation must
be maintained at in vivo–like levels in long-term cultures, which cannot be achieved in these
monolayer cultures. Hence, this is an area where engineered models could have a major impact in
the future.

KIDNEY

Drug-Induced Nephrotoxicity

Although the kidney is a major site of organ damage caused by drug toxicity, few engineered
human kidney models have been developed that recapitulate responses to toxic drugs in vitro.
Recently, a microfluidic kidney-on-a-chip device was developed that is lined by living primary hu-
man kidney proximal tubule epithelial cells and exposed to fluid flow with a low level of shear stress
(0.2 dyn/cm2) that mimics the conditions observed in the living kidney proximal tubule (Figure 4a)
(200). This microfluidic device contains a “luminal” flow channel separated from an “interstitial”
compartment by an ECM-coated porous membrane upon which the kidney cells are cultured.
By effectively recapitulating the tubulointerstitial interface of the kidney proximal tubule, the
device permits real-time analysis of transepithelial transport. Studies with this microfluidic device
revealed that exposure of the human kidney proximal tubular cells to physiological fluid flow
resulted in enhanced differentiation, as evidenced by increased primary cilium formation, alkaline
phosphatase activity, albumin transport, glucose reabsorption, and Pgp transport function
compared with cells in static Transwell culture. Importantly, under these conditions, the human
kidney cells exhibited toxicity responses to the anticancer drug cisplatin that could be completely
prevented by inhibiting human organic cation transporter 2 (OCT-2), a major contributor to
cisplatin toxicity in humans (201). In contrast, although cisplatin induced injury in cells in Trans-
well culture, these responses were nonspecific and could not be suppressed by inhibiting OCT-2.
Moreover, the proximal tubular cells recovered more effectively after the removal of cisplatin
when exposed to continuous fluid flow compared with cells under static conditions, which also
mimics the effects of clinical interventions that involve excessive hydration in humans (202–204).

Polycystic Kidney Disease

Human polycystic kidney disease (PKD) has been modeled using 3D cultures in which primary
kidney epithelial cells isolated from cysts of autosomal dominant PKD (ADPKD) patients are
cultured in type I collagen gels (205–208). This facilitates the formation of cysts and induces
kidney-specific gene expression and cell functions in vitro. In one recent study, the cellular re-
sponses to the Na+/K+-ATPase inhibitor ouabain were compared in epithelial cells isolated from
normal human kidney and from cysts from ADPKD patients, cultured in a 3D collagen matrix
(Figure 4b) (208). Ouabain is a steroid hormone synthesized by the adrenal glands that stimulates
fluid secretion and induces cystic cell proliferation, two fundamental features of cyst development.
These studies revealed that, when added at a physiological level, ouabain has synergetic effects on
cAMP-mediated fluid secretion and cyst growth via activation of the EGFR-Src-MEK pathway
in ADPKD cells and that this contributes to the overall expansion of renal cysts.
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Figure 4
Engineered kidney disease models. (a) Drug-induced nephrotoxicity demonstrated in a human kidney-on-a-chip consisting of a
microfluidic device with an upper channel (tubular lumen) separated from a bottom reservoir (interstitial space) by an extracellular
matrix–coated porous membrane upon which primary human proximal tubule epithelial cells were cultured in the presence of a
physiological fluid shear stress. In this device, proximal tubular epithelial cells exhibited a polarized morphology that more closely
mimicked that seen in vivo, as shown in the cross-sectional fluorescent views, which demonstrate basolateral distribution of
Na+/K+-ATPase (magenta) and apical distribution of aquaporin 1 ( green), as well as a more columnar cell–like shape in cells under flow
(right) compared with cells in static culture (left). The more differentiated cells in the chip also exhibited a specific toxicity response to
the cancer drug cisplatin, whereas the static cells did not (200). (b) A 3D culture model of human polycystic kidney disease (PKD).
When cyst-lining renal epithelial cells from kidneys of patients with autosomal dominant PKD (ADPKD) were cultured in type I
collagen gels, ouabain was shown to stimulate fluid secretion and induce cystic cell proliferation, the two fundamental mechanisms for
ADPKD cyst development (208). (c) Kidney stone formation on-chip. A photograph shows a polydimethylsiloxane microdevice and a
cross section of a microfluidic channel (top) in which HK-2 proximal tubular cells were cultured and then stained for Na+/K+-ATPase
(bottom left and middle). An optical microscopic image (bottom right) shows calcium phosphate crystals (black clusters) deposited in the
lumen of the microfluidic channel side of the cells in the microfluidic device. Panel modified with permission from Reference 210.
(d ) Schematic of a 3D coculture model of renal fibrosis in which human HKC-8 proximal renal tubular epithelial cells and human
WS-1 dermal fibroblasts were combined in an extracellular matrix gel and challenged with toxic doses of cisplatin. Injured epithelial
cells induced the fibroblasts to differentiate into activated myofibroblasts. Panel modified with permission from Reference 211.

Kidney Stones

Kidney stones are irregular solid concretions that form inside the kidney, can obstruct urinary
outflow, and cause great pain and inflammation (209). To model this condition in vitro, a cylindrical
microfluidic device was created with an inner diameter of ∼400 μm, and the microchannel was
coated with a layer of glass using a sol-gel method and then coated with fibronectin and plated
with human proximal tubular (HK-2) cells (Figure 4c) (210). A solution containing CaCl2 and
Na3PO4 was injected into the microchannel lined with HK-2 cells, and in situ formation of calcium
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phosphate stone deposits was detected in real time using confocal Raman spectroscopy. This in
vitro model may prove useful for studying the mechanism and kinetics of kidney stone formation,
which are virtually impossible to study in vivo.

Renal Fibrosis

Renal fibrosis results from the excessive accumulation of ECM that occurs in many types of chronic
kidney diseases. The role of kidney epithelial cells in renal fibrosis was studied in vitro using a
simple 3D coculture system that mimics the tubulointerstitial renal microenvironment and the
acute tubular injury produced by cisplatin (211). Human dermal fibroblasts were cultured within a
type I collagen gel, then human proximal tubular epithelial cells were plated on top of the gel to in-
vestigate how interactions between the two cell types contribute to cisplatin-induced kidney injury
(Figure 4d ). These studies showed that the epithelial cells can affect fibroblast gene expression,
as measured by RT-qPCR analysis of key regulatory pathways involved in tissue fibrosis.

BONE MARROW AND HEMATOPOIESIS

Engineering artificial bone marrow capable of reproducing the complicated bone marrow mi-
croenvironment that enables pathophysiological hematopoietic responses would provide a pow-
erful platform to study hematologic diseases. Porous ceramic scaffolds have been used to develop
a 3D perfusion culture system (212, 213) that enables efficient expansion of bone marrow stro-
mal cells and better maintenance of hematopoietic progenitors compared with 2D cultures. A
biomimetic scaffold was developed using inverted colloidal crystal to mimic the structural topol-
ogy of bone marrow (214), which was then seeded with stromal cells that support expansion of
CD34+ human hematopoietic stem cells and differentiation of B lymphocytes in vitro. Another 3D
bioreactor was developed to sustain long-term erythropoiesis (215). In this device, human bone
marrow mononuclear cells that were cultured in a packed bed of microcarrier beads generated
reticulocytes and red blood cells continuously for up to 4 weeks, and exposure of the bioreactor
to γ-radiation resulted in time- and dose-dependent induction of reticulocyte micronucleation.
A membrane-based 3D bioreactor also has been developed that mimics the architecture of the
lymph node (216, 217). Dendritic cells were captured within macroporous matrix sheets inside
the bioreactor and cocultured with lymphocytes while being perfused with culture medium. This
system recapitulated adaptive immune responses in vitro.

Although various culture systems and bioreactors have been developed to maintain hematopoi-
etic cells in vitro, they do not recreate the entire bone marrow microenvironment or enable analysis
of the response of its resident hematopoietic cells when present in their normal positions and pro-
portions. Very recently, a bone marrow–on–a–chip device was developed by combining tissue
engineering approaches with microfluidics techniques that enable investigators to culture intact
living bone marrow with a functional hematopoietic niche in vitro (218). In this technique, artificial
bone is first generated in mice using tissue engineering strategies, and then the engineered bone
with functional marrow is explanted whole and maintained in vitro within a microfluidic device
(Figure 5). Fluorescence-activated cell sorting analysis revealed that the engineered marrow con-
tains a hematopoietic niche that is virtually identical to natural marrow. The bone marrow cultured
on-chip also retained hematopoietic cells in normal proportions for at least 1 week in vitro. This
system faithfully mimicked complex organ-level responses to radiation toxicity normally observed
only in vivo as well as the myeloproliferative response to a therapeutic countermeasure agent
(G-CSF) known to accelerate recovery from radiation-induced toxicity in patients. In contrast,
conventional 2D stroma-supported (Dexter) cultures did not mimic these responses and were
significantly more resistant to the effects of radiation toxicity. Thus, this bone marrow–on–a–chip
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Bone marrow–on–a–chip system. (a) To engineer living marrow, polydimethylsiloxane (PDMS) devices
containing a cylindrical chamber filled with bone-inducing materials were implanted subcutaneously on the
back of a mouse for up to 8 weeks and then surgically removed. The cylindrically shaped engineered bone
marrow that formed within the PDMS device was placed into a similarly shaped central chamber in a
microfluidic system, punctured with a needle, and then maintained in culture in vitro. (b) Low-magnification
(left) and high-magnification (right) views of histological hematoxylin and eosin (H&E)-stained sections of
the engineered bone marrow formed in the PDMS device at 8 weeks following implantation (top) compared
with a cross section of bone marrow within the normal adult mouse femur (bottom). Figure modified with
permission from Reference 218.

offers a new in vitro strategy for studying hematologic diseases, as well as for analyzing drug
responses and toxicities in living marrow.

Interestingly, this tissue engineering approach also produced living bones with predefined
size and shape that contained an internal trabecular bone network and had architectural and
compositional properties virtually identical to those of natural bone. Thus, this bone marrow–on–
a–chip might also provide a tool to study bone matrix remodeling and bone pathophysiology in
vitro. For example, it might be used to study osteoporosis by altering bone mineral density using
decalcification agents (219).

