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Abstract: We have developed a human bronchial epithelial (HBE) cell and endothelial cell
co-cultured microfluidic model to mimic the in vivo human airway. This airway-on-a-chip was
designed with a central epithelial channel and two flanking endothelial channels, with a three-
dimensional monolayers of cells growing along the four walls of the channel, forming central clear
lumens. These cultures mimic airways and microvasculature in vivo. The central channel cells are
grown at air-liquid interface and show features of airway differentiation including tight-junction
formation, mucus production, and ciliated cells. Combined with novel micro-optical coherence
tomography, this chip enables functional imaging of the interior of the lumen, which includes
quantitation of cilia motion including beat frequency and mucociliary transport. This airway-on-a
chip is a significant step forward in the development of microfluidics models for functional
imaging.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Airways diseases, such as asthma, cystic fibrosis (CF), and chronic obstructive pulmonary
disease (COPD), represent a major healthcare burden. COPD accounts for over $40 billion in
annual healthcare costs [1] and recently surpassed stroke as the third leading cause of death
in the United States [2] Asthma is a common chronic respiratory disease, affecting millions of
adults and children worldwide. [3] CF is a genetic disease that limits lifespan, primarily due
to respiratory complications, with no known cure. [4]. Despite the burden of these and other
chronic respiratory diseases on the lives of millions of people worldwide, the study of basic
pathophysiology, development of new therapeutics, and understanding of individual phenotypic
variation to apply personalized approaches have been limited by the availability of appropriate
airway models. In vitro models derived from human airway epithelia are particularly attractive
because a robust monolayer of epithelial cells can be repeatedly generated from donated human
airway epithelial cells. [5–7] However, replicating the airways, particularly the small airways, and
recapitulating the in vivo environment remains challenging. Currently, the gold-standard in vitro
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model of airway epithelia is the cell monolayer at air-liquid interface. [5] Most commonly, airway
epithelial cells are grown in a static environment on a suspended membrane with cell culture
media on the bottom, basolateral side, and air on the top, apical side. While useful for a variety
of applications, this model does not fully replicate the in vivo physiologic environment and also
represents a single cell type whereas the human airway epithelium is a complex organ including
epithelial cells, endothelial cells, and fibroblasts, among others. Recently, microfluidics-based
airway-on-a-chip models have been developed to overcome several of these limitations by adding
features to improve dynamic flow and co-culture of endothelial cells. [8–14] These chips may
also be miniaturized, potentially reducing the logistical burden for the source material of primary
epithelial cells, and are often made of materials that are soft and pliable, allowing for simulation
of normal breathing and shear stress. However, as yet, these airway models are still planar
cultures grown at air-liquid interface and do not represent a complete tubular structure mirroring
that of the airway.

We have developed a novel airway-on-a-chip model, using epithelial and endothelial co-cultures
grown in a tubular structure. This chip produces an intact endothelial monolayer that grows on
all four sides of a PDMS-based scaffold (vascular channel), with a central lumen through which
air may flow (tissue channel). The central lumen communicates via pores to the two flanking
vascular channels cultured with living endothelium around a central lumen filled with fluid,
mimicking blood flow. All three channels may be accessed via ports at either end in order to
conduct experiments. Together, this parallel tube design allows for an in vitro 3-dimensional
hollow airway lumen with continuous airflow with two in vitro 3-dimensional microvascular
structures comprised of intact endothelial layers. In addition, this chip was optimized for imaging,
using coverslip optical glass as the base and thin layers of PDMS through which live-cell imaging
may be conducted using traditional microscopy. Our novel micro-optical coherence tomography
(µOCT) allows functional imaging for direct quantitation of ciliary movement, fluid movement,
and particle tracking simultaneously in vitro. [15,16] A number of emerging studies suggest
that mucociliary function, airway surface liquid, mucus secretion, and ciliary function are key
downstream measures of upstream defects including CFTR dysfunction. [15,17,18] The use of
µOCT to analyze tissue culture from individual subjects has the potential to characterize chronic
respiratory disease phenotypes, improve understanding of basic pathophysiology of a variety of
airways diseases, and aid in the development of new therapeutics that may be tested systemically
(through the endothelial channels) or via inhalation (through the airway channel), while at
the same time measuring downstream effects of interventions using functional imaging. The
combination of an ex vivo, personalized cell-culture based organ model with full assessment of
parameters of airway homeostasis via µOCT represents a new approach to personalized medicine
in pulmonary disease.

