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It has long been known that deposited drops of surfactant solution induce Marangoni flows at air-liquid
interfaces. These surfactant drops create a surface tension gradient, which causes an outward flow at the
fluid interface. We show that aqueous phospholipid dispersions may be used for this same purpose. In
aqueous dispersions, phospholipids aggregate into vesicles that are not surface-active; therefore, drops
of these dispersions do not initiate Marangoni flow. However, aerosolization of these dispersions disrupts
the vesicles, allowing access to the surface-active monomers within. These lipid monomers do have the
ability to induce Marangoni flow. We hypothesize that monomers released from broken vesicles adsorb
on the surfaces of individual aerosol droplets and then create localized surface tension reduction upon
droplet deposition. Deposition of lipid monomers via aerosolization produces surface tensions as low
as 1 mN/m on water. In addition, aerosolized lipid deposition also drives Marangoni flow on entangled
polymer solution subphases with low initial surface tensions (�34 mN/m). The fact that aerosolization
of phospholipids naturally found within pulmonary surfactant can drive Marangoni flows on low surface
tension liquids suggests that aerosolized lipids may be used to promote uniform pulmonary drug delivery
without the need for exogenous spreading agents.
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1. Introduction

For years, researchers have studied the ability of Marangoni
flows to induce surface transport. Marangoni flowsmost commonly
occur when localized deposition of a surface-tension-lowering
agent such as a surfactant causes a surface tension gradient to
develop (for examples, see references [1–4]). This gradient induces
a convectiveMarangoni flowoutward from the region of deposition.
Induced Marangoni flow has potential use in improving drug deliv-
ery in patients with obstructive pulmonary conditions such as cys-
tic fibrosis lung disease, where accumulation of dehydrated mucus
alters airway aerodynamics and subsequent patterns of aerosol
deposition in the lung (for examples, see references [5–7]).

Previous work from our group has shown that a variety of sur-
factants cause surface tension reduction and Marangoni flow when
delivered to air-liquid interfaces as long as the surface tension of
the solution is lower than that of the subphase. Various soluble
surfactants such as sodium dodecylsulfate (SDS) anionic surfactant,
Capstone FS-3100 nonionic fluorosurfactant, hexadecyltrimethy-
lammonium bromide cationic surfactant, and Tyloxapol nonionic
surfactant have been shown to be good spreaders on various model
subphases [8–11]. Due to their potential use in pulmonary drug
delivery applications, we have examined the ability of phospho-
lipids, natural components of pulmonary surfactant, to induce
Marangoni flow.

Phospholipids have never been studied as spreading agents, but
they are already being used in the lung as components of drug for-
mulations treating infant respiratory distress syndrome (IRDS). In
this context their role is surface tension reduction in the pul-
monary respiratory zone. Most currently marketed surfactant
replacement therapies (SRTs) used in IRDS treatment are multi-
component dispersions of purified lung surfactant from animals.
These contain lipid as well as peptide components. Previous work
from our group has shown that these multicomponent SRTs can do
more than just lower surface tension; when aerosolized, they can
initiate Marangoni flow [12]. In this paper we show that even
single-component phospholipid vesicle dispersions induce Maran-
goni flow, provided that they are aerosolized en route to deposi-
tion. Thus, aerosolization may enable phospholipids to serve as
spreading agents without the need for other excipients.

Therehasbeena significant amountofpreviouswork to study the
surface activity of phospholipids such as dipalmitoylphosphatidyl
choline (DPPC), comprising investigations of lipid monolayers
deposited out of organic solution and investigations of aqueous dis-
persions of DPPC. The former are the familiar Langmuir trough stud-
ies of lipidmonolayer surfacepressure-molecular areabehavior. The
latter involve preparing lipid vesicle dispersions and monitoring
their surface tensions as some vesicles break open and release
surface-active lipid molecules. Both types of investigations focus
on the ability of phospholipids (or phospholipids in combination
with other components such as lung peptides) to lower surface ten-
sion; they do not directly probe phospholipids’ ability to initiate
Marangoni flow on a liquid surface (for examples, see [13–18]).

Franses and his coworkers have extensively studied the surface-
active properties of DPPC. In their work, they see that freshly pre-
pared aqueous dispersions of DPPC have surface tensions near that
of water, and then decrease in surface tension at rates depending
on lipid processing. In the absence of surface compression/expan-
sion cycles, the long-time surface tensions of these dispersions ran-
ged from 63 mN/m achieved over about an hour and a half for
larger vesicles down to 48 mN/m achieved over an hour for the
smallest prepared vesicles in their experiments [13–15,19].

