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We describe a microfabricated airway system integrated with
computerized air–liquid two-phase microfluidics that enables on-
chip engineering of human airway epithelia and precise reproduc-
tion of physiologic or pathologic liquid plug flows found in the
respiratory system. Using this device, we demonstrate cellular-
level lung injury under flow conditions that cause symptoms
characteristic of a wide range of pulmonary diseases. Specifically,
propagation and rupture of liquid plugs that simulate surfactant-
deficient reopening of closed airways lead to significant injury of
small airway epithelial cells by generating deleterious fluid me-
chanical stresses. We also show that the explosive pressure waves
produced by plug rupture enable detection of the mechanical
cellular injury as crackling sounds.

airway reopening � small airway epithelial cells � mechanical forces �
microfluidic cell culture

The lung is a mechanically dynamic organ where epithelial
cells constituting the luminal surface of the respiratory tract

are continuously subjected to a variety of physical forces
throughout development and adult life. Mechanical stresses have
been shown to play an important role in regulating various
functions of pulmonary epithelial cells such as growth (1–3),
apoptosis (4–7), migration (8, 9), surfactant metabolism (1, 6,
10–12), synthesis of extracellular matrix proteins (11, 13), and
transport of fluids and ions (12, 14, 15). Disruption of the local
mechanical environment of the pulmonary epithelium often
elicits abnormal cellular responses and can contribute to the
pathogenesis and progression of various respiratory diseases (4,
5, 15–20).

In a variety of pulmonary diseases that can accompany
surfactant dysfunction such as chronic obstructive pulmonary
disease (21, 22), cystic fibrosis (23, 24), asthma (25), acute
respiratory distress syndrome (26), pneumonia (27), and bron-
chiolitis (28), the impaired capabilities of pulmonary surfactant
to lower surface tension render a viscous liquid film coating the
small airway epithelium more prone to air–liquid two-phase
instabilities. This situation often leads to the formation of liquid
plugs across the airway lumen, which blocks small airways and
impedes gas exchange in alveoli. Inflation of the lung during
inhalation causes liquid plugs to propagate through airway tubes
and rupture, reopening the occluded airways (29). In addition,
transient pressure waves generated by plug rupture are believed
to produce abnormal breath sounds known as respiratory crack-
les that are routinely used as an indicator of a wide range of
respiratory disorders in clinics (30–33). Although clinically
considered more as a symptom of respiratory diseases than as a
cause, several theoretical investigations have suggested that the
progression of liquid plugs or air bubbles during airway reopen-
ing can potentially generate deleterious fluid mechanical stresses
characterized by large wall shear and normal stresses (34–39).
There have also been experimental studies based on excised

lungs or in vivo animal models that corroborate the theoretical
predictions and demonstrate severe tissue damage in surfactant-
deficient lungs as a result of repetitive airway reopening (40, 41).
More recently, Gaver and colleagues (42–44) performed pio-
neering experimental investigations of micromechanical cellular
injury induced by airway reopening. Using airway models that
combined in vitro culture of pulmonary epithelial cell with
semiinfinite air bubbles moving in a parallel-plate chamber, they
revealed that mechanical stresses created by bubble progression
caused significant cell damage and that pulmonary surfactant
played a crucial role in mitigating the detrimental effect of
reopening stresses. Their studies also provided valuable physical
insights into airway reopening-induced cellular-level lung injury
by showing that the magnitude of the pressure gradient near the
bubble front, not the duration of stress exposure, determined the
extent of cellular injury.

To further extend the work of Gaver and colleagues, we
investigate mechanical injury of primary human small airway
epithelial cells (SAECs) caused by the movement of liquid plugs
with finite lengths in compartmentalized three-dimensional
microfluidic systems. Reproduction of liquid plug flows ob-
served during airway reopening is accomplished by a comput-
erized microfluidic component that can dynamically switch
microscale air–liquid two-phase flows. Furthermore, we examine
the effect of the shortening and subsequent rupture of liquid
plugs on airway epithelial cells. Through physiologic air–liquid
interface culture that recapitulates the microenvironment of
airway epithelial cells, the microengineered airway system en-
ables the formation of differentiated airway epithelium in vitro
that has appropriate secretory function and structural integrity.
Using this device, we demonstrate injurious response of SAECs
to propagation and rupture of finite liquid plugs that simulate
the reopening of closed airways afflicted with surfactant defi-
ciency. We show that there is a higher risk of cellular injury when
propagating liquid plugs become very thin and subsequently
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rupture. Furthermore, we demonstrate that the mechanical
injury events due to airway reopening can be acoustically
detected as crackling sounds produced by rupture of liquid plugs.