2. Materials and methods

2.1. Device design and fabrication

The device comprises of a plastic, disposable and optically clear microfluidic chip that contains a
central chamber for 3D culture of epithelial cells surrounded by endothelial cells. To achieve
the in vivo physiological environment of lung architecture, the device was designed as shown in
the conceptual schematic Fig. 1(a). In typical configuration, the vascular channels are 250 µm
wide while the epithelial cells channel is 500 µm wide with a height of 100 µm mimicking the
airway vessels. The fenestrations between the vascular channels and the airway channel that
allow communication between the epithelial and endothelial cells were set at a cross-section
of 5 µm × 5 µm with length of 50 µm. These fenestrations are very similar to the pores used in
traditional transwells, except that the membrane is oriented vertically, to the side of the lumen,
instead of at the bottom of the wells. We have used similar methodologies for fabrication vascular
and tissue chambers communicating via porous architecture in several of our studies. [19–24]
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The porous interface is structured on SU-8 photoresist by patterning an extra layer in addition to
the fluidic layer, which contained the fenestrations, channels and access port holes to form the
communication layer between the airway and the vascular channels. Through holes, defining the
inlets and outlets were punched using a 1.5mm biopsy punch. Tygon Microbore tubing served as
the connecting ports for fluidic interface. Figure 1(b) shows the fabricated device highlighting
the pores of the channels.

 

Fig. 1. (a) Schematic of the device to develop the air-liquid interface across the cells. The
air (or epithelial) channel is separated from two fluid (basolateral) channels by pores. Right
panel shows conceptual drawing of the proposed orientation of the cells when seen from top
(above) and a cross-section (below). (b) Bright Field image of the fabricated device without
cells and the magnified view showing the pores. (c) Fabricated device bonded to the glass
coverslip with inserted tubing for perfusion.
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2.2. Device testing

The fabricated device was tested for fluidic integrity and pore integrity using fluorescent dextran
and fluorescent particles. Figure 2(a) shows image of the device perfused with FITC-dextran
while Fig. 2(b) and 2(c) shows images of the device following perfusion with 2 µm and 10 µm
particles. As can be seen from the images, the devices are completely intact with no leakiness.
In addition, while 2 µm particles are able to freely diffuse across the pores, the 10 µm particles
are not able to cross the pores indicating a fully functional pore.

 

Fig. 2. Fluidic Integrity and Pore Integrity Testing. (a) FITC dextran perfused device
indicating no leaks. (b) 2 µm particles readily permeate across the pores. (c) 10 µm particles
unable to permeate across the pores indicating the functional pores as designed.

2.3. Cell expansion

In brief, our culturing methods are adapted from the well-known air-liquid interface culture
method. [15,16] Human bronchial epithelial cells (HBEs) were initially obtained from the CF
center of the University of Alabama at Birmingham under a protocol approved by the Institutional
Review Board (IRB-151224002). All the cells were expanded via a co-culturing method with
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irradiated fibroblasts in F-media [17] for 10 days. The cells were harvested from co-culture using
double trypsinization method and counted via hemocytometer. Human microvascular endothelial
cells (HMEC) (Lonza, Cat. # CC-2527) were cultured in EGM-2MV medium with BulletKit
(Lonza, Cat. # CC-3202).

