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Abstract
We describe a bio-inspired microfluidic system that resembles pulmonary airways and enables on-
chip generation of airway occluding liquid plugs from a stratified air-liquid two-phase flow. User-
defined changes in the air stream pressure facilitated by mechanical components and tuning the
wettability of the microchannels enable generation of well-defined liquid plugs. Significant
differences are observed in liquid plug generation and propagation when surfactant is added to the
buffer. The plug flow patterns suggest a protective role of surfactant for airway epithelial cells against
pathological flow-induced mechanical stresses. We discuss the implications of the findings for
clinical settings. This approach and the described platform will enable systematic investigation of
the effect of different degrees of fluid mechanical stresses on lung injury at the cellular level and
administration of exogenous therapeutic surfactants.

Introduction
The airway tree of the lung consists of a branching network of tubes that become shorter,
narrower, and more numerous as they penetrate deeper into the lung.1 The airway is normally
lined with a dynamic thin liquid film secreted and maintained by airway epithelial cells.
Airways less than 1–2 mm in diameter that include membranous, terminal and respiratory
bronchioles as well as alveolar ducts are known as distal airways.2 Due to their small size,
distal airways are prone to closure at low lung volumes,3 e.g. at the end of expiration.
Pulmonary surfactant within the liquid lining film reduces the surface tension at the air-liquid
interface of the airways and prevents airway collapse.4, 5 Abnormalities in biochemical and
biophysical properties of surfactant cause instabilities of the air-liquid interface in various
respiratory disorders6–11 creating liquid plugs which obstruct airflow and impede gas
exchange.12 During inflation of the lung, the pressure associated with the inspired air moves
the plug downstream. The plug leaves behind a trailing film as it propagates, becomes shorter
when the trailing film is thicker than the precursor film,13 and can eventually rupture re-
establishing airflow. This process is known as “airway closure and reopening” and is
schematically shown in Fig. 1a. Computational models show that reopening of occluded
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airways exerts abnormal fluid mechanical stresses on airway walls that may damage the lining
epithelial layer.13–17

Liquid plugs may also form during clinical therapies such as mechanical ventilation (MV) and
surfactant replacement therapy (SRT).18–20 MV is used to support gas exchange for patients
with a wide range of respiratory disorders. When the disorder is also accompanied by surfactant
dysfunction, cyclic liquid plug-mediated closure and subsequent reopening of airways happens
that may exacerbate damage to epithelium.21–23 In SRT that involves administration of
exogenous surfactant into patients’ lungs through the endotracheal tube, homogeneous
surfactant delivery usually requires a fast injection, which in turn results in the formation of a
surfactant plug.5, 24 The plug is then propelled distally into airways during forced inspiration.
There is also a great deal of interest in using liquid plugs as vehicles for targeted drug delivery
in various lung diseases.

Despite being implicated in a wide range of events in lungs, liquid plugs have not been studied
experimentally in detail mainly due to the difficulty of recreating pulmonary airway-associated
flows in vitro. Recently, our group developed a microfluidic device consisting of a plug
generator and a cell culture chamber.25 Liquid plugs of phosphate buffered saline (PBS) were
generated by switching off and on the air stream of a stratified air-liquid two-phase flow and
subsequently propagated over a monolayer of epithelial cells under the air stream pressure.
Although useful, this system lacked precise control and measurement of pressure levels making
it difficult to relate plug generation and propagation to physiological MV- and SRT-type
applications where a fine control over airway pressures is required. Here, we describe an
automated microfluidic pulmonary airway model that is integrated with a computer-controlled
on-chip plug generator and equipped with pressure sensors, solenoid valves and flow meters
to generate and monitor a wide range of airway pressures. This platform enables formation and
propagation of liquid plugs of both PBS and, for the first time, surfactant-containing solutions
with defined size and speed. Unlike most existing plug generating mechanisms that utilize two-
phase flows in different channel configurations (e.g. a T-junction) and result in a “train” of
liquid plugs within an air stream,26, 27 study of liquid plug dynamics in lung airway models
requires the flexibility of user-defined timing of formation and propagation of individual plugs.
28 The platform described here facilitates such fundamental investigations. Our analysis shows
that channel surface wettability, air pressure, and fluid properties determine flow
configurations both during plug generation and propagation events. More importantly, we
demonstrate that exogenous surfactants provide protective coating films on airway walls and
reduce flow instability-induced airway closure.

