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Abstract

Understanding the fundamentals of surface transport on thin viscous films has important
application in pulmonary drug delivery. The human lung contains a large-area interface between
its complex fluid lining and inhaled air. Marangoni flows driven by surface tension gradients along
this interface would promote enhanced distribution of inhaled therapeutics by carrying them from
where they are deposited in the upper airways, along the fluid interface to deeper regions of the
lung. Motivated by the potential to improve therapies for acute and chronic lung diseases, we
review recent progress in modeling and experimental studies of Marangoni transport induced by
the deposition of surfactant-containing microliter drops and liquid aerosols (picoliter drops) onto a
fluid interface. The roles of key system variables are identified, including surfactant solubility,
drop miscibility with the subphase, and the thickness, composition and surface properties of the
subphase liquid. Of particular interest is the unanticipated but crucial role of aerosol processing to
achieve Marangoni transport via phospholipid vesicle dispersions, which are likely candidates for
a biocompatible delivery system. Progress in this field has the potential to not only improve
outcomes in patients with chronic and acute lung diseases, but also to further our understanding of
surface transport in complex systems.
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1. Motivation

Marangoni transport has broad relevance in a wide variety of systems. One such system is
the fluid lining in the human lung. The lung is of particular interest because its lining
consists of a very large area, complex fluid film whose composition varies with position in
the lung and with a person’s physiological state. A better understanding of capillary and
transport phenomena within this system could lead to improved treatment of chronic and
acute lung diseases through improved delivery of pulmonary medications. Recent work has

Curr Opin Colloid Interface Sci. Author manuscript; available in PMC 2019 July 01.



1duosnuey Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuen Joyiny

Page 3

shown great advances in the science and development of Marangoni-enhanced pulmonary
delivery strategies coming from biology, medicine, chemical engineering, and physics.

1.1 Lung diseases treated by direct delivery of medication into the lung

In this article, we will discuss two specific conditions treated by direct delivery of
medication into the lung. The first, to be discussed briefly, are diseases that affect production
of pulmonary surfactant, and the second, to be discussed more thoroughly, are diseases that
cause pathological changes in the mucus of the upper lung airways.

A basic understanding of the structure of the lung will be helpful at this point. The fluid
lining of the human lung airways, called the “airway surface liquid” (ASL), is a complex,
multicomponent system. The ASL is composed of two layers: 1) a ~ 10 um thick periciliary
liquid (PCL), which is an aqueous layer that resides on the surface of the airway epithelium
and contains active cilia, and 2) a 10 — 70 um thick viscoelastic mucus layer residing atop
the PCL, which is composed of 95% water, 2% glycoproteins, 1% lipids and 1% inorganic
salts [1-4]. The glycoproteins are referred to as mucins [1,2,6—-8]. Some “embedded” mucins
are also attached to the cilia themselves within the PCL. The cilia in the PCL are active and
“beat” in tandem, causing the mucus layer of the ASL to flow up and out of the lungs to
clear particulates and bacteria (mucociliary clearance) [S]. Mucins impart non-Newtonian
properties to the fluid that promote mucociliary clearance [6]. One way to model this system
would be to treat the mucus layer as a non-Newtonian fluid while treating the PCL as a
porous network or “Brinkman fluid” [7,8].

In the small airways beyond generation 15 or 16, there are fewer mucin-producing cells and
few to no ciliated cells. Here, the ASL becomes a single layer consisting of a Newtonian
aqueous solution with a surface layer of adsorbed pulmonary surfactant. This pulmonary
surfactant consists of approximately 90% phospholipids and 10% proteins and serves to
reduce the surface tension at the air-water interface of the alveoli and to allow for easier
reopening of airways closed upon expiration [9]. The surface tension of the ASL is not well
understood and varies spatially in the lung as well as from patient to patient. Many groups
have tried different experimental methods to determine ASL surface tension, but the range
reported is extremely large, ranging from 5 to 90 mN/m [10-15]. For the purpose of this
review, we will consider the commonly quoted experimental values in the range of 20-40
mN/m.

The smaller branching airways terminate in alveolar sacs made up of many alveoli. It is in
these alveoli that primary gas exchange occurs. Like the small airways, the alveoli are coated
in a Newtonian fluid consisting primarily of saline and aqueous pulmonary surfactant. As
the alveolar radii expand and contract from ~ 0.01 mm to ~ 0.05 mm with the breathing
cycle, their surface areas increase and decrease dramatically [16]. This likely leads to
dramatic changes in alveolar surface tensions from ~ 30 mN/m on inhalation to nearly 0
mN/m on exhalation (an active research topic pursued by Zasadzinski, Franses, and others
[17-20]). The pulmonary surfactant within the alveoli functions to reduce the total pressure
required to expand the lungs. Laplace’s law states that the pressure difference between the
inside and the outside of a spherical interface is proportional to the surface tension of that
interface. Thus, reducing the surface tension by an order of magnitude (from that of water,
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72 mN/m, down to values below 10 mN/m) allows for an order of magnitude decrease in the
pressure required to expand the alveoli.

In lung diseases such as infant respiratory distress syndrome (IRDS), the lung does not
produce enough pulmonary surfactant. Without this crucial surface tension-reducing agent, it
becomes difficult for these patients to inflate their lungs [21]. Currently, IRDS is treated
with respiratory support including bolus delivery of surfactant replacement therapy (SRT)
formulations, multi-component aqueous dispersions of purified lung surfactant from animals
that act to lower the surface tension within the lung and, especially, the alveoli. Inhaled
aerosol delivery of SRTs has been performed experimentally [9,22]. Bolus SRT delivery is
an effective treatment for infants, however it does not seem to be effective for adults with
acute respiratory distress syndrome (ARDS) whether the SRT liquid is delivered by bolus or
aerosol [23].

