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Microfluidic devices allow for precise control of the cellular and noncellular mi-
croenvironment at physiologically relevant length- and time-scales. These devices
have been shown to mimic the complex in vivo microenvironment better than
conventional in vitro assays, and allow real-time monitoring of homotypic or het-
erotypic cellular interactions. Microfluidic culture platforms enable new assay de-
signs for culturing multiple different cell populations and/or tissue specimens under
controlled user-defined conditions. Applications include fundamental studies of cell
population behaviors, high-throughput drug screening, and tissue engineering. In
this review, we summarize recent developments in this field along with studies of
heterotypic cell-cell interactions and tissue specimen culture in microfluidic devices
from our own laboratory. © 2011 American Institute of Physics.
[doi:10.1063/1.3553237]

I. INTRODUCTION

Cell-cell interactions regulate organ function in both tissue homeostasis and disease by con-
trolling basic cellular functions such as survival/apoptosis, migration, proliferation, and differen-
tiation. These interactions can be homotypic or heterotypic, and depending on the intercellular
distance, can occur via multiple mechanisms,' such as direct physical contact,” diffusion of soluble
paracrine factors,’ electrical signal transmission,*” and transduction of mechanical cues® through
the surrounding extracellular matrix (ECM). During tissue regeneration, interactions between stem
cells and other cell types within the “niche” environment are essential to preserve stem cell
proliferative potential and multipotency.7 Cellular interactions among small groups of cells have
also been shown to control oocyte polarization through cell-cell receptor signaling, during the
developmental processes of body axes formation in Drosophila.8 In diseased tissues, cell-cell
interactions may become perturbed and this is crucial not only for disease initiation (e.g., neuro-
degenerative disorders’), but also during later stages of disease progression (e.g., cancer
metastasis'>'"). In vitro culture platforms designed to model, image, and measure these interac-
tions under healthy and diseased conditions will not only advance our fundamental knowledge of
these phenomena, but also enable drug discovery and high-throughput screening with time and
cost benefits.

Cells sense and adapt to a complex microenvironment in vivo, which consists of cellular and
noncellular components (ECM, biochemical, bioelectrical, and biophysical factors).'? Although in
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vivo studies have been carried out to monitor cell-cell interactions and cell signaling within their
native microenvironments, these studies are limited by expensive experimental manipulations
(e.g., animal models), lack of control over local experimental conditions, and complex imaging
setups.13 Study of cell-cell interactions in vitro is advantageous due to more tightly controlled
experimental conditions, higher experimental throughput, and lower costs. Among in vitro ap-
proaches, microfluidics has proven to be a powerful technology to study cell biology over the past
few years,m_17 offering significant improvements over traditional cellular assays such as user-
defined assay design and precise control of the cellular and noncellular microenvironment. In
particular, microfluidic cell culture systems have been designed with a wide variety of microchan-
nel dimensions and geometries18 for generating soluble and insoluble gradients, on-chip valving
and pumping through multilayer fabrication,”” and incorporation of membranes™ and three-
dimensional (3D) hydrogels21 for increased functionality. The first generation of microfluidic cell
culture devices enabled the study of cellular behaviors of a single cell type under well-defined
biochemical gradients,18 shear stress,20 and cell-ECM interactions in three dimensions.>?

Developing next generation microfluidic devices to investigate cell-cell and cell-ECM signal-
ing is highly desirable due to the ability to integrate multiple cell types and controlled microen-
vironments at physiologically relevant length- and time-scales. New microfluidic assays for cell-
cell signaling should enable user-defined control of the distance and type of interaction between
different cell populations, along with spatiotemporal delivery of biochemical and biophysical
stimuli indiVidually21 or combined”*** to different cell populations. Furthermore, integration
with quantitative assays for measuring the intracellular (e.g., fluorescent calcium dyeszs) and
extracellular [e.g., ELISA (Ref. 26)] signals will be critical for obtaining dose-response curves and
validating the results against traditional assays. Advancing the state-of-the-art microfluidic plat-
forms for modeling, measuring, and imaging cell-cell signaling will be important to improve our
understanding of the effects of homotypic and heterotypic cell-cell interactions on fundamental
cellular behavior, tissue morphogenesis, and disease. Furthermore, it may provide tools for the
development of ‘“surrogate organ” platforms for preclinical drug27’28 and toxicity testing, and
clinical diagnostics assays of individual patient samples, as an early step toward personalized
medicine.

In the first section of this review, we present a brief overview of conventional and micropat-
terning approaches used to study cell-cell interactions. In the second part, we review the use of
microfluidic devices to recreate and monitor heterotypic cell-cell interactions and culture tissue
specimens, with applications in diverse areas such as vascular biology, tumor biology, liver and
neural tissue engineering, along with some recent data from our own laboratory. Finally, we
summarize the possible applications of the microfluidic cell-cell interaction devices and discuss
future research directions.

