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Abstract

Background: Aerosol drug delivery is a viable option for treating diseased airways, but airway obstructions
associated with diseases such as cystic fibrosis cause non-uniform drug distribution and limit efficacy. Marangoni
stresses produced by surfactant addition to aerosol formulations may enhance delivery uniformity by post-
deposition spreading of medications over the airway surface, improving access to poorly ventilated regions. We
examine the roles of different variables affecting the maximum post-deposition spreading of a dye (drug mimic).
Methods: Entangled aqueous solutions of either poly(acrylamide) (PA) or porcine gastric mucin (PGM) serve
as airway surface liquid (ASL) mimicking subphases for in vitro models of aerosol deposition. Measured
aerosol deposition fluxes indicate that the experimental delivery conditions are representative of aerosol de-
livery to the conducting airways. Post-deposition spreading beyond the locale of direct aerosol deposition is
tracked by fluorescence microscopy. Aqueous aerosols formulated with either nonionic surfactant (tyloxapol) or
fluorosurfactant (FS-3100) are compared with surfactant-free control aerosols.
Results: Significant enhancement of post-deposition spreading is observed with surfactant solutions relative to
surfactant-free control solutions, provided the surfactant solution surface tension is less than that of the sub-
phase. Amongst the variables considered—surfactant concentration, aerosol flow-rate, total deposited volume,
time of delivery, and total deposited surfactant mass—surfactant mass is the primary predictor of maximum
spread distance. This dependence is also observed for solutions deposited as a single, microliter-scale drop with
a volume comparable to the total volume of deposited aerosol.
Conclusions: Marangoni stress-assisted spreading after surfactant-laden aerosol deposition at high fluxes on a
complex fluid subphase is capable of driving aerosol contents over significantly greater distances compared to
surfactant-free controls. Total delivered surfactant mass is the primary determinant of the extent of spreading,
suggesting a great potential to extend the reach of aerosolized medication in partially obstructed airways via a
purely physical mechanism.
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Introduction

Systemic administration of drugs to treat infections
associated with cystic fibrosis (CF) requires large doses

that may lead to significant unwanted side effects.(1) Given

that these infections typically reside in the airways, aero-
solized drug delivery is a viable treatment option to minimize
circulating drug concentrations in the bloodstream.(1) The
presence of highly viscous mucus obstructions in the airways
of CF patients creates regions with limited ventilation and
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unusual aerodynamics. These obstructions may hinder aero-
sol delivery, leading to a heterogeneous distribution of
drugs.(2–4)

Current aerosol therapies rely only on aerodynamic
mechanisms to disperse and distribute drug inside the lungs
after inhalation. Accordingly, aerosols often do not reach
infection sites downstream of obstructions, due to limited
ventilation and inertial impactions at these obstructions.(2–6)

These altered ventilation and deposition patterns frequently
leave sites of infections untreated.(2,5–9) Thus, with current
aerosol therapies, drugs cannot effectively access all in-
fected regions of the lungs.(1,4,5,7,9) This not only reduces
therapeutic efficacy, but may also lead to the development
of bacterial drug resistance.(8,10,11) Hence, a need exists to
augment aerosol drug delivery to include novel distribution
mechanisms that do not rely solely on aerodynamics for
distribution in the lungs.

To better access all portions of the lung, we propose the
addition of surfactants to aerosol drug formulations to drive
spreading after deposition on the airway surface liquid
(ASL). Surfactants decrease surface tension by adsorbing to
liquid interfaces; gradients in surfactant surface concentra-
tions result in surface tension gradients that can drive con-
vective surface (or ‘‘Marangoni’’) flows moving fluid from
areas of low surface tension to areas of high surface ten-
sion.(12) In vitro and in vivo studies show that surfactant
concentration gradients can be utilized to move exogenous
fluid through the lungs.(13–17) Specific surfactants are ap-
proved for use in the lungs to treat neonatal respiratory
distress syndrome via surfactant replacement therapy
(SRT).(18) In SRT, surfactant is delivered in an instilled
bolus through an endotracheal tube. The bolus bursts and
moves along the airway walls driven by gravity and surface
tension gradients to the alveoli where it promotes recruit-
ment.(14,15,18,19) Surfactant instillation has also been used for
reopening of fully obstructed lung airways.(14) However, we
consider the case where the airways are only partially ob-
structed, and the inclusion of surfactant in a therapeutic
aerosol may serve to drive deposited medication away from
sites of heavy deposition, along the ASL and over the mucus
obstructions, delivering medication to less ventilated regions
in the lungs and increasing dosing uniformity in the airways.

We have previously provided a qualitative, in vitro proof
of principle for this aerosolized drug dispersal technique
using porcine gastric mucin (PGM) solutions and human
bronchial epithelial (HBE) cell cultures as ASL mimics.(1)

In that study, surfactant-laden aerosols were shown to
spread over significantly larger areas than saline controls,
but a quantitative determination of the systemic variables
that controlled the extent of spreading was not performed.(1)

We have also already determined the factors governing the

final spread area and the fate of surfactant, solvent (water),
and solutes for the deposition of surfactant-laden microliter-
scale drops on entangled polymer solution subphases.(20)

However, there are important differences between aerosol
and single drop deposition that are expected to influence
spread area. Medicinal aerosols are *200x smaller than
microliter-scale drops, and their deposition involves in-
teractions of multiple droplets. Therefore, a need exists to
address this complexity and the effects of various aerosol
delivery variables on the spreading of deposited aerosol
droplets.

