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The surfactant lining the walls of the alveoli in the lungs increases pulmonary compliance and

prevents collapse of the lung at the end of expiration. In premature born infants, surfactant
deficiency causes problems, and lung surfactant replacements are instilled to facilitate breath-
ing. These pulmonary surfactants, which form complex structured fluid-fluid interfaces, need to
spread with great efficiency and once in the alveolus they have to form a thin stable film. In
the present work, we investigate the mechanisms affecting the stability of surfactant-laden thin
films during spreading, using drainage flows from a hemispherical dome. Three commercial lung
surfactant replacements Survanta, Curosurf and Infasurf, along with the phospholipid Dipalmi-
toylphosphatidylcholine (DPPC), are used. The surface of the dome can be covered with human
alveolar epithelial cells and experiments are conducted at the physiological temperature. Drainage
is slowed down due to the presence of all the different lung surfactant replacements and therefore
the thin films show enhanced stability. However, a scaling analysis combined with visualization
experiments demonstrates that different mechanisms are involved. For Curosurf and Infasurf,
Marangoni stresses are essential to impart stability and interfacial shear rheology does not play a
role, in agreement with what is observed for simple surfactants. Survanta, which was historically
the first natural surfactant used, is rheologically active. For DPPC the dilatational properties play
a role. Understanding these different modes of stabilization for natural surfactants can benefit
the design of effective synthetic surfactant replacements for treating infant and adult respiratory
disorders.
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1 Introduction

of lung surfactant with airway mucus may improve fluidity and

Lung surfactant synthesised by alveolar Type II cells is a complex
mixture of proteins and lipids. It is present as a thin film lining
the alveolar surface of the lung with an essential function of
lowering the surface tension and the energy for breathing. It also
prevents alveolar collapse'™. In addition to the thermodynamic
properties, the transport properties are of vital importance. The
lung surfactant flows up the terminal airways and reduces the
formation of liquid plugs that can obstruct terminal airways at
end-expiration®”. Further up the bronchial tree, the intermixing
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clearance of mucus by cilia on the bronchial epithelium. Taken
together, flows of lung surfactant up the airway tree support
clearance of inhaled particulates and pathogens from the alveoli
and distal airways, contributing to overall respiratory health®.
In the neonatal respiratory distress syndrome (NRDS), where
naturally occurring surfactant is insufficient, artificial surfactant
replacements can be introduced by endotracheal intubation.
In this case, both the spreading flow of the surfactants during
instillation, and the consequent formation of thin stable films are
of prime importance.

Natural lung surfactant consists of 80 wt % phospholipids,
predominantly dipalmitoylphosphatidylcholine (DPPC), 5 to 10%
neutral lipids (mainly cholesterol), and 5 to 10% (surfactant
associated) proteins®'°.
replacements are natural, animal derived surfactants.

The most common clinically used
They
are either extracted from minced cow lung with the addition
of DPPC, palmitic acid and tripalmitin (Beractant, trade name
Survanta), extracted from calf lung lavage fluid (Calfactant,
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trade name Infasurf) or from material obtained from minced pig
lung (Poractant, trade name Curosurf). Synthetic surfactants are
often based on DPPC.

The complexity of composition is required for different rea-
sons. For example, clinical lung surfactants need to adsorb faster
than pure phospholipids. Still, to reach an equilibrium surface
tension at physiological conditions, a time scale of minutes is
typically required ''. Past work has focussed on understanding of
the low level of surface tensions in relation to composition. Lung
surfactants (and the clinical replacements) adsorb till the surface
tension of the air-water interface decreases from 72 to about
~30 mN/m'?, or in terms of the surface pressure it increases to
40 mN/m. Though the different clinical surfactants have similar
isotherms, AFM studies of deposited layers show fairly different
topological features, including multilayer structures or "reser-
voirs" of fluid phase that are formed beneath the surface >,
These structures are most pronounced in Survanta, and less so in
Curosurf or Infasurf’>. The collapse and respreading of mono-
layers into multilayers or aggregates have been hypothesised as
being essential in the development of the characteristic surface
tension area loops associated with pulmonary surfactant at high

concentrations ',

In consideration of the stability of the thin surfactant films,
several fluid mechanical processes are apparent. For example the
proper functioning of the clinical lung surfactant replacements
demands an efficient spreading, followed by the formation of
stable thin films that resist rapid thinning and de-wetting. The
role of the interfacial viscosity'®, or more generally interfacial
rheology, has been suggested to be of great importance, in
addition to the adsorption/desorption dynamics. However, the
data on the rheological properties of lung surfactant systems have
been reported to vary greatly'®. Two approaches have been used
to investigate the dynamical response of these substances. One
approach is to study specific combinations of known elements of
the lung surfactant. Hermans and Vermant studied the interfacial
shear rtheology of DPPC at physiologically relevant conditions '°.
combined DPPC with surfactant protein C (SP-
C), and found this combination led to a highly viscoelastic
interface®. Zasadzinsky and coworkers systematically added
cholesterol to DPPC and found that it dramatically reduced the
interfacial shear viscosity>3. In the second approach, which
is followed here, clinically approved natural lung surfactant
replacements are utilized to mimic in-vitro lung surfactant as
closely as possible. One of the clinical surfactants, Survanta® has
been shown to posses a very high surface viscosity*® However,
it has been reported that other commercially available products
differ strongly in their interfacial rheologies'®.