Experimental
Fabrication of the microfluidic device

The microfluidic device consisted of two poly(dimethylsiloxane) (PDMS) chambers separated
by a porous polyester membrane of 3 μm pore size, which mimics the basement membrane in
vivo (Fig. 1b). The dimensions of top and bottom microchannels were 350 μm × 85 μm and
550 μm × 85 μm, respectively. Both layers were fabricated using soft lithography.29

Prepolymer (Sylgard 184, Dow-Corning) at a 1:10 curing agent-to-base ratio was cast against
positive relief features to form negative replica of microchannels. The relief features were
composed of SU-8 (MicroChem, Newton, MA) and fabricated on a thin silicon wafer using
conventional photolithography. The prepolymer was cured at 60°C overnight. After cutting
out the channel features, via holes to microchannels were punched using a 1.5 mm Biopsy
punch (Miltex).

We used a stamping method to assemble the two PDMS layers and the porous membrane.30

PDMS prepolymer was diluted 1:2 in toluene and spin-coated at 1000 rpm for 1 min on a glass
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slide to form a thin layer of PDMS glue. Top and bottom layers of the device were stamped
against the glue. The porous membrane was carefully placed on the bottom layer microchannel
and small amounts of the glue were applied to the edges of the membrane using a pipette tip.
Then, the two layers were carefully aligned under a microscope and the assembly was left at
ambient temperature for ~1 h to degas. The device was cured at 60°C overnight. Finally, 14-
gauge bent blunt needles (Becton Dickinson) were attached to silicone tubing (Fisher
Scientific) of 10–15 cm and connected to inlet and outlet ports of air and liquid on the device
using epoxy glue (ITW Performance Polymers). The fabrication procedure ensures a robust
leakage-free bonding.

Wettability of microchannels
PDMS is intrinsically a hydrophobic material. To change the wetting properties of
microchannels, we exposed devices to radiofrequency oxygen plasma (SPI Supplies) for time
periods of 15, 20, and 25 min.31 Plasma treatment was performed after attaching all tubings to
microfluidic devices. To verify uniformity of plasma treatment along the length of the droplet
observation region of microchannels, we estimated contact angles of liquid plugs in these
devices and found that increasing duration of plasma treatment changed the contact angle from
~83° to ~73° to ~65°, respectively. Contact angles were estimated by extracting the profile of
liquid plugs from experimental images using a freeware program, ImageJ (NIH), and
subsequently fitting a tangent to the extracted profile at the point of contact with the channel
wall.

Working fluids and viscosity and surface tension measurements
We selected three different working fluids: (i) Dulbecco’s Phosphate Buffered Saline (PBS,
Gibco), (ii) a 5 mM Tween 20 (Sigma) surfactant solution in PBS, and (iii) a natural lung
surfactant, Survanta, with a concentration of 1.0 mg/ml in PBS. Liquid viscosity was measured
using a U-tube viscometer (Ostwald). Surface tension of liquids was determined by Du Noüy
ring method (Krüss).