This study includes a quantitative analysis of the spread
area resulting from the deposition of multiple, interacting
aerosol droplets containing surfactant, on a subphase that
mimics the ASL. We continue the use of our prior model
system for in vitro measurements: the droplet phase consists
of an aqueous solution of a nonionic surfactant, either ty-
loxapol or a fluorinated nonionic surfactant, with a fluo-
rescent dye, fluorescein, serving as an easily-traced drug
mimic; the subphase consists of a chemically simple, en-
tangled aqueous polymer solution, poly(acrylamide) (PA),
or an entangled solution of porcine gastric mucin (PGM) to
mimic the mucus in the ASL. These model phases together
capture the miscibility between aerosol droplet liquids and
the ASL. PGM was chosen because of the limited avail-
ability of pulmonary mucus, and because it allowed us to
establish repeatable surface conditions. We track the
movement of the delivered aerosol in an apparatus designed
to differentiate deposition and post-deposition spreading.
We determine how system variables associated with aerosol
delivery, including surfactant concentration, total deposited
surfactant mass, total delivered volume, aerosol flow rate,
and time of delivery, are predictive of maximum spread area
at droplet deposition fluxes that are consistent with inhaled
aerosol deposition in the conducting airways (airway gen-
erations 0–8, termed ‘‘large airways’’ for purposes of this
article). The ultimate goal of this research is to develop
optimized formulations and delivery techniques that maxi-
mize surfactant based spreading after aerosol deposition.

Theory

While there is little guidance from the literature con-
cerning the post-deposition spreading behavior of a field of
surfactant-laden aerosol droplets, the spreading of a micro-
liter-scale drop of surfactant solution on solid or liquid
subphases is a well-studied problem.(15,19,21,22) As shown in
Figure 1, a liquid drop placed on an immiscible liquid
subphase will relax to form a lens, with the shape at equi-
librium dictated by gravity and the capillary force balance
among the three interfacial tensions (ci/j) that act on the

FIG. 1. Interfacial tension forces at equilibrium acting on the three-phase contact line of
a liquid drop on a liquid subphase. (A) In the absence of surfactant; (B) In the presence of
surfactant.
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three-phase contact line around the drop. Previous studies of
individual microliter-scale aqueous drops of water-soluble
surfactant solutions indicate that drops spreading on en-
tangled but completely miscible aqueous subphases resem-
ble drops spreading on immiscible subphases.(20,23) On such
subphases, quasi-static drops persist for tens of minutes on
the subphase surface despite the thermodynamic miscibility
of the drop and subphase.(23)

In the case of surfactant-laden drops, surfactant adsorption
to the drop/vapor and/or the drop/subphase interface alters
the surface tensions at these interfaces. Further, surfactant
escapes across the contact line of the drop, lowering the
surface tension of the subphase/vapor interface.(23,24) As
shown in Figure 1, these altered surface tensions can result in
a lens that covers an area larger than that of a surfactant-free
drop. In the cases examined here, where the drop and sub-
phase are miscible, the effective surface tension at the drop/
subphase interface is very small,(25,26) such that the final area
covered by the spread surfactant-laden drop is increased
relative to the surfactant-free drop if the initial drop/vapor
surface tension is smaller than the initial surface tension of
the subphase. During the spreading process, surfactant es-
cape from the drop and adsorption to the expanding drop/
subphase and drop/vapor interfaces continually deplete the
surfactant concentration in the drop until a new interfacial
tension balance among subphase/vapor, drop/vapor, and
drop/subphase interfaces is achieved, ultimately limiting
the final extent of spreading.(23) We expect that these drop
spreading phenomena that were identified with macroscopic
microliter drops will also govern individual micrometer-
scale (sub-picoliter) aerosol droplet spreading behavior in the
absence of interactions with neighboring droplets.

The spreading process itself is dominated by surface ten-
sion gradients in the interfaces that form as surfactant moves
onto and across the various interfaces. The gradients cause
Marangoni stresses that drive fluid flow.(20–23,27) For a single
drop, these Marangoni stresses primarily affect the evolution
of the drop, while the final surface tension balance dictates
the final spread area of the drop, and it assumes a quasi-static
shape that persists for tens of minutes.(23) For a field of
discrete droplets, these stresses have a more significant im-
pact on the final area covered by the field of droplets that
retain their individual identities during the spreading process.
This will be described in a companion article by Sharma
et al., which contains the results of in vitro studies conducted
in a different apparatus, at much lower fluxes that are rep-
resentative of aerosol delivery to small conducting airways.

The inherent many-interacting-droplet nature of aerosol
delivery introduces several new timescales in addition to
those that characterize the single drop spreading phenome-
non. When investigating spreading of an ensemble of aerosol
droplets, different timescales associated with the delivery
and post-deposition spreading of the droplets have to be
considered. smonolayer is the time it takes to deliver a com-
plete monolayer of droplets onto the subphase area under
consideration. This provides an upper bound for the time for
a fresh droplet to land in an area occupied by previously
deposited liquid. sspreading is the time it takes for an indi-
vidual droplet to complete convective spreading after depo-
sition on a subphase. When there is more than one droplet
deposited at distinct locations on the subphase, there are time
scales associated with the lateral movement of the centroid

of a single droplet which can be termed slateral. slateral is
approximated by the distance between two droplets divided
by a characteristic velocity of a moving droplet. If deposited
droplets move towards each other and collide, a coalescence
event may occur dictated by timescale scoalescence. Of these
timescales, smonolayer is the one we can most readily control
using the system of variables that determine the droplet de-
position flux in an aerosol. Its value controls the nature of the
fluid body that is spreading on the subphase.