2.4. Chip preparation

Tygon tubing was inserted into all six ports of the microfluidic chip. The center channel of the
microfluidic chips was coated with type IV Human Placental Collagen (HPC) (Sigma, Cat. #
C5533-5MG) to help cell attachment. Briefly, 50 µg/mL of HPC was slowly injected by hand,
using a 1mL syringe until the outlet port tubing is filled. All the tubing was cut to the equal length
and closed using a tube clamp. The device was incubated at 4°C overnight. The following day,
all the channels were thoroughly rinsed with PBS, then refilled with F-media. The device was
placed into the cell culture incubator at 37°C till use. Before seeding the cells, all the channels
were washed once with the media used for the following cell culture.

2.5. Cell culture in the chips

The airway epithelial cells were seeded into the center channel at a density of 3–4×104 cells/µL
via tubing and then the tubing was clamped to allow the cells to settle in the channel at 37°C
for 5 hours. After the cells attached to the channel, all three channels were connected using
the tubing to a syringe pump (PHD Ultra, Harvard Apparatus) and ran F-media through them
at a rate of 3 µL/min for 4 minutes every 6 hours. After 2–3 days, the media was changed to
differentiation media using Ultroser-G based media [15] and media flowed through all 3 channels
for 1 day, followed by media via only through center channels at a rate of 0.5 µL/min for 4
hours, then off 4 hours, with the cycle repeated for 3 days. Media flow was switched through
two vascular channels and the center channel tubing was connected to an air pump (Precision
Medical EasyAir PM15) with a low flow-rate regulator to introduce humidified room air; flow
rate was adjusted to the minimal flow (indicated by continuous bubbling in humidification bottle)
to maintain air-liquid interface (ALI). Air from the compressor was pumped via tubing into a
bottle containing differentiation media. The media-humidified air was then directed into the
devices. Flow was controlled using a high precision flow controller (McMaster-Carr, Cat. #
46425K22) that was connected to the compressor. This air-liquid interface culture system was
maintained for up to 14 days.

After the airway epithelial cells were differentiated for 7 days, HMEC cells were then seeded
into the vascular channels to establish the co-culture model. The HMEC cells were seeded and
maintained under a continuous perfusion condition as described previously. [18,22,25] The
co-culture system was retained for further 7 days until endpoint assays were performed. The
chips were cultured in an incubator containing 5% CO2 and at 85–95% humidity at 37°C. The
media and tubing for the vascular channels were changed 2–3 times per week.

2.6. Viability assay and immunofluorescence

Viability assays were performed using live/dead assay kit (Fisher Scientific, Cat. # L3224).
The solution containing Calcein AM and Ethidium Homodimer-1 was injected into the devices
and incubated for 30 minutes. Following a flush, the devices were imaged using fluorescence
microscopy. The live cells were imaged at 488 nm and the dead cells were imaged at 598 nm.
Living cells were also imaged using Plasma Membrane Orange (ThermoFisher, Cat. # C10045)
and Calcein Green (ThermoFisher, Cat. # C34852). Immunofluorescence staining was performed
following methods described previously [26–28]. Briefly, the cells were washed by flowing PBS
through all three channels, fixed with 4% paraformaldehyde (Electron Microscopy Sciences,
USA) for 10 min at room temperature (RT), and washed gently by flowing additional PBS. The
cells were permeabilized by 0.01% Triton X-100 (Alfa Aesar, Cat. # A16046) for 10 minutes
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at RT. After washing with PBS, the cells were blocked with 1% BSA in PBS (ThermoFisher,
Cat. # BP1600-100) for 1 hour at room temperature. Following washing, primary antibodies
were introduced into the appropriate channels followed by secondary antibodies. All primary
and secondary antibody solutions were prepared with 1% BSA. Primary antibody incubation
was carried out overnight at 4°C. All secondary antibodies from Jackson ImmunoResearch were
diluted at 1:400 in 1% BSA and incubated at room temperature for 60 minutes. After incubation,
the channels were washed thoroughly with PBS. NucBlue (Invitrogen, Cat. # R37605) in PBS
was injected into the devices for nuclear staining. The chips were then imaged with either an
inverted microscope (Nikon Ts2) or a confocal microscope (Nikon A1R-HD25). The primary
antibodies used are as following: anti-human ZO1/TJP1 for tight junctions (ThermoFisher, Cat. #
44–2200, 1:100), anti-human E-Cadherin for intercellular junctions (Millipore, Cat. # MAB3199,
1:20), anti-human VE-Cadherin for endothelial cell junctions (R&D Systems, Cat. # AF938,
1:50).