In cystic fibrosis (CF), an obstructive lung disease, airway mucus becomes dehydrated and
viscous and, as a result, cannot be cleared effectively [24]. Accumulated mucus becomes a
harbor for bacterial infection and mucus plaques that may limit local ventilation [25,26].
Despite prevalent use of prophylactic inhaled antibiotics [26-29], the leading cause of
mortality in CF is still opportunistic bacterial infection in the lungs [26,30]. With current
inhaled therapies, drug distribution is determined entirely by aerodynamics. Inhaled aerosols
follow the airflow, the path of least resistance through the airways. Changes in flow direction
or velocity may cause inertial aerosol deposition. These effects are common in the upper
airways and become more pronounced when the airways are partially obstructed. [31]. In CF
this can lead to increased aerosol deposition in more proximal airways and at airway branch
points, often leaving downstream regions of the lung untreated. With these infected areas not
receiving adequate treatment, the bacterial infections may persist and possibly become
antibiotic resistant [32].

1.2 Marangoni transport for enhanced treatment of lung diseases

The lung disease types described above, as well as any obstructive lung disease, would
benefit from the ability to deliver inhaled therapeutic agents deeper and more
homogeneously into the lung, to reach more sites of disease. One possible avenue for this
improvement is through Marangoni transport, as suggested in a number of references, for
example [33-35].

Marangoni transport is a convective surface flow that occurs when there is a gradient in
surface tension along an interface. This gradient causes shear stress along the interface,
which induces fluid motion from areas of low surface tension to areas of high surface
tension. The fluid velocity is proportional to the surface tension gradient. A common
example occurs when a drop containing a surface-active agent (surfactant) is deposited onto
a water interface. The surfactant locally lowers the surface tension in the region of
deposition, and causes radial outward fluid motion along the interface. The shear stresses
induced by the abrupt change in surface tension at the surfactant leading edge cause a
welling up of fluid behind this disturbance. This results in the so-called “Marangoni ridge”
that propagates outward from the region of deposition accompanied by a thinning of fluid
behind the ridge. The induced surface flow necessarily induces subsurface flows in the bulk
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fluid. Bulk flows are outward near the interface and, if the subphase is sufficiently deep for
hydrostatic pressure gradients to be generated, recirculating flows develop at greater depths
[36].

The mathematical theory underlying this fluid motion was accomplished in a number of
papers (almost all of which occurred before 2005) that completely describe the fluid
mechanics governing the Marangoni spreading on thin liquid films [36—42]. These
mathematical models describe the size of the Marangoni ridge, the surface and subsurface
flow fields, and the dependence of these on relevant system parameters. For a complete
statement of the mathematical problem, see section 2 “Problem formulation” of reference
[38]. The time-evolving positions of the contact line and Marangoni ridge have been
described by power laws using scaling analyses [43—45]. This elegant and comprehensive
mathematical structure has driven the research that has continued to this time.

Interfacial fluid flows could be useful in transporting therapeutics along the extensive ASL
within the lung system. If the drug therapy were to contain surfactants, then the deposited
solution could locally lower the ASL surface tension and induce shear stresses, which could
carry the drug along the ASL and over obstructions into deeper regions of the lung. It is
important to determine how this Marangoni transport can be made sufficiently long-range to
access otherwise poorly medicated lung regions.

In this article, we present an overview of the work that has been done in recent years to
study Marangoni transport for enhanced pulmonary drug delivery. The system in question is
broadly composed of a liquid subphase and surfactant-containing drops. The manner of
surfactant deposition varies in the literature and introduces key differences in process
timescales. There are four main components whose time evolution will be important to
understanding transport: 1) the surfactant, 2) the liquid (if there is one) in which the
surfactant is carried, 3) any non-surface active species (such as drug) also carried in the
liquid drop, and 4) the subphase onto which the drop is deposited.

As we proceed, it will be helpful to keep in mind the broad web of possible materials used in
these systems as well as the timescales involved. The surfactant may be soluble or insoluble
in the bulk subphase, the drop, or both. An insoluble surfactant, such as a phospholipid,
would be carried in the drop as a dispersion of vesicles. The solvent in the drop may be
miscible or immiscible with the subphase. These solubility effects will depend on the
timescale of the spreading event. For example, a soluble surfactant may act as if it were
insoluble, or a miscible drop may maintain an effective interfacial tension with the bulk on
short timescales if the rate of spreading along the interface far exceeds the rate of transport
into the bulk. The surfactant may be delivered without a fluid carrier (i.e. as a “neat” layer of
surfactant), or by a surfactant-containing drop with a distinct contact line on the subphase
(i.e. as a drop of solution, insoluble surfactant dispersion, or “neat” liquid surfactant). The
“drug” to be delivered may be surface active or non-surface active, hydrophilic or
hydrophobic. These different systems will all have different transport behaviors and
optimizing these behaviors will require a thorough understanding of the variables mentioned
above.
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We will begin with a brief discussion of the current understanding of the role of SRTs and
phospholipids in reducing the ASL surface tension and promoting airway re-opening. We
will then move on to a discussion of surfactant-induced Marangoni transport on fluid
subphases where the surfactant is delivered by microliter drops or by liquid aerosols. Next,
we will describe the use of surfactants naturally found in the lung to induce this transport.
We will end with a number of open topics for further research and discussion.