Alonso et al.

This paper examines the role of lung surfactants during
drainage flows from a hemispherical dome that is quickly raised
through the interface and assesses their ability in maintaining
stable thin liquid films, under conditions related to fast interfa-
cial deformations. The present work is distinguished from ear-
lier work in two ways. First, there is a comparative rheologi-
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cal characterisation of three clinically most used natural surfac-
tants (Survanta®, Curosurf®, and Infasurf®) as well as DPPC
monolayers. Second, we perform a drainage analysis of the same
substances, under conditions where adsorption dynamics are not
playing a role. A scaling analysis is performed to investigate
and separate the mechanisms affecting the stability of surfactant-
laden thin films during spreading. Further refinements to repli-
cate the alveolar environment include the lining of the dome sur-
face with alveolar epithelial cells.

2 Theoretical background

2.1 Different possible contributions to the surface stress
When the interface is deformed, different stresses can arise at the
interface, as schematically depicted in Fig. 1. The surface stress
is defined as

oc=0c.,T)1+0o. (1)

Where o is the surface stress tensor, o.g(I') is the scalar sur-
face tension between two phases o and 3 (with a being the fluid
phase, and S the air phase), Iis a 2x2 identity tensor, T is the sur-
face concentration and o. is the deviatoric surface stress tensor.
Capillarity will create gradients in bulk pressure when differences
in curvature occur. The surface tension will depend on concentra-
tion of the surface active species, and hence the surface tension
may vary in time due to adsorption-desorption kinetics when the
area of an interface is suddenly changed. However, it should be
remarked that an isotropic change in surface tension shall not
lead to lateral stresses. Rather, spatial variations (in =, y, z) in sur-
face tension are required for this, as they will induce Marangoni
stresses. Finally, the response of interfacial microstructures to de-
formation may give rise to the occurrence of deviatoric stresses of
intrinsic rheological origin. We will demonstrate that for the ex-
perimental conditions here, neither capillarity nor the adsorption
dynamics will be play a role. We expect either the rheological re-
sponse of the interface or Marangoni stresses (or both) to affect
the flow and stability of the thin films.

Tas(L(t)) oas(D(t, 7,9, 2))
“Gibbs elasticity” Marangoni stresses
Adsorption/desoprtion

/

o=0,3()I+0,

\
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Fig. 1 Potential contributions to the surface stress tensor o when an
interface is deformed and dilated.

2.2 Drainage flow

In Fig. 2, a schematic representation of the experimental geom-
etry is shown. As the film thickness A(6, ¢) is much smaller than

This journal is © The Royal Society of Chemistry [year]
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the radius of the dome (R), variations of film thickness across
the hemisphere are being neglected. We will also show that
for the experimental conditions used here, the dome is elevated
sufficiently high for capillary effects to be neglected. The flow
hence occurs due to a drainage from the hemisphere under the
action of gravity. As a result, the mathematical problem can be
analysed using the lubrication approximation, which reduces the
problem to a flat, two-dimensional geometry with a cartesian co-
ordinate system (y, ). The dominant driving force for flow is
due to hydrostatic pressure, P, = pgh., where h. is the height
at which the apex of the dome has been elevated, (see Fig. 3,
vide infra). This pressure must exceed the capillary pressure,
P. = 20,5/R. The ratio of these two pressures is the Bond num-
ber, Bo = P,/P. = Rh./2)\?, where A = /o,3/(pg) is the
capillary length. As demonstrated below our experiments were
operated at conditions where Bo >> 1.

Surface Stress
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lz‘ Draining ﬁlr:l

Fig. 2 Schematic illustrating the geometry of the drainage experiment.
After being created by raising a dome quickly, a thin film of thickness
h(9,1) is drained off a hemispherical dome of radius R. The inset shows
the details of the flow near the apex of the dome on the right side, which
include surface stresses arising from surface tension gradients or the
rheological characteristics of the interface, counteracting the general
driving force for flow, gravity.