2.7. µOCT functional assay

Micro-optical coherence tomography (µOCT) images were constructed using the standard Fourier-
domain image reconstruction techniques [29]. The methods previously described [30] were used
to quantify the respiratory epithelial functional parameters of ciliary beat frequency (CBF) and
mucociliary transport rate (MCT).
Chips were removed from the incubator by disconnecting all the tubing connected with

the pump and air compressor, and imaged immediately. The chips were placed into an
environmental chamber which controls temperature (37°C), CO2 gas (5%), and humidification.
The environmental chamber was rotated to enable imaging of the chip through the coverslip side.
After properly positioning the chips, all the reagent solutions and beads (for flow visualization
and analysis) were slowly and gently injected into the appropriate channels through the tubing.
After administration of reagents to the vascular channels, the syringes remained connected to the
tubing of the inlet port to maintain pressure equilibrium. The syringe connected to the tubing of
the inlet port of the central channel was removed and clamped to eliminate movement of fluid
due to atmospheric pressure and avoid false elevation of MCT. Incubation for approximately 10
minutes allowed equilibration of air and fluid flow in the chips after these setup procedures prior
to acquiring images.

CBF and MCT were determined from images sequences compiled of at least 250 frames taken
at 40 frames/second. Using a Matlab script developed previously [30], CBF was measured by
drawing a line over the area that represents the surface of the epithelium. This script computes
CBF based on analyzing the pixels that express the sharpest Fourier peaks. Regions of interest
were scanned for ciliary activity. Areas of ciliary activity were marked with a line over the
surface of epithelium. The script automatically identifies five to ten areas to quantify ciliary
beat frequency. CBF data was further processed by setting more stringent thresholds to exclude
motion artifact as follows: CBF data with confidence levels less than 0.7 and/or peaks that did
not reach a power spectral density of 3×107 or higher were excluded from the analysis. The
CBF confidence level represents how clean the peaks are, and more rigorous thresholds allowed
the elimination of low confidence peaks. After this quality control, all CBF values from all
regions of interest were averaged and standard deviation calculated. MCT was quantified in
Image J by measuring the displacement of 5–10 visible beads in the central lumen through time
as described previously. [30] Briefly, this quantification was performed by drawing a line in the
lumen of the chip parallel to the direction of transport, for which an intensity along this line was
represented as a function of time displayed as a 2D image. In this 2D image movement of beads
or particles was seen as a slanted streak (see Appendix, Fig. 8). The slope of this streak was then
used to calculate the velocity of the moving object, similarly described in other particle streak
velocimetry methods. Data was represented using GraphPad Prism 7 (San Diego, CA).
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3. Results

3.1. Human airway epithelial cell growth in the chips

Primary human bronchial epithelial cells (HBECs) were seeded into the chips at density 3–4×104

cells/µL. The cells were then allowed to attach to the bottom of the chips in the cell culture
incubator at 37°C for 5 hours and further cultured for 7 days as described in the materials and
methods. Figure 3(a-c) show viable and confluent cells in the chips over time. To assess the
viability of the cells, live/dead assays were performed. Highly viable cells were observed in the
chips (Fig. 3(d)). To further confirm whether the cells can expand to all four walls of the chips
to form an airway-like tube, CellMask orange plasma membrane stain and Calcein green, AM
were used to visualize the cell membrane and cytoplasm in the living cells (Fig. 3(e)and 3(f)).
Confocal 3D reconstruction pictures identified the HBECs formed an intact lumen in the chips
with nearly 100% confluence of the cells on the walls (Fig. 3(e)and 3(f)).