Estimates of aerosol deposition and aerosol deposition
flux (liquid volume deposited per area per time) during a
nebulizer treatment can be calculated for different airway
generations and compared to deposition flux in our experi-
ments. Our calculations utilize airway dimensions from the
Weibel model.(28) The probability of aerosol deposition in
the airways is dictated by inertial and gravitational mecha-
nisms as a function of branching airway generation.(29) The
probability of inertial deposition of aerosol droplets carried
by a flowing gas in lung airways depends on the Stokes
number (St).(29,30) St compares a droplet’s inertia to the
viscous drag forces it experiences in the airflow(29)

St¼
D2

pqpu0

18lD
(Eq: 1)

where Dp is the particle diameter, qp is the particle density,
uo is the gas velocity, l is the gas viscosity, and D is the
diameter of the airway. The probability of aerosol deposi-
tion via impaction (Pi) increases linearly with St as(29,30)

Pi¼ 1:606Stþ 0:0023 (Eq: 2)

This correlation is valid when St < 0.62. Besides inertial
deposition, gravitational sedimentation may contribute sig-
nificantly to aerosol deposition. The probability of aerosol
deposition via sedimentation (Ps) can be predicted as(29,31)

Ps¼
2

p

"
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#

(Eq: 3)

where

j¼ 3Lvsettling

4 u0 D
cos h (Eq: 4)

Here, D is the diameter of the airway, L is the length of the
airway and h = 38.24� is a commonly used tube orientation
in lung model sedimentation. The gravitational settling ve-
locity (vsettling) is given by

vsettling¼
qpgD2

p

18l
(Eq: 5)

assuming the Cunningham slip correction factor to be 1. Ps

is important mainly in the lower airways (higher generation
numbers in the Weibel model), where air velocities are
small.

Deposition fluxes in lung airways are estimated from the
combined deposition probabilities assuming a liquid aerosol
inhalation rate of 0.5 mL/min. The two probabilities are
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assumed to be additive at the droplet sizes examined in
this study. Assuming mono-dispersed droplets with 3 lm
diameters (St < 0.01 for all relevant air inhalation rates), we
calculate the volumetric deposition flux at each airway
generation, as shown in Figure 2. The total cross sectional
area is the product of the number of branches and their
respective cross sectional areas. Aerosol deposition fluxes
are estimated for shallow medium and heavy breathing
rates, 30, 60, and 90 liters per minute (LPM), respectively.

The predictions represent fluxes encountered at a branch
in that particular generation; we take into account the cu-
mulative effect of generation-by-generation depletion via
deposition. These predictions do not consider Brownian
diffusion as an effective means of deposition as this is only
relevant for very small aerosols.(29) We assume that the area
of deposition is the projection of the parent airway gener-
ation onto the daughter airway generation. A maximum in
the deposition flux is observed around the fourth generation
for the three inhalation flow rates considered. Total flow
area initially decreases from generations 1–3 and then in-
creases from generation 4 through the rest of the airway tree
in the Weibel model. Thus, high flow velocities and high
rates of impaction would be anticipated in these zones.
Deposition fluxes in the large airways, highlighted in gray in
Figure 2, range from approximately 0.02 to 0.12 lL/cm2

�sec,
while deposition fluxes in the lower airways can be well
below 0.01 lL/cm2

�sec.
In this study, the experimental conditions and aerosol

deposition fluxes achieved (discussed later) were represen-
tative of the larger lung airways (gray region in Fig. 2). The
deposition fluxes are such that smonolayer is short compared
to slateral and possibly scoalescence. Since individual droplets
are not visible in our experiments, we suggest that scoalescence

is sufficiently fast and we are examining the spreading of a
single pool of coalesced aerosol droplets. In our companion
article, smonolayer is large compared to all the other time-
scales and individual droplet behavior within the expanding
field of droplets, including convective spreading, lateral
motion and coalescence, is resolved.

Materials and Methods

Materials

All water was purified to 18 MO�cm resistivity, with
< 10 ppb total organic carbon (Milli-Q Academic Unit,
Millipore Corporation, Billerica, MA). The purified water
had a surface tension of 71.5 – 0.4 mN/m (where the quoted
uncertainty here and elsewhere is the standard error of the
mean unless otherwise noted) measured using a Wilhelmy
pin apparatus (Nima Technology Limited, Coventry, Eng-
land).

Poly(acrylamide) solution concentrations were above the
previously reported 0.45% w/w entanglement concentra-
tion.(23) Since it provides a relatively stable surface tension
and is an entangled polymer solution, it is used as a simple
ASL mimic. PA (CAS# 9003-05-08) of molecular mass 5–
6 MDa was purchased from Polysciences (Warrington, PA)
and used as received. 1% w/w aqueous PA solutions were
prepared in 750 mL of deionized water by adding the
powder in increments of 2 g every 2–3 days in a 1 L bottle
under nitrogen with continuous gentle mixing on a gyratory
shaker (New Brunswick Scientific, Edison, NJ, model G79,
speed ‘‘4’’). After adding the final 2 g of powder, water was
added to bring the total volume to 1 L, and stirring continued
for 2–3 more days or until the solution was homogeneous,
whichever took longer. The pH was adjusted to 9 with 1 M
NaOH, in order to ensure a high quantum yield for the
fluorescein dye that is used as a drug mimic and tracer in this
study. A high quantum yield of fluorescein dye improves
the visualization of post-deposition aerosol spreading.