VASCULAR SYSTEM

Atherosclerosis

Atherosclerosis is a chronic inflammation of the vessel wall; its initiation involves endothelial dys-
function in response to disturbed blood flow patterns. Subsequent influx of inflammatory cells and
local smooth muscle cell hyperproliferation result in the formation of an atherosclerotic plaque
that penetrates the vessel lumen. Rupture of the plaque often leads to thromboembolism, which is
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a major cause of heart attacks and strokes. Basic human in vitro models of atherosclerosis mainly
consist of endothelial cultures that are treated with presumed risk factors, such as inflammatory
factors, oxidized low-density lipoprotein, or high levels of glucose, followed by characterization
of their dysfunction. Sometimes, the models involve cocultures with human smooth muscle cells
or human leukocytes, so the roles of these cell types in an atherogenic environment can also be
studied.

Advanced in vitro models of atherosclerosis mostly rely on the use of flow culture chambers
in which medium or human blood is pumped over a surface with defined geometry containing
cultured endothelium under realistic arterial flow conditions. Flow chamber setups are versatile
and allow for controlled variation of surface composition and geometry, cell types, and fluid
dynamical conditions. As a result, flow chamber–based models have been used to study both
early- and late-stage pathogenic processes in atherosclerosis.

Early onset of atherosclerosis results from disturbed blood flow and endothelial dysfunction,
so many in vitro models of the disease feature cultures of endothelial cells under disturbed flow.
Disturbed flow can be generated in a flow chamber by changing the pump mode from continuous
to oscillatory, or by adding a lowered geometrical step in the flow chamber, which generates
recirculation and reattachment zones in the flow over the cell layer (220). These studies have
revealed that disturbed flow directly leads to endothelial dysfunction, including increased apoptosis
and upregulation of inflammatory markers (221).

Because of the lack of plaque rupture and thrombosis in animal models, a unique opportunity
for in vitro models of atherosclerosis lies in mimicking events that are hallmarks of late stages
of the disease. The formation of thrombi in flow chambers can be induced by coating the flow
chamber surface with collagen, plaque material, and thrombus material (such as von Willebrand
factor and fibrinogen) and then plating human vascular endothelium in the chamber (222,
223). For example, in one study, the flow chambers were coated with the contents of human
atherosclerotic plaques, and anticoagulated human blood was flowed over this surface under
arterial conditions (224). By using this approach, investigators identified a clear role for platelet
activation and aggregation in the formation of an atherosclerotic thrombus. Platelets responded
specifically to collagens I and III in the plaque material, and blocking of platelet receptors for
these collagens abolished their activation. Thus, this model led to identification of a new potential
target for therapy in late-stage atherosclerosis.

Recently, microfluidic versions of flow chambers have been developed using microengineering
techniques, such as soft lithography, in which a mold with microstructures is used to create
channels in a silicone rubber (PDMS) slab. After the micromolded PDMS is bonded to a flat
surface, the channels can be perfused with medium or blood. In addition, cells can be cultured in
the microfluidic channels prior to flow experiments. The main advantages of using microfluidic
channels instead of conventional flow chambers are that they require far lower volumetric flow
rates and offer increased flexibility in terms of creating precise channel geometries (225) and, hence,
mimicking more pathophysiological flow distributions. For example, the geometry and the fluid
dynamical environment of an atherosclerotic plaque were mimicked in a microfluidic channel that
contained a localized plaque-like narrowing (226, 227). When anticoagulated blood was flowed
through this channel, it formed large platelet aggregates specifically in the outlet zone of the
constriction site (Figure 6). In a follow-up study in which the microfluidic channels were coated
with human endothelium before blood was flowed, this localized platelet aggregation response
synergized with endothelial cell–mediated deposition of proaggregatory von Willebrand factor
in the same region (227). Together, these studies highlight the importance of comprehensive
modeling of the atherosclerotic plaque in terms of fluid dynamics, mural cells, and hematologic
components when trying to understand thrombosis in atherosclerosis.
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Figure 6
Induction of pathological thrombus formation in a microfluidic channel with an atherosclerotic geometry.
(a) Schematic view of a microfluidic channel engineered with a geometric (concave semicircular) constriction
to mimic a stenotic atherosclerotic vessel. The shear rates around the engineered stenosis are color coded as
indicated on the scale. (b) Human endothelial cells lining the microfluidic channel with the engineered
stenosis were subjected to blood containing platelets flowing from left to right in this view (white arrow) at a
shear rate of 1,000 s−1. The increased fluorescence signal in the region immediately downstream of the
constriction indicates greatly enhanced platelet adhesion and preferential clot formation at this site.
(c) Results obtained with endothelium-lined channels without a constriction that were either untreated (top)
or treated with histamine (bottom) to induce endothelial activation; these were used as negative and positive
controls, respectively. Figure modified with permission from Reference 227.

Deep Vein Thrombosis

Deep vein thrombosis occurs when a blood clot forms in a vein deep in the body, then releases
and leads to pulmonary embolism. As described by Virchow’s triad, thrombosis and venous
thromboembolism occur as a result of vessel wall injury combined with abnormal flow conditions
and the procoagulant state of blood components. An ideal model of thrombosis should therefore
satisfy Virchow’s triad, in addition to being able to mimic clinically relevant conditions and
generate reliable quantitative data. Due to the inherent complexity of the disease, there are few in
vitro models of deep vein thrombosis that focus on the fluid mechanical aspects near biomimetic
venous valves. In one study, which used a section of vein isolated from a dog postmortem,
microscopic imaging of particles in a red blood cell suspension revealed that valve pockets act as
low-shear vortex traps that accelerate thrombus formation at these sites (228). In another study,
human blood plasma was flowed through a microfluidic device with surface-bound clot inhibitors
and variable volume-to-surface ratios, while clot formation was monitored using fluorescence
microscopy. Analysis of the results accompanied by numerical simulations led to the prediction
that clot propagation from superficial veins to deep veins is regulated by fluid shear rate, which
might explain the correlation between superficial thrombosis and the development of deep vein
thrombosis observed in patients (229).

ENDOCRINE SYSTEM

Thyroid

Changes in thyroid function, and thus in the circulating levels of thyroid hormones, are key fea-
tures of a number of diseases resulting either from dysfunction of the thyroid gland or indirectly
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from systemic diseases. The complex architecture of the thyroid gland requires the development
of model systems that recreate the topological organization of the gland and facilitate interactions
among the stromal, vascular, and follicular cells that are required for normal thyroid function.
Thyrocytes show basal-apical-basal polarity in vivo, whereas in monolayer cultures, usually only
apical-apical polarization is obtained, which is a major handicap given that apical-basal polar-
ization is critical for iodine uptake (230). 3D type I collagen gel cultures have been used to
induce the formation of structures containing polarized thyroid follicle cells that are responsive to
thyroid-stimulating hormone (231). During the regenerative phase of subacute thyroiditis, active
folliculogenesis, which is regulated by factors such as TGF-β, is observed; this response also can
be mimicked by culturing thyrocytes in 3D (232). A biocompatible scaffold that replicates the
geometry of both the vascular and stromal elements of the thyroid gland has been developed and
seeded with rat thyrocytes (233), which may be used to support the growth of iPSCs and their
differentiation into thyrocytes (234).

Ovary

Much effort has gone into developing in vitro systems for maintenance of ovarian follicles and
development of meiotically active and functional oocytes, known as in vitro maturation. Current
in vitro fertilization protocols are based on drug-induced oocyte maturation, followed by harvest
and culture of the oocytes before fertilization (235). Although 2D culture systems are commonly
used for these studies, they lack the ECM environment critical for oocyte development (236). To
overcome this limitation, low-concentration alginate-based hydrogels were employed as culture
systems that better maintain normal follicular architecture (237–239). 3D culture systems have
been developed that contain stromal cells, clusters of multiple follicles (240), and specific hormones
such as activin A (241) or other factors such as ascorbic acid (242), which greatly improve the
survival of primary follicles (242–243). Recently, hydrogels containing cross-linked peptides have
been developed that degrade as the follicles grow, secrete proteases, and shape their own local
environment; these 3D gels allow for greater volumetric expansion of the follicles and increased
development of competent oocytes (244).

A 3D artificial human ovary was recently developed that supports maturation of human oocytes
(245). In this model, ovarian theca and granulosa cells are seeded into microfabricated PDMS
molds designed to support the formation of relevant honeycomb and spheroid structures, re-
spectively. Coculture of the thecal honeycomb structures with either granulosa spheroids or
cumulus-oocyte complexes led to polar body exclusion from one out of the three oocytes an-
alyzed. Although these findings suggest that this engineered microenvironment may faithfully
simulate human ovarian physiology (245), the efficiency of oocyte maturation is not yet optimal,
which currently precludes the use of these systems to model diseases such as infertility (244).
Nonetheless, this is an interesting direction for future research.

Pancreas

Engineering of pancreas, and specifically the islets of Langerhans, has been a major focus in
the tissue engineering field since its inception because of the challenge of diabetes. Current 2D
culture systems fail to recapitulate the dynamics of insulin secretion in response to glucose or to
maintain β cell viability for extended times. Several groups encapsulate rat, mouse, or human islet-
derived cells in 3D ECM (e.g., type IV collagen) scaffolds (246) or in hydrogel scaffolds together
with mesenchymal stem cells and ECM (247). Better output is obtained when the scaffolds are
copopulated by islets with these stromal cells. For example, when islets from cadaveric human
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donors were cultured in collagen gels with or without fibroblasts for 7 days and compared with
2D cultured cells, use of the 3D ECM scaffold alone increased cell viability and multiple functions
including amyloid formation; expression of caspase 3, inflammatory markers (e.g., IL-1β), Fas,
and insulin; the ratio of β to α cells; and production of functional markers such as basal and
stimulated insulin secretion. However, addition of fibroblasts resulted in additional improvement
of all of these parameters (248). These results are reminiscent of normal islet development, for
which stromal cell–endocrine cell interactions are critical (248).

Emerging evidence suggests that vascular endothelial cells also play a critical role in supporting
pancreatic islet development and function. Studies in which human endothelial cells, foreskin fibro-
blasts, and mouse islets were seeded on biodegradable poly(L-lactic acid)/poly(lactic-co-glycolic
acid) (PLLA/PLGA) scaffolds demonstrated that islet survival and insulin secretion were improved
relative to culture without the endothelial cells. Gene expression of growth factors and differen-
tiation markers was significantly improved compared with the 2D cultures, and in vivo survival
following transplantation was enhanced (249).