The evolution of the film thickness in time is fully determined
by the velocity profile in the film. In the lubrication limit, the
Navier-Stokes equation reduces to Eq. 2:

?u P9 .
E%;z ::‘*7;'SH16 (2)

This differential equation is completely characterised by the fol-
lowing 2 boundary conditions: u|y—o = 0 (no-slip) and u|,—r =
us(6,t). The latter boundary condition recognises that the pres-
ence of interfacial agents and their interfacial rheology and/or
surface concentration gradients produce a jump in momentum
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across the interface, due to the occurrence of surface stresses.
Solving Eq. 2 with respect to the above boundary conditions,
leads to the following equation for the draining velocity in the
film,

w= @sinﬁ(yhny)—l-usg 3)
2n h

where 7 is the bulk viscosity of the liquid. It is difficult to directly
measure u;, the velocity at the interface, with sufficient precision.
An easier observable quantity is the thickness of the film as a func-
tion of time. Applying conservation of mass leads to the following
expression for the evolution for the dimensionless film height, H,
as a function of dimensionless time, 7,

4)

OH 1 & [HsinfU, H3sin%0
—t=—7 + =0
or sin 8 00 2 12

where, H = h/ho; 7 = t/T; T = nR/pghd and U, = us/(R/T).

2.3 Detailed interfacial stress balance.

The interfacial stress balance determines the value of U, and
consists of contributions originating from the surfactant’s inter-
facial rheological characteristics (both in shear and dilation) and
Marangoni stresses due to surface tension gradients.
ing that the interface is Newtonian and neglecting interfacial
viscoelasticity, we adopt the commonly used Boussinesq-Scriven
model for the interface®*. Thus, characterising the following pa-
rameters for the interface: a surface dilatational viscosity, <., and
a surface shear viscosity, ns, we can write the tangential interfa-
cial stress balance as,

Assum-

ou 1 Ooup Ks . Ns , .
a = 5 o &s o s 2 5 5
" oyl,_, R o6 gt g (@at2u) (9

. _ 8 _1 8(Ussing)
where ds = 5555755
terfacial area.

is related to the rate change of in-

Y]
80

. g—g The first term measures

The first term on the right, the surface tension gradient
can be rewritten as, ag‘gﬁ = agi‘:ﬁ
the rate of change of surface tension with surface concentration,
T', and the second term corresponds to the gradient of the sur-
factant concentration across the surface in the 6-direction. For
the observed velocities (> 0.3 mm/s), and as the phospholipids
are larger sized molecules than surfactants for which D is well
known ®, the surface Peclet numbet, Pe; = hous/Ds, can be esti-
mated to be > 1, and the surfactant transport will be convection
dominated. Thus, we can re-write Eq. 5 as the tangential stress
balance in dimensionless terms as,

ou 9 or .| . 2
— =B 1+0(1+Ma—— s+ 2B U, 6
o |, q¥ { +0(1+Ma 86) ds +2BqU (6)
where,
doap
T ho I
Ma= 9 Bo= T g_"fs g _ 10 px_
@ KeOls 4 nho’ s v R’ Teq 7

Ma is the Marangoni number, Bgq is the Boussinesq number and
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Ieq is the equilibrium surface concentration. For simplicity we
will define A as:
or*

A= (146 +May) (8)

Analytical solutions to Egs. 4 and 6 have been previously ob-
tained in two limits for the time dependence of the film thick-
ness at the apex of the dome (§ = 0) by Bhamla et al®®. The
first of these limits is the case of a surfactant free draining liquid
layer, where Bq = 0, while the second limit corresponds to an
extremely viscous interface, where Bq — oco. In both cases, the
form of the solution is

1

H= Niewrr 9
where @ = 1/3 for B¢ = 0 and o« = 1/12 for B¢ — oo. The
parameter o hence enables us to distinguish between a perfectly
mobile interface (¢ = 1/3) and an immobile one (o = 1/12),
where the immobilisation can arise due to rheological properties,
providing significant resistance to either shear or dilation, or due
to the occurrence of Marangoni stresses. In reporting the experi-
mental data, it will be fit to Eq. 9, with « as a fitting parameter,
which will be used as a measure for interfacial immobilisation.

3 Materials and methods

3.1 Lung Surfactant Replacements

Three commercial lung surfactant replacements are compared:
Curosurf (Chiesi, Italy), Survanta (AbbVie, USA) and Infasurf
(ONY Inc, USA). These are, respectively, a porcine, bovine and
bovine calf surfactant containing 76, 28 and 35 mg phospholipids
(PL) per ml (see SI Table S.1). Survanta is obtained from minced
bovine lung tissue, extracted and precipitated and supplemented
with synthetic DPPC, palmitic acid and tripalmitin®’. Curosurf
comes from minced porcine lung tissue. It is depleted of
cholesterol during manufacture®®. Infasurf is prepared from lung
lavage of newborn calves and contains all of the hydrophobic
components, including cholesterol'®. All three were diluted in
a phosphate buffered saline (PBS) solution (pH 7.4; Gibco) to
identical concentrations of 0.8 mg PL ml~!. The concentration
was chosen based on the dependence of surface tension on
concentration as shown in the SI - Fig. S.1, where the surface
tension of the lung surfactant mixture as measured with a
Wilhelmy plate is approximately constant from a concentration
of 0.4 mg PL ml™' onwards. The clinical lung surfactant
replacements were allowed to come to adsorption equilibrium
at a temperature of 37 °C, so surface tensions were in the range
of 25-30 mN/m before the start of the drainage experiments.
Temperature was maintained at 37 °C, except in the visualisation
experiments, which had to be performed at room temperature.