Although here the aerosol droplets are adjusted to pH 9,
pH 7 would be preferred for eventual clinical application to
avoid any toxic effects. However, we have found no dif-
ference in surface tensions of the surfactant solutions at pH
7, which suggests that their spreading behavior will not vary
by changing the pH from 9 to 7. The density of the resulting
PA solution was 1.000451 – 0.000029 g/mL at 23�C, as
measured using Anton Paar DMA 500M scanning densimeter
(Anton Paar USA Inc, Ashland, VA). The liquid/vapor in-
terfacial 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 minutes.

Porcine gastric mucin (PGM; Type II, bound sialic acid
*1% CAS# 84082-64-4) was purchased from Sigma Al-
drich. The PGM was stored between 2�–8�C while not in
use and was rehydrated with DI water. A 5% w/w solution
of PGM was prepared in DI water and was stirred mag-
netically for *14 hours, at which point the solution was
visually homogeneous. Aliquots of 1 M NaOH solution were
then added to the PGM solution to bring it to pH 9. The 5%
w/w concentration is above the entanglement concentration
of PGM in water, and mimics the ASL mucus to some ex-
tent.(20) The prepared PGM solutions were stored between
2�–8�C and used within 4–5 days of preparation. The liquid/
vapor interfacial 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. PGM solution surface
tensions demonstrate complex time-dependencies, likely
due to chain dynamics at the solution/vapor interface.

Fluorescein dye (laser grade 99%, CAS# 2321-07-5) was
purchased from Fisher Scientific, dissolved at 10 mM in
deionized water and adjusted to pH 9 using 1 M NaOH. The

FIG. 2. Estimated aerosol deposition fluxes as a
function of airway generation. Fluxes are shown for
three different inhalation flow rates (30, 60, and 90
LPM). Gray box indicates large airways.
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liquid/vapor interfacial tension and density of the solution
were 71.4 – 0.5 mN/m and 1.001614 – 0.000033 g/mL, re-
spectively, at 23�C.

The oligomeric nonionic surfactant tyloxapol (CAS
#25301-02-04) was purchased from Sigma Aldrich and used
as received. The surfactant was dissolved in the fluorescein
solution to produce concentrations of 0.1, 0.2, and 0.4%
w/w. Wilhelmy pin measurements of the surface tension of
these tyloxapol/fluorescein solutions are shown in Figure 3.
In accordance with behavior previously reported in the
literature, the surface tension isotherm shows two breaks,
indicative of the polydispersity of tyloxapol.(32) A decrease
in surface tension is observed as the surfactant concentration
is increased above 0.001% w/w. The increasingly negative
slope observed with increasing surfactant concentration in
Figure 3 is characteristic of surfactant solutions. This indi-
cates that 0.1% w/w tyloxapol has a surface tension of
39.1 – 1.0 mN/m, and the 0.2% w/w and 0.4% w/w tyloxapol
solutions have surface tension of 37.0 – 1.0 mN/m (where
the uncertainties in the measurements are instrumental
noise). The fluorosurfactant Capstone FS-3100 (DuPont)
was used at 1.4% w/w, which is above its critical micelle
concentration (CMC) as shown in our companion article,

with a surface tension of 17.5 – 1.0 mN/m (where the quoted
uncertainty is instrumental noise).

Experimental methods

Aerosol generation and delivery apparatus. The aerosol
deposition and spreading system is illustrated schematically
in Figure 4. An ultrasonic nebulizer (Ultra Neb-99, Model
099HD–Devilbiss, Somerset, PA), set at maximum output,
was used to aerosolize solutions from a nebulization cup.
Two mL of solution was added to the cup for each experi-
ment. The nebulizer output was passed through a series of
tubing pieces (Tygon, Saint-Gobain Corporation, purchased
from VWR Scientific, Radnor, PA), progressively decreas-
ing in diameter until the aerosol was delivered into the de-
position chamber through a 3.8 mm inner diameter glass
cannula. The aerosol exiting the cannula was sized in open
air by laser diffraction in a parallel set of measurements
using a Malvern Mastersizer S (Malvern Instruments,
Worcestershire, UK). The aerosol carrier gas was humidified
nitrogen heated to approximately 33�C using a respiratory
humidifier (MR850JHU, Fisher and Paykel Healthcare Ltd,
Auckland, New Zealand). The carrier gas flow rate was set
via a flow meter (SSA973 R2, Key Instruments, Trevose,
PA) upstream of the nebulizer to either 300 or 450 mL/min.
Aerosol size measurement experiments and aerosol spread-
ing experiments were performed separately.

Four mL of the subphase solution was poured into a
horizontal square cross-section acrylic tube with inner di-
mensions 0.26’’ · 0.26’’ · 18’’ (EPlastics, San Diego, CA),
with a hole drilled in the center of the tube angled at 15� to
admit the cannula tip. The ends of the tube were half cov-
ered to contain the subphase solution and also allow for gas
to exit the tube. After filling the bottom of the tube with the
subphase, the subphase was allowed to level-off to its
equilibrium distribution in the tube for *500 sec by placing
the tube in a holder specially designed to keep it flat and
level, while humidified air was introduced at one end of the
tube at 900–1100 mL/min to prevent the subphase surface
from drying. Some instances of residual gravity-driven
leveling flow of the subphase, after the normal leveling off
period, were measured to be on the order of 0.004 cm/sec as
observed via movement of a polystyrene bead placed on
the subphase. The depth of the subphase for all spreading

FIG. 3. Surface tension isotherm of tyloxapol in
aqueous solution with 10 mM fluorescein.