The microfluidic airway system consists of two poly(dimeth-
ylsiloxane) (PDMS) chambers separated by a thin polyester
membrane with 400-nm pores (Fig. 1A). Upper and lower
chambers correspond to apical (airway lumen) and basal com-
partments of airway epithelium, respectively. The porous mem-
brane mimics an in vivo basement membrane and provides
transparent supports for cell attachment and growth. The size of
the microchannels (300 �m in width and 100 �m in height) was
chosen to approximate the diameters of distal conducting air-
ways and respiratory bronchioles. Transport of fluids and solutes
between chambers is limited to diffusion through membrane
pores, permitting spatially selective and independent microflu-
idic transport in each chamber without leakage. The compart-
mentalized nature of the channel architecture and fluid delivery
enables tissue engineering of airway epithelial cells to produce a
confluent monolayer that closely resembles native airway tissue.
As the first step of microfluidic culture, SAECs are seeded into
the upper chamber and cultured on the porous membrane while
both apical and basal sides are perfused with culture media (Fig.
1B). Once the cells reach confluence, their apical surface is
exposed to an air–liquid interface established by removing media
from the upper chamber, and the monolayer is fed only on the
basolateral side (Fig. 1C). This configuration induces cellular
differentiation that causes airway epithelial cells to express
morphological and secretory phenotypes matching those found
in vivo (45–47).

The monolayer of fully differentiated SAECs is then subjected
to different types of fluid flows. For instance, air f low can be
driven over the monolayer at slow speeds to simulate normal
breathing situations. Single-phase liquid flows through the upper
chamber can be used to recreate the motion of liquid during total
liquid ventilation (48) or fetal breathing movements in the
developing lung (49). For investigation of lung injury during
airway reopening, the prepared cells are exposed to plug prop-
agation and rupture to reproduce in vivo airway reopening in the
microfabricated in vitro small airway (Fig. 1D). Liquid plugs are

created by a plug generator integrated with the upper chamber
and propagate over the epithelial cells. As liquid plugs move
down the microchannel, they shorten as a result of the deposition
of a trailing film (29) and eventually rupture in the downstream
region (Fig. 1E).

Results and Discussion
Under liquid perfusion culture conditions, the SAECs exhibited
a monolayer growth pattern and remained proliferative over a
period of 6 days (Fig. 1F) to produce a confluent monolayer with
�90% viability, as assessed by live/dead staining (Fig. 2A). When
grown at an air–liquid interface, the SAECs lost their prolifer-
ative capacity, presumably because of the initiation of cellular
differentiation as well as contact inhibition. Air–liquid interface
culture over 3 weeks resulted in no significant change in viability
(Fig. 2B). The cells in the regions not adjoining the lower
chamber, however, were found to be dead (Fig. 2C), illustrating
a vital role of basal feeding in sustaining the SAECs during
prolonged periods of air–liquid interface culture. Immunohis-
tochemical quantification of Clara cell 10-kDa protein (CC10),
a known marker of differentiated and biochemically functional
airway epithelial cells (45, 50), revealed a marked increase in
CC10 upon exposure of the cells to an air–liquid interface (Fig.
2D). The concentration of CC10 increased over the first 9 days
and decreased gradually throughout the rest of the culture
period, consistent with the observations reported in macroscopic
airway epithelial cell cultures (45). Liquid perfusion culture
resulted in no detectable CC10 expression regardless of its
duration.