2. SRTs and phospholipids for surface tension reduction

A recent review by Grotberg and collaborators [46] discusses in detail the advancements in
understanding of SRT delivery. They discuss how airways close at the end of expiration, due
to low pressure within the airways as well as external pressure from decreasing chest
volume, and how this closure can be a problem for those with pulmonary disease. If closure
occurs early, there is likely inhomogeneous distribution of ventilation in the lung. Airway
closure is usually due to liquid plugs from capillary (Rayleigh) instabilities or from the
collapse of the elastic wall of the airway (capillary-elastic instability). Re-opening occurs
when inspiration forces air against these liquid plugs. The air pressure moves the plugs,
dragging them deep into the lung and leaving fluid on the airway surface as they move. Once
enough fluid has been left on the sides of the airways, the liquid bridge becomes thin and
breaks, which releases a shock of energy (heard as a crackle in sick patients lungs). SRT
solutions are typically instilled directly into the patient’s airways as a liquid bolus and these
plugs of medication are moved down the airway tree in a similar manner, decreasing in
volume as they go, and leaving SRT solution on the airway lining.

A number of groups have done extensive modeling of SRT formulation flows within the
airway tree, using variables including the pressure of inhalation, the angles of branches, and
the direction of gravity to predict where the bolus SRT fluid will end up [46—48], to predict
the optimal air flow pattern for maximum delivery and minimum airway damage [49], and to
understand the capillary mechanics of the thin fluid films within the lung [50,51]. In this
way they have been able to make detailed predictions of SRT distributions within 3D models
of the lung airway tree. Some groups have even suggested that bolus delivery of these SRT
fluids may be inducing surface tension gradients which act to draw the SRT further into the
lung and have described how the presence of pre-existing, endogenous lung surfactant may
inhibit or augment the spreading rate of this motion [52,53].

Previous work shows that the components of SRT formulations in aqueous dispersion are
able to generate surface tensions as much as 46 mN/m lower than that of water [18-20,54].
This work focuses on how phospholipid-containing vesicle structures within the
formulations slowly break open at the surface. As will be discussed later, while these surface
tensions suggest that deposited drops of phospholipid dispersions should be able to induce
Marangoni transport upon deposition onto a water surface, transport is not induced in this
case because the timescale for vesicle-opening is longer than the timescale for diffusion of
the vesicles away from the interface [55].
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3. Marangoni transport along thin fluid interfaces

Significant work has been done in the past few years, both theoretically and experimentally,
to better understand the mechanics of surfactant-driven transport in systems that mimic the
lung. These are systems that include thin fluid films and/or entangled mucin or other water-
soluble polymer solutions that mimic mucus. Comparisons have been made for single drop
versus aerosol deposition and for soluble versus insoluble surfactants. The connection
between transport of surfactants and non-surface active solutes has been established.

3.1 Single source Marangoni transport

Modeling of Marangoni spreading at fluid surfaces has been developed over many years,
notably in the groups of Grotberg and Matar [36,38,41,56]. This work deals primarily with a
single deposited source of surfactant, either in the form of a surfactant-laden fluid drop
placed on the surface where it forms a lens, or a neat layer of surfactant pre-deposited onto
the surface and separated from the full surface area by a removable physical boundary.
Differences between these two cases are subtle and primarily have to do with the existence
or non-existence of a drop contact line. This contact line can alter fluid flow by creating a
potential energy barrier to lateral fluid motion across the interface. In the case of drop
deposition, where a contact line expands outward during the spreading event, the surfactant
crosses the contact line, but non-surface active species tend not to do so, instead remaining
within the drop area [57-60]. This means that surfactant spreads further than non-surface
active solutes.

A few fundamental concepts from the earlier modeling work will be important for further
discussion. In their 1990 and 1992 papers [36,38], Gaver, Grotberg, and Jensen describe the
difference in the fluid dynamics of Marangoni spreading on a thin film and that on a deep
pool. In the deep pool regime, the outward spreading is compensated by an inward
recirculating flow below the Marangoni ridge, as dictated by mass conservation. However, in
thin film regimes, the outward fluid flow profile penetrates down to the lower bounding
interface, which disallows recirculation flow in the ridge and can result in de-wetting of the
interface. The dimensionless parameter distinguishing these two regimes is the “gravitational
parameter”, G, which describes the ratio of the gravitational driving force and the surface-
tension gradient force governing the flow: G= pH? g/S, where p is the subphase density, H
is the subphase depth, gis the acceleration due to gravity, and S'is the difference in surface
tension between the surfactant-laden region and the clean interface. When Gis less than
about 0.5, de-wetting is likely to occur. Larger G values will result in diminished Marangoni
ridge heights, greater surfactant concentration near the center of the drop, and slower
outward motion of the drop boundary as compared to smaller G values [38]. Much of the
work discussed in this article will be near this critical G value.

Recently, fluid dynamic models of drops deposited on thin films have become more
advanced and now incorporate a significant number of effects relevant to spreading in the
lung. Matar and collaborators have developed powerful models for spreading drops that
include surfactants capable of diffusion and convection at and between interfaces as well as
between the drop and the subphase. In these models, the drop solvent is immiscible with the
bulk, but the surfactant solubility may be specified in both phases. These are thin film
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models that allow for adjustment of surfactant concentration, including micellar effects,
subphase viscosity, and subphase depth. They predict the formation of the characteristic
Marangoni ridge induced by the surface tension gradient along the interface (see Figure 1).
The ability to model the progression of these drops with various boundary conditions and
types of surfactant is essential to the prediction of how they will behave in a more complex
system such as that of the ASL.