 

Fig. 3. Confluence and Viability of Epithelial Cell Culture. (a-c). Phase contrast imaging
of HBE cells in the center channel: (a) Directly after seeding, (b) attachment of cells after
24 hours, and (c) 100% confluence after 7 days of culture. (d) Live/dead staining. (e)
Cross-sectional view of 3-D reconstructed confocal image (10X mag.). Cell culture is
co-stained with Plasma Membrane Orange and Calcein Green. (f). En face of Fig. 3(e).

3.2. Co-culture system of human airway epithelial and endothelial cells in the chips

To mimic the in vivo human airway, we co-cultured the human bronchial epithelial cells and
endothelial cells in the chips. As described in the materials and methods, the endothelial cells
were introduced into the two side channels after the HBE cells were growing in the center channel
for 7 days. Figure 4(a) and 4(b) show the cells reach 100% confluence in all three channels. To
further investigate the morphology of these cultures in the three-channel configuration, a video
was taken from one side to the other of the chips by Nikon Ts2. To clearly show the cells, the
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nuclei was stained with Nucblue. 100% confluence of the cells were identified in both top and
bottom walls in the center channel as well as two side channels (Fig. 4(c) and Visualization 1).
Furthermore, confocal 3D reconstruction also confirmed the lumen formed both in the center
channel and two side channels (Fig. 4(d)).

Fig. 4. Epithelial and Endothelial Co-Culture in Microfluidic Chip. (a) and (b) Phase
Contrast image of confluent co-cultured chip with epithelial cells in the center channel and
endothelial cells lining the peripheral channels. (c) Phase Contrast of top and bottom of
the channel showing confluent monolayers in tissue and vascular channel. The full imaging
from top to bottom is shown in Visualization 1. These images show the confluence of cells
on both the top and bottom of the center channel and one side channel with a central, clear
lumen. (d) Cross-sectional, 3-D reconstructed confocal image of co-cultured chip showing
lumen formation in all three channels (10X mag.).

3.3. Fully differentiated human bronchial epithelial cells in the chips

To test whether the HBE cells are fully differentiated in the chips, several airway epithelial
markers were investigated in the cells by immunofluorescence staining. ZO-1 is a key protein

https://doi.org/10.6084/m9.figshare.8865923
https://doi.org/10.6084/m9.figshare.8865923
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in tight junction that is one of epithelial cell junctions in vertebrates. [26] E-Cadherin is a
crucial component for formation of tight junctions in human bronchial epithelial cells. [31,32]
VE-Cadherin is a major protein component of intercellular junctions between cells of the
endothelium. [23,33] Both ZO-1 and E-Cadherin were detected in the HBEs of the center channel
(Fig. 5(a) and (b)); Visualization 2). VE-Cadherin was seen in the endothelial cells of two side
channels (Fig. 5(a) and 5(b); Visualization 2). Muc5AC is a major mucin secreted by airway
goblet cells. [34] It was identified in the cells of the epithelial channel (Fig. 5(c)). Figure 5(d)
showed the cilia on the cell surface in the epithelial channel (also see Visualization 3). The
combination of differentiated airway epithelium in the center channel as well as the endothelial
cells in the peripheral side channels represents an airway-like environment and architecture.

3.4. Functional assay with micro-optical coherence tomography for the chips

To assess the functional characteristics of airway epithelial cells, we adapted the previously
developed micro-optical coherence tomography (µOCT) method. [30,35,36] This method also
allows us to visualize the confluence and architecture of the differentiated airway cells with both
cross-section and transverse views of the channel (Fig. 6; Visualization 4) and Visualization 5).
The cross-sectional views (Fig. 6(b) and 6(c)) confirm growth of airway cells forming a complete
tube-like structure similar to the lumen seen in the airways. Transverse imaging confirms that
cellular growth occurs on both sides of the chip (Fig. 6(d) and (f)) as well as the top and bottom
but not in the lumen (Fig. 6(e)).

