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ABSTRACT: When an insoluble surfactant is deposited on the surface of a thin fluid  Deposited Surfactant
film, stresses induced by surface tension gradients drive Marangoni spreading across dusissssoo oo
the subphase surface. The presence of a predeposited layer of an insoluble surfactant
alters that spreading. In this study, the fluid film was aqueous, the predeposited
insoluble surfactant was dipalmitoylphosphatidylcholine (DPPC), and the deposited ~ Deposited Surfactant  Pre-deposited Surfactant
insoluble surfactant was oleic acid. An optical density-based method was used to
measure subphase surface distortion, called the Marangoni ridge, associated with
propagation of the spreading front. The movement of the Marangoni ridge was
correlated with movement of surface tracer particles that indicated both the boundary
between the two surfactant layers and the surface fluid velocities. As the deposited oleic acid monolayer spread, it compressed the
predeposited DPPC monolayer. During spreading, the surface tension gradient extended into the predeposited monolayer, which
was compressed nonuniformly, from the deposited monolayer. The spreading was so rapid that the compressed predeposited
surfactant could not have been in quasi-equilibrium states during the spreading. As the initial concentrations of the predeposited
surfactant were increased, the shape of the Marangoni ridge deformed. When the initial concentration of the predeposited surfactant
reached about 70 A%*/molecule, there was no longer a Marangoni ridge but rather a broadly distributed excess of fluid above the
initial fluid height. The nonuniform compression of the annulus of the predeposited monolayer also caused tangential motion ahead
of both the Marangoni ridge and the boundary between the two monolayers. Spreading ceased when the two monolayers reached
the same final surface tension. The final area per molecule of the DPPC monolayer matched that expected from the equilibrium
DPPC isotherm at the same final surface tension. Thus, at the end of spreading, there was a simple surface tension balance between
the two distinct monolayers.
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B INTRODUCTION exogenous surfactant added during treatment must induce
spreading against the endogenous surfactant monolayer. The
main lipid component of endogenous pulmonary surfactant is

dipalmitoylphosphatidylcholine (DPPC). Since this lipid

Surface tension gradients arising from nonuniform deposition
of surfactants on a liquid subphase surface cause Marangoni
flows. The flow moves from regions of lower surface tension,

where more surfactant is located, to regions of higher surface monolayer lowers the surface tension of the lung airways, its
tension, where less or no surfactant is located. Marangoni flows presence can hinder spreading of the administered surfactant.
arising from deposition of either a pure surfactant or a drop of In the case of no endogenous or predeposited surfactant, the
a surfactant solution on a clean liquid subphase surface are well subphase surface tension is uniform before an exogenous
studied and occur in various technological settings (review surfactant is deposited. Spreading is induced upon localized
articles may be found in refs. 1—4 and other references deposition of surfactant. A key controlling parameter is the
throughout this paper also discuss the subject). Surface tension surface tension difference between the initially bare subphase
gradients that drive Marangoni flows can lead to uneven surface o, and the initial surface tension of the surfactant
coatings.”® In oil spill remediation, deposition of surfactants deposit o, This is usually expressed as a spreading parameter, S

can induce Marangoni flows that corral the spilled oil into a
confined region where it can be pulled from the surface.”
The application which most directly motivates the present
work in this paper is spreading on the liquid surface of the lung
airways. Various pulmonary therapies, such as surfactant
replacement therapy (SRT),” depend on Marangoni spread-
ing.” There is also proposed pulmonary therapy intended to
enhance postdeposition dispersal in aerosol drug delivery with
surfactants.'”"" Since endogenous pulmonary surfactant is
present to differing degrees in different parts of the lung,

=0, — 0."” For § > 0, the deposited surfactant creates a
surface tension gradient that drives Marangoni spreading
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outward on the subphase surface from the deposition site. The
associated flow field has both tangential and normal
components relative to the subphase surface. The sharp
surface tension gradient between the advancing deposited
surfactant and the clean subphase surface produces a sharp
radial gradient in the tangential stress jump across the
subphase surface. This abrupt variation in the tangential stress
on the subphase surface deforms the subphase in the form of a
“Marangoni ridge” in the vicinity of the surfactant front."> This
shock-like structure then travels with the surfactant front along
the subphase surface as time progresses."”'*'> Spreading
ceases when the surfactant surface excess concentration is
uniform across the surface and there is no longer a surface
tension gradient.

If the subphase is a thin film on a solid support, the
depression may cause dewetting. There can be gravity-driven
recirculation flows present which recirculate fluid back to the
center of deposition and prevent dewetting of the solid
substrate below the subphase.'”'® Recirculation flows are
present when the ratio of gravity to surface tension forces, G =
H,'pg

)

is greater than one (where Hj is the initial height of the

subphase, g is the gravitational acceleration, and p is the
density of the subphase).'”'>'® For G less than one,
recirculation flows are insufficient to prevent dewetting.
Characteristics on the subphase surface are defined in Figure
1. The Marangoni ridge is trailed by a depression, and the
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Figure 1. Four characteristic positions during spreading. The surface
height profile is taken from experimental data and will be explained
below.

trailing edge is defined as the location where the depression
ends and the Marangoni ridge begins, i.e., where the subphase
surface crosses the undisturbed subphase surface height. Ahead
of the Marangoni ridge is the leading region, which is the
region ahead of the Marangoni ridge where the surface height
equals the initial, undisturbed fluid height.

A limited number of studies have examined spreading in the

resence of a predeposited monola?rer, most theoreti-
cally®"*'7~** and a few experimentally.'”**~** The previous
theoretical and experimental work has found that the
compression of the predeposited surfactant monolayer causes
fluid motion for some finite distance ahead of the spreading
deposited surfactant front.'”'®** The rate at which the outer
boundary of this mobilized region of the predeposited
surfactant moves was experimentally found to be dependent
on the initial predeposited surfactant surface concentration,””
with larger surface concentrations of predeposited surfactant
causing faster rates of mobilization of the outer boundary
within the predeposited monolayer. In contrast, the presence
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of a predeposited monolayer slows down the deposited
surfactant front relative to its s7peed of propagation on an
initially clean subphase surface.'””***> As compression of the
predeposited monolayer further decrease its surface tension,
spreading halts when the two monolayers have the same
surface tension. ' %*>**

Another set of experiments with aerosolized DPPC vesicle
suspensions spreading against predeposited DPPC monolayers
found that spreading can occur even when the surfactant is the
same for the deposited and predeposited surfactants and the
predeposited monolayer is in the liquid condensed state.'’
This was shown to be due to the production of lower surface
tensions by deposition of aerosolized vesicle suspensions.