A number of groups have been experimentally examining the intricacies of these Marangoni
flows induced by surfactant-containing drops (for example, see [57,61-64]). Wang and
collaborators did a series of experiments using a high-speed camera to simultaneously
monitor the capillary waves, Marangoni ridge, drop contact line, and tracer particle motion
[65]. In these experiments, a 4 uL. drop of soluble surfactant solution was deposited onto a ~
3 mm deep, water film. The camera was used to record the early spreading behavior before
the Marangoni ridge hit the edge of the experimental Petri dish. In this setup, waves on the
subphase are seen as shadow bands in the images (see Figure 2). When a drop of pure water
was placed on the water surface, capillary waves moved out from the point of deposition and
their well-known dispersion relation was observed. Tracer particles on the water surface
were not transported laterally by these capillary waves. When a drop of surfactant was
placed, a larger dark band trailed the capillary waves and caused outward motion of the
tracer particles as it passed them. This was assumed to be the Marangoni ridge.

This work captures a number of important features of Marangoni transport from surfactant
solution drops. First, it shows that the capillary waves have the fastest propagation in the
system at a velocity of 0.8 — 1.1 m/s depending on the surfactant used. Second, it shows that
the Marangoni ridge follows the capillary waves and, unlike those waves, contains a lateral
velocity field that is able to displace tracer particles along the interface. This circular
Marangoni ridge propagates with the expected power law behavior with time for these
conditions (R ~ t9-7) [43,44,66,67]. The exact value of this power is quite sensitive to details
of the experiment. Third, it shows that the contact line of the original surfactant-containing
drop is quickly surpassed by the Marangoni ridge and trails the other features of spreading.
Finally, it shows that even relatively small ~ 100 um PMMA tracer beads may not be reliable
indicators of the position of the Marangoni ridge, due to the fact that they trail behind the
ridge after being initially moved by it. This last point is important for those wishing to study
Marangoni effects. Tracing fluid flow and having accurate diagnostics for determining the
location of the Marangoni ridge and contact line are essential to the understanding of these
systems. Many groups use talc powder or small tracer beads to indicate fluid flow and, while
these are useful measurements, the tracers should not be assumed to mark the location of the
Marangoni ridge front.

In addition to being able to model the shape and dynamics of the Marangoni front, it is
important to understand the differences in spreading behaviors between different types of
surfactants that could be used to initiate these flows. Starov and collaborators have done
significant work to understand the differences between soluble and insoluble surfactants as
well as between surfactant solutions above and below their critical micelle concentration
(CMC) [62,68]. They examined the early-time spreading of two surfactants, sodium dodecyl
sulfate (SDS) and dodecyltrimethylammonium bromide (DTAB) on water. At early times,
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SDS is treated as an insoluble surfactant due to its low rate of desorption from the surface
into the subphase; DTAB has a faster desorption rate in water due to its much higher
solubility and, thus, behaves as a soluble surfactant during early spreading. Droplets of
solutions of each surfactant were deposited onto water and the resulting spreading was
observed with a high-speed camera and compared to the theoretically predicted power-law
behavior of drop radius with time. As with many spreading phenomena here, time scales
play a crucial role through the dependence of the apparent solubility of the surfactant on the
timescale of the experiment.

For droplets of surfactant solution above the CMC deposited onto water, spreading occurs in
two stages: first a faster power law spreading (R ~ t°-) as micelles disintegrate, and second a
slower power law spreading once there is no longer a micelle reservoir [62]. Below the
CMC, spreading also occurs in two stages: first, a much shorter fast-spreading stage and
second, a longer slow-spreading stage. During the first stage, the spreading power law
exponent is consistently approximately 0.5, independent of solubility. However in the second
stage in either case, the spreading power law depends heavily on whether the surfactant is
soluble or insoluble. In the case of insoluble surfactants (SDS in their case), the total
surfactant mass at the interface does not change and the power law in the second stage is
predicted to be 0.25 (observed to be 0.21). In the case of soluble surfactants (DTAB in their
case), the total surfactant mass at the interface decreases as the surfactant desorbs into the
bulk, therefore the spreading exponent is significantly smaller, around 0.03 for DTAB.

These subtle differences between surfactants with different characteristics could have
important implications in the lung. If their in vivo spreading behavior follows Starov’s
prediction, insoluble surfactants will produce greater total spread areas than soluble
surfactants. However, with repeated deposition, they could also eventually saturate the
surface and perhaps terminate spreading or cause physiological difficulties in eventual
surfactant removal from the surface. Conversely, while soluble surfactants may desorb from
the surface and generate a lower spread area per deposition, this may also make repeated
dosings more effective once the surface returns to a higher surface tension.

3.2 Multiple source Marangoni transport

All of the work discussed thus far has been related to drop-wise deposition of surfactant onto
a water subphase. Yet, aerosolization is one of the primary methods by which therapeutics
are delivered into the lung. There are two primary differences between delivery via
microliter (macroscopic) drops and via picoliter (microscopic) aerosol droplets. First, the
comparative drop lengthscales will dictate the relative timescales for diffusion with the
subphase and convection along the surface. Second, operationally, the aerosol will be
deposited as a field of droplets over a sustained administration, which will introduce several
timescales as discussed below.

Khanal and Sharma published a pair of articles comparing rates of aerosol delivery to a fluid
subphase [69,70]. They suggest four important timescales for surfactant delivery and
spreading. Tmonolayer 1S the time it takes to deliver a complete monolayer of droplets onto the
area of interest, Typreading 1S the time it takes for an individual droplet to complete convective
spreading after deposition, Tyyerq) 1S the timescale for lateral motion of the centroid of a
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single drop due to the Marangoni forces exerted by neighboring drops, and T yajescence 1S the
timescale for coalescence of neighboring drops. The interplay between these various
timescales will control the dynamics of the cumulative Marangoni transport caused by
multisource aerosol deposition.