Nesidioblastosis refers to a process in which nonendocrine cells (i.e., ductal epithelium) differ-
entiate into new islets; this process is observed when natural islets are lost due to toxicity or surgical
removal. Nesidioblastosis was modeled by resuspending human islets obtained from young-adult
brain-dead donors in gels composed of either rat tail or purified bovine type I collagen, Matrigel,
or agarose and then culturing them in the presence of serum. Cell proliferation and development
of islets and nonendocrine cysts were assessed over a period of 10 days. Time-dependent devel-
opment of islet, ductal, and epithelial structures was evident as early as after 1 week in culture.
Agarose and purified collagen gels were not effective; rat tail collagen gels supported growth of
single islets, whereas in Matrigel cultures, both cell growth and formation of tubular networks
were observed (250).

Better engineered cell-based models are needed to better recapitulate critical aspects of diabetes
development and progression, and this might be enabled by rapid developments in the stem cell
field. For example, hESCs (251, 252) and iPSCs (253) have been successfully differentiated into
endoderm and pancreatic progenitors, as well as glucose-responsive, monohormonal β cells (254).
Cord blood–derived mesenchymal stem cells were similarly differentiated to insulin-producing,
glucose-responsive cells (255). Monohormonal, glucose-responsive cells derived from human
iPSCs driven to endoderm progenitors and differentiated in the presence of growth factors and
ECM-provided cues may provide the best model available for potential therapies (254).

But despite considerable progress in producing cells that make insulin, engineered systems that
mimic the pancreas environment (endocrine, exocrine, and ductal compartments) and respond
fully to physiological cues are still needed (256). In one recent study, microengineered concave
wells were used to coculture adipose-derived stem cells with mouse pancreatic islets, and the
presence of the adipose-derived stem cells increased cell viability and enabled regulated insulin
secretion. Furthermore, when these encapsulated spheroids were placed within collagen-alginate
microfibers using a microfluidic chip and then implanted in diabetic mice, they exerted therapeutic
effects (257). This is another promising approach that could be used to analyze functional changes
in human diabetic islets in the future.

Adipose Tissue

The identification of leptin as a hormone that is secreted by adipocytes and regulates energy
homeostasis systemically changed our concept of adipose tissue from a nutrient-storing tissue to
primary endocrine organ (258). The cardinal sign of obesity is the expansion of white adipose
tissue and its acquisition of an inflammatory phenotype, driving the development of systemic

224 Benam et al.



PM10CH08-Ingber ARI 2 December 2014 10:14

insulin resistance (259). Insulin resistance is the primary underlying cause of obesity comorbidities,
including cardiovascular disease, type 2 diabetes, and cancer (260, 261). Thus, models to elucidate
the molecular and cellular interactions driving adipocyte differentiation and metabolism are in
great need.

Unfortunately, preadipocyte 2D cultures, which are the most widely used model today, do not
capture the dynamics of adipose tissue regulation, which involves cell differentiation and prolif-
eration occurring at the same time in the same tissue. To meet this challenge, adipose cells were
cultured in 3D scaffolds composed of polyglycolic acid fiber meshes (262), electrospun polymer
nanofibers (263), or collagen scaffolds (264) to differentiate preadipocytes or stem cells into mature
adipocytes. Vascular endothelial cells, which are intimately linked to the expansion of adipose tissue
in vivo, have been integrated into these cultures as well (265–266). Iron oxide and gold nanoparti-
cles cross-linked to polylysine also have been used to promote the development of adipospheres via
magnetic levitation of preadipocytes cocultured with stromal vascular cells derived from adipose
tissue (267). The engineered 3D tissue structures show active lipogenesis, as determined by lipid
droplet accumulation, but no further functional studies have been reported. Preadipocytes have
been cocultured with endothelial cells on engineered silk scaffolds (266, 268), which resulted in the
development of a vascular network that increases the functionality of the adipocytes, as measured
by increases in both lipid storage and lipolysis. Importantly, insulin-mediated changes in lipolysis
were demonstrated in this model system (266). Finally, a multicompartmental microfluidic chip
has been used to culture an adipocyte cell line; the cells were shown to accumulate lipid, but no
other functions were characterized (269).

Thus, although it is currently possible to maintain and differentiate adipocytes in 2D and 3D
culture systems, there is still no model that effectively recapitulates the complex adipose tissue
environment that is required to study obesity in vitro. This will require engineering of systems
that incorporate immune, endothelial, and stromal cells as well as adipocytes under conditions in
which the dynamics of nutrient and hormone delivery can be controlled in a finely tuned manner
to faithfully simulate human adipose tissue in basal and hypercaloric states. Microfluidic systems
are well suited for this challenge, but their use remains to be explored in the future.

SKELETAL MUSCLE

Muscular dystrophies, among the most common human genetic disorders, quickly worsen and
weaken the muscles. For example, the most prevalent and most severe form of this disease—
Duchenne muscular dystrophy—is caused by the absence of dystrophin protein, which results
in progressive degeneration of cardiac and skeletal muscle. Functionally mature skeletal muscle
has been grown on 2D or 3D flexible substrates and as freestanding self-assembled constructs
(270–283). 3D skeletal muscle constructs (termed myooids) were formed by growing between two
anchors a monolayer of myotubes, which detached from the substrate upon becoming contractile
and rolled into cylinders while remaining attached to the anchors as if they were tendons (270).
Primary rat myotubes cultured on silicon cantilevers were interrogated in real time by measuring
their deflection using a detection system similar to an atomic force microscope, and stresses were
calculated using a modified Stoney equation (279). When the sodium channel agonist veratridine
was injected during electrical stimulation, it caused asynchronous tetanic contractions followed
by inability of the muscle to further contract, as occurs in vivo. Long-term culture of these
muscle cells in a combination of growth factors (e.g., creatine, cholesterol, estrogen) that are
important for the development of the contractile apparatus in skeletal muscle resulted in decreased
contraction time and increased contractile strength, which are characteristic of more mature
phenotypes.
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As impairments in glucose uptake by skeletal muscle contribute to insulin resistance in type
2 diabetes (284), this process has been studied using engineered muscle constructs. A positive
correlation between contractility and glucose uptake was demonstrated by electrically stimulating
C2C12 myotubes that were cultured on a microporous alumina substrate coated with an atelocol-
lagen membrane, allowing tissue-like stiffness and contractility, and placed between two platinum
ring electrodes (280, 285). Micropatterned cultures of C2C12 myotubes were also created on a
fibrin gel sheet combined with a microelectrode array chip (286). Through localized electrical
stimulation via microelectrode array, the contractility of each line of cells could be individually
controlled. This system was used to demonstrate contraction-induced translocation of the glucose
transporter GLUT4 from intracellular vesicles to the plasma membrane. GLUT4 is an important
mediator of insulin- and contraction-induced glucose uptake in skeletal muscle, defects in which
are closely associated with type 2 diabetes. The developed system is applicable for assaying such
metabolic alterations in skeletal muscle and screening drug candidates against type 2 diabetes.

An in vitro model of aging or atrophied muscle was created using 3D bioengineered skeletal
muscle constructs (287). Multiple-population-doubled C2C12 myoblasts that were previously
shown to have an aged phenotype based on reduced differentiation potential (288) and zero-passage
control cells were added to a collagen I/media solution and set between two mesh floatation bars
attached to the containing chamber via stainless steel grips. After cell attachment, constructs were
attached to a culture force monitor for measuring force and rate of force development for 24 h after
seeding. The aged cells exhibited lower force generation, reduced matrix remodeling [i.e., reduced
expression of matrix metalloproteinase MMP2 and MMP9 mRNAs], and smaller myotube size
and diameter. They also displayed a lower potential for differentiation and hypertrophy, as shown
by decreased mRNA levels of myogenin and the insulin-like growth factor family members IGF-I,
IGF-IR, IGF-IEa, and MGF, as well as increased expression of catabolic transcripts (myostatin
and TNF-α) in expanded myoblast populations compared with controls. Importantly, similar
alterations have been observed in tissue biopsies during degeneration of whole muscle with age
(289, 290) as well as in cells isolated from elderly human muscle (291–293). This engineered model
could potentially be extended to incorporate diseased cells and to study muscle-wasting disorders
in vitro.

The only reported in vitro disease model of skeletal muscle was engineered from myoblasts
isolated from mdx mice with Duchenne muscular dystrophy (294). Miniature bioartificial muscles
(mBAMs) were created by forming ECM gels containing muscle cells around two freestanding
PDMS microposts in each well of a 96-well plate. Each hydrophobic micropost had a hydrophilic
cap on its top to provide an anchoring point for the engineered tissues, and a robotic liquid-
handling system was employed to mix cell suspensions with ECM solutions and to cast the tissues
around the posts. A customized myoforce analysis device automatically moved electrodes into
place in each well and electrically stimulated the mBAMs, which resulted in tetanic force genera-
tion. Contractions of the mBAMs were acquired using a motion tracking system, and forces were
calculated from maximum bending deflection of microposts based on their dimensions and the
elastic modulus of PDMS. This system was utilized to screen various doses of 31 muscle weakness–
and/or muscle loss–attenuating compounds as potential treatments for Duchenne muscular dys-
trophy patients, and 11 compounds were identified that significantly increased tetanic force. The
assay also identified beneficial and disadvantageous interactions of combinatorial therapies pre-
scribed to some Duchenne muscular dystrophy patients.

Although this system is semiautomated and potentially high throughput, one caveat is that
myosin heavy chain profiling revealed that the engineered tissues appear to have a neonatal (i.e.,
rather than adult) phenotype (278), and hence, they might be more appropriate for testing drugs
for younger patients. Another potential limitation is that loss of dystrophin also affects muscle’s
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surrounding connective tissue, innervation, and vasculature (295), whereas this system permits
analysis only of muscle. Consequently, the system would be unable to detect the beneficial effects
of drugs acting as antifibrotic agents, through the vasculature and on the inflammatory response,
as well as compounds designed to minimize contraction-induced membrane damage. Finally, as
disease phenotypes in animals and humans are different, it will be necessary to incorporate human
cells into this disease model in the future.