Experimental setup design
The experimental setup of the plug generator is shown in Fig. 1c. In all experiments, liquid
flow rate was fixed at 10 ml/hr and the source pressure of the air was adjusted to 10 psi using
a pressure regulator on the air tank. An air flow meter (Cole-Parmer) installed upstream of the
air inlet port of the microfluidic device significantly reduced the pressure of air supplied to the
device. To generate liquid plugs on-chip, liquid was pumped into the K-shaped top
microchannel using a syringe pump (KD Scientific) and was focused by compressed air stream
to form a stratified air-liquid flow where the two streams flow side-by-side (Fig. 2a-1). Using
a programmable solenoid pinch valve (Cole-Parmer) to close tubing connecting air source to
the plug generator, the airflow was blocked for a very short predefined period of time (≥30
ms), allowing the liquid to spread and progress towards the main channel (Fig. 2a-2). Recovery
of the airflow re-established the stratified flow and pinched off a liquid plug that propagated
downstream the main channel (Fig. 2a–3). To gain precise control over liquid plug dynamics
and to mimic physiologic airway pressures, we used a sensitive pressure controlling mechanism
that consisted of a small piece of plastic tubing glued to a 1 ml pipette tip at one end and placed
between tunable squeeze jaws at the other end (Fig. 1c). This assembly was connected to the
tubing at the outlet of the top chamber. A differential pressure transducer (Omega Engineering)
was incorporated in the system to monitor the pressure difference, ΔP, between the inlet port
of the air stream (P1) and the outlet port of the top channel (P2). Any change in air and liquid
flow rates or fine tuning the closure of the squeeze jaws changed pressure within the system.
The transducer translated this differential pressure into an electric voltage, which was measured
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using a data acquisition (DAQ) board. The voltage data were converted to pressure data using
manufacturer’s tables.

Data analysis
The device was placed under a conventional bright field microscope (TS100, Nikon) during
the experiment. Images and videos were captured using a Hamamatsu camera (Orca-ER)
mounted on the microscope. ImageJ was used to analyze the images.

Results and discussion
For a liquid of known physical properties, we identified two main parameters that affect the
plug generation process (assuming fixed channel dimensions and a constant liquid flow rate):
differential pressure between the air inlet and the outlet port downstream of the main channel
and wettability of the channel walls. These are discussed in the next two sections. Additionally,
liquid surface tension is an important parameter in lung physiology. We use PBS and Survanta
as working fluids to examine this point in the context of plug generation and propagation events
in two separate sections following. Finally we discuss clinical implications of the findings.

Differential pressure
The baseline value of the differential pressure, ΔP, was adjusted by varying the airflow rate,
the liquid flow rate, or the closure time of the pinch valve while keeping the closure of the
squeeze jaws of the pressure controlling mechanism fixed. By varying the airflow rate, a large
range of pressures including both physiologic transpulmonary pressures (ΔP<~0.5psi)32 and
abnormally larger non-physiologic pressures33 were accommodated in the microfluidic airway
model (supporting information, Fig. SI.1a). We found that ΔP was hardly sensitive to changes
in the liquid flow rate (supporting information, Fig. SI.1b) and therefore kept the liquid flow
rate constant in all experiments and varied ΔP by changing the airflow rate. To examine
pressure changes in the channel during generation and propagation of a liquid plug, we analyzed
a typical pressure profile. Initially when both air and liquid flow at constant rates of 35 cm3/
min and 0.167cm3/min, respectively, to form a stratified flow, ΔP has a constant baseline value
of ~0.3 psi (region A in Fig. 2b corresponding to Fig. 2a-1). Closing off the pinch valve for 30
ms blocks the airflow momentarily, causing air pressure to build up behind the pinch valve due
to the flow of air upstream of the pinch valve. The differential pressure rises sharply and reaches
a peak value, ΔPpeak, about 50% larger than the baseline value in this case (region B in Fig.
2b). Once the pinch valve is reopened, the air pressure pushes the liquid column of the side
channel toward the waste reservoir and the main channel. The stratified flow is recovered and
a plug forms in the main channel (Fig. 2a-3). The pressure drops considerably, yet to a value
larger than the baseline pressure (region C in Fig. 2b). This difference reflects resistance to the
airflow in the main channel due to the presence of the liquid plug and indicates that in vivo,
occluded lung airways that exist at the beginning of the inspiration cycle require a larger
pressure to expand, causing small lung compliance.32 The pressure remains at this level as the
plug propagates downstream the channel and finally returns back to its baseline value after the
plug is cleared from the channel (region D in Fig. 2b). This situation resembles increase in the
lung compliance after collapsed lung units are reinflated (recruitment).