In this paper, we experimentally measure how alteration of
the surface stress conditions imposed by the presence of a
predeposited monolayer alters the speed of the moving
deposited surfactant front and the shape of the Marangoni
ridge. We report the first detailed experimental observations of
the change in the Marangoni ridge due to a predeposited
surfactant. We used DPPC as the insoluble predeposited
surfactant and oleic acid as the insoluble deposited surfactant.
Observations of tracer particle motion within the predeposited
monolayer allowed us to infer the nonuniformity of its
compression during spreading. An optical density-based
surface imaging technique revealed effects of the predeposited
surfactant monolayer on the structure of the Marangoni ridge.
Key observations include the nonuniformity of the predepos-
ited monolayer compression ahead of the deposited surfactant
front and a distortion of the ridge, including a subphase surface
deformation ahead of the Marangoni ridge in the region of the
predeposited monolayer. This deformation does not occur on
an initially clean subphase surface. Ridge distortion increases in
severity with increasing initial surface concentration of the
predeposited surfactant monolayer ultimately eliminating the
ridge.

B MATERIALS AND METHODS

Materials. DPPC (Avanti Polar Lipids, >99%) and oleic acid
(Sigma-Aldrich, >99%) were used as received. DPPC was dissolved in
chloroform (Sigma-Aldrich, CHROMASOLV for HPLC >99.8%) at a
concentration of 10 mg/mL to allow predeposition of the lipid on the
subphase surface. The DPPC solution, the pure DPPC, and the oleic
acid were stored at —16 °C between uses. Aqueous erythrosine dye
(Sigma—Aldrich, >80%) solutions of concentration 0.025 g/L were
made in ultrapurified water (Milli-Q Direct 8, 18 MQ cm resistivity)
and used as the subphase in experiments to support the use of the
optical density-based subphase imaging technique.'® Fluorescently
tagged lipid, 1-palmitoyl-2-{12-[(7-nitro-2—1,3-benzoxadiazol-4-yl)-
amino]dodecanoyl}-sn-glycero-3-phosphocholine (NBD-PC, Avanti
Polar Lipids, >99%), was used to locate the DPPC on the subphase
surface in some experiments. It was dissolved in chloroform, with 98
mol % DPPC and 2 mol % NBD-PC for spreading, with a total
concentration of lipid (DPPC and NBD-PC) at 10 mg/mL. Talc
(Sigma-Aldrich, < 10 ym) was used as a tracer of fluid movement.

Methods. Two experimental methods were used: one to track the
radial movement of the subphase surface (the movement projected
onto the plane of the undisturbed subphase surface) during the
spreading event and the surface tension before and after spreading
and the other to measure the vertical height deformation of the
subphase surface during the spreading event. The radial velocity
measured in the experiment was converted into tangential velocity
along the subphase surface by taking into account the subphase
deformation. Similarly, the vertical height deformation measured in
the experiments was converted into a velocity normal to the subphase
surface by taking into account the subphase deformation. The
experiments were performed in glass Petri dishes with a diameter of
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14.5 cm. The undisturbed water subphase height before and after
spreading was 4.8 mm. All experiments were conducted at room
temperature, 22 + 1 °C. In both methods, measured amounts of
DPPC/chloroform solution were deposited, drop by drop, onto the
water subphase using a microliter glass syringe. The initial area per
DPPC molecule in the predeposited monolayer before spreading
experiments was controlled by the total volume of the DPPC solution
placed on the subphase. Table 1 summarizes the concentrations used.

Table 1. Tested Concentrations of Pre-Deposited Surfactant
and Their Corresponding Initial Surface Tension, Initial
Spreading Parameter, and the Marangoni Ridge Speed

DPPC

concentration initial surface initial spreading speed

(A?/molecule) tension (mN/m) parameter (mN/m) (cm/s)
no predeposited 72.7 32 17.2 £ 2.7

DPPC
200 71.7 31 16.3 + 2.5
134 69 28.3 103 + 1.2
80 65.8 25.1 8.7 + 3.0
67 62.1 214 8.6 + 3.7

“For an initial DPPC concentration of 67 A%/molecule, the speed
shown is the speed of the trailing edge, not the Marangoni ridge.

Surface tension was monitored with a Wilhelmy pin to ensure that
ample time was given for chloroform evaporation between drops, so
that the measured surface tension was solely due to the DPPC
monolayer. Chloroform was deemed completely evaporated when the
surface tension changed less than 0.2 mN/m over 15 s. A total of 1
min was sufficient for this to occur. The isotherm for DPPC made by
this deposition method was used to specify the initial monolayer state
before spreading. The isotherm obtained by this method matches well
with other isotherms published in the literature, including the
existence of the liquid expanded/liquid condensed coexistence
regime.m’25

For both experimental methods, a 2 L drop of oleic acid was
gently deposited at the center of the Petri dish after the predeposited
DPPC layer had relaxed. Detection of the location of predeposited
DPPC on the subphase before and after spreading was performed in
separate experiments using a fluorescence microscope (Nikon,
AZ100, AZ-Plan Apo 4x (NA: 0.4/WD: 20 mm), AZ-TP DSC
Tube 0.6x) and the NBD-PC fluorescently tagged lipid. Recording
and analysis of these and all other microscope videos were conducted
with NIS-Elements BR Analysis. Detection of the boundary between
the two monolayers after spreading was performed using the
microscope in fluorescence mode. The boundary can be seen in
Figure 2.