The vesicles contained in phospholipid dispersions are not sur-
face active at the air/water interface in their intact form. The
hydrophobic tails are sequestered within bilayers, and the head
groups lack an attraction to the air/water interface. Furthermore,
the vesicles are stable and exist in equilibrium with an extremely
low concentration of free lipid monomer (the dominant surface
tension lowering species) in solution, on the order of 10�8 M
[20]. At these small concentrations of free monomers, the
surface-active material to be found in these dispersions is insuffi-
cient to rapidly and locally lower the surface tension, a condition
necessary to induce Marangoni flow. The mechanism behind any
significant surface tension reduction of these dispersions is under-
stood as two processes in series, one diffusional and one kinetic. To
create an adsorbed layer vesicles must first diffuse to the surface,
and then those at the surface must break open to reveal surface-
active lipid monomers. Over short times and for low concentra-
tions of lipid, this system is regulated by diffusion and no measur-
able surface pressure is created. Over longer times and for higher
lipid concentrations, a surface layer is created that lowers the sur-
face tension of the dispersion. There is evidence that the resulting
surface layer may not be simply a monolayer; it is most likely
made up of multilayer mesophases [13,14,16].

Although all of the DPPC dispersions that were studied in the
aforementioned references did, eventually, show lower surface
tensions than that of water, the authors did not attempt to use
the dispersions as transport agents to initiate Marangoni flow
across a liquid surface. Therefore, we prepared similar dispersions
and deposited them as microliter drops onto a water subphase.
These dispersions did have lower surface tensions than water,
however they showed no evidence of induced Marangoni trans-
port. Typically if one deposits a drop of fluid onto a subphase that
has higher surface tension than that of the drop, the gradient in
surface tension will induce flow towards the higher surface tension
region. However, we are depositing very small volume (microliter)
drops onto a much larger volume (20 mL) subphase. These small
deposited volumes produce dilute dispersions upon mixing into
the subphase. According to Launois-Surpas and coworkers, dilute
dispersions have slow rates of surface-induced vesicle break-up,
and thus the process of surface tension reduction is diffusion-
limited and negligible surface pressures will be created [16].

In this paper, we show that aerosolization is one method by
which we may induce aqueous phospholipid dispersions to create
the surface tension gradient required for Marangoni spreading.
Prior work has shown that aerosolization can break liposomes
down into smaller aggregates [21,22] and can break open the
aggregates contained in SRT formulations [23]. We postulate that
aerosolization can do the same to the stable multilamellar vesicles
of pure DPPC and dimyristoylphosphatidylcholine (DMPC) disper-
sions; it can allow surface-active monomer to be released, perhaps
stored by adsorption on the surfaces of individual microscopic
aerosol droplets, and transferred onto a fluid subphase after dro-
plet deposition. This will result in the creation of a lipid monolayer
created by fusion of the lipid layers from the many depositing
aerosol droplets, which will locally lower the surface tension of
the subphase. When aerosol deposition is confined to a limited
region of the subphase, the surface tension gradient induced by
this local surface tension reduction will induce Marangoni trans-
port across the surface.

2. Materials and methods

2.1. Materials

DMPC and DPPC were purchased from Avanti Polar Lipids in the
lyophilized form (>99% purity) and were used without further
purification. DMPC was chosen for our primary experiments
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because it is very similar to DPPC, the most abundant lipid in nat-
ural pulmonary surfactant, but has a main phase transition tem-
perature for bulk samples (TM) of 24 �C [24], whereas DPPC’s is
41.4 �C [25]. All experiments were performed between 24 and
26 �C.

Primary experiments were conducted using dispersions of mul-
tilamellar lipid vesicles (MLVs) prepared using a standard
temperature-cycling process [26]. We prepared a 20 mL vial of
10 mg/mL DMPC or DPPC in deionized (DI) water. The deionized
water was purified using a Millipore, Milli-Q Academic unit and
had a resistivity of 18 MX cm and a surface tension of
72.7 ± 0.7 mN/m; the quoted uncertainty here and elsewhere in
this article is the standard error of the mean. The lyophilized lipids
and water were first mixed for 30 s using a vortex mixer (Fisher
Scientific Analog Vortex Mixer, CAT# 02215365). The dispersion
was then warmed � 20 �C above TM, into its fluid phase, for
10 min, mixed on the vortex mixer for 30 s, and then chilled � 20 �-
C below TM for an additional 10 min. This process was repeated
three times in order to achieve a dispersion of approximately
10 lm diameter MLVs [27].

Secondary experiments were conducted using dispersions of
small unilamellar vesicles (SUVs) prepared using ultrasonication.
Again, we prepared a 20 mL vial of 10 mg/mL phospholipid in DI
water. The lyophilized lipids and water were then sonicated at
least 20 �C above TM using a probe ultrasonicator (Branson Sonifier
Cell Disruptor 185, Emerson Electric Co.) in 3 min bursts, allowing
the dispersion to cool for 5 min in between bursts. This process
was continued until the dispersions were optically clear yielding
approximately 250–450 Å SUVs [28,29].