DPPC is procured from Avanti Polar Lipids Inc. (Alabaster,
AL) in 25 mg mL™' glass vials. Stock solutions of 1 mg mL™*
in chloroform (Sigma-Aldrich, St. Louis, MO) were created
and stored in a freezer until required. DPPC was spread at the
interface using chloroform as a spreading solvent and was then
compressed to a surface pressure of 20 mN/m before starting
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any experiment. This particular surface pressure was chosen as
to give it the same order of magnitude of surface viscosity as
Curosurf and Infasurf (see further).

3.2 Interfacial rheology

The Double Wall Ring (DWR) geometry accessory combined
with a sensitive magnetic bearing stress rheometer (Discovery
HR-3, TA instruments, USA) and magnetic needle Interfacial
Shear Rheometer (ISR) were used to characterise the interfacial
rheology of the lung surfactant replacements and the DPPG 3L,
Only Survanta had sufficiently high viscosities and elasticities to
be measured with the DWR, the other systems were outside of
the sensitivity limits and necessitated the use of the ISR. In all
cases, the results were corrected for subphase drag as described
in literature %32,

The three lung surfactant replacements are used from their
stock solutions as described above and dispersed into the
rheometer trough. Following natural adsorption of a monolayer
from the bulk fluid and attainment of an equilibrium surface
pressure of 47 mN m™*, the interfacial rheology was measured.
Infasurf and Curosurf interfacial rheologies were only obtainable
at room temperature where as Survanta, being much more
viscoelastic, could be studied at 37°C.

DPPC is spread at the air-water interface in a Langmuir trough
by touching microdrops of lipid stock solution (1 mg mL™') us-
ing a clean Hamilton syringe. We use deionized-distilled water
as the subphase from a Milli-Q filtering system (EMD Millipore,
Billerica, MA) with a resistivity of 18.2 MQ2-cm and surface ten-
sion of 72 mN m™'. The surface pressure is monitored using a
platinum Wilhelmy plate connected to a surface pressure sensor
(KSV NIMA Ltd., Helsinki, Finland). The volume of DPPC spread
is 35 ulL, and the spreading pressure is less than 0.5 mN m™'.
After chloroform is allowed to evaporate for 30 min, the inter-
face is compressed using symmetric Teflon barriers at a speed of
10 mm min " till a surface pressure of 20 mN m~! is achieved, in
order to compare with earlier drainage experiments?®. The rhe-
ology measurements are performed at a strain amplitude of 1%,
which is in the linear viscoelastic regime for this material '°.

3.3 Drainage apparatus.

To characterise the effect the different substances on film mobil-
ity, the drainage of thin films is observed using a modification
of a device used previously for study of tear film lipids?®°3. A
picture and schematic of the instrument are shown in Fig. 3. The
device consists of a hemi-spherical glass dome (Newport KPX579,
with a (curvature) radius of 19.97 mm mounted on a pedestal
that is initially submerged below the air-solution interface. In
the case of DPPC, the dome is submerged below an air-liquid
interface on which DPPC is spread and then compressed to
a known surface pressure. For the lung surfactants barrier
compression is not required and experiments are commenced
once adsorption to the interface has achieved equilibrium. In

This journal is © The Royal Society of Chemistry [year]
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Fig. 3 Schematic (A) and photograph (B) of the adapted interfacial
de-wetting and drainage optical platform (i-DDrOP) with a glass dome
on which (C) human alveolar epithelial cells (A549) can be grown to fully
mimic in-vivo conditions. surface pressure can be controlled using a
Langmuir trough (white, Teflon container) and monitored via a Wilhelmy
balance (1). The dome is elevated through the air-liquid interface using
a computer controlled motorised stage, and the dome is raised to a
height k. relative to the planar interface (2). A high-speed interferometer
captures the thickness of this draining film as a function of time, at the
apex of the lens (8 = 0).

both cases, after reaching the desired surface pressure, the
dome is elevated using a motorised stage through the interface
allowing it to capture a thin liquid film. The thickness of this
film is monitored with a high speed white light interferometer
(F70, Filmetrics, USA) combined with a halogen light (Fiber-Lite
PL-800). A temperature control unit was added to the setup
to maintain a temperature of 37°C during the experiments.
Electrical heating elements (Omega) are connected to solid
aluminum blocks which are pressed into voids at the bottom
of the trough.
metal blocks together with a thermocouple feedback system al-

The thin teflon bottom in contact with the
low for an accurate temperature setting (+1°C) inside the trough.