Method 1: Surface Deformation. The time evolution of the
surface deformation was measured using the previously described
apparatus'® shown schematically in Figure 3A. The camera (640 X
480px, 18px/cm, Q-SEE CCD Camera, QPSCDNYV with 1/3” 3.5-8
mm f1.4 Varifocal, Fixed Iris CCTV lens) was mounted directly above
the sample, imaging through a 520—530 nm band-pass filter (Edmund
Optics, CAT#65154). Movies of the spreading events were captured
using Elgato video software, with a frame rate of 29 frames/s. The
Petri dish rested on a light table to diffusely illuminate the entire
subphase, with a box enclosing the apparatus to eliminate stray light.
Instead of a pure water subphase, an erythrosine dye solution was
used. The distortion of the surface was characterized by measuring the
absorption of the light passing through the subphase as a function of
position and time. Data for optical absorbance as a function of
position and time was converted to a time series of spatial maps of
subphase thickness via the Beer—Lambert relation for the dye
solution. The benefit of our method, compared to past experiments
using constructed-light method™ is the direct measurement of the
surface height rather than just the change of the slope on the surface.
Data were azimuthally averaged and exponentially smoothed* to best
locate the position of the Marangoni ridge and other important
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Boundary

Figure 2. Fluorescence microscopy of 98% DPPC:2% NBD-PC and
oleic acid. The final area per molecule of the lipid monolayer was 41.6
+ 3.4 A% The oleic acid was deposited from the right. The boundary
between the DPPC monolayer and the oleic acid is the bright line
marked with an arrow. The talc solely resided on the DPPC
monolayer: no talc was ever observed on the oleic acid side of the
boundary. Image in the figure is shortly after spreading has occurred.

features of the surface deformation. We did not observe any fingering
instabilities” or any other azimuthal variations during spreading in any
experiments. Results are presented as plots of subphase thickness as a
function of radial position. Calculation of the total subphase mass by
integration of the thickness maps confirmed that the mapping satisfied
the conservation of mass throughout the spreading experiment.
Details of this method are described elsewhere.'®

Only the time before the Marangoni ridge hit the wall of the Petri
dish (the first 0.23 s of the spreading event) was analyzed to avoid the
influence of fluid reflections from the Petri dish wall. The exponential
smoothing parameter was adjusted so noise on the data was reduced
but the surface shapes were not significantly distorted. All key features
of the Marangoni ridge shape reported here were observed in the
unsmoothed data as well. Smoothing was performed to aid in
quantitative analysis. No reported features are the result of data
smoothing. The temporal variation of the surface height provides a
measure of the normal component of the fluid velocity at the surface.
Given the maximum inclination of the surface found in the
experiments reported here, which is equal to 2°, the apparent normal
velocity measured from the surface displacement relative to the
horizontal plane is at most 0.06% above the true surface normal
velocity relative to the distorted surface. Such systematic errors have
no impact on our conclusions. Therefore, we take these measure-
ments of vertical velocity as representative of the fluid velocity normal
to the surface. From the noise level on the surface height
measurement, we estimate our detection limit on normal velocities
to be ~0.06 cm/s.

Method 2: Subphase Surface Radial Velocity. To track the radial
movement of the subphase surface, talc was spread on the subphase
using a sifter to disperse the particles with as little clumping as
possible and at the lowest density that still allowed sampling motion
over the entire surface. Microscope images of the particles on the
subphase suggest they were not submerged in the subphase, both with
and without the predeposited DPPC. We confirmed that the tracer
particles tracked the fluid flow by calculating Stokes number for the
talc particles:

B, dP2u0

18ul,

Stk

where u is the speed of the particle during spreading, I, is the radius
of the dish, p, is the density of the particle, d, is the diameter of a
single particle, and p is the density of the fluid subphase.”” Stokes
numbers below 1 indicate that the tracer particle is tracking the fluid
flow. An estimate of the Stokes number of the tracer particles, even if
they were completely submerged in water is ~107%. Despite the fact
that the viscous coupling of the flow to the particle on the surface may

https://dx.doi.org/10.1021/acs.langmuir.0c03348
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Figure 3. Schematics of the experimental apparatuses. Panel A: The dish containing the aqueous erythrosine dye solution subphase is illuminated
via an opening in an opaque cover on a light table. Camera with bandpass filter records spreading experiments from above. Panel B: An aqueous
subphase is illuminated at an oblique angle from the side. A Wilhelmy pin records the surface tension before and after the spreading while talc
particles on the subphase track surface movement in the radial direction. A camera records the spreading from above. A strobe light operating at 70
Hz is used to superimpose multiple tracer positions onto one frame of a video.

Figure 4. Image of one frame from an experiment initially with an area per DPPC molecule of 134 A% The image shown here is at 50 ms after
spreading began. The boundary between the deposited oleic acid and the predeposited DPPC monolayer is clearly indicated by the innermost
tracer particles. The motion near the boundary is highlighted in subimage 1. Subimage 2 shows motion 1 cm away from the boundary. Subimage 3
shows lack of motion 3.5 cm way from the boundary. Subimages 1—3 were sharpened once using Image].”*

be reduced compared to their being completely submerged, we will The surface tension of the monolayer was measured before and

assume that they track the surface velocity field. after the spreading event using a Wilhelmy pin. The pin was located
For experiments where tracer particle movement was tracked in 1—2 cm from the edge of the dish, to avoid the effects of capillary rise

parallel with surface tension measurements, the apparatus shown in at the edge of the dish while consistently remaining within the

Figure 3b was used. The camera (640 X 424px, Nikon D3100, 24 fps predeposited DPPC monolayer throughout the spreading event. The

with Nikon DX SWM VR Aspherical 0.28m-0.92 ft lens) was temporal resolution of the Wilhelmy pin apparatus did not allow

mounted on a tripod looking vertically down on the Petri dish. Rather surface tension measurements during spreading.

than using a light table, the surface was illuminated obliquely with a

strobe light, set at a frequency of 70 Hz to produce 2—3 particle B RESULTS

images in a video frame (24 frames per second) for the fastest moving

particles. Boundary between the Deposited and Predeposited
Figure 4 shows a typical image where the fastest moving particles Surfactant. When there is no predeposited surfactant, the

were captured as three distinct images per frame. Particles that appear introduction of the deposited oleic acid monolayer induces a

as one bright spot were moving slower than the detectable velocity in
a single frame. Particles must have moved more than one particle
diameter per frame to have produced multiple discretely detectable
positions in one frame. Therefore, a particle must have a radial
velocity of at least 200 ym/s to move detectably in one frame. This is

surface tension gradient which causes flow. We observed
autophobing in the central region (as has been reported in the
literature™”), whereby spreading occurs as a monolayer is
ejected from the deposited oleic acid drop, which stays at the

only 0.2% of the typical velocities of the spreading surfactant front. center of deposition. At the end of all spreading (which occurs
Videos of the spreading were analyzed with Image]*® (National well after the times analyzed in our experiments), the excess
Institutes of Health). oleic acid brakes up into several discrete lenses of liquid oleic