Airway epithelial functional characteristics can also be measured such as ciliary beat frequency
(CBF) and mucociliary transport (MCT) (Fig. 7). Ciliary dysfunction has been described in
many airway diseases [37,38], thus these parameters are important to measure. The function of
cilia can be evaluated by measuring the movement of cilia and their ability to move mucus and
particles along the airway. MCT can also be affected by the viscosity of mucus in the airway
such as diseases like CF. [39,40] Along the surface of the epithelium, the beat frequency of cilia
can be measured (Fig. 7(a) and (b)). To measure MCT, micro-beads are introduced into the
center channel to represent particulates that would be transported along the airway in vivo. After
equilibration, the velocity of bead movement down the channel is measured over time (Fig. 7(c)
and 7(d); Visualization 6 and Visualization 7). Three replicate chips were used for imaging.
From each chip, 3–4 unique regions of interest were imaged for a total of ten regions. In each
region, 5–10 measurements for MCT and CBF were made. These measurements were averaged to
produce a single mean value for each region (displayed in Fig. 7(e). In one region, measurements
for CBF did not meet our strict quality control thresholds (described in the methods section 2.7)
and thus only nine measurements are displayed.

https://doi.org/10.6084/m9.figshare.8865920
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Fig. 5. Immunofluorescence of Differentiated Epithelial and Endothelial Cells. (a) E-
cadherin (green), epithelial cell adherin protein. VE-Cadherin (red), endothelial cell adherin
protein. The full imaging from top to bottom is shown in Visualization 2. (b) ZO-1 (red)
staining tight junctions of epithelial cells in central channel and also VE-Cadherin staining
(green) in vascular channel. (c) Muc5ac (green), intracellular mucin staining inside of
epithelial cells. (d) Ciliated epithelial cell indicated by the red arrow. Cilia beating shown in
Visualization 3.
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Fig. 6. Visualization of PrimaryHumanBronchial Epithelial (HBE) Cells in theMicrofluidic
Chip using µ-OCT. (a) Schematic for orientation of µ-OCT slices through the center channel.
(b) Cross-sectional slice more proximal to fluid flow in the chip. Arrow head (orange)
indicates epithelial cells and the black center represents the lumen. (c) Cross-sectional slice
taken more distally. (d) Transverse slice showing the topography of a thick monolayer of
epithelial cells along the walls of the chip. (e) Transverse slice in the center of the chip
showing confluent layer of epithelial cells growing along the top and bottom surfaces (orange
arrow). (f) Transverse slice of the opposite chip wall.
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Fig. 7. Ciliary Beating Frequency (CBF) and Mucociliary Transport (MCT) Analysis
using µ-OCT. (a) The frequency of peak amplitudes in the temporal Fourier transform of
5 regions. (b) 5 regions of interest (red circles) along the epithelial surface that detected
oscillatory motion suggestive of cilia. (c) Transverse view in the lumen of the central
epithelial channel. Mucociliary transport motion direction indicated by green arrow (see
Visualization 7). (d) Still image 6 seconds later showing displacement of beads from their
original location. (Visualization 7) (e) Recorded values for 3–4 regions of interest along the
length of 3 replicate chips cultured with human bronchial epithelial cells. The average MCT
(mm/min) and CBF (Hz) values for each of those regions are indicated by a filled circle or
square, respectively.

https://doi.org/10.6084/m9.figshare.8865929
https://doi.org/10.6084/m9.figshare.8865929
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4. Discussion