Reopening of the pinch valve is the onset of the plug generation process when the maximum
inlet air pressure, and hence ΔPpeak, directly affects the flow at the K-junction of the device
by pushing the liquid column (Fig. 2a-2) towards the main channel and the waste reservoir.
Due to its larger resistance, the main channel is filled with less liquid compared to the channel
leading to the waste reservoir. It will be shown below that at a constant liquid flow rate,
ΔPpeak directly correlates with the size of liquid plugs (see Fig. 4). The increase in the liquid
plug size with ΔPpeak is due to the ease of reinitiating flow into the air-filled main channel
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compared to the liquid-filled side channel. We obtained a wide range of ΔPpeak by (i) changing
the baseline air pressure and (ii) duration of closure of the pinch valve (supporting information,
Fig. SI.2a).

Surface wettability of microchannels
Because of the large surface area-to-volume ratios, surface wettability is a critical parameter
in microscale air-liquid two-phase flows. That is, one cannot simply control ΔPpeak and fluid
flow rates and expect the same plug size in microchannels of differing wettabilities. We thus
evaluated the role of wettability of microchannel surfaces using two sets of identical devices
with different wettabilities: A microfluidic device that was rendered hydrophilic by exposure
to oxygen plasma for 25 min and a hydrophobic device without any plasma treatment. To verify
differences in surface properties, a PBS plug was formed in each device and advanced slowly
using an extremely low airflow to ensure that the front meniscus attains an advancing contact
angle.34 Plugs generated in the plasma treated device yielded a much smaller contact angle,
confirming hydrophilicity of channel surfaces (cf. Fig. 3a&3b). Next we performed plug
generation experiments with hydrophobic and hydrophilic devices using similar air and liquid
flow rates and the pinch valve closure time. As shown in Fig. 3c&3d, larger plugs are generated
in the hydrophilic device compared to the hydrophobic one under similar test conditions. We
calculated the solid-liquid interfacial tension (γsl) in these two systems to explain this
observation:

The surface tension of PBS is similar to that of water at room temperature, γlv= 72.2 mJ/m2,
and therefore a similar contact angle (θ) is resulted on hydrophobic PDMS, i.e. ~105° (Fig.
3a).35 We also estimated that PBS contact angle on hydrophilic PDMS surface is ~65° (Fig.
3b). To calculate γsl, first we invoke Young’s equation

(1)

and an equation of state for interfacial tensions

(2)

In Eq. (2), γlv, γsv, and γsl represent liquid surface tension, solid surface tension, and solid-
liquid interfacial tension, respectively, and β=0.000125 (mJ/m2)−2 is an experimental constant.
36, 37

Combining the above equations gives

(3)

Using known values of γlv and θ, Eq. (3) is used to first calculate γsv for both systems:
γsv, hydrophobic=19.8 mJ/m2 and γsv, hydrophilic=44.0 mJ/m2. Subsequently, Young’s equation is
solved for γsl using γsv, γlv, and θ values of each system. This yields γsl, hydrophobic=38.5 mJ/
m2 and γsl, hydrophilic=13.6 mJ/m2.

This analysis shows that the solid-liquid interfacial tension, which is the energy required to
create a unit area of solid-liquid interface, is significantly larger for the hydrophobic system.
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Therefore under similar test conditions, the hydrophobic device results in a smaller solid-liquid
contact area (i.e., a shorter plug).