Given the maximum inclination of the surface found in the acid. The lenses of oleic acid are in equilibrium with the oleic

experiments reported here, the measured radial velocity is at most
0.06% below the fluid velocity tangential to the deformed subphase
surface. As with normal velocities, such systematic errors have no
impact on our conclusions, and we take the radial velocity
measurements as representative of the tangential velocity along the

acid monolayer. Since this occurs after the compression of the
predeposited surfactant, the formation of these lenses does not
effect spreading. Previously in the literature, it has been seen
that the predeposited tracer particles did not move until the

S . 1..30 .
surface. Given the detectability limit of the radial velocity described Marangoni ridge reached the particles.” It is not known
above, the detectability limit of the tangential velocity is also ~0.2% of precisely where the particles are relative to the moving front of
the typical spreading velocities in the spreading experiments. the deposited surfactant monolayer in this case.
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Figure S. Temporal evolution of subphase height profiles during Marangoni spreading caused by deposition of a 2 uL oleic acid droplet. The
earliest time (33 ms after deposition) is in orange, and the flow propagates outward as time progresses. Traces are recorded at 33 ms intervals up to
233 ms). Radial positions less than 1 cm are omitted to avoid image artifacts from the pipet used to deposit the oleic acid drop. The blue flat line is
the undisturbed fluid height before spreading. Panel A: no predeposited surfactant. Panel B: predeposited DPPC initial average area of 200 A%/
molecule. Panel C: 134 A%2/molecule. Panel D: 67 A%2/molecule. Insets show the typical traces at 133 ms at larger radial distances to highlight the
leading region excess ahead of the Marangoni ridge. The edge of the dish is at 7.25 cm, but the analysis is not done past 5.5 cm due to height

distortions caused by the dish edge.

In the case with predeposited surfactant, the talc was placed
on the subphase surface after the predeposited DPPC but
before oleic acid was deposited. Therefore, initially, the talc
marks the region of subphase surface occupied by predeposited
DPPC. Fluorescence imaging at the end of spreading showed
that no talc particles resided within the deposited oleic acid
region, and particles remained solely in the annulus of the
predeposited DPPC/NBD-PC monolayer. Figure 4 shows a
representative image for a DPPC monolayer initially at 134 A%/
molecule, which is the liquid expanded regime. An inner region
that had been swept free of tracer particles by the spreading
oleic acid monolayer was surrounded by an outer region
containing all of the talc particles. This behavior was
independent of the initial phase of the DPPC predeposited
layer. Therefore, we use the talc particles at the smallest radial
position during spreading, the “innermost talc particles”, as a
marker of the boundary between the deposited oleic acid and
the predeposited DPPC monolayers. This is consistent with
the fluorescence microcopy result that was shown in Figure 2.

The talc particles within the outer annulus track the local
motion of the DPPC monolayer. Using the area of the DPPC
monolayer annulus between the innermost talc particles and
the dish edge and the initial number of DPPC molecules
predeposited, the average area per molecule of DPPC in the
annulus can be calculated throughout the spreading event.
Those results will be presented below. In addition, the
boundary between the predeposited DPPC annulus and the
area occupied by deposited oleic acid that is visible in the

fluorescence images (see Figure 2) remained well-defined and
did not become diffuse on the time scale of the experiments.
This strongly suggests the predeposited DPPC and deposited
oleic acid monolayers do not mix to a significant degree on the
subsecond time scale of the spreading experiments, even
though codeposited DPPC and oleic acid do show evidence of
miscibility at equilibrium.”' ~** In addition, in our fluorescence
imaging, we scanned the entire surface, and we did not see any
evidence of the dark lines that are evidence of DPPC
monolayer collapse as has been seen in Langmuir trough
experiments,*® ™’

Spreading with No Predeposited Surfactant. The
focus of this section is on spreading with no predeposited
surfactant. Figures 5—8 report information for experiments
conducted both with and without predeposited surfactant.
Readers are referred to the appropriate figure panels for each
type of experiment. The section labeled spreading with
predeposited surfactant will focus on the experiments with
predeposited surfactant and will refer to the appropriate figure
panels.

Our results for the case of no predeposited surfactant agree
with modeling done previously."”'>'*"> In this case, the
spreading parameter S = 32 + 1 mN/m. The water subphase
was measured to have a surface tension of 72.7 = 1 mN/m.
The oleic acid monolayer was measured to have a surface
tension of 40.7 = 1 mN/m. The aspect ratio, ¢, defined as the
ratio of the subphase depth to the drop radius,'” is ~5. The
Reynolds number, defined for this problem' as Re = uyRy/v,
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where u, is the speed of spreading, R, is the initial droplet
radius, and u is the kinematic viscosity of the subphase, is
~100. We also note that the dimensionless gravitational
parameter G ~ 10 for our experiments. Since G > 1,
recirculation flows are expected to be present and the
experiments are well outside of the substrate dewetting regime
during spreading. As expected, no dewetting was observed in
any of our experiments.

Figure SA shows the surface deformation following the
deposition of the oleic acid drop on a subphase with no
predeposited surfactant As predicted theoretically'”' and
observed in previous experiments with other surfactants,'® a
depression develops near the deposition point as a ridge
propagates outward in our data. The observed spreading
indicates that a surface tension gradient exists in the oleic acid
monolayer emitted from the deposited drop,”” but it is not
known whether the gradient occurs throughout the entire
spreading monolayer or is highly concentrated at the leading
edge of the surfactant front. Previous work has debated
whether the surfactant front travels near the Marangoni ridge
for a deposited insoluble surfactant when no predeposited
surfactant is present’’ or behind the Marangoni ridge."'
Previous work has also found that the talc tracer particles are
set in motion by the surface tangential flow as the Marangoni
ridge passes the particle.”” Therefore, for the case of no
predeposited surfactant, we infer that the innermost talc
particles discussed above trace the deposited surfactant front.