Il. CONVENTIONAL AND MICROPATTERNING APPROACHES

Cell-cell signaling is often studied using macroscale culture systems, such as Transwell as-
says, two-dimensional (2D) plating or 3D seeding of different cell populations, and addition of
excised tissues into existing cultures.”’ These assays are also termed as “macroscale culture as-
says” because of the inability to control cell plating and biomolecular transport at length-scales
down to a cell diameter. The Transwell assay includes a porous filter to allow for biomolecular
transport between two separate wells, where two different cell populations can be seeded. These
assays can only facilitate paracrine interactions between two cell populations because of a stiff,
nondegradable filter inhibiting direct contact, and have provided biological insight into the inter-
actions of a large variety of cell types such as neuron-astrocytes,30 tumor-endothelial cells,’’
fibroblasts-epithelial cells,” and fibroblasts-tumor cells.”> Other macroscale coculture strategies
have employed seeding different cell populations on a 2D substrate [Fig. 1(a)] (Ref. 33) or within
a biologically degradable 3D ECM [Fig. 1(c)],** and these platforms have enabled both paracrine
signaling and direct physical interactions of cell popul.'cltions.n’35 Most macroscale coculture stud-
ies have focused on the interactions between two cell populations as mentioned above, although
recently triculture systems have also been employed for the study of epithelial-fibroblast-adipocyte
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FIG. 1. Different configurations for studying paracrine and physical interactions between two different cell populations
(green and orange). Conventional macroscale approaches without intercellular distance control: seeding in (a) 2D and (c)
3D. Micropatterning approaches with intercellular distance control: (b) 2D and (d) 3D. Microfluidic cell culture of different
cell populations: (e) in 3D scaffolds under microenvironmental control and (f) for tissue specimen culture or forming
organized cellular structures.

interactions during human breast development,34 hepatocyte-hepatic stellate cell-endothelial cell
interactions recreating the liver microstructure,” and myoblast-embryonic fibroblast-endothelial
cells for skeletal muscle tissue vascularization.’’

Although these macroscale coculture assays have provided significant insights into how in-
teractions among different cell populations regulate cellular phenotype, a major limitation is the
lack of control over cell-cell distance and the degree of cell-cell interaction because they are based
on global seeding strategies. Furthermore, macroscale culture assays are usually not easily adapt-
able for live-cell imaging and do not offer the capability to create locally defined biochemical,
bioelectrical, and biophysical stimuli conditions, such as growth-factor concentration gradients
and shear stress imposed through blood or interstitial flow. In the following, we briefly discuss
microfabrication approaches which can overcome these limitations by providing control over
spatial distribution of cells in culture, resulting in better manipulation of homotypic and hetero-
typic cell-cell interactions.

Microfabrication technology has enabled the creation of patterned 2D surfaces [Fig. 1(b)] and
3D scaffolds [Fig. 1(d)] with improved spatial control over macroscale culture platforms. These
systems, termed “microscale” culture platforms, have been utilized to explore the effects of ho-
motypic and heterotypic cell-cell interactions on tissue functions with length-scales ranging from
tens to hundreds of micrometers. For a more detailed discussion, the reader is referred to the
papers by Bhatia et al.® and Kaji et al.¥ Hybrid coculture systems integrating both conventional
and microscale approaches have also been developed. For example, Torisawa et al® developed
coculture microarrays by using a polydimethylsiloxane (PDMS) stamp to create wells for seeding
two different cell populations. In micropatterned systems, the arrays of different wells are usually
fed by a single larger well, creating numerous challenges with respect to the cell seeding protocol
and the establishment of different test conditions in different wells.

As shown in Fig. 1, the assay configuration and dimensionality influences intercellular dis-
tance, which will in turn determine the mode of cell-cell interaction (e.g., paracrine or physical
contact) and the effective concentration of soluble factors sensed by both cell types.41 Compared
with micropatterned systems, microfluidic devices incorporate flow control and allow for spa-
tiotemporally user-defined delivery of cells within different channels or 3D scaffolds. Along with
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the capabilities to control and monitor biochemical and biophysical stimuli, microfluidic ap-
proaches offer a useful platform for developing new cell-cell interaction assays [Fig. 1(e)] and
organized cellular structures/tissue specimen culture [Fig. 1(f)] under controlled conditions, which
more accurately mimic the complex in vivo microenvironment.

lll. MICROFLUIDIC CELL CULTURE
A. Microfluidic cell culture: Advantages and challenges

The field of microfluidic cell culture has grown significantly over the past decade, and micro-
fluidic platforms are becoming very attractive for developing new biological assays, ranging from
single-molecule studies to tissue-level studies. Within the past three years, many new microfluidic
platforms have been custom-designed to improve traditional cell biology assays. A number of
advantages over traditional Petri dish culture make microfluidic platforms more attractive for cell
biology: (i) user-defined assay design, (ii) control of cell patterning/seeding and cellular microen-
vironmental factors at relevant length-scales, (iii) small reagent/media volumes, (iv) excellent
adaptability to imaging equipment, and (v) multiplexing capacities for applications in screening
assays. One area of microfluidic cell culture that has received considerable interest is microfluidic
gradient generators, which can expose cells to controlled biochemical stimuli. A wide variety of
device designs have been developed to precisely control the spatiotemporal distribution of bio-
chemical cues, soluble or patterned, on 2D surfaces to recreate biomolecular gradients with tun-
able concentration profiles and time-scales in 2D** or 3D environments.?'**~*® In addition to
biochemical factors, microfluidic devices integrating continuous flow conditions have been used to
expose cells to biophysical stimuli, such as controlled levels of shear stress and interstitial flow
through a 3D matrix.*’