This pair of articles focuses on controlling Tionolayer and describes two regimes of aerosol
flux. At high aerosol fluxes, when Tyonolayer 1S Small compared to Tgpreading ad T agerals the
aerosol droplets combine on the surface and propagate outward as a single, parabolic front
(shown in Figure 3D and discussed in [69]). In this case, the aerosol droplet solvent plays a
more important role and the whole field of droplets acts like one large drop. At lower fluxes,
when Tionolayer 18 large compared to Tgpreading and Tiateral> distinct acrosol droplets can be
seen landing and spreading on the interface and then propagating outward as an expanding
field of distinct spots (shown in Figure 3B and discussed in [70]). The individual deposited
droplets also appear to repel each other and do not coalesce. In this low-flux regime, the
solvent has time to diffuse into the bulk before more aerosol is deposited, so the surfactant
acts more like a “neat” layer of surfactant. Here, although the individual aerosol droplets do
spread on their own, it is the surface tension gradient from inside the field to outside the field
that drives the dispersal of aerosol contents along the surface.

High and low flux deposition have physiological implications when considering the
bifurcating branch network of the lung airways. Different airway generations will experience
different aerosol deposition fluxes impacting on the ASL. Using the Wiebel model of the
lung [4], clinically relevant dosage rates, and models for inertial deposition for aerosols of
known diameter and density, Khanal and Sharma predicted the deposition flux for aerosols
in different lung generations. The predicted deposition fluxes in the large airways
(generations ~ 1 — 8) of approximately 0.02 to 0.12 uL/cmZesec matched their conditions of
the high flux experiments, while predicted fluxes in the lower airway (generations > 8) of
well below 0.01 uL/cmZesec matched those of the low flux experiments. Thus, depending on
inspiration flows and aerosol dosages, the upper airways are likely to experience drop-like
spreading of pooled aerosol droplets drug while the lower airways should experience drug
delivery via post-deposition dispersal of droplet fields. In both flux regimes, Marangoni
transport dispersed aerosol contents over anatomically significant areas, corresponding to at
least one full airway generation.

4. Use of phospholipids and SRTs for Marangoni transport in the lung

4.1 Seeking biocompatibility: phospholipids

The ultimate goal in this review is to convey the potential for Marangoni spreading as an
enhanced drug dispersion mechanism on the ASL. To this end, it is useful to discuss the
ability of the lung’s own natural surfactants to induce transport. The lung produces
phospholipids and surfactant-associated proteins that function to reduce the surface tension
within the alveoli. If we propose to add surfactants to inhaled medications to induce
Marangoni spreading, such natural surfactants would likely be safer for human use than
synthetic surfactants. The most abundant surface tension lowering agent in lung surfactant is
the phospholipid dipalmitoylphosphatidylcholine (DPPC) [9]. Phospholipids are amphiphilic
molecules consisting of a hydrophilic head group and two hydrophobic, aliphatic carbon
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tails. Thus, they are extremely insoluble in water (with a solubility of ~ 1078 M [71]) and
have a strong affinity for air-water interfaces. There is a large body of work, mostly in the
form of Langmuir trough measurements of lipid monolayer surface pressure-area isotherms
and their interpretation in terms of monolayer phase behavior, showing that phospholipids at
air-water interfaces lower the interfacial tension significantly (For examples, see [72-79]).

4.2 Phospholipids transport from a “neat”, confined region

Neat phospholipid deposits have been shown to induce Marangoni transport when placed
directly onto a confined region of a glycerol surface and then released from that confined
region to spread outward [80,81]. In this set of articles by Daniels and collaborators, DPPC
was dissolved in chloroform and deposited directly onto a ~ 1 mm thick glycerol film within
a confinement ring. The chloroform was allowed to evaporate and then the ring was gently
lifted to allow the lipid to spread across the full area of the interface. The first article of the
pair used a laser light sheet and fluorescently modified lipid in order to simultaneously track
Marangoni ridge height and lipid concentration as a function of radial distance from the
deposition center [80]. The laser light sheet was deformed linearly by changes in fluid height
and the intensity of fluorescence at any given position determined the surfactant
concentration at that point.

In the second article [81], the experiments from [80] were used to confirm that the
Marangoni ridge profile closely resembled that predicted in earlier theory papers by Gaver
and Grotberg [36], which described the release of insoluble “neat” surfactant from a
confined surface region. However, the concentration profiles observed had significant
discrepancies from theoretical predictions. Theory predicts a smooth, monotonic decrease in
surfactant concentration from the deposition region outward, but Daniels and collaborators
saw a smooth decrease to a plateau, and then a sharp decrease near the peak of the
Marangoni ridge (see Figure 4). This deviation from theory is likely due to a lack of
understanding of the dynamic roles played by lipid phase transitions and the varying
compressibility of the layer as a function of surface concentration in an expanding lipid
monolayer. Within lipid monolayers at interfaces, there can be long-range associations
between molecules. This means that, upon release, the molecules may not homogeneously
spread outward to cover the new open space, but may go through surface phase transitions
and phase coexistence regions that will depend on the makeup and temperature of the system
[82—-84].

4.3 Phospholipids transport through aerosolization

Although phospholipids are promising candidates for inducing transport over the ASL based
on anticipated safety, the problem of how to get the surface-active lipid to the ASL surface at
a rate and surface concentration sufficient to drive Marangoni transport is non-trivial. When
lipids are dispersed in an aqueous medium, their low solubility results in the immediate
formation of lipid vesicles — where all of the hydrophobic tail groups are sequestered within
bilayers. The lipid headgroups exposed at the surface of these vesicles are hydrophilic and,
thus, the vesicle structure itself is not surface active. Although the vesicle dispersion may
achieve a lower surface tension than water at long times due to the relatively slow process of
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vesicle diffusion and breakup at the air/water interface [85,86], drops of phospholipid vesicle
dispersions do not initiate Marangoni transport when placed on a clean water interface [55].