As predicted theoretically (see Figure 1 of ref 17), the
Marangoni ridge seen in this study grows in height above the
baseline at early times and becomes constant in height at later
times. In the case of oleic acid spreading here, the speed of the
ridge, measured according to the position of the ridge peak, is
17.2 + 2.7 cm/s (see Figure 6 and Table 1). This is similar to
speeds reported in the experimental”'®**** and theoreti-
cal"'”* literature, after accounting for the different subphase
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Figure 6. Position of the peak of the ridge versus time after oleic acid
deposition. The initial areas of predeposited DPPC are as follows: No
DPPC (blue circle), 200 (orange diamond), 134 (gray diamond), 80
(yellow triangle), 67 A?>/molecule (green triangle). The Marangoni
ridge speed and error from a linear least-squares fit for each
concentration are in Table 1. For the 67 A’ case, there is no
Marangoni ridge but the leading region of the central depression is
shown and propagates at the same speed (8.6 + 3.7 cm/s) as the ridge
calculated for an initial predeposited DPPC concentration of 80 A%/
molecule. The uncertainties are the standard deviation from multiple
runs and are dominated by run to run differences. A linear fit was
chosen since systematic deviations from a linear fit are undetectable
within the uncertainties of the data. No slowing down of the ridge
with time is detectable.
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viscosities and calculating dimensionless velocities via eq 2.1 of
ref. 15.

Figure 7A shows the time at which talc particles at various
radial distances from the oleic acid deposition point begin to
move in comparison to the Marangoni ridge peak, thus
indicating the separation between the region in the subphase
where there is tangential fluid movement (smaller distances)
and the region where there is no detectable tangential fluid
(larger distances). In panel A, the Marangoni ridge is marked
by green diamonds, and the onset time of motion of tracer
particles by orange squares. When no predeposited surfactant
is present, there is no motion ahead of the Marangoni ridge.
For example, for a particle initially at 3.2 cm, the onset time is
166 ms. At 166 ms, the peak of the Marangoni ridge is located
at 3.2 cm. As suggested by modeling," the data shows that for
no predeposited surfactant there is little or no tangential fluid
movement at the subphase surface ahead of the leading region
of the Marangoni ridge peak: the onset of tracer particle
motion coincides with the arrival of the Marangoni ridge peak.

Figure 8A shows a schematic created from the data in Figure
7A summarizing the spatial positions of critical features of the
surface tension gradient, surface distortion, and velocity fields
midway through a spreading event without predeposited
surfactant. The existence of a tangential velocity only in the
region where the deposited oleic acid resides and nowhere
beyond that region suggests that the surface tension gradient
exists within the oleic acid monolayer to a point just beyond
the peak of the Marangoni ridge but not beyond the leading
region of the Marangoni ridge. Beyond the Marangoni ridge,
there is no detectable tangential surface velocity. The existence
of the ridge indicates a vertical velocity, and therefore a normal
velocity of the surface.

At about 250 ms, the Marangoni ridge hits the wall of the
container, and a wave is reflected back. This time marks the
end of our detailed analysis of the spreading. Over a time scale
of one second, all fluid motion ceases. At this time, droplets of
oleic acid can be seen in the central region of the Petri dish in
equilibrium with the deposited oleic acid monolayer.

Spreading with Predeposited Surfactant. In this study,
the predeposited DPPC layers span initial surface concen-
trations from the liquid-expanded to the liquid-expanded/
liquid-condensed coexistence regime, producing initial spread-
ing parameters, S, from 31 + 1 to 21 = 1 mN/m. In
equilibrium, we measure the surface tension of the oleic acid
monolayer to be 40.7 + 1 mN/m. Thus, as expected, in our
experiments, oleic acid did not induce spreading when the
predeposited DPPC monolayer surface tension was 40 mN/m
or less.

However, could the predeposited surfactant have been
compressed by a spreading drop of oleic acid rather than a
monolayer? To examine this possibility, we must examine the
spreadiri§ Coeﬁidenti Scoeff = Osubphase/air —  Osubphase/drop
Odrop/ai . Lhe spreading coefficient is used here to determine
whether the oleic acid will spread as a bulk liquid film on the
DPPC-decorated aqueous subphase, as opposed to spreading
as an oleic acid monolayer. When the spreading coefficient is
less than or equal to zero, spreading as bulk film does not
occur. The surface tension of bulk oleic acid drop against air is
32 mN/m.” As noted above, oleic acid caused spreading on
DPPC-decorated subphases with initial surface tensions above
40 mN/m. If we assume that the bulk oleic acid is spreading on
a liquid subphase with 40 mN/m or greater surface tension,
the interfacial tension of the oleic acid drop against water must
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Figure 7. Measurements of tangential motion as functions of radial position. Panel A: No predeposited surfactant. (Green diamond) Time
Marangoni ridge arrives at specific radial position. (orange square) time at onset of motion of tracer particle at specific radial position. Panel B:
Predeposited surfactant compressed from an initial 134 A?/molecule. (Blue circle) Time deposited/pre deposited surfactant boundary arrives at
specific radial position. (Orange square) Time at onset of motion of particle at specific radial position. Speed of outermost propagation is 42.1 +
0.6 cm/s. Panel C: Same as panel B for predeposited surfactant compressed from an initial 67 A*>/molecule. Speed of outermost moving particle is
23.7 + 0.3 cm/s. Panel D: Velocity versus position for initial DPPC concentration of 134 A?/molecule at different times. The times are 143 (1),
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Figure 8. Schematic of spreading at a fixed time. Regions with nonzero velocity components in the normal and tangential directions are indicated.
Panel A: No predeposited DPPC. Panel B: Predeposited DPPC. There is a normal component of velocity ahead of the tangential motion in the
case with a moderate initial concentration of predeposited DPPC, unlike in the case with no predeposited surfactant. Also, the regions of surface
tension gradients are labeled. Due to the compression of the predeposited DPPC, the surface tension gradient extends into the predeposited DPPC

monolayer.
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Figure 9. Relative positions of the boundary between deposited and predeposited surfactants, marked by the innermost tracer particle (circle), the
peak of the Marangoni ridge (diamond), and the trailing edge of the Marangoni ridge (triangle). Panel A is for no predeposited surfactant. Panels
B—D are for predeposited surfactant of concentrations of 200, 134, and 67 A*/molecule, respectively. The Marangoni ridge and the surfactant front
are not located at the same position, yet they have similar speeds. The estimated uncertainty in the boundary is +£0.2 cm. The estimated uncertainty

in the Marangoni ridge and the trailing edge locations is +0.3 cm.

be no greater than 8 mN/m. The interfacial tensionfor oleic
acid/water reported in the literature, 16.1 mN/m,” is
significantly greater than the maximum value of 8 mN/m
that would allow the spreading of a bulk oleic acid film.
Therefore, the spreading examined in this paper is driven by
the monolayer of oleic acid emitted by the drop and not by
spreading of the oleic acid drop itself.