During the experiments the following protocol was followed.
The dome is initially submerged in the trough and positioned ap-
proximately 130 um below the fluid surface. Subsequently, the
geometry is raised quickly at a speed of 10 mm s~ ! and the evolu-
tion of the film thickness in time is captured by the interferometer
at 4 points per second. To compare the drainage results for the
different systems and test conditions, the first 4 seconds of height
versus time data were fitted with Eq. 9 to obtain a characteristic
value of the fitting parameter « for every dataset. Drainage of the
lung surfactant replacements was investigated for three different
conditions: on a clean dome at 23 and 37 °C to observe the effect
of temperature and additionally on a dome covered with cells at
37 °C. The effect of elevation of the dome has been investigated,
as will be discussed below. An elevation of the dome by 2.5 mm

This journal is © The Royal Society of Chemistry [year]
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was used in most experiments, and is in the regime where gravi-
tational stress dominates the capillary stress.

3.4 Visualisation of Marangoni stress-induced flows.

Past work by Joye et al.>* has shown that film drainage and
stability is influenced by both Marangoni stress-induced flows
as well as interfacial rheology. In their work a Scheludko cell
was used to reveal the presence of interfacial flow phenomena
during drainage. In the present work, we examine drainage flows
associated with bubbles approaching an air-solution interface in
the presence of the the surfactants employed in this study. To
visualise the Marangoni flows, the setup was slightly modified.
A spherical air bubble (1.1 mm, dia) was now elevated toward
the air-fluid interface. The use of an air bubble instead of
a glass dome has the advantage of providing better index of
refraction contrast. The air bubble is generated at the tip of a
glass capillary (Drummond Micropipette, Fisher Scientific Inc.,
MA, USA). The bubble is elevated at a speed of 0.5 mm s ' by a
vertical distance of 2 mm. This ensures that only a fraction of the
bubble cap interacts with the air-fluid interface. This thin curved
film (< 1 pwm) under white light illumination (420-780 nm)
results in colour interference patterns that are captured using a
colour CCD camera. These experiments were carried out at room
temperature.

3.5 Culture of A549 lung epithelial cells

To mimic the alveolar surface, adenocarcinomic human alveolar
basal epithelial cells (A549) were purchased from ATCC. They
were cultured according to the ATCC guidelines in a F-12K
(Kaighn’s modification) growth medium (Gibco) enriched with
10% fetal bovine serum (BFS, Gibco) and 1% Pen Strep penicillin
streptomycin (Gibco). Four days before the drainage experiment,
cells are transferred from a full petri dish to the glass dome. Two
thirds of the cells is deposited in a sterile cup (50 ml) containing
the glass lens on an aluminum pedestal and growth medium.
A549 cells are adherent and form a monolayer on top of the
geometry (Fig. 3C), no pre-coating was applied to the surface.
The remaining one third of the cells are transferred to a petri
dish as a control for contamination and growth rate. Experiments
were performed with domes at a surface coverage of > 95%.
After two days the growth medium was refreshed.

Prior to drainage experiments, the cell covered geometries
were rinsed gently but extensively using a PBS buffer to avoid
surface active material from the growth medium to affect results.
After 30 minutes the buffer is removed from the trough and
replaced by the lung surfactant mixture. Experiments were

carried out within one hour to limit cell death.

4 Experimental results and discussion

4.1 Drainage experiments: introductory remarks
During the drainage experiments, the evolution of the film
thickness is monitored in time using an interferometer. A typical
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Fig. 4 Typical resulis of the drainage experiments. The height as a
function of time (¢) for Survanta and Curosurf at 37 °C.

result of the height as a function of time for Survanta and
Curosurf (at equal bulk lipid concentration 0.8 mg PL ml ') and
after reaching the equilibrium surface pressure of 47 mN m™'is
given in Fig. 4. The typical time scale of the experiment is only
a few seconds. This time scale was observed to be an order of
magnitude smaller than the time scale of adsorption/deposition
dynamics, which is on a time scale of minutes'!.
confirmed by observations using a Langmuir though for an area

change of 10% (not shown here).

This was

As indicated in Fig. 1, capillary forces can play a role in
drainage and stability. However, the importance of these forces
can be diminished by elevating the dome to heights larger than
the capillary length of the liquid. The drainage rate was mea-
sured for different values of h. and, as such, different magnitudes
of the hydrostatic pressure. In Fig. 5, the parameter «, which
captures the drainage speed, is plotted versus Bo = Pu/Pc
the ratio of the hydrostatic pressure versus capillary pressure.
For small h. or small Py /Pc, the drainage is fast and « is even
larger than the value for the free draining limit of 1/3. After a
local minimum, for values of Py /P > 10, a constant value is
obtained for all of the surfactants. This independence also sug-
gests that the initial dilatational deformation that accompanies
the deformation of the circle into a hemispherical cap, does not
have a significant effect on the subsequent drainage and that the
initial condition is reproducible.
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Fig. 5 The drainage rate characterised by the parameter « for Curosurf,
Survanta at room temperature, for different Bond numbers defined as
the ratio of hydrostatic pressure (P ) and capillary pressure (F¢).