One way to liberate lipid molecules from within vesicles in order to rapidly establish a
monolayer at the air/water interface is through aerosolization [87-89]. As shown by Stetten
and collaborators, aerosolizing a lipid dispersion directly onto a fluid interface activates the
dispersion to initiate Marangoni transport [55]. This aerosolization process is highly
energetic — it acts to shear open the lipid vesicles, store lipids as adsorbed monolayers on the
surfaces of the resulting aerosol droplets, and transfer that monolayer directly to a fluid
interface upon deposition. This work has shown that aerosolized lipid dispersions can
transport tracer particles over many centimeters of interface and lower the subphase surface
tension to values less than 10 mN/m (see Figure 5C).

This phospholipid-induced Marangoni transport has been observed on water as well as on a
5% porcine gastric mucin (PGM) solution consisting of high-molecular weight mucins to
mimic ASL (see Figure 5A) [90]. These solutions have initial surface tensions significantly
lower than that of water (~ 34 mN/m), yet this does not hinder transport. Additionally,
further work of lasella and collaborators has shown that aerosolized phospholipid-induced
Marangoni transport occurs even in the presence of a pre-deposited, dense monolayer of
DPPC on the mucin solution surface (see Figure 5B). Considering the likelihood that a layer
of phospholipid exists atop the ASL within certain regions of the lung airways, and that the
density of these monolayers likely varies significantly with respect to airway generation and
physiological conditions, this finding is quite significant. It indicates that pre-existing
pulmonary surfactant would not likely suppress Marangoni transport of aerosolized
therapies.

Whenever Marangoni transport is initiated at a fluid interface, the tangential surface stress
drives subsurface fluid flow. This induced subsurface flow has been observed experimentally
by many groups including in the case of phospholipid-induced transport above (see Figure 6)
[55]. The subsurface flow may be critical to the transport of non-surface-active drug species.
Many antibiotics currently used in the treatment of chronic lung infection are hydrophilic
(such as the commonly used antibiotic, tobramycin). Upon droplet deposition, such water-
soluble drugs would remain in the aqueous phase just beneath the surface. Entrainment in
the sub-surface flow will produce the intended post-deposition dispersal.

Tasella and collaborators have shown that subsurface flows induced by phospholipid
Marangoni transport are sufficient to carry the antibiotic tobramycin outward from the
region of aerosol deposition on mucin solution subphases with pre-deposited lipid
monolayers (see Figure 6) [90]. When tobramycin was added to the aerosolized
phospholipid dispersions at clinically appropriate concentrations, antibiotic concentrations
of over 8 ug/mL were found across the PGM solution surface as far as 8.5 cm away from the
region of deposition. For reference, the minimum inhibitory concentration (MIC90) of
tobramycin for Pseudomonas aeruginosa, a common CF-associated pathogen, is 8 ug/mL
[28].
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The strength of the Marangoni transport driving force, and its persistence over large areas of
surfactant spreading, depend critically on the surface pressure-area isotherm of the lipid. In
this work transporting aerosolized lipid against a pre-deposited lipid layer, the authors also
created lipid surface pressure-area isotherms on both water and mucin. Mucin solutions have
a significantly lower surface tension than water due to adsorption of hydrophobic moieties to
the interface. It was found that, although the isotherms are significantly different for most
monolayer densities, they converge at high lipid densities. Monolayer collapse surface
tensions for monolayers on water or on aqueous PGM solutions were nearly identical. This
suggests that the final state just prior to collapse in both cases is a pure lipid monolayer,
rather than a mixed monolayer of lipid and mucins on the mucin solution. This agrees with
previous work stating that amphiphilic water-soluble polymers are able to adsorb into
expanded lipid monolayers but are excluded from lipid monolayers as they are compressed
into the liquid condensed state [91,92].

Work involving phospholipid-induced Marangoni transport has an interesting connection to
the work involving use of SRT formulations to treat RDS. All currently approved SRT
formulations comprise animal-derived lung surfactant and are delivered as an instilled bolus.
Because they contain phospholipids as a major component, it is possible that aerosolization
of SRT solutions into the lungs, instead of delivery via bolus instillation, might open up lipid
vesicles and induce surface flow in the same way as do dispersions of pure phospholipid
[93,94], thus improving distribution. Lewis and collaborators directly examined the
physiological differences between SRT formulation delivery via bolus and via aerosol to
treat lung injury in adult rabbits [93]. The test subjects were given 1) nebulized beractant (a
common SRT formulation), 2) nebulized saline, 3) pure carrier gas, or 4) tracheally instilled
beractant. The ventilation efficiency index increased over 3 hours with nebulized beractant,
but decreased in the other three cases. Additionally, the group given nebulized beractant was
the only group to experience increased lung compliance during the trial and also had
significantly greater lung volume at maximum pressure. These positive signs for improved
lung function were achieved only when the SRT formulation was aerosolized. This was true
despite the delivery of much greater total amounts of SRT formulation in the case of tracheal
instillation (100 mg/kg) than aerosolized administration (5 mg/kg).