Despite these advantages, cell culture in microfluidic devices is associated with a number of
new challenges that need to be taken into consideration. A majority of microfluidic devices are
fabricated from PDMS which can have two potential side effects on cell behavior: adsorption of
small hydrophobic molecules into the polymer and leaching of uncured PDMS oligomers into the
channels. In a recent study, Regehr et al.*® showed that uncured PDMS oligomers could be
detected on the cell membrane of cultured cells in the PDMS channels. Furthermore, these authors
used quantitative ELISA assays to demonstrate that a small hydrophobic molecule estrogen (272
Da) partitioned into the surrounding PDMS, which could have resulted therefore in a decreased
effective estrogen concentration available to the cells. Apart from the standard PDMS-based
devices, the use of biocompatible materials such as alginate, collagen, chitosan, and other hydro-
gels has received considerable interest, as reviewed by Domachuk et al.*® Furthermore, frequent
culture media change in microfluidic devices lacking continuous flow can become an issue, espe-
cially for large cell numbers or rapidly proliferating cells resulting in nutrients and oxygen
depletion.16 Media depletion can be eliminated by establishing fluid flow in the device, on-chip by
integrating a peristaltic pump, or by interfacing external flow devices.'® With respect to cell-cell
interaction assays, care must be taken in selecting the appropriate media for cocultures, efficient
cell seeding for optimizing cell viability, combining experimental results with computational mod-
els to predict and analyze transport of paracrine factors, and quantifying results with reproducible
image/data analysis.”’50 Results from microfluidic assays must be carefully interpreted in com-
parison to macroscale culture data due to the inherently different transport phenomena in micro-
fluidic and macroscale cultures.’®! In studies which require high-throughput screening of large
cell numbers, the hydrodynamic environment needs to be considered as discussed by Yin et al. 2552
In their studies, Yin ef al. demonstrated that the shear stress levels need to be appropriately tuned
in order to provide good quantitative agreement between intracellular calcium flux measurements
in single cell microfluidic assays and traditional well-plate assays.

B. Microfluidic studies of cell-cell interactions

Most studies have addressed the effects of biochemical and biophysical microenvironments on
a single cell type, referred here as “monoculture.” The flexibility of microfluidic device design
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FIG. 2. Microfluidic device for culturing mural cells and endothelial cells. (a) Coculture model including mural cells
(l()T%) and EC (HMVEC). (b) SMCs are cultured in the right channel and ECs are cultured in the center channel. The
presence of ECs increased 3D invasion of SMCs into the collagen type I ECM, while ECs become stabilized by the
presence of SMC (Ref. 21). (c) Adhered SMCs on the HMVEC monolayer, shown by a white arrowhead. Nucleus (DAPI,
blue) and actin filaments (rhodamine phalloidin; yellow). Green antibody staining indicates HMVECs.

enables multiple microchannels to be incorporated at user-defined physiologically relevant spac-
ings, allowing for culture of multiple cell types. Furthermore, 3D ECM environments can be
incorporated into these channels, while allowing for real-time imaging and control of the bio-
chemical and biophysical factors through the 3D ECM. In Secs. IIl B 1-III B4 and III C, we
review research in microfluidic device design for studying heterotypic cell-cell interactions and
tissue specimen culture, along with some relevant studies from our laboratory.