Quantification of plug generation with PBS and surfactant solutions at different surface
wettabilities and peak differential pressures (ΔPpeak)

We first used PBS as the working fluid to study plug generation in three sets of microfluidic
devices with different channel wall surface tensions (γsv) of 33.2, 39.4, and 44.0 mJ/m2,
obtained by oxygen plasma treatment for 15, 20, and 25 min, respectively. The experiments
were performed in a wide range of peak differential pressure, ΔPpeak<1.0 psi. These conditions
enabled us to study simultaneously the combined effect of surface wettability and ΔPpeak on
plug generation. We found a critical pressure (ΔPc~0.22 psi) below which PBS plugs do not
form; but rather, small droplets of large curvature are deposited on the channel walls. At
ΔPpeak≥ΔPc, sufficient volume of PBS entered into the main channel to generate a plug across
channel walls. Above the critical pressure level, in all three devices, the plug size initially
increased linearly with the peak differential pressure up to a certain pressure threshold (Fig.
4a). At a given pressure, larger plugs form in more hydrophilic channels (larger slope for
diamonds than squares and triangles in Fig. 4a) due to a smaller solid-liquid interfacial tension,
γsl, in these systems, as explained above and corroborated by non-dimensionalizing the peak
differential pressure with respect to γsl that results in the collapse of all three series of data
points toward a linear band (supporting information, Fig. SI.3).

At a certain pressure threshold, further increase of ΔPpeak does not yield larger plugs, but rather
multiple plugs are generated (Fig. 4b). To understand this phenomenon, we performed video
imaging of the process. As pressure increases, instabilities of the two-phase flow during
reopening of the air stream leave small liquid residues on channel walls, in addition to the
generated liquid plug. At pressures below the threshold value, the residues are small and remain
immobile under the airflow. However higher air pressures generate larger residues that move
toward the entrance of the main channel and merge to form a second and even a third plug
(Fig. 4b& a video in the supporting information).

We also evaluated the plug generation process by varying ΔPpeak using different valve closure
times. The size of PBS plugs continuously increased with ΔPpeak up to ~0.45 psi that
corresponds to a valve closure time of ~500 ms (Fig. SI.2b). Thereafter, the plug size only
changed marginally because at valve closure times greater than 500 ms, increase in the peak
pressure significantly slows down (Fig. SI.2a).

Surfactant is a critical component of the respiratory system for normal function of the lung.
During clinical events such as SRT, surfactant plugs can form in upper airways. To evaluate
formation of pulmonary surfactant plugs, we used Survanta as the working fluid. Survanta, a
clinical exogeneous surfactant, is an extract of minced bovine lung tissue to which certain
components are added to mimic surface tension-lowering properties of natural lung surfactant.
38 We used a hydrophilic device with γsv=44.0 mJ/m2 in a pressure range similar to the PBS
tests, i.e. ΔPpeak<1.0 psi. This surface wettability condition was selected because it more
closely mimics hydrophilic airways in vivo. Similar to PBS, Survanta plugs do not form below
a critical pressure level. However, this minimum is larger for Survanta (ΔPc~0.29 psi). We
observed that unlike PBS, Survanta always tends to spread on channel walls rather than forming
fairly round droplets. Therefore it takes a larger pressure and a greater volume of liquid to
generate a Survanta plug. This delayed plug formation is mediated by the low surface tension
of Survanta (γSurvanta= 25.0 mJ/m2 vs. γPBS= 72.2 mJ/m2) and a resulting low γsl and supports
a protective role of surfactant against airway closure due to flow instabilities. Above the critical
pressure, the plug length increases linearly with pressure up to ~0.65 psi (Fig. 4a,c). Under
similar pressure and wettability conditions, Survanta plugs are always shorter than PBS plugs
(c.f. circles and diamonds in Fig. 4a) because a significant volume of Survanta entering into
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the main channel spreads on the walls behind the plug. As pressure increases to ΔPpeak>0.65
psi, Survanta deposition becomes even more significant and the plug size remains fairly
constant (Fig. 4a,c). Spreading of Survanta is also the key factor preventing multiple plug
formation, as opposed to the surfactant-free PBS solution.