There are, of course, many factors that could have led to increased efficacy of SRT delivery
via aerosolization over instillation. However, one possibility is that the aerosolized SRT
formulations led to more complete and homogeneous delivery due to induced Marangoni
transport. Previous work by Marcinkowski and collaborators has shown that when the SRT
agent Calfactant is aerosolized onto cultured human bronchial epithelial cell monolayer from
a CF patient, the resulting deposition area is greater than when pure saline is aerosolized
onto the surface [95]. This suggests that SRT formulations can and do induce Marangoni
transport when aerosolized onto model biological surfaces. It is difficult, however, to directly
compare spreading on these cultured bronchial epithelial cells to what might occur within
the lung itself. The lung is a complex system containing numerous regions with likely
different surface chemistries. The surface tension in any given region (and any given patient)
remains an important open question in this field.
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5. Conclusions and Open Questions

Recent work has produced significant advancements in the understanding of Marangoni
transport for potential use in complex systems such as that of the human lung. These
advancements would not have been possible without innovative, collaborative research from
a number of different fields. Complex fluid dynamics models predict how fluid transport
occurs on thin fluid films and reveal effects from a multitude of important variables such as
fluid depth, boundary conditions, viscosity, and surfactant solubility. Experimental work has
tested these models and begun to reveal the differences between surfactant delivery by
individual microliter drops and multiple depositing picoliter aerosol droplets. New ways of
delivering phospholipid surfactants to the subphase surface have been explored and
aerosolization has been shown to release surface-active lipids from vesicles so they may
induce Marangoni transport. This work has furthered our understanding of how Marangoni
transport might be used to increase the effectiveness of pulmonary drug delivery, still there
are significant open questions yet to be answered. We will outline a few of these topics here.

As addressed in the previous section, one of the major open questions has to do with the
functionality of SRT formulations. If these therapeutics result in better physiological
outcomes when delivered via aerosol, it could be possible that aerosolization is activating the
phospholipid constituents and causing Marangoni transport. The mechanism by which
aerosolization disrupts vesicles and aids in the transfer of lipids to the air/water interface has
yet to be determined. Preliminary work by one of the authors (Stetten) has shown that
Infasurf SRT does not induce Marangoni transport on porcine gastric mucin when deposited
as a microliter drop, but does induce transport when aerosolized, suggesting a similar
initiation mechanism as occurred with pure phospholipid dispersions. However, these
experiments were conducted far below body temperature (24 C), so it could be the case that,
at body temperature (37 C), peptide components of the SRTs act to destabilize lipid vesicles
and promote opening of these vesicles at the interface. It is known that the combination of
phospholipid and peptides in lung surfactant increase the stability of monolayers allowing
for the achievement of very low surface tensions in the alveoli (described in many
references, including [17,96-99]). If the roles and physical states of these various
components during aerosolization were better understood, then one could isolate and
optimize the “active ingredients” necessary for Marangoni transport and surface tension
reduction.

A second interesting topic for further investigation is the competition of phenomena with
different timescales during drug delivery. Aerosol delivery, intermixing of drop and
subphase contents, and mucociliary clearance interact and compete in complex ways within
the lung. The velocity of Marangoni transport, and additionally the height of the Marangoni
ridge, depends on the surface tension gradient along the interface. One might expect that
maintenance of the largest gradient possible would result in the best outcome. However, the
mucosal fluid plus the PCL is only microns thick in many places and the airways themselves
can be as small as a few hundred microns in diameter. This means that the Marangoni ridge
could cause bridging of fluid across the airway or the trailing fluid depression could cause
de-wetting of the PCL or underlying cells [100-103]. Optimization of the delivery and
spreading timescales to maximize spread area of the drug while avoiding potentially
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catastrophic de-wetting is a critical question in this work. It is feasible that we have a
“tortoise and the hare” problem — that the optimal surface tension gradient may be one that
is smaller, but is maintained for a longer time to achieve the same result (without being so
slow that mucociliary clearance negates the effects). If the optimization point between
competing rates could be predicted, spreading results could be better controlled.

In addition to timescale considerations, we must also consider the varying length scales in
pulmonary delivery. Since the ASL is quite thin, it is possible that the subsurface flows
observed on deeper pools may not be as capable of transporting drug on these thinner films.
When phospholipids are aerosolized onto water, excess lipid re-aggregates beneath the
surface to form 10 pm diameter structures. Clearly these structures would have an effect on
transport in a 10 pum thick film. Flow in such thin films in the lung is not perfectly captured
by models such as that discussed by Matar due to the fact that the mucosal fluid layer in the
lung resides atop a second layer, the cilia-containing PCL. In order to fully understand any
possible de-wetting phenomena as well as subsurface flow within the lung, the ASL has
begun to be modeled as a two-layer system: a viscous complex fluid (the mucus layer) atop a
porous medium (the PCL) [7]. In this two-layer system, the lower boundary condition on the
spreading subphase changes from a no-slip condition to a tangential stress-matching
condition, altering spreading rates and allowing for the possibility of re-wetting through
fluid flow up out of the porous medium.

Another open question is that of solubility in these systems. This can come in a number of
forms: 1) miscibility of the drop solvent in the bulk, 2) solubility of the surfactant in either
the drop or bulk, and 3) solubility of the drug in either the drop or bulk phase. The question
of miscibility of the drop solvent is really another timescale system. Since even miscible
fluids maintain an effective interfacial tension as they dissolve into a subphase, the timescale
over which this interface is maintained becomes important to understanding the capillary
behavior of the drops. As discussed above, the solubility of the surfactant can lead to
differences in the rate of spreading as well as differences in the final state of the system. The
solubility of the drug will dictate how that drug would best be delivered into the system (i.e.
within a lipid vesicle [104], solubilized in micelles, or molecularly dissolved within the
aqueous phase, etc.). Additionally, if the drug were surfactant-like, it is possible that it could
initiate Marangoni transport without the need for additional transport enhancers. This might
be especially useful when spreading over thin films with little subsurface volume.