1. Mural-endothelial cell interactions

Mural cells refer to the pericytes and vascular smooth muscle cells (SMCs) which surround
blood vessels in the formation of a normal, mature vasculature. Vessel maturation requires various
angiogenic factors to assist endothelial cells (ECs) in forming cell-cell junctions and creating a
vessel wall containing mural cells.> Not only chemical factors (e.g., ANG-1, PDGF, TGF-8, S1P,
PIGF) but also mechanical stimuli (e.g., interstitial flow, smooth muscle activation) play an im-
portant role in vessel maturation and remodeling. However, lack of concise knowledge of mural
cells physical and paracrine interactions with ECs with respect to their matrix synthesis and
deposition potential suggests the need for a mural cell-EC coculture model. Earlier coculture
models between ECs and mural cells, which included direct coculture, coculture separated by
extracellular matrix and spheroidal coculture, suggested that ECs modulate the proliferation of
mural cells and that mural cells regulate EC quiescence.54’55 A 3D microfluidic coculture model
including ECs and SMCs was established by our group, enabling real-time monitoring and quan-
tification of 3D cell migration under controlled biochemical and biophysical conditions.”! This
coculture model enabled seeding of ECs and mural cells individually in different channels, allow-
ing for the establishment of test and control conditions simultaneously in the same experiment
[Fig. 2(a)]. The 3D collagen type I gel physically separates the initial populations of ECs and
mural cells but allows for paracrine communication between the two cell types via diffusion. Cells
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are capable of migrating through the 3D gel and physically interacting with each other, while still
maintaining their 3D morphology. Mack et al. used this platform to study the effect of endothelial
Kruppel-like factor (KLF) expression on SMC migration, which has implications in the biome-
chanical remodeling of blood vessels in response to shear stress.”' Quantification of SMC migra-
tion demonstrated that KLF overexpression on ECs reduced the number of invading SMCs into the
3D gel compared to the control EC condition and SMC monoculture, demonstrating that paracrine
signaling between EC/SMC regulates SMC 3D invasion.”’ We also investigated the effects of
SMC/EC interactions on EC monolayer stabilization and sprouting.”’ Results [Figs. 2(b) and 2(c)]
showed that (i) ECs formed a continuous monolayer in the microfluidic channel and could form
vascular sprouts into the collagen type I gel, (ii) SMC actively migrated toward the endothelial
monolayer [Fig. 2(b)], and (iii)) SMC migration was enhanced by the presence of ECs. Interest-
ingly, the presence of SMC precursor murine (IOT%) cells resulted in stabilized EC monolayers
[Fig. 2(c)], while the control side of EC developed a small number of sprouts distally from the
SMC. These two microfluidic studies suggest that bidirectional paracrine signaling controls not
only SMC invasion but also EC phenotype (sprouting or stabilized). To further investigate para-
crine signaling, an important extension of this work would be to study how SMC migration and
EC sprouting depend on their intercellular distance, as defined by the width of the 3D collagen
type I gel. Microfluidic systems integrating control over paracrine and direct physical interactions
between ECs and mural cells under controlled microenvironmental (e.g., shear stress) conditions
may also be utilized for improving scaffold vascularization, which is of critical importance in
tissue engineering applications.56 Finally, systems need to be developed that allow for vascular-
ization across the entire length of a 3D matrix so that the mural cell-EC interactions can be
observed in a more natural setting.

2. Hepatocyte-endothelial cell interactions

Vascularization of tissue-engineered constructs is still a key challenge in the field of liver
tissue engineering. Numerous 3D culture methods of hepatocytes have been previously
repoﬂed,57’60 which suggest that the supply of oxygen and nutrients by diffusion becomes limited
as hepatocytes are cultured in 3D and the cultured hepatocyte tissues become thicker. Since the
diffusion limit for oxygen is presumed to be ~100 wum,” cells in the tissues need vascular
networks to transport oxygen, nutrients, and metabolites. A detailed understanding of the
hepatocyte-endothelial cell interactions will have significant implications for developing improved
liver tissue engineering approaches.

We recently developed a hepatocyte-EC coculture model in a microfluidic device to investi-
gate the interactions between hepatocytes and ECs.?* The device has two microfluidic channels,
one in which hepatocytes were seeded, and a second seeded with ECs, separated by a 3D gel
region, which allowed for cell-cell communication and cell migration. First, hepatocytes were
introduced into the top channel [Fig. 3(a)], and they formed 3D tissues when they were exposed to
interstitial flow across the collagen gel between the top and the bottom channels. When ECs were
introduced into the bottom channel to initiate coculture, they migrated into collagen gel and
formed capillary networks extending toward the hepatocyte tissues in the top channel. This result
shows that hepatocyte-EC interactions promote EC capillary morphogenesis, since EC monocul-
ture under these conditions does not lead to sprout formation.

The coculture model described above can be extended to a triculture model in which hepato-
cytes, hepatic stellate cells (HSCs), and ECs are sequentially introduced in a controlled fashion
[Fig. 3(b)]. First, hepatocytes were seeded in one channel, and they formed 3D tissues similar to
that observed in hepatocyte-EC coculture. When HSCs were also introduced into the same chan-
nel, they migrated across the hepatocyte tissues, and some cells migrated into the collagen type I
gel. Finally, when ECs were seeded into the opposite channel to create the triculture model, they
extended into the collagen matrix to form vascular sprouts which developed into capillary net-
works within the gel. Results showed that hepatocytes formed 3D tissues adjacent to collagen gel
on day 9 [region 1, Fig. 3(b)], while HSCs extended cytoplasmic processes within the collagen gel
and intervened between the hepatocyte tissues and ECs on day 7 [region 2, Fig. 3(b)], and ECs
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FIG. 3. Microfluidic device for integrating different liver cells. (a) Coculture model including hepatocytes and EC.
Hepatocytes are cultured in the top channel in the figure and form 3D structures adjacent to the collagen type I gel between
the top and the bottom channels. ECs are cultured in the bottom channel, and they migrate into the gel to form capillary
networks. (b) Triculture model including hepatocytes, HSC, and EC. HSCs are introduced before adding ECs. Phase
contrast images show that three cell types behave differently in the different regions 1-3.

formed capillary networks extending toward HSCs and hepatocytes on day 6 [region 3, Fig. 3(b)].
Thus, it can be concluded that spatial and temporal control of cell seeding in a microfluidic device
results in controlled cellular morphogenesis depending on each cell type. This triculture model
could be further improved by the incorporation of 3D hydrogels which would provide for longer-
term cultures, minimizing cell-mediated gel contraction, for investigating potential modulation of
endothelial sprout formation by the hepatocytes and HSCs.