Propagation of PBS and surfactant solution liquid plugs
Subsequent to the formation of liquid plugs, the inspired air pressure drives the plug along the
airway. Understanding this process in detail and the ability to systematically manipulate it is
important to events such as plug-mediated airway injury and SRT. Questions that have largely
been studied numerically and yet require experimental analysis are differences in the
propagation dynamics of buffer and surfactant solution plugs under similar channel wettability
and driving pressure,13, 39, 40 conditions mediating rupture of liquid plugs,15 and correlation
between plug size and speed.15

We tested both PBS and a 5 mM solution of Tween 20 as a model surfactant in hydrophilic
microfluidic devices. A key observation was that unlike PBS plugs, the rear meniscus of model
surfactant plugs deposited a thin film on channel walls (cf. Fig. 5a and 5b) and the plug length
decreased approximately 60% over a distance of ~6.7 mm. We monitored the displacement of
front meniscus (Xfront) and rear meniscus (Xrear) of the surfactant plug from an origin point in
the main channel where plug propagation starts. The displacement of both menisci followed
quadratic polynomial relations and the data suggested that the rear meniscus propagated
slightly faster than the front one (Fig. 5c). This experiment is consistent with a previous
observation28 and suggests that plug rupture is due to a faster rear meniscus eventually catching
up with the front one. Equating the displacement equations gave the time of the surfactant plug
rupture in the channel, t=36.45 sec. Using this value, the site of plug rupture is estimated from
the displacement equations to be ~10.9 mm downstream the origin point. This estimate is valid
for a straight homogeneous channel only. Our microfluidic setting contains a porous membrane
downstream the channel allowing liquid to purge through the membrane, complicating
dynamics of plug propagation/rupture. Nevertheless, in the presence of a monolayer of
differentiated epithelial cells on the membrane, the channel can still be considered
homogeneous because cell-secreted tight junctional proteins limit paracellular (passive) fluid
transport and therefore, the above estimate should still remain valid (see supporting
information, Fig. SI.4). Thus, this microfluidic platform enables generation of well-defined
liquid plugs that can be ruptured at a pre-determined region over a cell monolayer to investigate
the extent of damage to airway cells solely due to plug rupture and distinguish it from that
caused by plug propagation.

The variation of surfactant plug length over time was deduced from differences between front
and rear menisci displacements of Tween plugs. The result in Fig. 5d indicates that the plug
length decreases non-linearly with time and the plug speeds up as it becomes shorter (circles).
This observation indicates that under a constant driving air pressure, larger plugs propagate
more slowly, most likely due to a stronger viscous resistance, consistent with a recent numerical
investigation of unsteady propagation of liquid plugs in a straight tube.15 Unlike Surfactant-
containing plugs, PBS plugs did not deposit a detectable trailing film (diamonds). Interestingly,
we also found that the propagation of surfactant plugs is associated with the formation of a
precursor film that moves ahead of the contact line of the front meniscus of the plug on the
microchannel surface (Fig. 5e& a video in the supporting information). The precursor film
formation is likely due to interactions between surfactant head groups and the hydrophilic
surface of the channel.41

Propagation speed of liquid plugs is another key parameter that influences both the outcome
of SRT and airways cell injury due to pathological liquid plugs. To demonstrate the utility of
our in vitro platform for such studies, we examined PBS and 5 mM Tween 20 surfactant plug
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propagation at different speeds realized by tuning the pressure of driving air while keeping
other parameters fixed. Under a constant driving air pressure and assuming steady plug
propagation, plug speed was obtained by dividing plug displacement over a certain distance
with the propagation time. The results in Fig, 6 show that PBS plugs propagated about 2.5
times faster than surfactant plugs under similar driving pressures, consistent with
computational data.40 Increasing the driving pressure from ~0.15 psi to 0.32 psi changes the
speed of PBS plugs from 1.9 mm/sec to 5.3 mm/sec whereas the speed of surfactant plugs
increases from 0.7 mm/sec to 2.2 mm/sec. The capillary number in these experiments is on the
order of 10−5, showing that the flow is surface tension dominant.