Promoting Tissue Maturation

A major challenge in skeletal muscle tissue engineering is myogenicity and the induction of adult
phenotypes, as myotubes are generally arrested in an early developmental stage in vitro. Several
forms of stimulation can be utilized chronically for tissue maturation, including electrical stim-
ulation to mimic neuronal activity (296) and magnetic (297) and mechanical (298–300) means.
Different outcomes in response to stimulation are to be expected from different cell sources—for
example, between primary cells and cell lines (296) and between different fiber types even of the
same origin (301). Use of the variety of transcription factors involved in myogenesis, the growth
factors that negatively or positively affect them, and other biochemical cues also can be pursued as a
means to modulate myogenesis. Optical stimulation offers a few advantages over electrical stimula-
tion, including high spatiotemporal resolution for actuation, better flexibility for excitation under
physiological conditions, and lack of toxic byproducts. In addition, because it is minimally invasive,
the stimulus pulses do not damage the tissue, whereas this can be a problem with other meth-
ods that require prolonged-duration and high-magnitude electrical stimulation (275). Although
optogenetics was recently shown to be applicable for controlling skeletal muscle (275, 302), the
use of chronic optical stimulation for maturation of skeletal muscle has not yet been reported
and may offer a suitable substitute for in-culture electrical stimulation. Contactless electrodes
have also been developed to eliminate issues involved with direct electrical stimulation, including
contamination, electrode corrosion, and hydrolysis and heating of the culture medium (303).

The choice of cell source is of high importance for promoting muscle differentiation. The
most common skeletal muscle cell sources so far have been the mouse C2C12 and rat L6 cell lines;
however, these have the drawbacks of any immortalized cell line (e.g., genetic abnormalities).
Primary murine cells also have been used, but ultimately, primary human muscle cells should be
more predictive for studies of disease mechanisms and screening of drugs. For example, whereas
in most rodent skeletal muscles the myosin heavy chain IIb is the predominant motor protein, it is
expressed in only a small number of muscles in adult large mammals (304). Importantly, primary
human myoblasts recently have become available from a few commercial vendors, but they are not
well characterized (305, 306). Because the differentiation potential of primary skeletal myoblasts
drops rapidly after a few population doublings in culture (291), low passage numbers must be
used to achieve optimal tissue maturation, which can result in higher costs. There are other cell
types with myogenic potential (307) that also can be considered; however, advancement of this
field will require accessible diseased human cell sources and the ability to derive mutation-specific
myoblasts from humans (308) or to generate them from human iPSCs.

Incorporating Neuromuscular Interactions

Part of the challenge in inducing maturation in vitro might be due to lack of innervation, as
neuronal activity is known to influence muscle maturation (309–312), expression of myosin iso-
forms, and phenotypic transition into different fiber types (313–315). Toward that end, functional
neuron-muscle constructs have been formed in vitro on a silicon-based cantilever system (281) and
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in freestanding muscle constructs (282). Using this model, successful transmission and induction
of muscle contraction through the neuromuscular junction were demonstrated, as well as their
blockade. These systems also were used to elicit and measure changes in contractile response as a
function of the alteration of various exogenous factors (glutamic acid and tubocurarine), and hence,
they provide a functional readout of muscle contractility when stimulated via the neuromuscular
junction. These models could be used in the future to study the effects of muscle denervation,
innervation, and reinnervation as linked with mechanical functionality. They also could be ex-
tended to utilize diseased cells to produce skeletal muscle–motoneuron–neuromuscular junction
disease models, such as of amyotrophic lateral sclerosis and spinal muscular atrophy, and to serve
as functional assays for drug screening.

NERVOUS SYSTEM

General Challenges

Neurological disorders, including epilepsy, Alzheimer’s disease (AD), schizophrenia, Parkinson’s
disease (PD), amyotrophic lateral sclerosis (ALS), autism, stroke, and brain injuries, affect up to
one billion people worldwide (316), yet there are a limited number of successful therapeutics. The
complexity of the human brain makes it difficult to study brain disorders, as it contains 86 billion
neurons and 85 billion nonneuronal cells unevenly distributed throughout various brain regions
(317). The variability of cell morphology, size, functions, connections, and gene expression is
also greater than that seen in any other organ (e.g., there might be ∼700 types of neurons in the
hippocampus alone) (318, 319). Given the complexity of this organ, the challenge of designing an
effective in vitro model is huge.

One of the major challenges in developing effective in vitro models of neurological disease is
quality control: Which cell-based measurements are most relevant to define a clinically relevant
diagnosis? How can those be implemented into an in vitro model? How do we analyze a psychiatric
disease mechanism in vitro? However, there are some places to start. For example, schizophrenia
patients show a disturbance in the synchrony of gamma oscillations (320), which possibly could
be observed using MEAs in vitro. A decrease of glutamic acid decarboxylase 67 (GAD67) mRNA,
γ-aminobutyric acid (GABA) receptor α subunits, and μ opioid receptors has been observed
in schizophrenic patients in the dorsolateral prefrontal cortex, in layer 3 in a specific subset of
neurons (321). The measurement of these molecular players could be used to qualitatively analyze
and validate in vitro schizophrenia models. PD is diagnosed postmortem by the presence of
Lewy bodies, which are composed of α-synuclein, and the loss of dopaminergic neurons (322).
Detection and quantification of α-synuclein and neuronal loss could therefore be used as qualitative
measurements for an in vitro model of PD.

The biggest challenge, however, will be developing ways to provide readouts of “cognition” in
an in vitro system. The major function of the brain is to process and interpret information, and
an accurate in vitro model needs to replicate this capability in some way. Interestingly, 2D rat
neuronal cultures on MEAs have been used to control the behavior of a computer-generated animal
(animat) using distributed patterns of neural activity. Electrical feedback to the neuronal network
is provided by a computer, acting as the animat’s sensory system (323). The neuronal networks
also were used to control the flight of a simulated aircraft; in this case they were stimulated with
high-frequency inputs to produce a system in which the living neuronal network would “learn”
to control an aircraft for straight and level flight (324). Another group established bidirectional
communication between a neuronal network and a mobile robot. The neural activity was decoded
into motor commands for the robot, and the sensory signal from the robot was translated into

228 Benam et al.



PM10CH08-Ingber ARI 2 December 2014 10:14

a pattern of electrical stimulation (325). By developing in vitro standards of healthy cognitive
output, such as these, it may become possible to create and analyze models of neurological disease
in vitro.

The ability to study diseases of the brain in vitro and observe disease-relevant phenotypes also
depends on the ability to produce neuronal cultures of defined cellular composition. Recently,
protocols have been developed that induce rapid and virtually complete neural conversion of
human iPSCs. When combined with engineered in vitro systems, this ability is beginning to have
a great impact on disease models, as described below.

Microcephaly

Microcephaly is a neurodevelopmental disorder that is usually defined as a reduction in brain
size. To date, the understanding of cause and mechanisms is very limited (326), and no treatment
is available yet. Human pluripotent stem cell–derived cerebral organoids have been used to
study human brain development and developmental brain diseases, including microcephaly (327,
328). For example, when neuroectodermal tissues that self-organized from embryoid bodies
were cultured within 3D Matrigel droplets and maintained in a spinning bioreactor to enhance
nutrient absorption, rapid development of cerebral organoids resulted (Figure 7) (328). Neural
identity was detected after only 8–10 days and defined brain regions formed after 20–30 days
in culture. During intervening stages (15–20 days), the cerebral organoids contained a large
continuous neuroepithelium surrounding a fluid-filled cavity reminiscent of a ventricle, with
characteristic apical localization of neural-specific N-cadherin. The brain tissue reached its
maximal size (∼4 mm in diameter) by 2 months, and this tissue survived for at least 10 months
when maintained in the spinning bioreactor (328). The limit on organoid size was likely due to the
lack of a circulatory system and limitations in oxygen and nutrient exchange. As a result, extensive
cell death was observed in the core of these tissues; however, various brain regions reminiscent
of the cerebral cortex, choroid plexus, retina, and meninges formed along the exterior.

Interestingly, although small embryoid bodies were obtained when similar experiments were
carried out with iPSCs derived from skin fibroblasts of a patient with microcephaly, they failed to
develop under the same neural induction conditions unless an increased number of initial iPSCs
were utilized (328). This modification allowed the formation of neuroectoderm and subsequently
of neural tissue; however, the neuroepithelial tissues that formed were smaller and had only very
few progenitors, and they exhibited a larger degree of neuronal outgrowth when compared with
control tissues. These overall smaller neural tissues mimicked the reduced brain size seen in
microcephalic patients.

Use of this cerebral organoid model revealed that the loss of a protein implicated in micro-
cephaly pathogenesis, called CDK5RAP2, leads to premature neural differentiation at the expense
of progenitors (328). Thus, this technique, which combines the powerful self-organizing abilities
of human iPSC-derived neuroprogenitor cells with 3D culture, offers a new way to investigate
human neurodevelopmental processes in vitro. To be most useful, this approach will need to
be modified to overcome the lack of a circulatory system and the oxygen and nutrient exchange
limitations that appear to restrict 3D tissue growth and survival. Nonetheless, it is a powerful
new approach to investigate human neurodevelopmental disorders, especially when using iPSCs
isolated from patients with differing and well-defined genetic backgrounds.