Three subphases were used in this work: DI water, aqueous por-
cine gastric mucin solutions (PGM), and aqueous poly(acrylamide)
solutions (PA). Porcine gastric mucin (PGM; Type II, bound sialic
acid �1% CAS# 84082-64-4) was purchased from Sigma Aldrich.
The PGM was stored between 2� and 8 �C while not in use and
was rehydrated with DI water. A 5% w/w solution of PGM was pre-
pared in DI water and stirred magnetically for � 14 h, at which
point the solution was visually homogeneous. The 5% w/w concen-
tration is above the entanglement concentration of PGM in water
[11,30]. The prepared PGM solutions were stored between 2� and
8 �C and used within 4–5 days of preparation. The surface tension
of the 5% w/w PGM solution was 38.3 ± 3.5 mN/m, and typically
decreased by 2–3 mN/m over 5 min after pouring a fresh sample.

Poly(acrylamide) of molecular mass 5–6 MDa (CAS# 9003-05-
08) was purchased in powder form from Polysciences (Warrington,
PA) and used as received. Aqueous solutions of 1% w/w PA were
prepared in DI water by adding the PA powder in increments of
2 g every 2–3 days in a 3/4 full 1 L bottle under nitrogen with con-
tinuous gentle mixing on a gyratory shaker (New Brunswick Scien-
tific, Edison, NJ, model G79, speed ‘‘4”). After adding the final 2 g of
powder, water was added to bring the total volume up to 1 L, and
stirring continued for 2–3 more days or until the solution was
homogeneous, whichever took longer. PA solution concentrations
were above the previously reported 0.45% w/w entanglement con-
centration [10]. The surface tension of the PA solution after pouring
a fresh sample was 70.8 ± 0.5 mN/m, which typically decreased
by � 1–2 mN/m over 5 min.

2.2. Methods

Most aerosolization experiments were performed with an Aero-
Neb Solo micropump nebulizer (Aerogen, Galway, Ireland) with an
Aerogen Pro-X controller. Each nebulizer consists of a fluid cham-
ber, at the bottom of which is a 5 mm wide mesh plate containing
approximately 1000 tapered, 4.8 ± 0.3 lm holes. When this mesh is
vibrated at 1.2 � 105 cycles per second, the holes act as micro
pumps, each pumping out uniform droplets of dispersion. Aerosol
droplet size was measured by laser diffraction using a Malvern
Mastersizer. For aerosolized DMPC dispersions, the volume median
droplet diameter was 5.7 ± 0.1 lm (with volume weighted 10th
and 90th percentile values of 2.5 ± 0.1 lm and 11.1 ± 0.4 lm). As
a reference, the average droplet diameter for 0.9% saline solution
was 4.3 ± 0.1 lm (with volume weighted 10th and 90th percentile
values of 2.0 ± 0.1 lm and 8.4 ± 0.3 lm).

In a second set of experiments designed to determine whether
the mechanism of aerosol generation would affect the ability of
lipid dispersions to drive Marangoni flows, we used an AeroE-
clipse� II Breath Actuated Nebulizer purchased from the Monaghan
Medical Corporation in Plattsburgh, NY. In this nebulizer, fluid is
drawn up through narrow tubing, driven by a dry nitrogen flow
of between 3 and 8 L per minute, forming a jet that breaks up into
small aerosol droplets due to capillary instabilities.

Both of these medical nebulizers were designed to deliver a
consistent dose of medication when the full reservoir is emptied.
The rate of nebulization can vary during the emptying of the reser-
voir, as discussed below. In addition, the total time to empty the
reservoir can vary from nebulizer to nebulizer and trial to trial.
Despite this variability in nebulization rates, consistent experi-
mental trends yielded robust conclusions.

We built an experimental trough setup designed to permit
simultaneous measurement of surface tension and observation of
Marangoni flow outside of the region of aerosol deposition (see
Fig. 1). The setup consisted of a poly(vinyl chloride) trough 2 cm
wide by 2 cm deep by 20 cm long. This trough was filled with
20 mL of deionized water, or other subphases as specified, giving
a depth of 0.5 cm. At this depth, the gravitational parameter
G > 3; G ¼ qgH2=S where q is the subphase density, 1000 kg/m3,
g is acceleration due to gravity, H is subphase depth, and S is the
surface tension of the clean surface minus that of the deposited
dispersion, which is at most 72 mN/m [2]. When this parameter
is greater than 0.5, as it is in our case, recirculation beneath the
advancing capillary ridge can occur in the subphase and dewetting
of the underlying solid surface should not, and does not, occur [2].