In a related study, a hepatocyte-HSC-EC triculture model was established using a conven-
tional culture technique,36 in which sequential layers of hepatocytes, HSC, and EC were created
with a microporous membrane. HSCs mediated the communication between hepatocytes and ECs
in terms of EC capillary morphogenesis. However, the role of HSCs on EC capillaries is still
unknown, and needs to be elucidated using methods such as the microfluidic triculture model
described above. One of the factors that limit the detailed study of these heterotypical cell inter-
actions is the difficulty in measuring the various factors being secreted from each cell type to
mediate the signaling. Since the medium volumes are so small, standard biochemical assays are of
limited value. The expression of factors with fluorescent labeling or scaffold-tethered probes
would be advantageous, but the development of these can be an arduous process even for a small
number of targets. Thus, identification of the critical signaling pathways remains a major hurdle.

3. Tumor-endothelial cell interactions

The interactions of tumor cells (TCs) with vascular ECs are critical for tumor progression as
well as for later stages of cancer metastasis.®’ These interactions include paracrine signaling of
angiogenic factors secreted from the tumor cells, especially during the initial stages of tumor
development, leading to the formation of new and leaky vessels.'? At later stages, once the TCs
invade toward the ECs, contact interactions including receptor-mediated processes become impor-
tant in heterotypic TC-EC adhesion and transendothelial migration.62_64 It is important to note that
the TC-EC interactions occur within the tumor microenvironment, including other metastasis
regulating factors such as cell-ECM contact, biophysical forces, and other host cells. Studying
these processes in vivo is difficult, while conventional in vitro cultures do not mimic the in vivo
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FIG. 4. Microfluidic device for recreating TC-EC interactions. (a) Schematic of the coculture model. (b) Brain cancer cells
(U87MG) are cultured in the right channel and microvascular dermal endothelial cells are cultured in the center channel.
U87MG invade into the collagen type 1 gel and approach the endothelial cells. (c) Protruding U87MG toward the endot-
helial monolayer. [(d) and (e)] Time-lapse images (fluorescent and phase-contrast) every 24 h of US7MG transmigrating
into EC channel. Transmigrated cell marked with blue arrowhead. Nucleus (DAPIL; blue) and actin filaments (rhodamine
phalloidin; yellow). Green staining indicates GFP expressing brain cancer cells.

conditions. Microfluidic devices allow for the integration of these critical microenvironmental
factors and cell-cell interactions, offering new cellular assays which can provide insight into how
cancer cell metastatic potential is influenced by these factors and their interactions.

Using controlled assembly of two complementary substrates,”> on which HeLa (cervical can-
cer) cells and human umbilical vein endothelial cells were seeded separately, Kaji et al.®® devel-
oped a coculture assay to study the effect of paracrine factors on cell migration of both types. In
a recent study from the same group, the authors incorporated flow control to investigate the
influence of paracrine signaling on cell behavior.”* The authors showed that flow from the ECs to
the TCs had no effect on the net movement of either cell type, whereas by switching flow direction
the ECs retracted and the TCs migrated into the empty space. Although the above work represents
a simple platform to study paracrine interactions, the cells were seeded on a 2D substrate, which
is a significant limitation for studying cell migration in the context of cancer invasion® and cancer
angiogenesis. By integrating flow-control and an endothelial monolayer on a microfluidic channel,
Song et al” presented a novel system to model TC adhesion on ECs during blood-borne metasta-
sis. Their system enables spatially restricted basal cytokine stimulation of the endothelial mono-
layer seeded on a porous membrane. The authors showed that either basal addition of CXCL12 or
increasing shear stress from 0.5 to 2.5 dyn/cm? enhanced metastatic breast cancer cell adhesion
compared to apical stimulation, demonstrating the synergistic effects of biochemical and biophysi-
cal activation on cell adhesion under flow.

Our group recently developed microfluidic-based assays to monitor TC-EC interactions in
real-time, while enabling accurate control of biochemical and biophysical factors within a 3D
matrix. An important advantage of this system [Fig. 4(a)] is its ability to recreate not only para-
crine interactions [Fig. 4(b)] through soluble factor communication between both cell types across
the ECM, but also physical contact interactions once the tumor cells adhere to the endothelial

14,21
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monolayer [Fig. 4(c)]. Furthermore, the system is capable of high-resolution time-lapse micros-
copy for visualizing the dynamics of TC-EC interactions [Figs. 4(d) and 4(e)]. The incorporated
3D collagen type I gel can be remodeled both by tumor and endothelial cells, allowing for the
formation of new blood vessels and better mimicking in vivo conditions. One microenvironmental
factor which was not considered in the coculture studies described by our group is fluid-flow
mediated shear stress level on the EC, which could be integrated by establishment of continuous
flow along the EC channel. This microfluidic system could also be used to study multiple steps of
the metastatic cascade, while incorporating additional metastasis supporting cell types, such as
fibroblasts or immune cells, and this represents an important direction for future work.