In the following, we report only experiments at a step height
(he) of 2.5 mm, where Py /Pc > 10 and from this section it can
be concluded that for the experimental conditions used, neither
capillarity nor adsorption dynamics will play a major role. For an
elevation height of h.= 2.5 mm and the geometry used, the initial
local change in area is 6.8%. We will now investigate if either the
rheological response of the interface or Marangoni stresses, or
both, determine the drainage rate and hence govern film stability.

4.2 Drainage experiments: experimental results

Fig. 6A showing the results from the interferometry measure-
ments, displays how the normalized height (H = h/ho) evolves
as a function of dimensionless time (7), scaled by the gravita-
tional time. The drainage results in Fig. 6A are fit to Eq. 9 using
only o as the fitting parameter. A comparison of « values for
all three lung surfactant systems and DPPC are summarized in
Fig. 6B. Also shown are a values for these systems at three dif-
ferent conditions: 25 °C and 37 °C on uncoated surfaces and on
a cell-coated surface at 37 °C. The standard deviations for all
experiments are calculated from 5 trials or more.

For uncoated surfaces at both temperatures, Infasurf and Curo-
surf, films drain at similar rate, a ~ 0.1, which is the value ex-
pected for an immobile interface. Survanta films drain signifi-
cantly slower compared than the lower limit of the hydrodynam-
ical analysis, by as much as 50% (a ~ 0.05). The presence of an
alveolar epithelial cell monolayer has a striking influence in slow-
ing film drainage. Only results for Curosurf and Survanta are
shown here with a ~ 0.07 and « ~ 0.02, respectively. The differ-
ent contributions to this reduction in drainage speed will now be
investigated and quantified.

4.3 Interfacial shear rheology : Bg.

To evaluate the effect of the surface rheology, experiments where
first performed in shear flow. Linear viscoelastic surface mod-
uli were measured for all four systems and are shown in Fig. 7.

This journal is © The Royal Society of Chemistry [year]
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Fig. 6 Resulis of the drainage experiments. [A] The normalized height
(H) as a function of rescaled time (7} for Survanta and Curosurf at

37 °C. Thefit of Eqg. 9 is shown as a dashed line and is used to obtain
the fitting parameter «. [B] The value for the fitting parameter « for all
lung surfactant replacements in the three studied conditions: at 23 °C
without cells and at 37 ©C with and without cells. The error bars
correspond to the stochastic error of minimum 5 experiments.

Only Survanta films possess strong interfacial viscoelasticity with
surface shear moduli, G, and GY ~ 10~* Pa m. This unusu-
ally high viscoelasticity for Survanta is probably due to the pres-
ence of palmitic acid and DPPC, as these two components can co-
crystallize easily, rendering enhancement of solid phase domains
and the possible presence of aggregates protruding in the sub-
phase®. Curosurf and Infasurf exhibit interfacial moduli that are
two orders of magnitude smaller for both systems and no elastic
modulus could reliably be measured. Consequently, the Boussi-
nesq numbers obtained for Curosurf and Infasurf were found to
be ~ 20, making these substances difficult to measure using the
ISR*.
logical properties, with the loss modulus G.” ~ 107° Pa m be-
ing slightly larger than that of Curosurf and Infasurf. We desire
to map our measured « values against the Boussinesq numbers
that are appropriate for each experiment. From Eq. 9, evalu-
ating this number requires the interfacial viscosity and for this
purpose, we use the modulus of the complex viscosity defined as

/G/2 G2 . . s
In®*| = % where the moduli are retrieved from Fig. 7

DPPC shows dominantly viscous interfacial shear rheo-

This journal is © The Royal Society of Chemistry [year]
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Fig. 7 The linear viscoelastic moduli as a function of frequency for
Survanta, Curosurf and Infasurf at a strain amplitude of 1% and a
temperature of 23 °C. The full symbols correspond to G’, the empty
symbols to G".

and w is the lowest accessible frequency.

The theoretical analysis developed in Sections 2.2 and 2.3 can
be used to numerically determine the parameter « as a function
of the parameter A defined in Eq. 8. This is shown in Fig. 8
along with the data acquired for the lung surfactants and DPPC.
There are two sets of experimental data in this plot, one setting ©
to zero, and a second set, where the dilatational and Marangoni
numbers are adjusted according to a procedure discussed in the
following section. The predictions of the model have alpha un-
dergo a sharp transition from 1/3 (a stress-free interface) to 1/12
(a no-slip interface) as BqU2A transitions between 0.1 and 1.
When only the interfacial shear viscosity of the substances is con-
sidered, as was done in previous studies'® 2% the theory is
unable to capture the experimentally observed response. This dis-
crepancy is resolved by introducing the combined contributions of
dilatational rheology and Marangoni stresses.