This water-filled trough extended through a small opening half
way into a clear acrylic box. The acrylic box housed the nebulizer
and served to contain the depositing aerosol. In this way, direct
aerosol deposition was confined to the half of the trough within
the acrylic box. Little aerosol escaped the box as indicated by laser
scattering near the exit. Within 20 s of turning on the nebulizer (for
a � 10 min experiment), the containment box reaches 90% relative
humidity. Within 30 s, the relative humidity reaches 95% and con-
tinues to increase slowly with time. We, therefore, believe that
drying of the aerosol is not a significant effect. The surface tension
approximately 9 cm away from the area of deposition was moni-
tored with a Wilhelmy pin apparatus (Nima Technology Limited,
Coventry, England). A platinum Wilhelmy pin was used for all
experiments. Fluid flow at the surface was observed using a small
polystyrene indicator bead, �1 mm in diameter, placed on the fluid
surface just outside of the acrylic box and observed with a Nikon
3600 digital camera. Images were analyzed using NIS-Elements
Advanced Research software (Nikon Instruments Inc, Melville,
NY) to track the particle trajectory. The indicator bead centered
itself in the trough due to capillary forces, thus only the position
along the length of the trough varied with time.

DMPC surface pressure/area isotherms on water were measured
in a 14 cm glass petri dish using the Wilhelmy pin apparatus. The
phospholipid was dissolved in chloroform and deposited drop-
wise onto a water surface using a glass syringe. The chloroform
was allowed to evaporate and the surface tension was allowed to
equilibrate after each drop was deposited. The area per molecule
was calculated using the concentration of the solution, the volume



Fig. 1. Diagram of trough setup. Dimensions of the trough are 20 cm long by 2 cm wide by 2 cm deep. The aerosol deposition is perpendicular to the long axis of the trough at
a declination of approximately 45�.

Fig. 2. Cumulative liquid mass delivered by the nebulizer and lipid concentration in
the DMPC aerosol taken simultaneously (data for two trials plotted). Error bars on
experimental mass measurement are ± 0.0001 g, which is within plotted points.
These are measurements made over two minute intervals, which average over
unsteady output of the nebulizer. The lines are guides to the eye.

A.Z. Stetten et al. / Journal of Colloid and Interface Science 484 (2016) 270–278 273
of the drops deposited, and the size of the petri dish. Our isotherm,
shown in the supplemental information, is in good agreement with
literature isotherms for DMPC at room temperature (see, for exam-
ple, references [31–35]). In the literature for monolayers at room
temperature, the area per molecule at which the isotherms lift
off (when a detectable non-zero surface pressure is achieved) is
reported between 90 and 130 Å2 per molecule. The area per mole-
cule at monolayer collapse is reported between 45 and 60 Å2 per
molecule. These lift-off and collapse areas match well with our iso-
therm. The actual surface pressure at collapse, which is the result
of kinetic processes, varies depending on the method and experi-
mental details used to create and compress the monolayer. Refer-
ences for DMPC isotherms created using a Langmuir trough give
collapse pressures between 37 and 71 mN/m [31–35]. This wide
variability is likely due to differences in the experimental condi-
tions used to collect the data. More recent trough studies tend to
give higher collapse pressures [35,36].

We made a series of gravimetric measurements to assess the
total aerosolized lipid deposition as well as its deposition versus
time when using the vibrating mesh nebulizer. A thin piece of alu-
minum foil was weighed and placed over the portion of an unfilled
trough within the enclosure to mimic the area and location of aero-
sol deposition in the experiment. The nebulizer was then allowed
to deliver a known volume of DMPC dispersion. The foil was dried
in a vacuum oven overnight and then re-weighed to determine the
total amount of deposited lipid.

In order to determine the concentration of the nebulizer output
with time, we aerosolized lipid for multiple consecutive two-
minute periods directly into a series of pre-weighed beakers. We
then weighed each liquid-filled beaker, dried each in a vacuum
oven overnight, and then re-weighed the dry lipid. The results,
shown in Fig. 2, indicate the concentration of the lipid in the aero-
sol increases as the nebulizer reservoir empties.

We used ellipsometry to characterize the phospholipid layer
deposited from the aerosol onto the water surface. Because the
experimental trough was too narrow to align under the ellipsome-
ter, measurements were performed on a half-covered 14 cm petri
dish with direct deposition in the uncovered region and transport
into the covered region. Ellipsometric results were the same both
within and outside the region of deposition. The surface layer
was probed using the 632.8 nm laser beam of a phase-
modulation picometer ellipsometer (Beaglehole Instruments,
Ltd.). Measurements were made near the Brewster angle, 52�, at
three spatially separated points on the surface to check for consis-
tency. The standard ellipsometric parameter D was reported for
DMPC monolayers deposited out of chloroform and compared with
the D values for a layer created via aerosolization.