FIG. 4. Schematic of aerosol delivery apparatus. The
delivered aerosol (shown as a gray gradient on the sub-
phase) is deposited downstream of the cannula due to the
bias gas flow. The majority of the delivery occurs close to
the cannula. Post-deposition spreading is observed on the
subphase upstream of the cannula.
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experiments was *0.1 cm. The gravitational parameter
(G = qgH2/Dc)33 is the ratio of gravity to Marangoni forces,
where q is subphase density (1000 kg/m3), g is the grav-
itational constant (9.8 m/sec2), H is the subphase depth
(0.1 cm), and Dc is the subphase surface tension differ-
ence before and after surfactant adsorption (on the order of
1 mN/m). In all experiments G > 1, suggesting that there is
no rupture of the subphase during the spreading process.(33)

Aerosol deposition commenced after the subphase grav-
itationally leveled off to a constant height throughout the
tube after being poured. During deposition, the flow of a
humidified air stream passing over the subphase served as a
bias gas, driving all nondeposited aerosol out of one end of
the tube, through a filter. This made it possible to confine
all direct aerosol deposition to a well-defined region of the
subphase and, thus, to distinguish between tracer dye de-
position and dye spreading after deposition, which moves in
the opposite direction of the bias gas flow.

Deposition times were varied between 30–90 sec, so as to
achieve different volumes of delivered aerosol. In an effort
to identify the factors controlling the extent of post-depo-
sition spreading, we deposited aerosols under varying con-
ditions of surfactant concentration, deposition time, and/or
carrier gas flow-rate. The last factor controls droplet deliv-
ery rate, and for any given delivery rate, the deposition time
and surfactant concentration control the total mass of de-
livered surfactant. For example, similar surfactant masses
would be deposited by delivering a dilute solution for a
longer time or a concentrated solution for a shorter time, at
the same delivery rate. Maximizing the extent of spreading
was the objective, as the goal of developing a self-dispersing
aerosolized drug carrier is to provide the most far-reaching
and homogeneous distribution of drug possible in the lungs.

Microscopy. The extent of the post-deposition spreading
of the delivered aerosol was determined using epi-illumination
fluorescence microscopy with a Nikon AZ100 microscope
(Nikon Instruments Inc, Melville, NY) equipped with an
AZ-Plan Apo 0.5 · (NA 0.05/ WD 54 mm) objective and a
fluorescence filter cube set (Nikon B-1E) suitable for speci-
mens containing fluorescein. The microscope camera (model
DS-QiMc–Nikon) had 0.6 · magnification. Images were
captured with NIS-Elements Basic Research software and
analyzed using NIS-Elements Advanced Research software,
both purchased from Nikon Instruments Inc, Melville, NY.

Subphase collection and determination of total deposited
dose. The total amount of aerosol deposited was deter-
mined by assaying the amount of fluorescein tracer that
deposited onto the PA solution subphase. After aerosol de-
position and spreading, the subphase was collected by
draining and carefully rinsing the tube with 4 mL of DI
water to collect all contents. The collected sample’s visible
absorbance spectrum was recorded in a 1 cm · 1 cm quartz
cuvette using a UV-Vis spectrophotometer (Cary 300, Agi-
lent Technologies, Santa Carla, CA). The background water
and cuvette absorption were subtracted. Given the inverse
dependence of turbidity on the fourth power of the wave-
length of the scattered light, a fitted baseline consisting of a
quartic fit at wavelengths far from the fluorescein absor-
bance peak (fitting from 375–405 nm and 550–580 nm), was
subtracted from the spectrum to correct for light scattering

from the polymer solution. The fluorescein concentration in
the collected sample was calculated from the remaining
absorbance at 490 – 2 nm (Fig. 5). After accounting for dif-
fuse light scattering, fluorescein absorbance in PA solution
at pH 9 was well described by the Beer-Lambert Law with a
molar extinction coefficient of (8.5 – 0.22) · 105 M - 1cm - 1,
in accordance with a value of 7.69 · 105 M - 1cm - 1 as re-
ported in literature.(34)

Thus, the concentration of fluorescein deposited in each
experiment was determined. Since the volume of the col-
lected sample was known, as was the fluorescein concen-
tration in the aerosolized solution, the total volume of
deposited aerosol could be calculated. Furthermore, since
the surfactant concentration in solution in the nebulizer was
known and we proved (discussed below) that the concentra-
tions of fluorescein and surfactant in the aerosol were the same
as they were in the nebulization cup, the total deposited
amount of surfactant could be calculated for each experiment.

A possible change in concentration of the surfactant and
fluorescein during nebulization was determined by recording
absorbance of the collected sample after aerosolization
and comparing it with the pre-aerosolized sample. The ab-
sorbance values of the fluorescein for the aerosolized and
pre-aerosolized samples were similar with a p value of 0.6.
Similarly, the absorbance values for the tyloxapol surfactant
at 280 nm and FS-3100 at 227 nm for the aerosolized and
pre-aerosolized samples were indistinguishable with p values
of 0.2 and 0.3, respectively. These results show that there is
no change in the concentration of the fluorescein or the
surfactant on nebulization. Since the surfactant concentration
was unchanged by aerosolization, the surface tension of the
aerosolized solutions equals that of the original solution.

Results and Discussion

Aerosol sizing

Table 1 summarizes the delivered aerosol size distributions
for each of the solution compositions at two different carrier
gas flow rates. All solutions contained 10 mM fluorescein and

FIG. 5. Representative absorbance spectrum for 1%
w/w PA solution at pH 9 with fluorescein after
background absorbance subtraction. The fitted quartic
baseline representing scattering from the polymer
solution is also shown.
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were at pH 9. Reported sizes are volume-weighted median
diameters. There was no monotonic dependence of the me-
dian droplet size on surfactant concentration. The median
aerosol diameters were within the usual range used for clin-
ical inhalation therapies (1–5 lm).