Parkinson’s Disease

PD is an incurable neurodegenerative disease that causes movement-related symptoms such as
shaking, rigidity, slowness of movement, and difficulty with walking as well as cognitive and
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Figure 7
Cerebral organoid culture system. (a) Schematic of the culture system and in vitro manipulations used to
induce hPSCs to form cerebral organoids. Abbreviations: bFGF, basic fibroblast growth factor; hESC,
human embryonic stem cell; hPSC, human pluripotent stem cell; RA, retinoic acid. (b) Neuroepithelial
tissues generated using this approach (left) were larger and more continuous and exhibited large fluid-filled
cavities and typical apical localization of N-cadherin (arrow) compared with tissues grown in stationary
suspension without Matrigel (right). (c) Immunohistocytochemical analysis revealed that the organoids
exhibited complex tissue morphology with heterogeneous regions (arrow) containing neural progenitors
(SOX2, red ) and neurons (TUJ1, green). (d ) Low-magnification bright-field images reveal fluid-filled cavities
reminiscent of ventricles (white arrow) and retina tissue, as indicated by retinal pigmented epithelium (black
arrow). All scale bars are 200 μm. Figure modified with permission from Reference 328.
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behavioral limitations ultimately resulting in dementia. The symptoms result from the death of
dopamine-generating cells in a brain region called the substantia nigra, possibly initiated by the
abnormal accumulation of α-synuclein protein in the form of Lewy bodies (322, 329). The human
neuroblastoma SH-SY5Y cell line has been widely used as an in vitro model for PD, because these
cells possess many characteristics of dopaminergic neurons, including the ability to synthesize
dopamine and noradrenaline, as determined by the expression of tyrosine hydroxylase and
dopamine β-hydroxylase. They also express the dopamine transporter that regulates dopamine
homeostasis, which is expressed only in dopaminergic neurons in the central nervous system
(CNS) (330–332). Furthermore, dopaminergic phenotypes can be induced in these cells using
retinoic acid, brain-derived neurotrophic factor (BDNF), or staurosporine. These cells also can
be driven toward a PD-like state by coadministering neurotoxins, such as MPP+, 6-OHDA, or
rotenone (330). The disadvantages of these conventional 2D culture models is that only neuronal
cell behavior can be investigated, and the complexity of cell-cell interactions and higher-order
brain architecture are neglected; as a result, these cell lines do not reliably mimic cell phenotypes
observed in vivo. In the future, this approach might be advanced by including astrocytes in
coculture with neuronal cells (potentially using patient-derived cell types) and by live cell imaging
techniques and metabolic readouts to identify the mechanisms of dopamine-generating cell
death; it also might be combined with engineered microsystems that enable analysis of cell-cell
interactions and creation of electrically connected neuronal networks (333–335).

Alzheimer’s Disease

AD is an incurable neurodegenerative disease accompanied by neurofibrillary tangles and
β-amyloid plaques, ultimately leading to neuronal loss (336, 337). Symptoms include decreased
memory abilities (eventually resulting in dementia), confusion, irritability, aggression, and mood
swings. Diagnosis of AD is usually confirmed with tests that evaluate behavior and thinking abil-
ities, followed by a brain scan (computed tomography, magnetic resonance imaging, or positron
emission tomography), but a definite diagnosis is only possible postmortem (337). Research on AD
is hampered by a lack of suitable in vitro models. Commonly used cell models do not include axons,
synapses, or human proteins (e.g., tau), which are all implicated in the pathology of AD (338).

In an effort to develop an improved in vitro model for AD, human neuroblastoma SH-SY5Y
cells were pretreated with retinoic acid for 1 week in conventional culture before being trans-
ferred into 3D culture in an ECM gel composed of laminin, type IV collagen, heparan sulfate
proteoglycan, and entactin and supplemented with BDNF, neuregulin, nerve growth factor, and
vitamin D3 (338). This resulted in development of cells with neuronal morphology, expression
of several neurospecific markers, formation of synapses, and axonal transport. It also induced ax-
onal expression of mature tau protein isoforms, which reached levels found in adult human brain,
making this a valuable and improved in vitro model for AD. In a separate study, cells from a
neuroepithelial stem cell line derived from human iPSCs were cultured within a commercially
available soft hydrogel (BD Biosciences/Corning Inc.) composed of laminin and a peptide that
self-assembles into nanoscale fibers to mimic the 3D neuronal environment. These 3D culture
conditions resulted in induction of in vivo–like responses related to AD, such as increased levels of
p21-activated kinase activity and a higher degree of colocalization of F-actin and drebrin, which
cannot be recapitulated with conventional 2D cultures (339). Thus, these studies suggest that the
presence of a 3D physical microenvironment and selective biochemical initiators may provide a
better platform to recapitulate in vivo aspects of tissue organization and thereby promote physi-
ological neuronal properties reminiscent of AD (340). The problem, however, is that it is much
more difficult to analyze functional responses in 3D cultures than in 2D systems (e.g., both of
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these studies were solely evaluated by fluorescence imaging and Western blot analysis), and thus,
the full value of these models will require development of new types of functional readouts.

Amyotrophic Lateral Sclerosis

Motor neuron loss in the spinal cord and motor cortex is the key feature of the incurable neu-
rodegenerative disorder ALS, which is characterized by progressive weakness, muscle atrophy,
paralysis, and death (341). No test can provide a definite diagnosis of ALS; instead, diagnosis is
primarily based on the symptoms and signs observed in the patient and a series of tests to rule out
other diseases (342). One of the main challenges in the ALS research field has been the lack of
a robust supply of human motor neurons carrying the genes responsible for this condition. But
in 2008, iPSCs were generated from skin fibroblasts of an 82-year-old woman suffering from a
familial form of ALS. These iPSCs were successfully directed to differentiate into motor neurons
and glial cells, the cell types implicated in ALS pathology, opening up a new experimental path
to carry out mechanistic studies and explore cell replacement therapies (343). Another challenge
that this approach might help overcome is that whereas most past work on ALS pathophysiology
has involved studies of the familial form of ALS, more than 90% of ALS patients are afflicted by a
sporadic form of the disease, arising from interactions between genetic and environmental factors
(344). So far it has been impossible to investigate this type of disease with an in vitro model; now,
with the availability of patient-derived iPSCs, it may be achievable. The iPSCs generated from
patients with sporadic ALS would carry the precise constellation of genetic information associated
with the pathology of the disease in that patient (343).

Autism

Autism spectrum disorder (ASD) is a neurodevelopmental disorder characterized by social deficits
and communication difficulties as well as repetitive behaviors and cognitive delays. Little is known
about the pathophysiological mechanisms leading to ASD (345), and specific diagnosis is chal-
lenging. This disorder cannot be fully recapitulated in animal models, and relevant models need to
focus on early development, when genetic and environmental insults are thought to be causative
in this disease (346). A human neural progenitor system developed from human fetal brain tis-
sue was analyzed by whole-genome profiling to assess the functional genomics of both normal
human neuronal development and autism (347). This study showed that during differentiation of
normal human neural progenitors derived from early human embryos (8–19 gestational weeks),
many genes and signaling pathways linked to ASD are highly coexpressed, including CBS, DLX2,
RIMS3, and PRKCB1. Furthermore the expression of some of these genes is modulated during
neuronal differentiation, implying that ASD has a neurodevelopmental origin. It is also possible
to study ASD in a dish using patient-derived iPSCs, which enable analysis of various syndromic
forms of ASD and their individual pathophysiology. The identification of phenotypes in human
iPSC-based models of ASD has been achieved in four forms of ASD with known single-gene
defects: Rett syndrome (MECP2), Phelan–McDermid syndrome (SHANK3), Timothy syndrome
(CACNA1C), and fragile X syndrome (FMR1).

In the case of human iPSCs from Rett syndrome patients, significantly reduced cell soma and
dendritic branching was demonstrated, as well as reduced frequency and amplitude of miniature
excitatory and inhibitory postsynaptic currents (348). Human iPSCs from Rett syndrome patients
also displayed fewer puncta (a presynaptic marker of excitatory synapses), which suggests that there
might be an overall reduction in synapses in these patients (345). Human iPSCs from patients with
Phelan–McDermid syndrome show significant deficits in excitatory synaptic transmission (349).
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Cortical-enriched neuronal populations differentiated from human iPSCs from patients with
Timothy syndrome exhibit action potentials wider than those of control cells, in addition to a
loss of CaV1.2 channel inactivation. An increase in sustained intracellular calcium rise following
membrane depolarization further suggested a deficiency in calcium signaling in these neurons
(345, 350). Both neurite number and length were reduced in neurons derived from human iPSCs
from patients with fragile X syndrome, a phenotype that resembles that seen in human fragile
X syndrome postmortem tissue (345, 351, 352). However, a major challenge to modeling ASD
is that it has not yet been possible to use human iPSC differentiation strategies to generate the
neurons of the middle to upper cortical layers that form the intracortical circuitry that is often
perturbed in ASD. More recent differentiation protocols have begun to address neuronal region
specificity (353, 354), so it might be possible to overcome this limitation in the future. For exam-
ple, there are modified neural differentiation protocols that enable the derivation of specialized
neuronal precursor and mature neuron populations, including floor plate precursors, midbrain
dopaminergic neurons, and cortical neurons (355–357).

Another challenge is that it currently takes a long time (2–4 months) to differentiate iPSC-
derived neurons to the point where they exhibit a level of neuronal connectivity that allows
study of synaptic physiology. In particular, given that defects in neural synchrony of oscillatory
activity are associated with neuropsychiatric disorders including ASD (358), there is significant
interest in establishing in vitro neuronal cultures capable of supporting synchronous neuronal
activity. Culturing cells on MEAs allows repeated measurements of differentiated cells in culture
over time and could be used by investigators to study and optimize cell maturation kinetics.
But the key to understanding the pathophysiology of ASD is the creation of robust disease-
relevant cellular models. This will require multiple efforts, including establishment of human
iPSCs from biopsy material from ASD patients with different genetic backgrounds and from
control individuals; genetic engineering of normal human iPSCs to generate sets of lines with
targeted ASD-relevant genetic defects; development of robust, standardized, efficient, and relevant
neuronal differentiation protocols; and development of better definitions of ASD-related cellular
phenotypes upon which corresponding cellular assays can be built (345).

Central Nervous System and Spinal Cord Injury

Worldwide, 130,000 survivors of spinal cord injury are reported each year (359), but the majority
of those survivors are left paralyzed, with no restorative treatment available as yet (360). Neurons
fail to regenerate after injury, because of several inhibitory processes that become activated fol-
lowing injury (360). Researchers are trying to unravel these processes with the aim of enhancing
regenerative capacity and functional regrowth.