To analyze the fate of all material being delivered in addition to
the monolayer at the surface, we also monitored the sub-surface
fluid using dark field microscopy. We used a Nikon AZ100 micro-
scope (Nikon Instruments Inc, Melville, NY) with an AZ–Plan Apo
4 � objective and 8 � zoom. The microscope camera (model DS-
QiMc–Nikon) had 0.6 � magnification. This allowed us to detect
and track lipid aggregates that appeared in the subphase during
aerosol deposition.
3. Results and discussion

3.1. Deposition of microliter drops and aerosolized dispersion

As shown in Fig. 3A, microliter drops of DMPC MLV dispersion
neither reduce the surface tension outside the drop nor induce
Marangoni flow. This figure depicts a typical trial in which a series



Fig. 3. Simultaneous measurements of surface tension and indicator bead position
for two modes of lipid dispersion deposition. (A) Deposition of microliter drops of
10 mg/mL DMPC dispersion onto a DI water subphase. Ten lL droplets of 10 mg/mL
DMPC were deposited every 10 s for the duration of the experiment. (B) A
representative plot of surface tension and position versus time during aerosolized
DMPC dispersion deposition. In this trial, 4 mL of 10 mg/mL DMPC dispersion were
aerosolized via an AeroNeb Solo vibrating mesh nebulizer onto a clean DI water
surface. Aerosol deposition begins at 0 s and ends at 450 s. The Wilhelmy pin is
located at approximately 9 cm.
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of 10 lL drops of 10 mg/mL DMPC dispersion were pipetted onto a
clean water surface every 10 s. Upon deposition of these drops, a
very small decrease in surface tension from that of water is dis-
cernable, with a fitted slope of �0.001 mN/m/s, and the indicator
particle on the surface does not move beyond observed baseline
average noise arising from extrinsic laboratory conditions includ-
ing minor vibrations and air currents. During this experiment,
enough total lipid monomer was deposited to create over 600 lipid
monolayers on the trough surface, yet there was still no indication
of surface tension reduction or indicator bead transport. These
results show that drops of DMPC MLV dispersion do not contain
enough available surface-active material to create a surface tension
gradient sufficient to induce Marangoni flow or to lower the sur-
face tension remote from the deposition location. Similar negative
results were seen with drop-wise deposition of fluid-phase SUV
dispersions that had been prepared by ultrasonication.

In order to determine if the mere process of nebulization would
be sufficient to create dispersions capable of inducing Marangoni
flow, we also deposited microliter drops of freshly nebulized dis-
persion with very similar negative results. In these experiments,
a 10 mg/mL DMPC dispersion was nebulized directly into a beaker
and then 10 lL drops of this freshly collected aerosolized disper-
sion, taken from the bulk fluid below the surface, were successively
pipetted onto a clean water surface. The drops were pipetted
within a minute of being aerosolized, yet they also showed no abil-
ity to lower the surface tension of the water remote from the point
of drop deposition or to move an indicator particle. Since we will
show in the next paragraph that the direct aerosolization process
does deliver surface-active species to the subphase surface, the
negative result here must be due to re-aggregation of the
surface-active species within a minute of the aerosol droplets
being subsumed into a bulk fluid in the beaker. These results are
similar to those of Minocchieri and coworkers, who report cryo-
TEM evidence that nebulized Curosurf SRT vesicles re-aggregate
rapidly after nebulization into bulk fluid [23].

As shown in Fig. 3B, aerosolized lipid dispersions deposited
directly from the aerosol phase onto the subphase surface do
reduce surface tension outside of the deposition region and do
induce Marangoni flow. Four mL of 10 mg/mL DMPC dispersion
were aerosolized via an AeroNeb vibrating mesh nebulizer above
a clean DI water surface while the surface tension and bead posi-
tion were monitored as a function of time outside the region of
direct deposition. For the experiment shown in Fig. 3B, the nebu-
lizer is turned on at 0 s. For the first 2 min of deposition, the surface
tension decreases very slowly, at a rate of approximately
0.002 mN/m/s. During this time, the bead position fluctuates on
the surface with a standard deviation in position of 0.3 cm, likely
due to air currents and vibrations, but its average location does
not change significantly. In the case shown, at approximately
2 min, the bead’s fluctuations on the surface carry it into the con-
tainment box, out of the field of view of the camera. At approxi-
mately 3 min, the Marangoni flow overcomes the random
motions of the bead, and it begins to move across the surface at
a velocity of �0.37 cm/s; the average speed over seven such trials
is 0.20 ± 0.1 cm/s with the variation dominated by run-to-run dif-
ferences. Here we chose to show an experiment with a slightly
above-average transport speed due to the clarity with which this
experiment showed all common aspects of these trials. The bead
completely traverses the trough within 30 s of the initiation of con-
sistent motion. This motion across the surface is coincident with a
lowering of the subphase surface tension. The bead’s motion is
stopped only when it reaches the end of the trough and runs into
the meniscus on the Wilhelmy pin. Control experiments performed
either without the pin or without the indicator bead show that the
surface tension reduction and bead motion occur independently,
ruling out any mechanistically significant contributions from pin-
bead interactions.

In all experiments, aerosolized DMPC deposition resulted in a
surface tension reduction to values below 18 ± 4 mN/m. When
aerosol was deposited continuously and was not limited by
exhaustion of the reservoir dose, surface tensions as low as
1 mN/m could be achieved, as will be discussed below.