Delivery and movement of aerosol

Tracking movement of delivered aerosol. Figures 6 and
7 show representative deposition experiments where the bias
gas flow is from left to right. Figure 6 confirms that the bias
gas flow produces a sharp boundary to the region of direct
deposition. In the top view shown in Figure 7, the aerosol
had been deposited onto the subphase, out of view of the
camera system (to the right), and the post-deposition
spreading of tracer to the left, shown in black, is evident.
Before the end of the delivery period (Fig. 7A and 7B), no
fluorescence was detected to the left of the cannula as indi-
cated by the average intensity scans at these times as shown
in Figure 7H. At time zero, the aerosol delivery was stopped.
As observed in Figure 7C–7G, post-deposition spreading was
evident at 10 sec and continued for approximately 10 min
after deposition, where in this particular case the spread
distance plateaus, as shown in Figure 7I. The parabolic shape
of the front indicates a retardation of the spreading of the
pool of coalesced droplets along the walls. This is consistent
with a convective flow of the tracer solution with a no-slip
boundary condition at the walls, rather than diffusion.

For comparisons among different experiments, the posi-
tion of the tracer dye front was tracked from the initial de-
position location along three horizontal lines evenly spaced
across the width of the tube. The front was defined as the

position where the average intensity exceeded the average
baseline value by one standard deviation of the baseline
intensity. The front location was used to represent the time-
dependent extent of spreading and plotted as a function of
time for every experiment. Representative examples are
shown in Fig. 7I, where it is evident that the maximum
spread distance is different for the surfactant solution and
the surfactant-free aerosol ( p < 0.0001).

Behavior of dye front. As previously noted, for our de-
livery conditions, more than a monolayer of droplets is
rapidly delivered and hence the spreading of individual
deposited droplets is not visible. At the magnification re-
quired for these experimental conditions, we cannot con-
clusively determine if the delivered aerosol is a single pool
of liquid or an agglomeration of non-coalesced droplets.
However, either of these two conditions is consistent with
smonolayer < slateral. For the measured deposited aerosol vol-
umes, subphase area and total time of deposition, we de-
termined that the experimental deposition fluxes were in the
range of 0.005–0.078 lL/(cm2

�sec).
These deposition fluxes can be compared to the estimates

of airway deposition flux in Figure 2. Assuming mono-
dispersed aerosol particles with diameters 3 lm, the lower
bound of experimental fluxes is comparable to aerosol de-
position flux in generations 8 and 9 during a 30 LPM in-
halation, whereas the upper bound of the experimental
deposition fluxes is comparable to deposition flux in gen-
erations 3 and 4 during a 60 LPM inhalation. We assume a
liquid inhalation rate to be 0.5 mL/min

As discussed earlier, for a microliter-scale drop, a surface
tension imbalance at the drop contact line pulls the drop and

FIG. 6. Side view of aerosol delivery apparatus during a deposition experiment.

Table 1. Aerosol Size Distributions As Function of Tyloxapol Concentrations

and Carrier Gas Flow Rates in Aerosol Spreading Experiments

Carrier gas flow rate

450 mL/min 300 mL/min

Tyloxapol concentration
(% w/w)

50th Percentile
(lm)

10th–90th

Percentile (lm)
50th

Percentile (lm)
10th–90th

Percentile (lm)

0 3.2 – 0.1 [n = 5] 2.0–5.5 2.8 – 0.1 [n = 6] 1.7–4.9
0.1 2.8 – 0.1 [n = 5] 1.6–5.0 2.5 – 0.1 [n = 5] 1.6–4.2
0.2 3.0 – 0.2 [n = 8] 1.7–6.0 2.4 – 0.1 [n = 3] 1.4–12.6
0.4 3.2 – 0.1 [n = 5] 1.7–6.0 3.3 – 0.3 [n = 5] 1.8–8.3

Volume median diameters (50th percentile) are reported along with distribution width (10% and 90% volume diameters); n represents
number of experiments performed.
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spreads it to cover a larger surface area than surfactant-
free solutions of similar volume.(20,23) The post-deposition
spreading of microliter-scale drops is driven by the surface
tension gradient along the subphase and the resulting Mar-
angoni flow. In aerosol deposition experiments, this force
imbalance moves the dye front in the direction of the
surfactant free region, allowing for delivered surfactant-
containing liquid to cover areas larger than that for the
surfactant-free control, as shown in Figure 7I.

Figure 8 shows two qualitatively different behaviors ob-
served in experiments with surfactant-laden aerosols, labeled
in the figure as either ‘‘retraction case’’ or ‘‘plateau case.’’
The plateau case is representative of the great majority of the
experiments. The distance traversed by the front typically
increased monotonically until plateauing after 5–10 min.
Retraction is observed only when the delivered surfactant
mass is less than 0.5 lg, and even then, only about 50% of
the time. Our observations have also indicated a partial re-

traction after spreading of a single microliter-scale drop of
surfactant solution deposited on an entangled aqueous
polymer solution. The phenomenon has been attributed to the
difference between the rates of surfactant escape across the
drop contact line onto the subphase surface and surfactant
desorption into the subphase.(35,36) Apart from this intrinsic
process, another extrinsic factor, a slow gravity-driven
leveling flow of the viscous subphase, may play a role. This
slow leveling off of the subphase may have been important
in the low surfactant inventory experiments where spreading
front velocities were generally smaller and may have been
surpassed by the slow leveling flow. In the small number of
experiments where a retraction was observed, we report the
maximum extent of spreading as the greatest distance tra-
versed before retraction began.