4. Other cell-cell interactions

Given the role of epithelial-stromal cell interactions in a wide array of diseases, a number of
groups have developed microfluidic coculture systems for studying these interactions and under-
standing their biological behavior. These systems offer several major improvements over conven-
tional Boyden-chamber based Transwell assays, such as real-time assessment of cell activity in 3D
environment, and the ability to spatially pattern multiple cell types consistently. Bauer et al.’” used
a simple array of 3D microchannels to coculture carcinoma cells and fibroblasts and compared it
to traditional macroscale coculture. The authors observed that compared to monocultures of car-
cinoma cells, coculturing carcinoma cells with fibroblasts enhanced their proliferation and led to
larger cell cluster formation. In another study of stromal-tumor cell interactions, Liu et al.%®
showed that cancer associated fibroblasts (CAFs) promote gland adenoid cystic carcinoma cell
invasion in 3D microfluidic coculture model. The authors found that the increase in cancer cell
invasion was specific to the CAFs, since coculture with a normal fibroblast cell line did not
promote cancer cell invasion. Furthermore, the authors showed that the increased invasion could
be prohibited by using Matrix Metalloproteinase (MMP) inhibitors. In a similar study, Huang et
al.” developed a microfluidic device which allows cell seeding in multiple adjacent 3D gel
channels to more accurately resemble the tumor microenvironment. When metastatic breast cancer
cells and macrophages were cultured in 3D collagen and matrigel, respectively, they observed that
macrophages invaded into the collagen gel only when cancer cells were present within the gel.
Similarly, progressive macrophage invasion was observed over 12 days of culture, which suggests
that the cancer cells may have been releasing signaling molecules that activated macrophage and
invasion, consistent with other in vitro’® and in vivo'' studies. These studies shed light on the
dynamic remodeling of ECM matrix by host cells and invading cells, the pattern of cell migration
and the various roles of biochemical and biophysical stimuli within the complex tumor microen-
vironment.

During nervous system development, numerous guidance molecules play a critical role in
directing the tip of growing neurites (growth cones) to their final destinations, resulting in the
formation of a complex circuitry. Studying the precise mechanism by which these guidance mol-
ecules are presented to the growth cones (diffusion, binding to ECM, paracrine signaling) has been
an intense area of research over the past few years and numerous in vitro systems have been
employed for this purpose. However, traditional assays such as bath application of growth factors,
substrate bound cues,’” tissue explant culture in vitro, pipette turning assay,73 and Dunn chamber
assay are limited by their 2D cultures, difficulty in quantification, lack of spatiotemporal control
on growth-factor delivery and sensing, and low reproducibility. We addressed these limitations by
developing a microfluidic assay in which primary neurons could be seeded onto a three-
dimensional collagen gel and cocultured in the presence of another cell type, transfected to release
a guidance cue over the culture period.74 The device has a chamber for filling a 3D gel, three
channels for supplying media and seeding cells, and a growth-factor gradient can be created across
the 3D scaffold mimicking in vivo conditions. When mouse hippocampal neurons were cultured in
these devices in the bottom channel, netrin-transfected fibroblasts in the right channel, and un-
transfected dermal fibroblasts in the left channel, so as to create a netrin gradient across the gel, it
was observed that a significantly higher number of extending neurites were attracted toward
netrin-transfected fibroblasts, compared to control cultures (with no fibroblasts) or cultures which
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received netrin exogenously instead. These results offer great insight into the functioning of
guidance molecule sensing by growth cones in the presence of different microenvironmental
conditions, and the utility of this device in drug screening and fundamental neurobiological assays.
This device could be further improved by modifying the 3D gel chamber geometry to provide
independent control of the chemoattractant absolute concentration and gradient strength for elu-
cidating the growth-cone chemoattractant gradient sensitivity in a 3D matrix. Also, continuous
flow of media and growth-factor gradients can be incorporated using a reservoir system, which
eliminates the need for gradient reestablishment after regular intervals. The advantages of this
device include the ease of handling and cell culture in 3D environment, rapid generation of
pressure differentials and growth-factor gradients across a 3D gel on demand, provision to cocul-
ture up to three different cell types, live-cell imaging, precise quantification of axonal turning in
3D, high reproducibility of experimental observations, and ability to even culture tissue biopsies
under controlled environments.