There is typically a 3–6 min delay between the start of
aerosolization and the convective movement of the bead across
the surface. The Marangoni stress across the trough is initially
quite small, resulting in a surface flow that is too weak to over-
come the noise-level movements of the bead. There are at least
two reasons why the gradient is small at early times. First, the neb-
ulizer delivers an initially low concentration of lipid to the surface
as shown in Fig. 2. Second, the monolayer isotherm shows that the
lipid surface concentration must build to between 130 and 90 A2-
/molecule before the monolayer leaves the gaseous phase and
develops a significant surface pressure.

3.2. Structure and dynamics of surface lipid layer

We used ellipsometry to probe the structure of the surface lipid
layer created through aerosol deposition. As a baseline for compar-
ison, a DMPC monolayer was created by sequential deposition of
drops of lipid dissolved in chloroform. The chloroform was allowed
to evaporate, and then the change in the ellipsometric parameterD
from the bare subphase was measured. According to the surface
pressure/area isotherm (Supporting Information Fig. S2) above
approximately 0.015 molecules per Å2, the monolayer begins to
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collapse, which means the molecule per area values no longer rep-
resent molecular packing in a monolayer. The change inD from the
resulting monolayer plateaus at 5.1 ± 0.1�. Ellipsometry was then
performed on the lipid layer formed outside of the region of direct
DMPC aerosol deposition in a half-covered petri dish. This experi-
ment was done in a stepwise manner by nebulizing for a minute,
turning off the nebulizer and taking a measurement, and repeating
until the nebulizer was empty. To check that the stopping and
starting of the nebulizer had no effect on the layer thickness, this
experiment was then repeated without stopping the nebulizer
and only the final ellipsometric thickness was taken. The aeroso-
lized DMPC layer thickness plateaus at an ellipsometric parameter
D of 5.5 ± 0.4�. This strongly suggests that aerosolization causes a
monolayer of DMPC to move out of the region of aerosol deposition
and across the subphase surface (see Fig. 4).

Since the ellipsometric data indicate that a monolayer of lipid is
forming outside the direct deposition region, we may use our sur-
face pressure/area isotherm to determine the surface density of the
lipid in the monolayer on the water surface. For the data in Fig. 3,
the surface tension at 280 s, 27 mN/m, indicates a surface density
of 1.7 molecules/nm2 according to the surface pressure/area iso-
therm in Supplemental Information Fig. S2, and thus a total of
6.9 � 1015 molecules or 7.8 lg, in the monolayer on the trough.
However, when we weigh the total amount of dry lipid delivered
to the surface in a full trial, we get an average total mass of
5.5 ± 0.2 mg. Adjusting for the fact that these full trial drying
experiments run longer than the 280 s in the above figure, we
can estimate that lipid quantities on the order of a milligram have
been delivered by the time in question. Clearly, a significant
amount of the total lipid delivered to the trough is not contained
in the monolayer.

Using dark field microscopy, we were able to visualize the
remaining non-monomeric lipid deposited from the aerosol. As
shown in Fig. 5, in the region of direct aerosol deposition immedi-
ately post-deposition, we see �10 lm static bright spots that per-
meate a layer from just below the surface to a depth of �0.5 mm in
the water. These bright spots are not present in a control where
pure water is aerosolized, leading to the conclusion that the bright
spots are lipid aggregates.

These aggregates have unknown structure and are therefore
described as ‘‘clusters”. As shown in Fig. 6, in a region outside of
the area of direct deposition and just below the surface, we observe
that these clusters are transported beneath the surface by the
Fig. 4. Ellipsometric parameters of a monolayer deposited out of chloroform (units
of molecules per area) shown as filled circles, and a surface layer deposited via
aerosolization (units of minutes) shown as open squares. The dashed line marks the
saturation of the chloroform-deposited monolayer.
induced Marangoni flow. They travel outward from the area of
deposition in the same manner as the indicator bead does at the
surface. The bright spots that are in focus are on the order of
10 lm. These bright spots are so close to the size of individual
aerosol drops that they most likely result from the deposition of
single droplets (where droplet volume-weighted median diameter
is 5.7 ± 0.1 lm).

We note that clusters of lipid can be seen moving beneath the
surface soon after the onset of aerosol deposition and typically
on the order of a minute before the onset of indicator bead motion.
During this interval, subsurface fluid velocity is seen to increase to
a value of �0.05 cm/s found by tracking the position of clusters in
consecutive video frames. As expected for subsurface flow, this is
slightly smaller than the �0.2 cm/s surface bead velocities
described above. The delay in onset of surface bead motion relative
to the subsurface flow suggests that the indicator beads (�1 mm)
are more susceptible to random extrinsic motion from air currents
in the room than the small subsurface clusters (�10 lm) and, thus,
require a stronger Marangoni stress to be driven across the surface.