Closure and reopening of microfluidic small airways are
achieved by dynamically switching air–liquid two-phase flows in
a microfabricated plug generator integrated with the culture
chamber. Initially, liquid is injected into the plug generator and
focused by air f lows to form a stable stratification of air and
liquid (Fig. 3A) (51, 52). When air is valved off, the liquid stream
spreads instantaneously and progresses gradually into the cul-
ture chamber (Fig. 3B). Recovery of air f low reestablishes the
stratified two-phase flows and ‘‘pinches off’’ the liquid column
advancing to the culture chamber, which results in the formation

Fig. 1. Compartmentalized microfluidic airway systems. (A) The microfabricated small airways are comprised of PDMS upper and lower chambers sandwiching
a porous membrane. (B) SAECs are grown on the membrane with perfusion of culture media in both upper and lower chambers until they become confluent.
(C) Once confluence is achieved, media are removed from the upper chamber, forming an air–liquid interface over the cells. During air–liquid interface (ALI)
culture, the cells are fed basally and undergo cellular differentiation. (D) Physiologic airway closure is recreated in the microfluidic system by exposing the
differentiated cells to plug flows. (E) Liquid plugs created in a plug generator progress over a monolayer of the epithelial cells and rupture in the downstream
region, reopening the in vitro small airways. (F) SAECs seeded into the upper chamber attach to a membrane within 5 hr after seeding in the absence of fluid
flows. Continuous perfusion of media supports cell growth into monolayers with typical epithelial appearance. Confluence is reached �6 days after seeding, at
which time �95% of the membrane surface inside the microchannel is uniformly covered with SAECs. (Scale bars: 150 �m.)
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and propagation of a liquid plug in the airway microchannel (Fig.
3C). During propagation, the liquid plug loses its volume by
depositing liquid onto the channel wall from its rear meniscus
and becomes shorter until it ruptures in the downstream region
(Fig. 3D). The length and propagation speed of liquid plugs can
be controlled by changing the duration of air blockage and the
flow rate of air, respectively [see supporting information (SI)
Fig. 5]. This integrated component provides unique capabilities
to precisely mimic fluid motions characteristic of airway reopen-
ing, which would be difficult to achieve by using traditional tissue
culture methods or ex vivo airway models based on excised lungs.

Rupture of liquid plugs in the microfluidic small airways
generated transient pressure waves similar to those producing
respiratory crackles that can be auscultated in routine clinical
settings to identify airway reopening. We used a laser vibrometer
(53) to detect out-of-plane motion of microchannel walls caused
by pressures during plug rupture. The measurements revealed
that large pressure pulses were generated in coincidence with
rupture events inside the airway microchannel. The resulting
pressure waveforms had small initial deflections followed by
spikes with larger amplitudes (Fig. 3E), which closely resembles
the patterns found in the acoustic waveforms of naturally
occurring crackles as shown by time-expanded waveform analysis
(30, 33, 54). The duration of an initial deflection and the total
duration of waves were approximated to be 0.5 ms and 1.5 ms,
respectively. These values are fairly similar to the acoustic
parameters of fine crackles where the mean time duration of an
initial deflection and the first two cycles of the waveform are

typically 0.5 ms and 5 ms, respectively (30, 33). These observa-
tions illustrate that our system enables in vitro recreation of not
only fluid dynamics of airway reopening, but also its essential
acoustic characteristics that are clinically more relevant (actual
sounds are provided as SI Soundtrack 1).

To drive liquid plugs, we used physiological f low rates of air
estimated from typical tidal volumes and the Weibel model (55),
which prompted plugs to move at a mean velocity of �1.5 mm/s
in the microchannel. As a control condition, differentiated
SAECs were exposed to single-phase liquid flows at �1.5 mm/s,
which may be relevant to fetal breathing in late gestation or total
liquid ventilation. This resulted in no discernible injury of the
cells, as indicated by their viability (�85%) (Fig. 4A). In
addition, air f low over a monolayer of differentiated SAECs at
physiological velocities simulating normal breathing did not
cause cellular damage (data not shown). When the monolayer
was subjected to 10 events of plug propagation and subsequent
rupture over a period of 10 min (1 event per min), however, there
was a significant increase (P � 0.0001, n � 10) in the number of
membrane-compromised cells, and viability was reduced by
�24% (Fig. 4B). The fraction of injured cells increased propor-
tionally with escalating doses of fluid mechanical stresses im-
posed by 50 and 100 events of plug progression and rupture over
10 min (Fig. 4 C–E) (P � 0.0001, n � 10). These observations
suggest that the two-phase fluid motion characteristic of airway
reopening generates a substantial amount of deleterious me-
chanical stresses and causes airway injury. Considering that the
cells did not exhibit significant injurious response after a single
reopening event (data not shown) and that the mechanical
stresses imposed by a single propagation/rupture remained the
same throughout the experiments, these results may also indicate
the important role of repetitive reopening events in inducing and
exacerbating mechanical cellular injury.