Periprosthetic osteolysis, a pathological condition after total hip replacement, occurs when the
implant debris (usually polymeric or metallic) activates resident macrophages to release cytokines,
which indirectly signal osteoblasts and osteoclasts, possibly resulting in bone resorption and
decoupling of implant-tissue interface.”’® However, investigating these cell-cell interactions in
cocultures without actual physical contact between the cell types has been a challenge with
conventional techniques. Wei et al.”’ developed a microfluidic system by laser direct-writing on
polymethyl methacrylate (PMMA) substrates, which permits culturing two different cell types
separately in upstream and downstream microwells separated by a microchannel that allows media
exchange. An inherent advantage of this system is that it permits direct rapid media transfer with
built-in linear concentration gradients from one cell type to the other, unlike conventional cocul-
ture systems which use transferred conditioned media.”® The authors found that inflammatory
cytokines such as TNF-« and IL-183 were released by macrophages cultured in upstream wells
upon exposure to 100 ug/mL PMMA debris, which stimulated prostaglandin E2 release by
osteoblasts cultured in downstream wells. This microfluidic coculture platform offers important
advantages over Transwell assays, but it is limited to a 2D substrate and one-directional cell-cell
communication under flow conditions because of the serial connections between upstream/
downstream wells, although bidirectional paracrine interactions could be achieved under static
conditions.

Microfluidic devices are also well suited to recreate and study homotypic cell-cell interactions
in physiologically relevant time- and length-scales, similar to heterotypic cell-cell interactions
discussed above. For example, Klauke e? al.” developed a microfluidic platform to form cardiac
myocyte doublets and measure the transmission of calcium waves through the intercellular junc-
tions formed by these cells. Yin et al. % described a microfluidic device based on dielectrophoretic
forces to recreate interactions between a cell pair of endothelial cells and demonstrated that
secreted matrix proteins and growth factors can have considerable guidance effects on cell motil-

ity.
C. Tissue specimen culture in microfluidic devices

The examples discussed above have amply demonstrated the utility of microfluidic systems
for studying cocultures of dissociated cells to obtain valuable information about the cell-cell
interactions. Although the cell-ECM interactions also play a critical role in maintaining physi-
ological homeostasis (or in tumor progression), understanding these interactions in great detail has
not been possible due to difficulties associated with culturing tissue slices. ECM regulates cell
differentiation, migration, and proliferation, serves as a reservoir for growth factors, and provides
a substrate for cell attachment and spreading.81 For example, ECM components of brain tissue
(collagens, laminin, proteoglycans) play a major role in nerve cell guidance, axonal outgrowth,
and synapse formations.™ Similarly, different subregions of the brain (e.g., prefrontal cortex,
hippocampus, hypothalamus) communicate via localized neuronal pathways, thereby maintaining
normal brain functionality. Elucidating these processes that guide cell-tissue and tissue-tissue
interactions not only provides insight into the pathophysiology of diseases and disorders, but also
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unlocks the signaling pathways involved during embryogenesis. While in vivo experiments de-
signed to understand the interactions between various brain tissue types (e.g., thalamocortical,
cortex-hippocampal) have yielded valuable information,*** they are limited by (i) global delivery
of experimental conditions, usually through biomolecule injection in the blood circulation,® (ii)
lack of controlled manipulation of selective regions of tissues,*® and (iii) alterations in cellular
properties such as growth rate, morphology, and metabolic activities®” due to experimental ma-
nipulation, which affects native signaling cascade between cells and surrounding tissues in that
region. To overcome these limitations, there is a critical need to establish in vitro cell-tissue and
tissue-tissue coculture systems, which closely mimic the complex in vivo microenvironment.***

There are very few reports in the literature that detail the applications of microfluidic systems
for culturing tissue sections in vitro. Queval et al.” reported on the fabrication of a microfluidic
system consisting of a perfusion chamber and a microfluidic probe for localized microperfusion of
a small number of cells within a 400 um slice of a mice hippocampal tissue. Advantages of this
system over conventional perfusion chambers’' include its ease of assembly, adaptability to ex-
isting perfusion chambers, long-term low-shear stress on brain tissue slice and cells within, and
simultaneous high-resolution fluorescence imaging. This system might permit local delivery of
ions and drugs for selective manipulation of slice regions, and for studying neuronal interactions
and remodeling within tissue using high-resolution imaging. Toward developing a high-throughput
assay for personalized cancer therapy, Kim ef al. 92 developed and tested a microfluidic system for
culturing thin sections of human breast cancer tissue or breast carcinoma cells. The device con-
sisted of reservoirs for reagents, biomarker reservoirs, individual microvalves for each reservoir,
and reaction channels to fit the breast tumor biopsy tissues. By employing quantitative histopatho-
logical techniques93 on these tissue sections, they showed that several cancer-related proteins
(estrogen receptor, progesterone receptor, Ki-67, etc.) can be identified on a single tumor tissue
slice, unlike conventional whole-section analysis. This device not only minimized the time and
cost of analysis, reduced biopsy tissue size and reagents consumption, but also enhanced the
sensitivity and repeatability of the assay.