The combination of these sub-surface images and our ellipso-
metric data gives a more complete picture of the system. In
Fig. 7, we show a schematic of what we believe is happening dur-
ing aerosolized lipid delivery. Ellipsometry indicates a lipid mono-
layer at the air-water interface, while sub-surface images indicate
that the remainder of lipid resides in aggregates beneath the sur-
face. The monomeric lipid causes local surface tension reduction
and a gradient in surface tension across the surface. Any infinites-
imal gradient in surface tension across the surface will induce a
Marangoni flow across the surface, but the gradient must build suf-
ficiently to overcome the extrinsic fluctuations of the indicator
particle.

3.3. Observations on other systems

We conducted these transport experiments with two different
phospholipids (DMPC and DPPC), at two different initial concentra-
tions in the nebulizer (10 mg/mL and 1 mg/mL), with two different
nebulizers (jet and vibrating mesh), and on three different sub-
phases (DI water at 72 mN/m, PA at 70.8 ± 0.5 mN/m, and PGM at
38.3 ± 3.5 mN/m). The results are qualitatively the same in all
cases. All experiments showed significant surface tension reduc-
tion and transport of the marker particle across the full length of
the trough. See supplemental information Fig. S1 for examples.

If either the vibrating mesh or jet nebulizer is reloaded multiple
times to produce a continuous supply of lipid to dose the surface,
rather than delivering a single-reservoir dose, surface tensions as
low as 1 mN/m can be achieved. Such low surface tensions have
occasionally been measured on Langmuir troughs for pure phos-
pholipids at an air-water interface. For example, Lee’s work shows
DPPC monolayer surface tensions close to 0 mN/m when monolay-
ers are compressed to their tightest possible packing [35]. We
made visual observations of the meniscus height on the Wilhelmy
pin in order to be sure that a changing contact angle was not erro-
neously causing the pin to report a low surface tension. Although
the exact contact angle on the pin was not measured, the meniscus
was visible and never significantly decreased in height from pre to
post lipid deposition during all experiments, including those at low
surface tension. Furthermore, to get a sense of the change in con-
tact angle needed for the pin to read 1 mN/m while the actual sur-
face tension was higher, say 10 mN/m, we analyzed the force
balance on the pin. In this case, the contact angle would have
had to be 84�, a nearly flat meniscus. The observed meniscus was
much more curved than this.

In Fig. 8, we see that both aerosolized DMPC and DPPC disper-
sions are able to reach these low surface tensions when deposited
onto water. This is true for both the vibrating mesh and the jet



Fig. 5. Dark field microscopy images of lipid clusters beneath the surface in the area of aerosol deposition. All panels are 430 by 343 lm. (A) is focused on small chromium
dioxide needles that were placed on the water surface in order to be able to focus at the air-liquid interface. (B) is focused � 60 lm beneath the surface. The small (�10 lm),
sharply focused bright spots are clusters of lipid. The arrow in panel B points to one such small cluster. The larger, less focused features are the out-of-focus chromium dioxide
needles on the surface or other out-of-focus lipid clusters. (C) is focused � 420 lm below the surface and shows very few lipid clusters have been transported this deep into
the subphase.

Fig. 6. Dark field microscopy images of lipid cluster transport outside of the area of deposition. All panels are 430 by 343 lm and focused � 60 lm beneath the surface. (A)
shows out-of-focus chromium dioxide needles before the nebulizer is turned on. (B) occurs during deposition and shows lipid clusters moving across the field of view beneath
the surface at � 0.05 cm/s. By 7 min: 20 s, shown in (C), subsurface lipid clusters are still evident, but lateral flow has ceased.

Fig. 7. Schematic of how aerosolization disrupts vesicles, stores monomeric lipid as
an adsorbed layer on droplets, delivers monomeric lipid to the subphase surface
and vesicle fragments to the subphase bulk, releases monomeric lipids, and
transports clusters.

Fig. 8. Representative low surface tension results for DPPC and DMPC dispersion
aerosols deposited on DI water. Both lipids are able to reach very low surface
tensions (<10 mN/m). In these trials, the vibrating mesh nebulizer was turned on at
60 s and turned off at the label ‘‘off”. The DPPC monolayer is relatively stable after
the nebulizer is turned off, while the DMPC monolayer destabilizes and the surface
tension increases to � 20 mN/m.
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nebulizers as long as the dispersion supply in the reservoir is suf-
ficiently large. The one clear difference between these experiments
is the fact that the DPPC layer remains at a low surface tension,
increasing slowly after the end of aerosolization, but remaining
below 10 mN/m even when left overnight. DMPC, on the other
hand, recovers to about 20 mN/m within a few minutes after
aerosolization is stopped. At the temperature of these experiments,
DMPC will be in a fluid phase while DPPC will be in a gel phase.
According to the work of Lee and coworkers, DPPC’s greater rigidity
at a temperature below its gel transition allows it to sustain
much lower surface tensions than it could above the transition
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temperature [35,37–39]. DMPC’s more fluid phase in the current
experiments conducted slightly above its gel transition would
not allow it to sustain such low surface tensions. Collapse pres-
sures for lipid monolayers depend heavily on temperature.