The final piece to this puzzle is, unfortunately, one of the most difficult to attain. There is
widespread disagreement on the surface tension of the lung ASL, and there is no doubt that
it must vary with respect to location in the lungs. As mentioned earlier, many groups have
tried different experimental methods to determine ASL surface tensions, but the range of
surface tensions reported is extremely large, ranging from 5 to 90 mN/m [10-15]. This is
due to the physical difficulty of taking a measurement within a live subject. In order to fully
model transport within this system, it is crucial that we have a better understanding of the
ASL surface tension and its homogeneity. In the engineering sense, drug delivery
formulations must be designed with sufficient margin of error to drive Marangoni transport
against low surface tensions. The observed transport driven by aerosolized phospholipids
against densely packed DPPC monolayers suggests this is feasible.
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These open questions show that there is ample opportunity for further exciting,
interdisciplinary study, of both fundamental and applied nature, with promising potential
clinical impact. There are many opportunities to extend the current knowledge of wetting
and spreading phenomena to address the unique compositional, rheological and surface
chemical complexities afforded by the lung system.
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Highlights

o Marangoni driven flows have potential for transporting therapeutics in the
lung

J Marangoni transport on simple thin liquid films is well understood

o Transport on the complex lung airway surfaces challenges these simpler
models

J Transport can be achieved even in the presence of endogenous surfactant

o When aerosolized, lipids can drive Marangoni flows on surfaces mimicking

the airways
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Figure 1.

M%)deled spatio-temporal evolution of one drop simulation in Matar’s “base case” (for a full
list of parameters, please see section IV of reference [40]). This base case corresponds to a
slender drop containing surfactant that is soluble in the drop (with a concentration well
above the CMC) and insoluble in the subphase. This surfactant can exist as a monomer at all
interfaces. The drop solvent is insoluble in the subphase. The two axes “z” and “x” represent
non-dimensional vertical and horizontal spatial parameters respectively. “t” is a non-
dimensional time parameter. Panels “a” and “b” are separated for clarity and “b” is simply
continuation of the same simulation. The left side of the panel goes through the central axis
of the drop and the drop is the closed region when the panel is reflected about the left axis.
Spreading progresses towards the right. The Marangoni ridge can be most clearly seen at t =

10. Reprinted with permissions from reference [40].
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Figure 2.
The left panel shows a representative image of the spreading of a surfactant drop on a water

surface. The outermost concentric rings are the capillary waves. The innermost dark ring is
the Marangoni ridge. The indicator particles are circled while their shadow can be seen as a
dark spot to their right. The right panel shows the position of drop contact line, capillary
wave crests, Marangoni ridge, and indicator particles as a function of time. Reprinted from
reference [65] with permission from Elsevier.
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Figure 3.

A) Spreading front position versus time for a low-flux aerosol field deposited onto an
aqueous poly(acrylamide) solution subphase. Circles represent the surfactant-free aerosol
and squares represent a tyloxapol-containing (0.4% w/w in water) aerosol. B) Corresponding
still images from the surfactant-containing aerosol case in A. Aerosol is deposited in the
unmasked region to the right and spreading occurs outward into the masked region to the
left. C) Spreading front position versus time for a high-flux aerosol field deposited onto an
aqueous poly(acrylamide) solution subphase. Triangles represent surfactant-free aerosol and
squares represent a tyloxapol-containing (0.1% w/w in water) aerosol. Please note that the y-
axis represents the same physical variable as in A, but labels and units are different. D)
Corresponding still images from the surfactant-containing aerosol case in C. Aerosol is
deposited out of view to the right. Reprinted with permissions from references [70] (A and
B) and [69] (C and D).
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Figure 4.
a) Marangoni ridge height profile measured at 5 s in experiment (red dashed) and the

corresponding numerical solution (solid blue). The bullet symbols mark the peak height in
each. b) Surfactant concentration profiles at 5 s in experiment (noisy green) and numerical
solution (smooth blue). The bullet symbols mark the surfactant leading edge in each. Data
are from [80]. The small peak in intensity following the plateau in the experimental case is
due to fluorescence resonance energy transfer between neighboring fluorophores and should
be ignored. Reprinted from reference [81] with permission of Springer.
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Figure 5.
Simultaneous surface tension and tracer bead motion during experiments where DPPC

dispersion was aerosolized directly onto a fluid subphase. The gray line represents the
surface tension measured with a Wilhelmy pin. The black represents tracer bead position at
the interface with O cm being the edge of the confined aerosol deposition region. Subphases
are (A) aqueous porcine gastric mucin solution (PGM), (B) PGM with a pre-deposited lipid
monolayer, and (C) deionized water. In (B) the lipid monolayer is deposited at negative
times and aerosolization begins at time t = 0. Reprinted with permission from reference [90].
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Figure 6.
The upper panel shows microscopy images of subsurface transport from experiments

aerosolizing lipid dispersions directly onto water. The microscope is focused outside the
region of aerosol deposition and ~ 60 um beneath the surface. White spots are clusters of
non-surface active lipid vesicles being carried beneath the surface while lipid monomer (not
visible to the microscope) induces transport at the surface. (A) shows out-of-focus indicator
particles at the interface before the nebulizer is turned on. (B) shows lipid clusters being
transported in subsurface flow at ~ 0.05 cm/s during aerosol deposition. (C) shows the
subsurface lipid clusters after spreading has ended. The lower panel (D) shows tobramycin
concentration on the subphase surface in a region outside that of direct aerosolization. Cases
are shown for a tobramycin solution aerosolized onto PGM (black circles), a DPPC/
tobramycin mixture aerosolized onto PGM (open squares), and a DPPC/tobramycin mixture
aerosolized onto a pre-deposited lipid layer on PGM (gray diamonds). The tobramycin
concentration is normalized by the total deposited dose for a given run. Reprinted with
permissions from references [55] (upper panel) and [90] (lower panel).
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