We note that the described platform allowed us to experimentally study fundamental liquid
plug dynamics that, until now, have been primarily the realm of computational analysis. Our
experimental data verified computational findings about differences in propagation dynamics
of buffer and surfactant solution plugs in terms of trailing and precursor film deposition and
plug speed under similar test conditions, as well as correlation between size and speed of liquid
plugs and non-linear increase in plug speed with increase in driving air pressure.40

Clinical implications
Flow instabilities under large air pressures (~>0.5 psi) led to the formation of PBS drops
(residues) of high curvature on channel walls that resulted in multiple occluding liquid plugs
(see the movie in the supporting information). This experiment cautions the use of large
ventilation pressures in patients with surfactant deficiency.42 The fact that PBS plugs
propagated along the length of the channel without forming trailing or precursor films on the
channel walls reinforces this consideration. This is because the largest mechanical forces on
airway walls due to plug propagation are always generated at thin front and rear menisci,13

and such abnormal forces may cause significant damage to airway cells.

We showed that unlike PBS, Survanta plug formation required a larger pressure. Furthermore
under flow instabilities at high air pressures (~0.5–0.9 psi), 1.0 mg/ml physiologic surfactant
prevented formation of trailing plugs; rather, Survanta always spread on the channel walls.
This is consistent with earlier bench-top experiments and computational models that suggested
a stabilizing effect for surfactant delaying meniscus formation in rigid airway models by a
factor of 4–5 compared to surfactant-free solutions.4, 43, 44 Thus, the clinical benefits of
providing exogenous surfactant to patients is in part for maintaining airway patency and
protecting the epithelial lining cells from the damaging forces of repetitive opening and closing.

Propagation of surfactant plugs was also quite different from PBS plugs and was always
accompanied by formation of a trailing film due to deposition onto channel walls and a
precursor film moving ahead of the plug. Measurements of viscosity and surface tension of
PBS and Tween 20 helped explain the difference. Both liquids have a low viscosity (μPBS=1.00
cP and μTween=1.07 cP) whereas the 5 mM Tween 20 solution has a significantly lower surface
tension (γTween=37.4 mJ/m2) compared to PBS (γPBS=72.2 mJ/m2). This indicates that
formation of surfactant films on hydrophilic channel walls is mediated by a low surface tension,
which most likely is due to adsorption of surface-active molecules at the air-liquid interface
of the surfactant plug. This is consistent with findings from numerical models that suggest
decrease in the surface tension of the working fluid correlates with increase in the film
thickness.15 Presence of precursor and trailing surfactant films is thought to protect airway
cells against mechanical stresses of non-physiologic flows. Indeed, numerical models show
that surfactant mitigates mechanical forces (pressure, shear stress, and their gradients) on
airway walls and the peak value of these forces decrease as the film thickness increases.16, 40

Airways are accessible paths for the delivery of genetic materials and drug molecules to treat
genetic lung diseases such as cystic fibrosis and arrest the progression of lung cancer. Surfactant
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liquid plugs are considered potential drug delivery vehicles in the lung. However, the success
of such treatments will greatly depend on the accuracy of targeted delivery of liquid plugs to
airways.45 Based on a moderate driving pressure of ~0.3 psi in this in vitro model, we showed
that the site of rupture of surfactant plugs can be estimated from plug displacement equations.
Our approach and automated platform will facilitate studies of targeted drug and gene delivery
to pre-determined regions of the lung airway tree.