However, the temperature dependence of the collapse pressure
does not explain why the DMPC layers dip to very low surface ten-
sions but then recover. Langmuir trough studies suggest there is a
competition between the rate at which lipid is being compressed
on the surface and the rate at which material is being lost to the
subphase [35]. By continually feeding the monolayer with mono-
meric lipids from the aerosol, we are compressing it outside the
region of direct aerosol deposition where the surface tension is
measured. As it is being continuously fed, we hypothesize that
the DMPC monolayer may be able to sustain a higher surface pres-
sure state than it generally would at this temperature.
4. Conclusions

We have shown that when lipid dispersions are aerosolized
onto an air-aqueous interface, they can produce Marangoni flow,
whereas macroscopic droplets of the same dispersions cannot pro-
duce this flow. Lipid dispersions do not contain enough accessible
surface-active material to initiate detectable Marangoni flow
because the lipid is sequestered within non-surface-active vesicles.
We propose that aerosolization acts both to shear open vesicles
and to create a high droplet surface area on which to store mono-
meric lipid until it is deposited and transferred onto the subphase
surface. Aerosolization of the lipid dispersion and direct deposition
of the resulting aerosol are both required for significant Marangoni
flow. If the aerosol drops are allowed to recombine in a bulk med-
ium before deposition, the broken lipid structures quickly re-
aggregate, leaving a bulk dispersion incapable of producing Maran-
goni stresses.

When the aerosol droplets land on the subphase, they transfer
stored monomeric lipid directly onto the surface. They also deliver
the non-surface-active aggregate fragments to the bulk. Being non-
surface-active, these aggregates diffuse from the surface region
deeper into the (initially lipid-free) bulk, appearing within a thin
region on the order of hundreds of micrometers from the surface
on the time scale of these experiments. In contrast with what
has been shown for bulk dispersions, these clusters evidently are
not adsorbed onto or otherwise associated with the lipid mono-
layer. If there were aggregates attached to the surface, as Kim
and coworkers observed in their work with bulk dispersions of
pure lipid vesicles [14], ellipsometry would have revealed a thicker
surface layer rather than the observed monolayer. With increasing
deposition, the packing of this monolayer increases until it creates
a sufficient surface tension gradient between the deposition region
and the remote surface to induce a Marangoni flow strong enough
to carry tracer particles. Characteristic of Marangoni flow, the sur-
face flow induces a subsurface flow within the bulk, which causes
convection of lipid clusters beneath the surface.

Because surface tension gradients may be maintained down to
very low surface tensions with aerosolized lipid deposition, these
dispersions are able to induce Marangoni flow on subphases, such
as PGM, that have surface tensions lower than the limiting surface
tensions of many common soluble surfactants. Use of surfactant-
driven Marangoni flows to enhance the distribution of aerosolized
medication in pulmonary drug delivery would depend not only on
the ability to drive Marangoni flow on complex lung airway surface
liquids with variable surface tensions, but also on their safety in
the lung. As natural components of the pulmonary surfactant that
is abundant in the respiratory zone of the lung, phospholipids are
good candidates for enhanced pulmonary drug delivery in the
bronchi and bronchioles. This work has shown that phospholipids
can function as Marangoni spreading agents, provided they are
administered via aerosol deposition, without the need for any
other excipients. The observation that a very small fraction of the
overall lipid delivered is capable of driving flow over large dis-
tances is a strong indication of the applicability of this method
for pulmonary drug delivery.

The ability to induce Marangoni flow on very low surface ten-
sion surfaces is essential if we wish to apply this work to therapeu-
tic applications in the lung, either for enhanced drug delivery using
self-dispersing aerosolized carriers or for delivery of SRT formula-
tions. Although the surface tension, and its spatial variation, in the
lung is not agreed upon in the literature [40–43], the fact that sur-
face tensions as low as 1 mN/m can be achieved using aerosolized
lipid dispersions means that there is a good chance that these dis-
persions will spread well in the lung. In addition, the fact that we
consistently observe convection beneath the surface suggests that
any drug that one may disperse with (or encapsulate in) lipid vesi-
cles will be transported by convection over large distances after
deposition. This would allow the delivery of aerosolized lipid dis-
persions to aid in transport of non-surface-active medication to
the lung.

Our future work will focus on understanding these induced
Marangoni flows in more complex systems. The simplified systems
used in these experiments do not capture the lung’s compound lay-
ers of fluid and cells, its pre-existing surfactant content, its cylin-
drical geometry, or its ability to perform mucociliary clearance.
These complexities may alter or limit Marangoni transport. We
have already begun to examine the ability of lipid dispersions to
cause fluid flow against pre-existing phospholipid monolayers on
water. We have also begun to test Marangoni spreading in cylindri-
cal geometries with very thin (100 nm) fluid layers.
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