Components of the brain ECM, such as hyaluronan, chondroitin sulfate proteoglycans (e.g.,
aggrecan, versican, brevican, and phosphacan), tenascins, and link proteins (361), are altered after
CNS injury and are believed to contribute significantly to inhibition of axonal regrowth and
myelin repair (362). Because proteoglycans that contain chondroitin sulfate glycosaminoglycan
(CS-GAG) side chains are upregulated in the CNS after injury (363), chicken dorsal root ganglion
cells were seeded into agarose gels containing differently sulfated GAGs (aggrecan, hyaluronan, or
chondroitin) (363). CS-4,6 GAG, which is upregulated in astroglial scar in vivo, inhibited neurite
outgrowth similarly to aggrecan, which is a known inhibitor of nerve process extension (363). This
3D in vitro model revealed that specific forms of CS-GAG have different functions in the CNS after
injury, and that their sulfation state is critically related to their ability to inhibit axonal regeneration.

In another study, Cullen et al. (364) developed a 3D tissue engineered system to improve stem
cell transplantation for CNS injury. Rat neurons were cocultured with rat astrocytes in Matrigel
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and subjected to mechanical loading or to treatment with TGF-β1 to induce astrogliosis, a process
associated with CNS injury in vivo. Mouse neural stem cells, which were delivered to the injured
coculture, exhibited the highest survival rates when implanted in a methylcellulose-laminin scaffold
(364). These findings suggest that it might be beneficial to use a tissue engineering approach to
target neural stem cell delivery, as this can improve donor cell survival (364).

It has been difficult to study glial scar formation, which also inhibits axonal regeneration after
injury in vivo, using 2D cultures because astrocytes in a monolayer are constitutively activated. A
3D type I collagen gel system was developed that maintains rat astrocytes in a more quiescent state
than in monolayer cultures, thus mimicking their behavior in the undamaged CNS (365). Addition
of TGF-β1 to the astrocytes cultured in these 3D gels resulted in their activation in vitro (365),
mimicking the reactive astrogliosis seen in vivo after injury. This 3D culture system therefore
provides a potentially powerful new tool for the investigation of CNS damage and repair.

Schizophrenia

Schizophrenia is a mental disorder characterized by delusions, paranoia, hallucinations, disor-
ganized thinking, lack of emotion, and lack of motivation (366). Genetics, early environment,
neurobiology, and psychological and social processes appear to be important factors contribut-
ing to disease onset and progression, but the mechanisms underlying the disease remain poorly
understood (366, 367). Multiple studies have generated iPSC-derived neurons from fibroblasts
isolated from patients diagnosed with schizophrenia by using conventional induction protocols
(368, 369). It is also possible to directly convert human fibroblasts into mature induced neurons
without passage through an intervening pluripotent state by overexpressing BRN2 and MYTL1
and adding microRNA-124 or NEUROD2, and similar results have been obtained by expressing
ASCL1 and MYTL1 and adding microRNA-124 and microRNA-9/9 (368–370).

Importantly, researchers observed reduced activity and altered gene expression profiles in hu-
man iPSC-derived neurons from schizophrenic patients (369) and identified a number of new
pathways that may contribute to schizophrenia (369). However, because this method bypasses
neuronal development, it is not possible to use these cells to analyze neural cell migration, spec-
ification, or maturation, which may be critical to the progression of this disease. Furthermore,
because this method results in terminally differentiated neurons that do not proliferate, the total
amount of cellular material available for analysis is limited.

Another method, which results in formation of induced neural progenitor cells (iNPCs) from
fibroblasts, better recapitulates neural development and offers a virtually limitless supply of neurons
for models of psychiatric disorders. iNPC technology provides a fast and robust protocol to obtain
proliferative neural precursors and generate more homogeneous populations than are possible
with current induced neuronal differentiation methods; however, development of new strategies
that permit patterning of specific regional identities also will be critical (371). Analysis of iNPCs
derived from human iPSCs taken from one schizophrenic patient revealed a 2-fold increase in
extramitochondrial oxygen consumption as well as elevated levels of reactive oxygen species (372).
Together, these studies offer an excellent proof of concept that reprogramming-based in vitro
disease models can be used to study cellular alterations in schizophrenia; however, the relevance
of these alterations to disease phenotype remains unclear.

Adding 3D Complexity

Although great effort has been put into developing in vitro human brain models using iPSCs as
well as 2D and 3D gel culture systems to model psychiatric and neurodegenerative disorders,
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significant hurdles remain. Examples of challenges include coupling the brain to the vasculature;
increasing the complexity in terms of cell type variety, axonal directionality, and structure-function
relationships; and developing quantitative readouts that scale with in vivo brain functions and are
relevant to the modeled disease. Whereas existing in vitro 2D neuronal cell culture models are
accessible to analysis using microscopy and MEA analysis, 3D models are not yet amenable to
these techniques. Methods have been developed to make large (1 × 1 mm) pieces of transparent
brain tissue (the CLARITY project) (373), which could be integrated into 3D cultures; however,
microscopes and objectives must be modified to fluorescently visualize cells and molecules within
these tissues. The controllability and reproducibility of 3D models and cerebral organoids also
need to be improved.

One major limitation of most of the current models is that they fail to combine different
types of neurons, incorporate myelinated nerves (374), or establish cocultures of neurons with
astrocytes in vitro. Control of axonal growth should be improved and directed to create defined
neuronal network structures, for example, using axonal diodes or engineered channels that guide
axons controllably in a specific direction (334). More appropriate brain ECM substrates should
be incorporated in 2D and 3D in vitro models as well, because the brain ECM is unique and
its importance for injury responses is well recognized. For example, in one recent study, a more
complex 3D gel composed of type I collagen and hyaluronan produced a 70% increase in the
number of neurons generated from embryonic mouse brain progenitor cells, compared with a 14%
increase when the same cells were placed in 2D culture (375). In another study, a 3D millimeter-
sized neural network was developed and then assembled with other, similar structures to create a
complex 3D architecture containing broad neural networks that connected different brain regions
(376). This was achieved not with a scaffold or hydrogel, but by culturing a massive amount of
neurospheroids that were formed by cells from specific rat brain regions. This system promoted
the formation of complex millimeter-scale axonal extensions through the 3D cellular construct
that have not been observed in 2D cultures (376). It will be interesting to integrate normal and
diseased human neuronal cells into such complex 3D systems.

CARTILAGE

Osteoarthritis

One of the most devastating diseases of cartilage is osteoarthritis (OA), which is the most common
type of arthritis. It is a complex chronic inflammatory and metabolic disorder that results in
breakdown of cartilage matrix, and it often involves adjacent synovium, underlying bone, and
surrounding connective tissues. The complex nature of the disease has hindered the development
of accurate disease models. Current in vitro OA models range from simple 2D monolayer cell
culture models in which chondrocytes are stimulated with proinflammatory cytokines (377) to
Transwell insert-based cocultures of chondrocytes and immune cells (378) to more elaborate 3D
animal or human engineered cartilage inflammatory disease models (379, 380). For example, to
generate an in vitro cartilage model, bovine articular chondrocytes were grown in a collagen sponge
with or without IL-1β, an inflammatory cytokine reported to mediate cartilage degradation in OA
in vivo (380, 381). In this model, IL-1β upregulated the degradative enzymes MMP1 and MMP3
and downregulated the ECM proteins COL2A1 and aggrecan (380). This 3D system enabled the
investigators to study the responses of chondrocytes to inflammatory cytokines; however, they
neither tested the ability of the platform to evaluate the efficacy of anti-inflammatory effects of
drugs in vitro nor addressed the integration of inflammatory immune cells such as macrophages
in the system.
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In a separate study, human cartilage exhibiting normal function—evident from expression of
the key matrix proteins aggrecan and type II collagen—was engineered in vitro by culturing adult
human knee chondrocytes for 4 weeks within a 3D scaffold fabricated from purified silk fibroin
in a differentiation medium containing TGF-β1, insulin, transferrin, fetal bovine serum, and R3-
IGF-1 (379). Addition of the proinflammatory cytokines TNF-α and IL-1β or of macrophage-
conditioned medium increased expression of MMP1 and MMP3, consistent with observations of
inflamed cartilage in vivo. One limitation of this study is that supraphysiologic levels of cytokines
were used and the chondrocytes were not cocultured in direct contact with macrophages. More-
over, the macrophages were generated by stimulation of an acute monocytic leukemia cell line
(THP-1) with lectin phytohemagglutinin, a nonspecific mitosis and activation inducer, rather than
derivation from freshly isolated human primary monocytes. However, chondrocyte hypertrophy
and loss of the sulfated glycosaminoglycans that are hallmarks of OA could be demonstrated in
this model, whereas they are not observed in conventional 2D cultures (379).

SKIN

Psoriasis

Psoriasis is a highly prevalent inflammatory skin disease that is clinically characterized by ery-
throsquamous plaques, and it presents with inflammation, disturbed epidermal differentiation,
and expression of SKALP/elafin, hBD2, and cytokeratin 6 (382). Traditionally, keratinocytes sub-
merged under basal medium supplemented with growth factors such as ethanolamine, phospho-
ethanolamine, bovine pituitary extract, insulin, hydrocortisone, and recombinant mouse epidermal
growth factor (rEGF) in 2D culture have been widely used to study psoriasis in vitro (382–384);
however, these systems lack the 3D microenvironment that is found in skin. More recently, signif-
icant progress has been made towards generating 3D engineered human skin tissue equivalents.
For example, in one human skin model, de-epidermized dermis and primary adult human ker-
atinocytes were submerged under medium for 4 days, and then the medium was removed and the
cells were cultured at an air-liquid interface for an additional 10 days (382). These skin constructs
exhibited normal, fully stratified epidermal tissue morphology and protein expression (e.g., high
levels of cytokeratin 10), as seen in normal human skin in vivo. Importantly, when this engineered
tissue was stimulated with inflammatory cytokines (IL-1α, TNF-α, and IL-6), a psoriasis-like phe-
notype was induced, as evidenced by elevated SKALP/elafin and hBD2 mRNA and protein levels.
Immune cells also were introduced into this in vitro disease model by placing activated human
CD4+ human T lymphocytes underneath the skin equivalent and allowing the cells to migrate
toward the epidermis for 4 days (385). The T cells produced IFN-γ, TNF-α, and IL-17 and in-
duced an activated inflammatory phenotype in keratinocytes, with elevated expression of proteins
(e.g., cytokeratin 16, hBD2, elafin) that are upregulated in psoriatic tissues. Importantly, when the
anti-inflammatory drugs all-trans-retinoic acid and cyclosporin A were added to the model, they
reduced expression of psoriasis- and inflammation-associated markers in the keratinocytes (385).