4.4 Dilatational and Marangoni effects: © and Ma
It is evident from Fig. 8 that interfacial shear viscosity alone (A =
1) cannot describe the measured drainage phenomena. However,
by shifting the data laterally, we can estimate the value of the
parameter A that is necessary to bring the theory into alignment
with experiments. This translation has been performed in Fig. 8,
where it was determined that a value on the order of A = 10°
is required. Specifically, the A values for Curosurf, Infasurf, and
DPPC are 3.2 10%, 5.7 10%, and 1.1 10, respectively. This shifting
is not applicable to the drainage data collected for the Survanta
system due to its very high interfacial viscoelasticity, as discussed
in the following section. It is evident, however, that the other
three surfactants stabilise thin films and reduce drainage rates
through a combination of dilatational rheology and Marangoni
stresses.

The relative importance of interfacial dilatational rheology
and Marangoni stresses in drainage dynamics can be assessed
directly through visualisation of the thickness variations on
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Fig. 8 Mapping of the experimental values of « for Curosurf (open
triangle down, green triangle down), Infasurf (open triangle left, red
triangle left) and DPPC (open sure, blue square)) onto the numerical
solutions of the drainage rate versus BqW¥2A from solving Egs. 4 and 6
(black circles). Taking only interfacial shear viscosity (A = 1, open
symbols) does not map the resulis, a value of A > 1000 is required to
map the results (coloured symbols) suggesting important contributions
of dilatational viscosity or Marangoni stress.

thin, draining films. For this purpose, the elevating glass dome
was replaced by an elevating air bubble to enhance refractive
index contrast, creating very strong interference fringes using a
colour interferometer. Analogous to the drainage experiments,
the bubble is elevated to the air-fluid interface, capturing a thin
liquid film that drains back into the surrounding excess reservoir.
Under illumination with white LED light, these thin films exhibit
thin-film color interference, which can be clearly seen in the
attached Supplementary Information videos. A compilation of
time-lapse images for all the four surfactant systems is shown
in Fig. 9. Using a combination of experiment and theoretical
analysis, Joye et al.>*
and asymmetric.
tension driven Marangoni stresses at the interface, caused due
to dilatation of the air-fluid interface and re-distribution of
surfactant molecules at the air-fluid interface. However, Joye et
al.> show that these Marangoni instabilities can be quenched
by the presence of dilatational and surface shear viscosities, and

classify the drainage patterns as symmetric
The latter is a typical signature of surface

surface elasticity, in which case stable and symmetric drainage
patterns are typically observed.

The Curosurf and Infasurf films indeed exhibit asymmetric
drainage with moderate and highly chaotic surface motions, re-
spectively. These patterns suggest a dominant role of Marangoni
stresses in slowing drainage for these films. The low surface shear
viscosities point to a very weak structuring at the interface and
what is observed is consistent with low molecular weight surfac-
tants. The experiments for DPPC at (20 mN m~ ') show sym-
metric patterns without any interfacial turbulence over the time
span of 20 s, after which the films burst. This symmetric drainage
can be qualitatively understood as having its origins in the small
but finite viscoelasticity of this lipid, in agreement with the ob-
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Fig. 9 Snapshots of the interference patterns observed for Curosurf,
Infasurf, DPPC and Survanta, respectively. The images are captured
using the surface flow visualisation setup. The colormap is a guide to
the eye to relate the vibrant colours to their corresponding thicknesses.
The scale bar corresponds to 0.5 mm.

servations of Joye et al** and the occurrence of significant dilata-
tional stresses which quench potential Marangoni stresses. Also
shown in Fig. 9 are the time-lapsed interferometric patterns as-
sociated with the drainage of Survanta. As in the case of DPPC,
this surfactant arrests Marangoni convection due to its large sur-
face viscoelasticity. The drainage behaviour of Survanta is further
discussed in the next section.

4.5 Survanta and surface viscoelasticity.

The drainage and film stability dynamics of Survanta were ob-
served to be qualitatively different compared to the other sur-
factants. The observed drainage rate is slower than the lower
theoretical limit of 1/12 predicted for an immobile, no-slip inter-
face. As this lower limit corresponds to a state of a zero surface
velocity, a further reduced drainage rate might indicate a nega-
tive surface velocity towards the apex of the geometry. Only sur-
face tension gradients (Marangoni stress) in the direction of the
apex or a mechanical surface elasticity are capable of producing
such a recoil effect. It should be noted that in a previously pub-
lished study with highly viscoelastic meibomian lipids, values of
o < 1/12 was obtained %, but as yet it is unclear how the surface
elasticity couples to the subphase flows. In the visualisation ex-
periments shown in Fig. 9, the Survanta film was observed to be
very inhomogeneous, and remained essentially motionless over
the lifetime of the film (18 s). This behaviour is characteristic for
surfaces exhibiting surface gelation resulting in interfacial elas-
ticity®®. Thus, the drainage pattern for Survanta and its highly
viscoelastic interface (Fig. 7) are in good agreement, but it is not