If the surface tension of the predeposited monolayer before
spreading is greater than that of the oleic acid monoayer
emitted by the deposited drops, rapid Marangoni spreading
occurs due to the surface tension difference between the
deposited oleic acid monolayer and the predeposited DPPC
monolayer as well as any surface tension gradients within each
monolayer. Figure 5B—D shows the evolution of surface
deformation following the deposition of the oleic acid drop for
three representative initial surface concentrations of predepos-
ited DPPC. During the 233 ms duration over which spreading
was monitored before the Marangoni ridge would hit the Petri
dish wall, the predeposited DPPC monolayers were com-
pressed from an initial average area to some average
intermediate area since spreading had not concluded. For the
initial average DPPC concentration of 200 A%/molecule, the
DPPC compressed to an area of 140 A?/molecule in 233 ms.
For the initial average DPPC concentration of 134 A%/
molecule, the DPPC was compressed to an average area of 111
A%/molecule in 233 ms. Lastly, for the initial average DPPC
concentration of 67 A?>/molecule, the DPPC was compressed
to an average area of 62 A?/molecule. (In the remainder of the
paper, only the initial area per molecule will be given when
discussing a specific spreading experiment.)

At the lowest surface concentration of predeposited DPPC
shown (200 A*/molecule, Figure SB), the Marangoni ridge
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remains well-defined with little change in the temporal
evolution of the ridge height compared with the no
predeposited surfactant case. However, the surface deforma-
tion shows a finite accumulation of fluid ahead of the ridge, in
contrast to the no predeposited surfactant case where no such
accumulation is detectable. We define this rise in surface height
above the baseline ahead of the Marangoni ridge as the leading
region excess. It is present at all times during the spreading
event and is a reproducible feature of spreading against a
predeposited DPPC monolayer, independent of the concen-
tration. For example, as shown in Figure SA, at 133 ms, there is
no significant leading region excess in the absence of
predeposited surfactant. The average rise above the undis-
turbed fluid height for the no predeposited case is 0.004 +
0.030 mm. For the predeposited surfactant cases at the same
time (Figure SB—D), the average rise above the undisturbed
fluid height for 200, 134, and 67 A?/molecule are 0.078 =+
0.010, 0.041 + 0.013, and 0.109 =+ 0.054 mm, respectively. The
uncertainties here are dominated by the run to run variations.

The occurrence of the leading region excess indicates that a
normal component of the velocity field has developed ahead of
the ridge. As the concentration of predeposited surfactant
increases to 134 A?/molecule (Figure SC), the Marangoni
ridge widens; and the maximum ridge height decreases slightly.
The surface ahead of the ridge is again above the undisturbed
fluid height baseline. At the most concentrated initial
predeposited DPPC surface concentration (67 A%/molecule,
Figure 5SD), the Marangoni ridge is undefined, and no clear
peak can be found in the height data or as a zero in the first
derivative of the data. From the evolution of the height profile,
it is evident that the presence of a predeposited DPPC
monolayer significantly alters the overall Marangoni flow and
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that the alteration is more severe as the initial surface
concentration of the predeposited monolayer is increased.
When a Marangoni ridge forms, the fluid that produces the
ridge comes from the central depression region. With
predeposited DPPC at 67 A*/molecule, the surface tension
gradient driven flow has not created a well-formed ridge from
the fluid coming from the depression region. Rather, the fluid
has spread outward to form a general rise of excess fluid above
the undisturbed fluid height at all times analyzed. It is
important to note that a leading region excess is present even
when the ridge does not form. The leading region excess
occurs with any concentration of predeposited surfactant, while
the ridge destruction occurs only with the highest initial
concentration of predeposited surfactant. The Marangoni ridge
that normally forms when there is a sharp end to the deposited
surfactant concentration profile’ has been destroyed. As will be
discussed below, this is likely caused by the propagation of
surface tension gradients beyond the deposited surfactant front
and into the predeposited DPPC monolayer.

The speed of the Marangoni ridge is dependent on the initial
surface concentration of predeposited DPPC. (See Table 1.)
Experiments with the initial predeposited DPPC monolayer at
200 A?/molecule have the same ridge speed, within error, as
when there is no predeposited surfactant, as seen in Figure 6
and Table 1, with a speed of 16.3 + 2.5 cm/s for 200 A%/
molecule and 17.2 + 2.7 cm/s for no predeposited DPPC.
When the initial predeposited DPPC surface concentration is
134 and 80 A2/molecule, the ridge speed slowed down to 10.3
+ 1.2 and 8.7 + 3.0 cm/s, respectively. At the highest initial
surface concentration of predeposited DPPC, 67 A*/molecule,
where the Marangoni ridge has been destroyed, we must take a
different measure of the propagation. In this case, we measure
the speed at which the outer edge of the depression (identified
as the “trailing edge” in Figure 1) propagated (8.6 + 3.7 cm/s).
This speed is indistinguishable from the speed that the
Marangoni ridge displayed at 80 A*/molecule (see Figure 6
and Table 1). The spreading parameter for initial DPPC
concentration of 67 A%2/molecule is not the same as for 80 A2/
molecule, where the spreading parameter is 25 and 21 mN/m,
respectively. This is qualitatively consistent with scaling
arguments that predict the spreading speed should scale
linearly with the spreading parameter.”> We find our data
consistent with previous work even though our range of the
spreading parameter is narrower.””