INFECTIOUS DISEASES

According to the World Health Organization, infectious diseases are the leading cause of death
worldwide. Some examples of in vitro infectious disease models have been described above in the
context of specific organ systems, and Transwell inserts linked by differentiated tissue-specific
cell monolayers are often used for this purpose (386–394). The 3D organoids that were used to
study intestinal infection by Salmonella Typhimurium and norovirus, formed from human A549
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lung epithelial cells that were cultured in ECM gels, also have been used to study Pseudomonas
aeruginosa pathogenesis (395). These 3D cultures displayed more relevant differentiation markers
than monolayer cultures, and interestingly, pathogenesis was less severe in the organoids, although
they secreted more cytokines. When human 5637 uroepithelial cells maintained in 2D and 3D
cultures were infected with the uropathogenic CP9 strain of E. coli, the infected cells grown in
monolayer were quickly obliterated, whereas the organoids were much more resistant to infectious
injury (396). Taken together, these studies suggest that various types of epithelial cells are much
more sensitive to infection by pathogens when they are maintained in 2D cultures than when they
are grown in 3D cultures that more closely mimic tissue differentiation and morphology observed
in vivo. However, all of these studies used established cell lines, and thus, it will be important to
determine whether similar results are obtained with human primary cells or iPSC-derived cells.

Microfluidic culture devices also have been used to model infections in vitro. Dynamic fluid
flow was shown to enhance adenovirus infection of human fibroblasts when compared with static
conditions (397). This flow-enhanced infectivity was leveraged to develop a higher-sensitivity
assay for vesicular stomatitis virus infection (398). Other microfluidic systems have been used to
study virus infection (188, 399); however, they have not yet been used to gain new mechanistic
insight into viral pathogenesis or host-pathogen interactions. Enterohemorrhagic E. coli has been
grown with a commensal E. coli biofilm that formed on HeLa cells cultured in a microfluidic device
(177). This study revealed that the commensal biofilm microenvironment is a key determinant of
enterohemorrhagic E. coli virulence.

Microfluidic devices containing very narrow microchannels have been used to investigate the
rigidity of Plasmodium falciparum–infected red blood cells and the role of this parasite in capillary
blockage (400). By varying the width of microchannels from 2 to 8 μm, the investigators showed
that flowing uninfected or early ring infected red blood cells (8 μm in diameter) were highly elastic
and could squeeze through the 2-μm channels. Trophozoite stages failed to freely traverse the 2-
to 4-μm channels, and schizont forms blocked even the 6-μm channels. Interestingly, opposite
results were found in Plasmodium vivax–infected red blood cells using a similar setup (401). A similar
microfluidic model was used to reproduce the interaction between malaria-infected red blood cells
and mammalian cells expressing ICAM-1 (402). These authors also modeled the phagocytosis of
infected erythrocytes by macrophages and found evidence of phagocytosis of uninfected cells,
consistent with human autopsy data.

CANCER

The lack of progress in finding effective treatments for cancer may be due, in part, to the lack
of accurate models that mimic the biological processes that occur in patients with this disease.
Conventional 2D cell cultures have provided great insight into the ability of tumor cells to grow,
but they do not provide information about the complex interactions between the cancer cells and
the physicochemical environment that exists within living tumors. For this reason, many groups
have explored the use of 3D in vitro models, and more recently, microfluidic devices have been
applied for this purpose as well. However, there are virtually as many different types of cancers
as there are organs, and each of them displays distinct behaviors. Thus, below we provide a few
pertinent examples of organ-specific in vitro models of cancer, as well as models of key processes,
such as angiogenesis and metastasis, that are shared by all.

Lung

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
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patients; these responses were not observed in 2D culture (403). A microfluidic chip equipped with
pneumatic microvalves was used to analyze the paracrine loop between human CL1-0 lung adeno-
carcinoma cells and human fibroblasts. Cytokines from the cancer cells stimulated the fibroblasts
to transform into myofibroblasts, which specifically produced cytokines that increased the migra-
tion speed of the cancer cells (404). A549 lung alveolar epithelial cells originally isolated from a
human lung tumor were cultured in a microfluidic device with growth medium and the anticancer
drug tirapazamine under various oxygen gradients. These studies demonstrated enhancement of
drug-induced cancer cell killing by hypoxia in vitro (405).

Breast

Breast cancer is often modeled in vitro using multicellular tumor spheroids, which are derived
from a collection of cells that aggregate under nonadherent culture conditions, or when placed in
ECM gels, to form 3D cellular masses in vitro. For example, normal breast epithelial cells form
hollow spheroids lined by polarized epithelium and surrounded by a basement membrane when
cultured in 3D ECM gels, whereas breast cancer cells form 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 resemble
those of tumor nodules, making them potentially valuable models of tumor initiation and growth
(406). This system has been leveraged, for example, to manipulate expression of potentially cancer-
relevant genes and then to determine whether those genes alter the ability of malignant MDA-
MB-468 breast cancer cells or nonmalignant MCF-10A cells to undergo acinar morphogenesis
(407, 408). In another recent 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 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
vitro (409). Importantly, when this same siRNA bound to nanoparticles was delivered through the
nipple into the breast ducts in the young transgenic mice, suppression of this gene was sufficient
to prevent breast cancer development even though cancer formation was still driven by an active
oncogene encoding SV40 T antigen in this model (409).

Phenotypes representative of malignant and benign breast tumors 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 metastasis (410). Using a laminin-rich gel, investigators
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, nonmalignant 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 models (411–413). 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 vivo (414).

Microfluidic devices have been used to investigate breast epithelial tumor cell–stroma interac-
tions. 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; this setup enabled an investigation of the role of stromal interactions in the transition to
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invasive ductal carcinoma (415). 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 type I collagen and Matrigel, respectively.
In this system, the RAW 264.1 cells invaded the gels when the breast cancer cells were cultured
within them, but not when the cells were absent (416).

Brain

A key aspect of this aggressive and persistent form of cancer is the high degree of vascularization
of the tumor, and for this reason, many in vitro brain cancer studies focus on interactions between
cancer cells and endothelial cells. 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 endothelial cells that were seeded through one fluidic channel adhered to the exposed
surface of the central fibrin gel. When highly malignant human U87MG glioblastoma multiforme
cells were cultured in the stromal cell culture channel on the opposite side of the fibrin gel, the
endothelial cells invaded the fibrin matrix within 24 h, apparently in response to the U87MG-
derived factors. Interestingly, the vascular sprouts did not grow in a direct path toward U87MG
cells, and instead, some sprouts appeared convoluted and aberrantly fused with adjacent vessels,
resulting in the formation of vascular patterns resembling those observed in certain brain tumors
in vivo (417).

Colon

Human LS174T colon carcinoma cells that were first cultured as spheroids have been cultured in
microfluidic devices and exposed continuously to flowing medium to mimic chemical gradients sur-
rounding blood vessels in the tumor microenvironment. This device was used to characterize the
transport differences between a passively diffusing therapeutic (doxorubicin) and actively penetrat-
ing vectors (Salmonella bacteria). The ability to quantify diffusion resistance will be essential for de-
veloping and tuning new tumor-penetrating therapeutics (nanoparticles, nanotherapeutics) (418).

Liver

A chitosan-alginate scaffold has been used to show accelerated growth of hepatocellular carcinoma–
derived cell lines in mouse models, as well as increased chemotherapy resistance in vitro compared
with conventional cultures (419). Comparison of hepatocellular carcinoma–derived cell lines in
static cultures versus dynamic microfluidic cultures has revealed that flow conditions support gene
and protein expression patterns more reminiscent of cells in the periportal zone of the liver,
whereas the cells in static culture display a perivenous-like phenotype (420). Distant metastases
are the major cause of cancer mortality, and the liver is a highly metastasis-permissive organ.
Microreactors combining human hepatocytes and nonparenchymal liver cells were used to support
the growth of prostate and breast cancer cell lines as well as primary breast cancer explants, which
in some cases were not supported by static cultures (421, 422).

Hematologic Cancers

Primary multiple myeloma (MM) has been difficult to propagate ex vivo because these cells
require the bone marrow microenvironment to grow (423). To sustain MM cell growth in
vitro, a 3D culture model was developed that reconstituted the composition of the in vivo bone
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marrow microenvironment (424). 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; this system
supported proliferation of MM cells 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 from osteoblast cells cultured within a perfused microfluidic device to recreate
the endosteal surface (425). 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; for exam-
ple, an osteoblast niche was engineered to maintain chronic myelogenous leukemia (CML) cells
in vitro (426). 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) than is possible in 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 marrow (427) can maintain acute myeloid
leukemia 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 with cells in 2D cultures (428).

Angiogenesis

Tumor angiogenesis is the growth of new capillaries that are required for supplying nutrients and
oxygen and removing waste products and hence are 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 are grown within the surrounding 3D ECM
(429, 430), and all the structures within the system have well-defined and controllable geometries.
This property is significant because, for the first time, the relationship between the geometry of
the initial (unsprouted) vessel and the location of the source of vessel growth factor signals could
be controlled and explored. It was found that vessel geometries and the location of the source of
growth factors (and, thus, the resulting diffusion patterns) dictate the location and morphology of
3D, sprouting endothelial cells, and that these parameters also influence the ability of angiogenic
inhibitors to antagonize the formation of filopodia.

Other on-chip angiogenesis models generate functional capillary networks that sprout freely
within a 3D matrix of stroma and ECM (431–433). Importantly, these in vitro angiogenesis models
enable high-resolution analysis and have provided new insights into the molecular mechanisms of
angiogenesis inhibitors, including how spatial patterns of diffusive gradients influence the position
of angiogenic sprouting (429–433).

The power of microfluidic systems—namely, the ability to multiplex—has been employed to
develop nearly identical human microtissues containing vascularized networks in a parallelized
PDMS platform. The fluidic layout, which connects the microtissue chambers, was designed
using a circuit analog such that each chamber may be observed in series or in parallel with respect
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to other chambers. This capability provides precise control of the chemical (e.g., growth factors)
and mechanical (pressure) microenvironment. Modulating the interstitial pressure greatly affects
the growth characteristics of sprouting vessels, a phenomenon that has been observed during
tumor angiogenesis in vivo but had not previously been recapitulated in vitro. Thus, the effects
of multiple microenvironmental variations on angiogenic responses can now be multiplexed and
studied on a single chip, providing a large amount of insight into the process of microenvironmental
perturbation to pathology in a short amount of time (434).