We estimated mechanical stresses acting on the cell surface by
computationally investigating the flow field created by a liquid

Fig. 2. Microfluidic production of in vitro small airway tissue. Liquid perfu-
sion culture over 6 days generates a confluent monolayer of SAECs with high
viability (mean � SD � 90.4 � 5.17%), as illustrated in A. Green and red
represent live and dead cells, respectively. (B) During ALI culture lasting 3
weeks, the steady flow of culture media in the lower chamber sustains the cells
on the membrane, maintaining high viability (87.6 � 3.77%). (C) The cells in
the areas without basal feeding die from starvation, leading to no detection
of live cells. (Scale bars: 150 �m.) (D) ALI culture induces differentiation of
SAECs as indicated by the production of CC10. The level of protein secretion
is not measurable during liquid perfusion culture and increases considerably
within 9 days after the formation of an air–liquid interface. Data represent
mean � SD of samples collected from three independent experiments (n � 3).

Fig. 3. Formation, propagation, and rupture of liquid plugs generated by
dynamic fluidic switching in a microfabricated plug generator. (A) In the plug
generator, injected liquid is stably focused by air to form stratified air–liquid
two-phase flows. Liquid exits to a waste outlet. (B) Blockage of air causes liquid
to enter the culture chamber. (C) Subsequently, air flow is resumed and
original two-phase stratification is recovered, resulting in the formation of a
liquid plug in the culture chamber. (D) As liquid plugs move through the upper
chamber, they become shorter because of volume loss and ultimately rupture
in the downstream region. (Scale bars: 1 mm.) (E) Plug rupture in microchan-
nels produces pressure waves resembling transient acoustic waves of respira-
tory crackles. Note that the time scale in the pressure plot is expanded over the
period of 15 ms to emphasize the dynamics of rapid pressure fluctuations
caused by plug rupture.
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plug (34) moving in two-dimensional parallel-plate channels. In
situations matching the experimentally defined channel geom-
etry and flow conditions (channel height of 100 �m, propagation
speed of �1.5 mm/s), there exist abnormally large gradients of
wall pressure and wall shear stress in the area of smallest film
thickness, known as a capillary wave, where the front meniscus
converges to a precursor film (Fig. 4F). The stresses and stress
gradients exerted by the front meniscus of a liquid plug are larger
than those generated by the rear meniscus, suggesting that
cellular injury due to plug propagation is mainly a result of the
movement of the front meniscus of a liquid plug. Considering
that the length of a single cell (�40 �m) is greater than that of
the capillary wave, the maximum pressure drop and shear stress
change within a cell can be estimated to be the largest change in
the magnitude of the wall pressure and shear stress in the
capillary wave region, which are 6,454.9 dynes/cm2 and 97.58
dynes/cm2, respectively. It should be noted, however, that these
values may change because of the factors that have not been
taken into account in our study, such as pulmonary surfactant
(42, 43, 44, 56, 57), airway compliance (35–37), and non-planar
topography of the airway wall resulting from the protrusion of
airway epithelial cells (38).