The novel airway-on-a-chip described in this study represents a significant step forward in the
development of microfluidics airway models. The chip design allows for epithelial cell culture
which forms a central clear lumen for air or fluid flow, flanked on each side by endothelial channels
which similarly grow around a central clear lumen for continuous fluid flow. To our knowledge,
this is the first design that provides a framework for a 3-dimensional airway space surrounded
by 3-dimensional endothelium, providing a new opportunity to model airway physiology. The
accessibility of the proximal and distal ends of these channels make the model flexible for a variety
of applications, including assessment of “systemic” versus “inhaled” delivery of therapeutic
compounds. The development of the chip with PDMS as the primary scaffold could allow for
manipulation of the lumens by altering pressure and stretch, similar to breathing. The combination
of µOCT with this novel chip enables functional imaging of critical airway physiology in an intact
lumen, which can further be personalized to individual patients. This airway model recapitulates
many features of the human airway, with intact tight junctions, a variety of epithelial cell types
including mucus-producing cells, and functional cilia, in a monolayer completely surrounding
a lumen similar to an airway, which has never before been described. By extending the planar
culture to a complete lumen, this model captures the key benefits of typical air-liquid-interface
cultures while furthering the physiologic similarity to the human airway.

Specifically, the epithelial cells in a tubular structure enhance cell-to-cell contact that is crucial
for inducing differentiation and coordinated mucociliary transport. This format increases the
cell-to-cell contact in multiple directions and has the potential for improving differentiation
and directionality of the cells, including ciliary beat. In the intact airway, cilia are organized
and coordinated in a three-dimensional structure, enhancing mucociliary transport. In a planar
culture, cell-to-cell contact is less in comparison, often yielding clusters of cilia that may be
organized within that small area but lack coordination with other areas. As an additional benefit,
MCT is based on cumulative transport by energy transferred from coordinated cilia movement. In
planar cultures, laminar flow can break down under high mucus loads, and MCT is less efficient.
[41] In 3 dimensional tubular airways, cilia can contribute to mucus transport from more than
one angle, reducing non-laminar flow. As evidence of this, in intact airways and trachea, mean
MCT rates are faster than in vitro planar cultures, [7,16,42] supporting the idea that a fully
intact monolayer in a tubular in vitro airway may enhance differentiation, organization, and
directionality above what planar cultures can achieve. To further replicate airway physiology, we
incorporated tubular endothelial cultures, composed of highly differentiated cells growing under
continuous flow conditions. [33,43–45] These cultures also mimic in vivo microvasculature
including polarization and tight junction formation. [46,47] Combined with the in vitro airway
lumen, this microfluidics chip provides an enhanced model for assessing normal and abnormal
epithelial:endothelial relationships.
Our airway-on-a-chip model may be an important tool for research purposes, helping to

understand basic pathophysiology of airways diseases, and for pharmaceutical development, as
a pre-clinical tool to complement existing in vitro and animal models. This study is limited
by restriction to human bronchial epithelial cells and human lung microvascular endothelial
cells. However, pulmonary epithelial cells of any type could potentially be grown in this chip
in a similar manner, including tracheal epithelia and alveolar epithelia. Future studies could
investigate the use of this model for studying physiological responses including inflammation,
inhalational toxicology of known toxicants and/or efficacy of medical countermeasures and
therapeutic screening via respiratory drug delivery. Further, the model may be used to predict
drug efficacy on an individualized basis as a personalized medicine tool. Also, linking of this
airway model with other tissue types in a “human-on-a-chip” model, which will be particularly
valuable for pharmacologic preclinical studies may also be explored.
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5. Conclusion

We have developed a novel microfluidic model of the airway that, by miniaturizing airways
that are comprised of donor cells derived from patients, will provide an innovative means to
replicate the airways ex vivo, enabling pharmacologic and mechanistic studies of the airway on a
personalized basis.

Appendix

 

Fig. 8. MCT particle streak velocimetry analysis. This is the 2D representation of the
displacement of beads over time. The orange arrows represent the movement of a bead for
which the slope is used to calculate velocity. The green arrow is showing the epithelial
surface.
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