Controlling factors for maximum spread distances and
comparison to single microliter drops. Figure 9 shows that

FIG. 7. Representative top-view images of post-deposition spreading along the PA so-
lution subphase with increasing time for aerosolized 0.1% w/w tyloxapol solution deliv-
ered at a 300 mL/min carrier gas flow rate. (A) Before delivery, (B) 0 sec (at the end of
delivery), (C) 10 sec, (D) 1 min, (E) 2 min, (F) 5 min, and (G) 10 min after the end of
delivery. Grayscale figures were inverted, with the presence of fluorescein tracer dye
indicated by black pixels to facilitate viewing. (H) Image intensity value for spreading dye
along the tube averaged across the width of the tube. Every 15th pixel is plotted to make
viewing easier. (I) Distance moved by tyloxapol aerosol front shown in (A–G) and that by
surfactant-free fluorescein solution (both with delivered volume *0.22 mL).
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the maximum spread distance increases monotonically with
increasing delivered surfactant mass. Different delivered
surfactant mass values were obtained by independently
varying surfactant concentration, carrier gas flow rate and
delivery time. The statistical analysis below indicates that
deposited surfactant mass is the primary determinant of the
maximum spread distance.

In order to determine relevant variables that are signifi-
cant for maximum spread distance, multivariable regression
analyses were performed on OriginPro 8, taking into con-
sideration the independent variables (surfactant concentra-
tion and carrier gas flow rate) and the dependent variables

(total delivered volume, surfactant mass, and maximum
spread distance). Since total volume delivered was assumed
to be dependent on the flow rate and time of delivery, we
determined the dependence of the total volume delivered
on these two independent variables as well as the product
of these variables. The correlation of the delivered volume
to these variables was very weak, with no apparent corre-
lation; therefore, we did not perform any backwards elimi-
nation to determine the most relevant variables.(37)

Similarly, the dependence of the surfactant mass on each
of the three independent variables as well as the product of
these three variables was performed. Backwards elimination
based on the F-values and adjusted R2 of the fits determines
that the surfactant mass is dependent on the product of the
three independent variables. The adjusted R2 for this fit was
0.67. The dependence of the maximum spread distance on
the three independent variables, the product of flow rate and
time of delivery, and the product of flow rate, time of de-
livery, and surfactant concentration was determined via
multivariable regression analysis and backwards elimination
as in the previous case. The best fit that resulted from the
process had an adjusted R2 of 0.47, and was dependent on
the time, flow rate, the product of flow rate and time, and
also the product of flow rate, time, and surfactant concen-
tration. Elimination of any of these remaining variables re-
sults in a reduced adjusted R2.

Weighted least squares regressions were performed to
determine the dependence of the maximum spread distance
on each independent variable as well as the other two de-
pendent variables. These linear regressions determine that
the most statistically significant correlation of maximum
spread distance was with the surfactant mass (a dependent
variable) R2 = 0.79 and p < 0.0001. It was also found that
surfactant concentration weakly correlated with maximum
extent of spreading (R2 = 0.46). The flow rate, delivered
volume, and delivery time were uncorrelated with maxi-
mum spread extent with R2 values of 0.01, 0.26, and 0.09
respectively. A linear regression between the volume de-
livered and surfactant mass determined no correlation (ad-
justed R2 = 0.05). These different correlations determine that
there could be other hidden variables (such as bias flow,
cannula entry angle, nebulizer efficiency) that could be af-
fecting the volume and surfactant mass delivered. Since the
control for these hidden variables was not ideal, we cannot
control a priori the volume delivered, yet we do measure it
directly with confidence. Since we do have a measurement
of the surfactant mass delivered, the strong correlation of the
maximum spread distance with delivered surfactant mass is
well-supported by the data.

Since the coalescence of the aerosol droplets into a single
pool is a possible result at these deposition fluxes, we might
expect the deposited aerosol droplet field to behave as if it
were coalesced into a microliter-scale drop, where prior
work has indicated the controlling role of surfactant mass in
extent of spreading.(36) We performed spreading experi-
ments with microliter surfactant-laden drops with different
volumes and surfactant concentrations to compare aerosol
spreading behavior to that of a single microliter-scale drop
in the same apparatus.

Figure 10 indicates a monotonic increase in the maxi-
mum extent of spreading with total deposited surfactant
mass. Similar to the aerosol experiments, these deposited

FIG. 9. Maximum spread distance of tyloxapol
aerosol as a function of deposited tyloxapol mass
when delivered on an entangled PA solution subphase.
Symbols indicate different tyloxapol concentrations
(, = 0% w/w, B = 0.1% w/w, 6 = 0.2% w/w, and
) = 0.4% w/w). Open symbols indicate carrier gas
flow rate of 300 mL/min and filled symbols at 450 mL/
min. The x-errors are the standard error on the de-
termination of surfactant mass, and the y-errors are
measurement errors on distance.

FIG. 8. Spreading of the surfactant front for two
representative experiments on a PA solution subphase.
Both cases were observed in experiments conducted at
a 0.1% w/w tyloxapol concentration and 300 mL/min
carrier gas flow rate.
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surfactant masses were achieved by varying both concen-
tration and deposited volume. The range of surfactant
masses deposited is comparable to that spanned in Figure 9
for aerosols, but the spread distances are larger. The single
microliter drop experiments administer the surfactant in a
highly localized region and over a much shorter time interval
than the aerosol, which would naturally be dispersed over a
larger area over a long period of time, which allows more
time for surfactant dissolution into the bulk. Given these
effects, the single microliter drop administration likely in-
tensifies the Marangoni effect compared to the aerosol. The
qualitatively similar dependence of the maximum spread
distance on deposited surfactant mass for both aerosol and
single microliter drops is consistent with the pooling of
aerosol droplets during the high flux deposition process.