This journal is © The Royal Society of Chemistry [year]
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Fig. 10 Experimental results of the normalized height (H) as a function
of rescaled time (7) for a Survanta film flowing over a cell covered
geometry at 37°C. The rate of drainage, expressed by the fitting
parameter ap, decreases in time due to the portion of flow in the rough
layer which becomes more important for thin films.

clear how the drainage velocity falls below the immobile limit.
Possibly the presence of multilayers into the subphase are also
to be considered, which could indeed lower the velocity. These
aggregate structures are most pronounced in adsorbed Survanta,

and less so in Curosurf or Infasurf!>!°,

5 Effect of Attached Cells on Drainage
Rates

The presence of epithelial cells attached to the glass dome
had a significant effect on the drainage rate in comparison to
similar experiments on a bare, smooth geometry.
to a smooth geometry, the alveolar epithelial cells induce a
microscopic roughness, which slows down the drainage of the
fluid film. In literature, many methods are available to describe
the flow of a liquid on top of a rough surface, ranging from flow
on a porous layer 67
the analysis goes beyond the scope of the present work. The
result of the surface roughness is that the data can no longer
be fitted by a single value of o and only an average value can
be obtained. Fig. 10 shows that the drainage rate, expressed
by the fitting parameter o decreases in time. This effect will be
more pronounced for systems with a low interfacial viscosity in
comparison to a high interfacial viscosity.

In contrast

to a surface with distinct obstacles®®, but

6 Physiological implications

In the present work, both DPPC and clinically approved natural
lung surfactant replacements were subjected to a step dilation
flow to investigate at least one aspect of thin film stability. The
drainage experiments showed that the dominating physical phe-
nomena determining the overall drainage rate differ. For Sur-
vanta and DPPC the interfacial rheological properties play an im-
portant, if not dominating role, whereas for Curosurf and Infasurf
they were too weak, resulting in a flow pattern dominated by the
local Marangoni gradients.

The studied natural lung surfactant replacements are mainly

This journal is © The Royal Society of Chemistry [year]
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used for the treatment of the Neonatal Respiratory Distress Syn-
drome (NRDS) in which a liquid bolus is instilled into a baby’s
lung. The surfactant spreads throughout the lung in a very short
time aided by mechanical ventilation and presumably Marangoni
flow®. This is only possible if the physical properties of the sur-
factant interface allow fast spreading. Clinical trials comparing
the efficiency of the surfactant replacements Curosurf, Infasurf
40.41 - Of course, sev-
eral factors will contribute to the overall clinical efficacy. What

and Survanta also reveal clinical differences

has been shown here is that they all stabilise thin films, but we
observe a high surface viscoelasticity for Survanta. This can be ex-
pected to lead to a slower spreading and a different mechanism
of stabilising the interface (at least initially). Curosurf and Infa-
surf are expected to spread better throughout the lung. In light
of designing synthetic lung surfactants, the results of this study
suggest that the presence of surface viscoelasticity should be min-
imised in order to allow Marangoni flows to distribute the lung
surfactant more efficiently, awhile maintaining a stability against
rapid drainage.

7 Conclusion

We have shown that the presence of lung surfactant replacement
layers and DPPC monolayers at the air-fluid interface are able to
enhance the stability of thin films. Three possible physical mecha-
nisms were identified: the interfacial shear rheological properties
of the interface, the dilatational rheological properties and the
presence of Marangoni stresses due to surface tension gradients.
Characterisation of the interfacial shear moduli in combination
with a mathematical model describing the drainage experiment,
revealed that the interfacial shear viscosity is not dominant in
any of the systems studied. We also showed the relative levels
of surface mobility of the surfactants during drainage. These im-
ages revealed the importance of Marangoni stresses for the two
low viscous surfactants, Curosurf and Infasurf. In case of DPPC
and Survanta, the local film mobility was much smaller, indicat-
ing a relatively stronger contribution of the dilatational properties
for DPPC and shear surface elasticity in case of Survanta. More
broadly, a fundamental understanding of different stabilisation
mechanisms of natural lung surfactants may give clues for engi-
neering synthetic replacements for treatment of the respiratory
distress syndrome.
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In the present work, we investigate the mechanisms affecting the stability of surfactant-laden thin films
during spreading, using drainage flows from a hemispherical dome. Three commercial lung surfactant
replacements Survanta, Curosurf and Infasurf, along with the phospholipid Dipalmitoylphosphatidylcholine
(DPPC), are used.