Angiogenesis, the process of new blood vessel formation from existing blood vessels, plays an
essential role in wound healing, fetal development, and tumor progression by supplying oxygen
and vital nutrients.”* Previous in vitro microfluidic studies utilized monolayers of endothelial cells
on a 3D gel and investigated the effect of angiogenic growth factors and matrix density on
sprouting.zz’“’95 Barkefors et al.”® utilized the recent development in microfluidic technology of
creating stable growth-factor gradients, with the goal of investigating directional angiogenesis in
3D cultures of tissues and cells. The device design permits 3D culturing of differentiating stem
cells or embryonic mouse kidney tissue section in the central chamber, with two fluidic channels
on the sides across which a continuous stable growth-factor gradient can be established within 9 h.
Results invariably showed that gradients of growth factors (VEGFA, FGF, VEGFC) promoted
angiogenesis and invasive sprouting into matrix on the side of kidney tissue facing high levels of
growth factor. Similarly, embryoid bodies of mouse embryonic stem cells exhibited significantly
higher directional sprouting toward increasing concentration of VEGFA gradient in these devices.
Thus, development of microfluidic devices such as the one described here offers a great advantage
not only in developmental biology and molecular mechanism studies, but also in preclinical testing
toward personalized medicine.

Recently, Gunther et al.”’ developed a microfluidic device for loading a small artery tissue
segment on-chip to probe its structure and function. This platform enabled long-term culture of the
explants, on-chip imaging, immobilization, and spatiotemporal controlled delivery of drugs. The
authors validated their method by demonstrating that the phenylephrine dose-response curves for
mouse mesenteric arteries agreed very well with conventional pressure myograph measurements.
To overcome current limitations of organotypic brain slice cultures,”® Berdichevsky et al.” re-
cently developed a microfluidic device to culture slices of rodent hippocampus over several weeks
for electrophysiological studies. The device consisted of a designated miniwell for holding the
tissue slice (~350 wm thick), patterned microchannels for axonal guidance, and a large channel
for medium circulation. When the tissue slice was placed on a glass cover slip coated with
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polylysine, firm tissue attachment and neurite outgrowth were observed within three days of
culture, compared to uncoated surface cultures. Similarly, extensive microchannel-guided neurite
extension (>500 wm) from hippocampal slices was observed after seven days of culture, which
suggests broad applications in tissue engineering approaches designed for regenerating lost axonal
pathways due to injury or disease. In a later study,lo0 the same group extended their previous
platform to accommodate two designated chambers for holding brain slice tissues, and intercon-
nected microchannels for facilitating axonal outgrowth. Results showed that cocultures of hippoc-
ampal slices or entorhinal cortex and hippocampal slices not only survived in these devices for up
to four weeks, but also formed functional axon connectivity between them within 10-14 days of
culture. Axonal outgrowth from these tissues was observed within three days, with the microchan-
nels effectively isolating the tissue slices pharmacologically during two-channel perfusion with
experimental media. The bidirectional axonal connectivity between tissue slices started synchro-
nizing the two-slice network in the presence of GABA receptor antagonists after 16 days of culture
in vitro, as evidenced from the recordings of individual external electrodes placed in these slices,
thus signifying the applicability of this assay to study synapse formation in vitro under various
pharmacological and physiological conditions.'"!

IV. CONCLUSIONS AND FUTURE OUTLOOK

Considerable progress has been made in microfluidic cell culture just in the past few years,
which has enabled the development of novel assays under well-defined biochemical and biophysi-
cal conditions. Studying homogeneous and heterogeneous cell populations in vifro has demon-
strated the critical importance of cell-cell communication for basic cellular functions, such as
survival, proliferation, migration, and differentiation under both normal and diseased conditions.
By integrating heterotypic culture, microenvironmental control, and high-resolution real-time im-
aging, microfluidic technology is suited for creating new tissue engineering tools and novel cel-
lular assays. The microfluidic assays described here have enabled the study of previously unex-
plored cellular interactions, and are already providing new insights into how biochemical and
biophysical factors can regulate interactions between different cell populations. Progress in this
area will have significant implications in drug discovery and artificial organ systems in vitro, and
offers time and cost benefits for high-throughput drug screening.

Despite significant progress in the field of microfluidic cell culture, numerous challenges
remain that need to be addressed in future studies. A vast majority of microfluidic platforms are
PDMS-based, which has the advantage of rapid prototyping capabilities, but poses problems for
surface chemistry modifications and mass production. In order for these assays to be compatible
with standard pharmaceutical drug screening, hard plastic (polycarbonates, polystyrene) fabrica-
tion processes have to be adopted in the near future. Most of the current studies in microfluidic
coculture platforms have focused on large cell populations (103—10° cells), and have only inves-
tigated a maximum of two different cell types. Integrating more than two cell types with biologi-
cally degradable 3D gels and controlled biochemical and biophysical conditions will allow for
improved organotypic culture models, while also providing new insights into cellular interactions
with heterotypic cells, soluble and insoluble factors. Scaling these platforms down to smaller cell
populations will facilitate drug screening on patient samples and prove a valuable tool for person-
alized medicine. Finally, the development of microfluidic platforms incorporating real-time control
over cell seeding and measurement of paracrine signals secretion will be important for understand-
ing the dynamics of cellular interactions, an area which remains unexplored since most microflu-
idic studies have largely focused on measuring end-point cellular responses.
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