Spreading Behavior on PGM

Aerosol spreading experiments were performed on 5%
w/w PGM solutions (c = 38.3 – 3.5 mN/m at the time of
pouring) that mimic the low end of anticipated surface
tensions in the conducting airways. Deposited aerosols
consisted of aqueous 10 mM fluorescein solutions either
without surfactant (c = 72.2 – 0.7 mN/m) or with 0.4% w/w
tyloxapol (c = 37.0 – 1.0 mN/m) or 1.4% w/w FS-3100
fluorosurfactant (c = 17.5 – 1.0 mN/m). PGM provides a
subphase encompassing more of the complexity of the ASL,
and the surfactant-free control and the two surfactant solu-
tions (0.4% w/w tyloxapol and 1.4% w/w FS-3100 fluor-
osurfactant) provide surface tensions ranging from greater
than to less than that of the subphase. When delivered for a
total of 55 seconds, the surfactant-free control spread min-
imally (0.31 – 0.03 cm), whereas both of the surfactant so-
lutions spread to cover areas three to four times that of the
surfactant-free control (tyloxapol: 1.35 – 0.03 cm ( p < 0.0001)
and FS-3100: 1.06 – 0.1 cm ( p = 0.02 by t-test). The two
surfactant solutions behaved similarly, p = 0.11 for the sur-
factant comparison.

No significant spreading is observed in the case of sur-
factant-free aerosol, but surface tension gradients produced
upon deposition of surfactant-laden aerosols promote
spreading from the deposition region into the neighboring
higher surface tension region. These results also demon-
strate that, as in the spreading of microliter-scale drops, as
long as the surface tension of the formulation in question is
lower than that of the subphase, the solution will spread
further. This result in conjunction with earlier work on
microliter-scale drops indicates that the surfactant-enhanced
spreading is dominantly a physical effect and the complex
chemistries in the mucus will not qualitatively alter the
spreading enhancement.(20,23)

Conclusion

Ultimately, the efficacy of an inhaled medication in ob-
structive lung disease depends on the ability of the aerosol
to adequately reach all areas of the lung. This study and our
previous work indicate that surfactants significantly enhance
the area covered by post-deposition spreading of aerosolized
liquid on an entangled polymer solution subphase.(1,20,23) In
this study, we have shown that areas covered by the
spreading tracer can be as large as 4.0 cm2. Large airways
have diameters ranging from 0.2–1.2 cm.(28) The signifi-
cance of the spread areas is readily grasped when one
considers that an area of 4.0 cm2 would correspond to linear
distances of approximately 1.2 cm in a cylindrical tube with
a diameter of 0.5 cm (i.e., comparable to generation 4). This
distance is sufficient to pass through approximately one to
two airway generation lengths. Of course, in the lung
spreading distances will become more important as one
considers spreading relative to mucociliary clearance rates
as well.

We can conclude that spreading behavior is a purely
physical phenomenon governed only by the lower surface
tension of the spreading formulation compared to that of the
subphase. There is great uncertainty concerning the surface
tension of the ASL. Surface tensions of ASL or pulmonary
mucus reported in the literature span a vast range: from
31.9 mN/m to a value that is reported to be greater than that
for pure water.(38–40) An endogenous surfactant layer has
been described within the airways and surface tension is
likely to vary at different locations in the airway tree.(41)

Poly(acrylamide) solutions provide an entangled polymer
subphase with a stable surface tension that is comparable to
the highest conceivable surface tensions in the airways and
that encompasses some key aspects of the ASL. With PGM,
some of the biomolecular complexity of ASL is represented,
making it potentially a step closer to the real ASL. Two
surfactant solutions, tyloxapol and FS-3100 fluorosurfactant
with low and extremely low surface tensions, respectively,
were used. The surfactant-laden aerosol spreads more than
the surfactant-free controls when deposited on either the PA
or PGM solution subphase. This enhanced spreading in the
case of surfactant-laden aerosol is due to the development of
surface tension gradients across the subphase, caused by the
presence of surfactant in the aerosol droplets. The developed
surface tension gradients induce Marangoni flows along the
liquid/vapor interface causing the entire aerosol field to
convect across the subphase. No convective spreading is
observed for the surfactant-free aerosol field on either of the

FIG. 10. Maximum spread extent of microliter drops
of tyloxapol solutions at different concentrations (, =
0% w/w, B = 0.1% w/w, and 6 = 0.2% w/w) as a
function of deposited tyloxapol mass when delivered
on an entangled PA solution subphase.
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subphase because of the absence of Marangoni flows along
the subphase surface.

With this study and our previous work performed with a
wide variety of surfactant/subphase systems, it can be con-
cluded that as long as the surfactant solution has a lower
surface tension than the aqueous ASL mimic subphase, the
solution will spread more than a surfactant-free con-
trol.(1,20,23) Although aerosol spreading experiments in this
study are performed with tyloxapol and FS-3100 fluor-
osurfactant, similar qualitative spreading behavior has been
observed for different surfactant systems (anionic, cationic,
and nonionic) for aerosol(1) as well as microliter scale
drops(20) on similar subphases. Our studies demonstrate that
the total delivered surfactant mass is the best predictor of the
maximum extent of spreading, and that at high fluxes, the
delivered aerosol spreads as a coalesced mass, instead of an
agglomeration of unfused droplets. Ultimately, given the
complex nature of surface conditions within the lungs,
in vivo studies will need to be performed to validate these
in vitro findings.
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