For the no predeposited DPPC case, the deposited
surfactant front represents the boundary between the surface
tension gradient that exists within the deposited oleic acid
monolayer and the constant surface tension region of the clean
subphase surface. As shown in Figure 9A in this case, the
surfactant front travels just behind the Marangoni ridge. For
the case where the predeposited surfactant is present, the
deposited surfactant front now represents the boundary
between the deposited and predeposited surfactant. As will
be shown below, the surface tension gradient now extends
from the deposited surfactant region into the predeposited
surfactant annulus and causes motion in the annulus. The
boundary between the deposited and predeposited surfactant is
now somewhere within the surface tension gradient which
extends across the entire surface covered by either deposited or
predeposited surfactant. As shown in Figures 9B—D, the
boundary between oleic acid and predeposited DPPC
monolayers remains behind the Marangoni ridge.
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Using the talc markers, we determine the region of the
predeposited DPPC annulus that is under compression as the
spreading event progresses. As discussed above, the innermost
talc particles mark the oleic acid/DPPC boundary during the
spreading event, which can be seen in Figure 7 B and C and in
Figure 9 as blue circles. The data in Figure 7 B and C show not
only the position of the oleic acid/DPPC boundary as a
function of time, but also the position of the outermost moving
talc particle at different times. In Panel B, the boundary
between the deposited oleic acid and the predeposited DPPC
is marked by blue circles, and the onset time of particle motion
is marked by orange squares. The onset motion data uses the
right y axis, while the boundary uses the left y axis. For a
particle initially at 3.4 cm, the onset time is 110 ms. At 110 ms,
the deposited surfactant front is located at 1.5 cm. Hence,
there is motion ahead of the boundary. Panel C can be read in
a similar fashion. Again, there is motion ahead of the boundary.
The Marangoni ridge and the trailing edge are not shown in
Figure 7B,C.

The outermost moving particle marks the outer boundary of
the mobilized DPPC region. For radial positions beyond the
outermost moving tracer particle, there is no radial motion in
the surface. As mentioned previously, this position is far ahead
of the oleic acid/DPPC boundary. The outer boundary of the
mobilized DPPC region is also moving faster than the oleic
acid/DPPC boundary itself. As seen in Figure 9B,C, the
boundary is approximately 0.5—1 cm behind the Marangoni
ridge, while the outermost moving particle is around 1-2 cm
ahead of the boundary, as seen in Figure 7B. This signifies that,
when a Marangoni ridge is present, there is motion ahead of
both the Marangoni ridge and the deposited surfactant front.
In Figure 9D (67 A?/molecule), for which there is no
discernible Marangoni ridge peak, the boundary is approx-
imately 1 cm behind the trailing edge of the surface distortion.

As seen in Figures 6 and 7, the ridge speed was on the order
of 10 cm/s, and the speed of the outer mobilized DPPC
boundary was 42.1 + 0.6 cm/s, for 134 A%/molecule. As seen
in Figure 9, the slopes for the Marangoni ridge peak position
and the surfactant front are the same, signifying that the
surfactant front moves at the same speed as the Marangoni
ridge, even though they are not located in the same position.
For 67 A%/molecule, where there was no Marangoni ridge
peak, the trailing edge speed was again on the order of 10 cm/s
and the speed of the outer mobilized DPPC boundary was 23.7
+ 0.3 cm/s. Our observation that the propagation of the outer
boundary at a faster speed than the Marangoni ridge is
consistent with other experimental systems, as seen in Bull et
al.'”** Thus, in cases with predeposited DPPC monolayers,
there is a significant tangential movement of the surface ahead
of both the oleic acid/DPPC boundary and the Marangoni
ridge when a well-formed ridge is present (200, 134 A?) or
ahead of the oleic acid/DPPC boundary and trailing edge
when no ridge is present (67 A?).

The data in Figure 7 reveal how the inner and outer limits of
the annular compression region of mobilized DPPC change
with time. The outer boundary moves outward faster than the
inner limit, showing that the compressed annulus broadens
with time. The predeposited DPPC is being compressed at
rates of ~100 A’ molecule™ min™' at high surface
concentrations of predeposited DPPC and at ~1000 A?
molecule™ min™' at low concentrations of predeposited
DPPC averaged across the annulus. We note that these
compression rates are two to 3 orders of magnitude greater

https://dx.doi.org/10.1021/acs.langmuir.0c03348
Langmuir 2021, 37, 3309-3320


pubs.acs.org/Langmuir?ref=pdf
https://dx.doi.org/10.1021/acs.langmuir.0c03348?ref=pdf

Langmuir

pubs.acs.org/Langmuir

than the rates imposed in typical Langmuir trough measure-
ments of lipid monolayer surface pressure isotherms,** which
are generally on the order of ~2 A? molecule™ min~'. This
brings into question the suitability of considering Marangoni
spreading as being dictated by the equilibrium isotherm. Even
at the much more modest rates of a Langmuir trough
experiment, the surface pressure isotherms of DPPC deviate
from the equilibrium isotherm to an extent that increases with
increasing compression rate.”®

In Figure 7, it is shown clearly that there is nonuniform
compression of predeposited DPPC outside the oleic acid/
DPPC boundary due to the fact that not the entire annulus of
DPPC is mobilized. Furthermore, the velocities within the
mobilized DPPC region decrease as r increases, as shown for
various instants of time in Figure 7D.

Figure 8 B shows a schematic created from the data in
Figure 7B,C, summarizing the spatial positions of critical
features of the surface tension gradients, surface distortion and
velocity fields midway through the spreading event with
predeposited surfactant. The surface tension gradient extends
from the oleic acid monolayer, through the deposited/
predeposited surfactant boundary to the point where the
there is no detectable movement of the tracer particles. This is
in contrast to the no predeposited surfactant case, where there
is no tangential velocity ahead of the Marangoni ridge, i.e.,
beyond the furthest moving tracer particle (Figure 7A). In the
case with predeposited surfactant, motion occurs well ahead of
the oleic acid/DPPC boundary because the surface tension
gradient extends ahead of the Marangoni ridge and drives the
flow in that region. Beyond that mobilized DPPC region,
which is expanding outward at a speed faster than the
Marangoni ridge moves outward, there is no detectable
tangential surface velocity, but there is fluid velocity normal
to the surface as evidenced by the surface deformation that was
observed well ahead of the Marangoni ridge, as seen with all
predeposited DPPC cases. This normal velocity may be driven
by subsurface flows at smaller radial positions or by the flow
impinging on the wall of the dish or a combination of both.