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 using more
sophisticated microfluidic devices, which permit analysis of more complex interactions between
tumor cells and other cells, as well as ECM, under physiological flow conditions. For example, a
microfluidics-based in vitro assay was developed that enables real-time visualization and quantifi-
cation of interactions between tumor cells and endothelial cells to mimic physiological processes
involved in tumor cell intravasation. Studies with highly invasive fibrosarcoma cells revealed that
treatment of the endothelium with TNF-α results in a higher number of 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
(435).

Prior to extravasation, tumor cells are believed to undergo mechanical deformation as they
squeeze through small capillaries before adhering to the endothelium and transmigrating through
the underlying basement membrane. This process was modeled in a microfluidic device by flowing
tumor cells through small (10 μm in diameter) channels of variable length; the more mechanical
strain a tumor cell experienced, the greater was its ability to adhere to the endothelium and the
higher its migration rate (436). 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 two-layered microfluidic device
in which a 0.4-μm polyester membrane separated the channels and the top of the membrane was
lined with 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 (437).

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 been developed to
analyze the specificity of human breast cancer metastases to bone by recreating a vascularized
bone-like microenvironment (Figure 8) (438). Osteodifferentiated human bone marrow–derived
mesenchymal stem cells were mixed with collagen solution, introduced into a microfluidic channel,
and gelled; 3 days later, endothelial cells were seeded 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 micrometastasis generation within a bone-like microenvironment in vitro. These
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Figure 8
Microengineered cancer metastasis model. (a) Osteodifferentiated human bone marrow–derived
mesenchymal stem cells (hBM-MSCs) (brown) were mixed with a collagen solution and gelled within a
microfluidic device. Endothelial cells (red ) were seeded 3 days later to generate a monolayer covering the
channel walls and the gel-channel interfaces. Cancer cells ( green) were introduced into the channel after 3
additional days of culture, and their extravasation ability and metastasis capacity were monitored for up to
5 days. (b) Top and front fluorescent microscopic views of the microfluidic device, showing that endothelial
cells (transfected with red fluorescent protein) completely covered the channel walls while the
osteodifferentiated hBM-MSCs were homogeneously distributed within the collagen gel; cells were stained
with DAPI (blue) and phalloidin ( green). (c) Alizarin red staining of calcium deposits (dark regions) within a
collagen gel in which the osteodifferentiated hBM-MSCs were cultured. (d ) Fluorescent microscopic views
showing that the osteodifferentiated hBM-MSCs secreted osteocalcin ( yellow) in the 3D microenvironment
(DAPI, blue; phalloidin, green). All scale bars are 50 μm. Figure modified with permission from Reference
438.
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studies demonstrated that coculture of cancer cells with osteoblast-like cells significantly increases
drug resistance, invasiveness, and angiogenic potential (439–441). Furthermore, the cancer cells
were observed to self-organize into microcolonies in these cultures, and this process was associ-
ated with a reduction in osteoblastic tissue thickness as well as an increase in osteoclastogenesis,
reminiscent of the vicious cycle of bone metastasis observed in vivo (441).

CONCLUSION

The inability of animal models to faithfully mimic many human diseases, combined with the
desire to be able to study disease under controlled conditions, has led to the emergence of a new
field at the intersection between pathology and tissue engineering that is focused on creation
of in vitro disease models. Models have been created that can be used to study facets of a large
range of different diseases that occur in virtually every organ system of the body. Many of these
models are still relatively simple; for example, Transwell inserts that merely permit culture of cells
at an air-liquid interface or culture of two different cell types separated by a porous membrane
probably remain the most commonly used experimental system. However, increasingly complex
and sophisticated models of human tissues and organs are being engineered and modified to create
unique disease models. A simple example is the way in which advances in our ability to engineer
heart tissues, and to measure electrical conduction as well as quantitate contractile stresses in real
time while carrying out high-resolution imaging in vitro, have opened up entirely new ways to
study how disease processes influence these structures and functions.

The application of microfabrication techniques has permitted construction of microfluidic sys-
tems with complex functionalities such that it is now possible to recapitulate organ-level structures
and to study, for example, how the alveolar-capillary interface of the lung responds to infectious
microbes or toxic particulates in vitro while immune cells are flowed simultaneously through a
capillary endothelium-lined vascular channel. Although these systems are still simplified, they
have led to new insights into the contribution of the mechanical microenvironment to disease
(e.g., pulmonary edema). Given that mechanical, chemical, and cellular components can be ma-
nipulated individually in these engineered systems, greater insights are likely to come as more
researchers embrace these technologies. Although most of the current in vitro disease models uti-
lize nonhuman cells or established human cell lines, primary cells and iPSC-derived cells isolated
from diseased patients and healthy cohorts are starting to be integrated into these systems. This
combination of tissue engineering with stem cell engineering has led to the development of new
models of neurological and heart disorders, for example, that recapitulate some of the hallmarks
of human disease. It also could be used in the future for personalized medicine and to enable per-
sonalized pathological investigations using living organ mimics rather than histological samples
of fixed organs.

Numerous challenges remain, however, because many diseases are chronic in nature, involve
complex interactions between different organs, and manifest at the whole-organism level. It will
be difficult to model all of these factors, but it might be possible to establish long-term cultures
(e.g., using controlled microperfusion devices in bioreactors or microfluidic devices) that could
recapitulate central features of particular chronic diseases. Given the key role of recruitment of
circulating immune cell and inflammatory responses in disease etiology, it is critical that these
components be integrated into engineered in vitro disease models, an achievement that is now
possible using microfluidic organ-on-a-chip devices. The function of all organs is also regulated by
humoral, neurogenic, and metabolic factors that can be accounted for only in whole-animal models.
That said, there are ongoing efforts in the organs-on-chips field focused on linking multiple
different engineered organs via fluidic coupling of their vascular channels to create a “human
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body–on–a–chip,” which could potentially be used to mimic some key features of system-level
disease states.

Because of their potential to faithfully mimic the functions of normal human tissues and organs
and to enable a new form of personalized medicine, engineered tissues and organs-on-chips have
captured the attention of the medical, pharmaceutical, chemical, and cosmetics industries as well
as government regulatory agencies (e.g., the US Food and Drug Administration and the US
Environmental Protection Agency). On the basis of the accomplishments we have reviewed here,
we believe that there is great potential to advance fundamental research into disease mechanisms
and to revolutionize clinical pathology as well.

DISCLOSURE STATEMENT

The senior author (D.E.I.) holds equity in Emulate, Inc., and consults as chair of its scientific
advisory board. The authors are not aware of any other affiliations, memberships, funding, or
financial holdings that might be perceived as affecting the objectivity of this review.

LITERATURE CITED

1. Seok J, Warren HS, Cuenca AG, Mindrinos MN, Baker HV, et al. 2013. Genomic responses in mouse
models poorly mimic human inflammatory diseases. PNAS 110:3507–12

2. Takahashi K, Yamanaka S. 2006. Induction of pluripotent stem cells from mouse embryonic and adult
fibroblast cultures by defined factors. Cell 126:663–76

3. Takahashi K, Tanabe K, Ohnuki M, Narita M, Ichisaka T, et al. 2007. Induction of pluripotent stem
cells from adult human fibroblasts by defined factors. Cell 131:861–72

4. Yu JY, Vodyanik MA, Smuga-Otto K, Antosiewicz-Bourget J, Frane JL, et al. 2007. Induced pluripotent
stem cell lines derived from human somatic cells. Science 318:1917–20

5. Ieda M, Fu JD, Delgado-Olguin P, Vedantham V, Hayashi Y, et al. 2010. Direct reprogramming of
fibroblasts into functional cardiomyocytes by defined factors. Cell 142:375–86

6. Pang ZP, Yang N, Vierbuchen T, Ostermeier A, Fuentes DR, et al. 2011. Induction of human neuronal
cells by defined transcription factors. Nature 476:220–23

7. Son EY, Ichida JK, Wainger BJ, Toma JS, Rafuse VF, et al. 2011. Conversion of mouse and human
fibroblasts into functional spinal motor neurons. Cell Stem Cell 9:205–18

8. Singhvi R, Kumar A, Lopez G, Stephanopoulos GN, Wang DIC, et al. 1994. Engineering cell shape
and function. Science 264:696–98

9. Chen CS, Mrksich M, Huang S, Whitesides G, Ingber DE. 1997. Geometric control of cell life and
death. Science 276:1425–28

10. Derda R, Musah S, Orner BP, Klim JR, Li L, Kiessling LL. 2010. High-throughput discovery of synthetic
surfaces that support proliferation of pluripotent cells. J. Am. Chem. Soc. 132:1289–95

11. Musah S, Morin SA, Wrighton PJ, Zwick DB, Jin S, Kiessling LL. 2012. Glycosaminoglycan-binding
hydrogels enable mechanical control of human pluripotent stem cell self-renewal. ACS Nano 6:10168–77

12. Shin SR, Jung SM, Zalabany M, Kim K, Zorlutuna P, et al. 2013. Carbon-nanotube-embedded hydrogel
sheets for engineering cardiac constructs and bioactuators. ACS Nano 7:2369–80

13. Martin I, Wendt D, Heberer M. 2004. The role of bioreactors in tissue engineering. Trends Biotechnol.
22:80–86

14. Huh D, Kim HJ, Fraser JP, Shea DE, Khan M, et al. 2013. Microfabrication of human organs-on-chips.
Nat. Protoc. 8:2135–57

15. Kolesky DB, Truby RL, Gladman AS, Busbee TA, Homan KA, Lewis JA. 2014. 3D bioprinting of
vascularized, heterogeneous cell-laden tissue constructs. Adv. Mater. 26:3124–30

16. Yadid M, Sela G, Amiad Pavlov D, Landesberg A. 2011. Adaptive control of cardiac contraction to
changes in loading: from theory of sarcomere dynamics to whole-heart function. Pflügers Arch. 462:49–
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