It is noted that there were larger numbers of injured cells in
the downstream regions where liquid plugs became very thin and
subsequently ruptured. In the presence of plug flows, viability in
the downstream area normalized with respect to the percent
fraction of live cells in the domain spanning the upstream and
midstream areas decreased significantly (19–47% more death;
P � 0.0001) as compared with that in controls—liquid perfusion
culture, ALI culture, and exposure of cells to single-phase liquid
flows (Fig. 4G). This observation is indicative of detrimental
mechanical stresses in the downstream region that are suffi-
ciently larger than those produced by plug propagation in the
upstream and midstream regions, illustrating a higher risk of
cellular injury due to the unique stress environment created at

the site of plug rupture and its vicinity. As the plug length
becomes very small shortly before plug rupture takes place, the
interaction between the leading and trailing menisci may in-
crease interfacial curvature, which can elevate the pressure drop
across the air–liquid interface and therefore impose larger
mechanical stresses on the cells. The large curvature of the
interface after plug rupture and subsequent drainage of fluid
into the neighboring liquid film are also expected to be more
damaging to the epithelial cells.

These results also reveal findings that distinguish our system
from the previous in vitro reopening models (42–44) where
nondifferentiated and immortalized epithelial cells grown on
glass substrates in liquid culture are subjected to the air–liquid
interface of a progressing semiinfinite air bubble to simulate the
first breaths of a newborn. (i) Despite larger mechanical stresses
generated by the movement of a finite liquid plug, airway
epithelium produced by physiologic air–liquid interface culture
of primary epithelial cells is much more resistant to injury
induced by plug propagation under the conditions that would
cause severe damage of cells in the previous in vitro models. This
is presumably because of air–liquid interface culture-induced
cellular differentiation that may strengthen monolayer integrity
via formation of tight junctions and desmosomes (45, 46) (see SI
Text). It is also possible that cellular production of secretory
proteins initiated and maintained by air–liquid interface culture
may serve to protect the cells. (ii) The microfluidic airway system
enables us to demonstrate the important role of one of the
possible final steps of reopening events—progression of very
thin liquid plugs and their subsequent rupture—in promoting
mechanical tissue injury during airway reopening. This has not
been possible to address in the previous models. Our study,
however, does not consider the effect of pulmonary surfactant
and thus is limited in simulating the reopening stresses that
would exist in the airway system with surfactant dysfunction.
Normal surfactant function would reduce surface tension and

Fig. 4. Cellular injury caused by propagation and rupture of liquid plugs. (A) Single-phase liquid flows do not damage differentiated SAECs. Exposure of the
cells to propagation and subsequent rupture of liquid plugs results in progressively larger numbers of injured cells, as shown in B–D. PR represents the number
of plug propagations and subsequent ruptures over a period of 10 min. ‘‘Upstream and midstream’’ and ‘‘downstream’’ areas range from x � 0 to 2.9 mm and
from x � 2.9 mm to 3.7 mm, respectively. (Scale bars: 150 �m.) (E) The extent of cellular damage is elevated with the increasing number of reopening events.
(F) Numerical simulation reveals that propagating liquid plugs form recirculation in the core region and generate large gradients of wall pressure and wall shear
stress in the precursor film where the film thickness is the smallest. (G) Downstream viability normalized by the percent viability of cells in the upstream and
midstream regions decreases significantly in the presence of reopening flows, suggesting that more deleterious mechanical stresses are generated in the vicinity
of the site of plug rupture.
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the peaks of wall pressure and wall shear stress (58), providing
a degree of protection to cells from mechanical damage asso-
ciated with plug propagation and rupture. It should also be noted
that in the same way that surfactants stabilize foams, pulmonary
surfactant may stabilize thinning plugs to form lamellae that
resist rupture.

From a clinical perspective, our results imply that respiratory
crackles created by airway reopening may be associated with
mechanical airway injury in various respiratory diseases with
impaired capabilities of surfactant to lower surface tension. Our
system is limited in reproducing structural f lexibility of airway
epithelium that may serve to dampen the detrimental effect of
reopening-induced mechanical stresses in vivo. Pathological
conditions that cause airway remodeling with increased connec-
tive tissue in the airway wall, which often accompany surfactant
dysfunction [especially in asthma (59–61) and chronic obstruc-
tive pulmonary disease], however, might stiffen the airway wall
and render the epithelial cells more prone to mechanical injury,
as demonstrated in this work. Our studies provide insights into
understanding physiological nature of crackles beyond a symp-
tom of pulmonary disorders involving edema, infection, or
inflammation. Our demonstrations raise the possibility that
airway reopening, which is manifest as crackles, can mechani-
cally aggravate pulmonary diseases exhibiting surfactant dys-
function, which may lead to the severe lung injuries often found
in such diseases.