Another key observation relevant to SRT in clinics was that increasing the driving air pressure
caused faster propagation of surfactant plugs and resulted in the rupture of the plug earlier in
the channel due to a more significant deposition onto channel walls (note: trailing film thickness
is proportional to plug speed).5 This highlights the importance of delivery of exogenous
surfactant to patients at moderate pressures to prevent premature rupture of surfactant plug and
incomplete delivery, validating predictions from existing computational data.39 Thus, our
approach may be utilized to define optimum conditions for SRT to ensure that sufficient volume
of surfactant reaches conducting airways to allow uniform surfactant distribution on airway
walls.

Conclusions
We presented a micro-engineering approach to model the architecture of pulmonary airways
and study associated liquid plug flows. Using computer-controlled mechanical components,
liquid plugs of buffer and surfactant solutions with user-defined size and propagation speed
were generated. We correlated formation and propagation of liquid plugs with physical
properties of working liquids, wettability of channel walls, and pressure of the air stream. A
minimum critical pressure was required to initiate plug generation and this minimum was larger
when surfactant was added to PBS. For a fixed surface wettability, increasing the baseline
pressure, and hence the peak differential pressure, generated larger PBS plugs up to a certain
pressure threshold; thereafter, multiple liquid plugs formed due to increased flow instabilities.
A physiologic surfactant solution, Survanta, behaved quite differently from PBS. The plug size
initially increased with pressure but further increases in pressure, which caused larger flow
instabilities, did not lead to the formation of additional trailing plugs. The addition of Survanta
in hydrophilic channels mimics normal lung airways and these results suggest a critical role
for pulmonary surfactant in maintaining airway patency. In contrast to PBS alone, propagating
surfactant plugs gave rise to trailing and precursor films. Such surfactant coatings on airway
walls may serve to protect airway tissue against mechanical stresses associated with non-
physiologic flow conditions. Generation of well-defined surfactant-containing plugs in an in
vitro platform is a new capability that will serve various studies in pulmonary research
involving surfactants.

Our microfluidic airway model is a flexible in vitro platform that accommodates quantitative
investigations of liquid plug dynamics by independently varying components that comprise
the air-liquid interface in the lung. The findings and the proposed platform will help design
and perform in vitro tests to understand cellular level effects of liquid plugs in airways and the
efficacy of preventive and treatment strategies, such as SRT, for various respiratory disorders.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
(a) Schematic of the obstruction of surfactant-deficient airways by liquid plugs. The plug moves
downstream the airway due to the inhaled air pressure and eventually ruptures, (b) schematic
of the two-layer microfluidic device, (c) schematic of the computerized liquid plug generating
experimental setup.
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Fig. 2.
(a) Sequence of events during formation of liquid plugs. Open circle and cross symbols denote
open and closed states of flows, (b) a typical pressure profile in the course of one plug
generation/propagation event, scale bar 350 μm in a.
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Fig. 3.
Advancing contact angles of PBS plugs in (a) hydrophobic and (b) hydrophilic PDMS
microchannels, respectively. Plug generation in (c) hydrophobic and (d) hydrophilic
microchannels, respectively, under similar test conditions.
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Fig. 4.
(a) Influence of channel surface wettability and peak differential pressure on the length of
liquids plugs of PBS (diamonds, squares, and triangles) and Survanta (circles), (b) continuous
increase in pressure causes formation of double and triple PBS plugs (noted by asterisks), (c)
flow instabilities at similar pressure conditions do not generate trailing Survanta plugs.
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Fig. 5.
(a) PBS plugs propagate without detectable deposition onto channel walls whereas (b)
surfactant-containing plugs deposit a thin trailing film, (c) displacement of front and rear
menisci of the surfactant plug in (b), (d) variation of PBS (diamonds) and surfactant (circles)
plug length due to deposit on channel walls, (e) a precursor film forms ahead of contact line
of front meniscus of the propagating surfactant-containing plug (compare to the background
channel image).
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Fig. 6.
Propagation speed of PBS and surfactant liquid plugs is shown as a function of driving air
pressure. Overall, PBS plugs propagate about 2.5 times faster than surfactant-containing plugs.
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