These findings are consistent with the deleterious effects of
reopening plug flows observed by previous theoretical and
experimental studies, confirming the crucial role of fluid me-
chanical stresses in understanding the onset and exacerbation of
physical force-induced lung injuries. Our investigation also high-
lights a multipronged approach combining microfluidics and
microfabrication with tissue engineering to developing robust in
vitro airway models. The microfluidic airway system provides
highly controllable and readily accessible physiologic pulmonary
environments tailored for lung epithelial cells and respiratory
flows of interest. We believe that our approach will enhance the
current understanding of cellular response to complex pulmo-
nary mechanical forces and potentially contribute to the design-
ing of strategies for treating and preventing lung injuries of fluid
mechanical origin.

Materials and Methods
Microfluidic Cell Culture. Primary SAECs and serum-free SAEC
basal medium supplemented with growth factors were obtained
from Cambrex Life Sciences. Before use in microchannels, the
cells were maintained in the complete growth media and cul-
tured in 25-cm2 flasks according to the manufacture’s protocols.
Cells were used for microfluidic culture after the first or second
subculture. Before cell seeding, airway microchannels were
sterilized by UV irradiation, filled with media, and preincubated
overnight. SAECs were seeded at 105�106 cells per cm2 into the
upper chamber, and liquid flows were completely stopped to
facilitate cell attachment. After 5 hr, steady flows of culture
media were driven by a syringe pump at 25 �l/hr in each
chamber. The microfluidic culture was maintained at 37°C in a
humidified incubator with 5% CO2 in air. Once confluence was

achieved, culture media were aspirated from the upper chamber
to establish an air–liquid interface at the apical surface of a
monolayer. During air–liquid interface culture, culture media
were driven at 15 �l/hr through the lower chamber.

Immunohistochemical Detection of CC10. During liquid perfusion
culture, media perfused through an upper chamber were col-
lected from the outlet of the upper chamber every 3 days and
stored frozen at �20°C for later analysis. During air–liquid
interface culture, the apical surface of a monolayer was washed
with 100 �l of culture media every 3 days, and the resulting
liquids from the outlet were stored in the same manner. A human
Clara cell protein ELISA kit was purchased from United States
Biological to quantify the concentration of CC10 in the collected
samples. Briefly, conditioned media were injected into microti-
ter wells coated with polyclonal anti-human Clara cell protein
antibodies. After incubation and a washing, polyclonal anti-
human Clara cell protein antibodies labeled with biotin were
added and incubated. The wells were washed and, subsequently,
streptavidin-horseradish peroxidase complex was added to bind
to biotin. After incubation and the last washing step, the
conjugate reacted with substrate H2O2-tetramethylbenzidine. A
commercial ELISA reader was used to measure the absorbance
of the resulting product at 450 nm.

Viability Assay. The upper chamber was filled with a mixture
solution containing calcein AM (2 �M in culture media) and
ethidium homodimer-1 (4 �M) and incubated in a culture
incubator for 10 min, after which the upper chamber was
examined by fluorescence microscopy. For the assessment of
cellular damage due to plug flows, f luorescence staining was
performed �20 min after the termination of experiments so that
small and compensable membrane disruptions were allowed to
reseal and the assay could capture permanently injured cells
exclusively. Cellular viability was quantified by the percentage of
calcein AM-labeled cells averaged over 10 different observation
areas of the upper chamber from multiple independent exper-
iments. Obtained data were represented as mean � SD. We used
analysis of variance (ANOVA) followed by post hoc Tukey’s
multiple comparison test (Fig. 4E) or two-tailed Student’s t test
(Fig. 4G) to determine statistical significance.

Generation of Liquid Plugs. Air and liquid flows were driven by
compressed air and a syringe pump, respectively. Air flows were
regulated by a solenoid-operated high-speed (response time of
�25 ms) pinch valve controlled by a personal computer. The
valve was used to close and subsequently reopen silicone tubing
connecting a compressed air tank to the airway microchannels.
PBS was used as working liquid and injected into the micro-
channel at 10 ml/hr.
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