The nonuniform compression of the predeposited surfactant
leads to a finite surface tension gradient beyond the advancing
oleic acid/DPPC boundary. For the case with no predeposited
surfactant, there may be a surface tension gradient in the
monolayer of the advancing deposited surfactant; but ahead of
the advancing deposited surfactant front, there is a constant
surface tension equal to that of the bare surface which is higher
than the surface tension of the advancing deposited surfactant.
For the case of predeposited surfactant, there may be a surface
tension gradient in the monolayer of deposited surfactant. This
surface tension gradient joins at the deposited/predeposited
surfactant boundary to the surface tension gradient created in
the mobilized inner part of the predeposited annulus. The
surface tension gradient in the mobilized portion of the
annulus is at least partially responsible for the fluid motion
seen ahead of the Marangoni ridge and the deposited/
predeposited surfactant boundary. At earlier times, the gradient
ends at the outer boundary of the mobilized annulus. At later
times, around 0.4 s, the surface tension gradient in the entire
predeposited annulus extends to the boundary of the dish and
evolves. This is more than 0.15 s after the last frame shown for
surface height deformation.

End of Spreading. At about 1 s, when all motion has
ceased, the system returns to a state of mechanical equilibrium,
suggesting that the two unmixed monolayers must have the
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same surface tension. Within the centrally located deposited
oleic acid monolayer, droplets of oleic acid formed by
autophobing of the oleic acid®’ were seen in equilibrium
with the oleic acid monolayer. In equilibrium, we measure the
surface tension of the oleic acid monolayer to be 40.7 + 1
mN/m. We measured the surface tension in the predeposited
DPPC region after the oleic acid spreading was completed to
be 40.4 + 4.1 mN/m, independent of the initial predeposited
DPPC surface concentration before spreading. Thus, when
motion ends, there is a surface pressure balance between the
two regions of unmixed monolayers, as required for mechanical
equilibrium. This further suggests that even the very rapid fluid
motion during the spreading event does not cause mixing
between the oleic acid and DPPC as initially found in
fluorescence microscopy (see Figure 2). As further evidence of
a lack of mixing of the monolayers, we monitored the surface
using fluorescence microscopy for 15 min after spreading and
saw no broadening of the boundary between the monolayers.
The final area per DPPC molecule in the compressed
monolayer annulus was calculated from the known total
amount of DPPC deposited and the final annulus area. In all
cases it was 41.6 + 3.4 A?/molecule, which matches the
equilibrium area per molecule expected for the 40.4 + 4.1
mN/m measured final surface tension based on the DPPC
surface tension isotherm. So while the equilibrium equation of
state cannot hold during the rapid compression of the
predeposited monolayer, the cessation of spreading is never-
theless dictated by equilibrium mechanics as established by the
equilibrium equation of state for DPPC. Had there been
intermixing of oleic acid and DPPC, or had there been collapse
of the DPPC monolayer, we would not have obtained the
correct area per DPPC molecule based on the final surface
tension of the DPPC monolayer. This further bolsters our
evidence that there is no significant surfactant intermixing on
the time scale of the experiments. It also supports the
argument, based on the lack of dark ridges in the fluorescence
microscope images, that there is no DPPC monolayer collapse
in the compressed annulus. Even with the rapid compression
rates generated by oleic acid spreading, the DPPC monolayer
was not compressed to collapse. Had the monolayer collapsed,
which is a condition of infinite compressibility, it would have
not provided the observed resistance to stop the spreading.

B CONCLUSIONS

The presence of a pre-existing insoluble surfactant monolayer
fundamentally alters Marangoni spreading events relative to
spreading on an initially clean surface. Spreading occurs as long
as the surface tension of the deposited surfactant monolayer is
less than that of the predeposited monolayer. At all values of
the initial spreading parameter, the compression of the
predeposited surfactant is nonuniform ahead of the deposited
surfactant/predeposited surfactant boundary. As spreading
progresses, a surface tension gradient evolves from the
deposited surfactant monolayer through the boundary between
the deposited surfactant/predeposited surfactant. At early
times, only the inner portion of the annulus of predeposited
surfactant is mobilized. The outer boundary of that mobilized
region moves outward at a speed greater than the propagation
speed of the Marangoni ridge. All motion ceases when the
surface concentration in the predeposited annulus becomes
uniform with a surface tension equal to that of the deposited
surfactant monolayer.
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The surface tension gradient that propagates beyond the
deposited surfactant/predeposited surfactant boundary produ-
ces Marangoni stresses that drive flows both tangential and
normal to the subphase surface. At an initial spreading
parameter of 31 mN/m, the surface tension gradient is steep
enough in the vicinity of the deposited/predeposited surfactant
boundary that the shock-like Marangoni ridge still develops as
it normally would for Marangoni spreading with no
predeposited surfactant. The Marangoni ridge moves at the
same speed in the two cases. However, in contrast to spreading
on an initially clean subphase, the Marangoni stresses that
cause flow tangential and normal to the surface ahead of the
Marangoni ridge in the predeposited surfactant annulus distort
the surface well ahead of the Marangoni ridge. For an initial
spreading parameter of 21.4 mN/m, the gradient is not
sufficiently steep to drive a shock-like Marangoni ridge even
though fluid is strongly transported away from the point of
surfactant deposition. Instead of a well-formed ridge, there is a
broad region of elevated surface height above the initial
undisturbed fluid level.

This work addresses important questions in applications
when Marangoni spreading occurs in the presence of pre-
existing of surfactants or other surface active materials, such as
in oil spill cleanup and pulmonary drug delivery. The results of
this study suggest that spreading induced by deposition of an
exogenous surfactant is possible in the presence of an
endogenous surfactant in the lung, as long as the surface
tension of the deposited surfactant is lower than that of the
predeposited material. Thus, exogenous surfactant could aid
pulmonary drug delivery even though at least some portions of
the lung airway are coated with endogenous lipid."”***
Similarly, surfactant deposited around an oil spill may be
expected to corral the spilled oil as long as the deposited
surfactant has a lower surface tension than the spilled oil, but
the degree of such corralling may be limited if the surface
tension of the pre-existing material increases as it is
compressed by the applied surfactant.

From a fundamental standpoint, this study probes how
predeposited insoluble surfactant changes the current under-
standing of how the Marangoni spreading in the presence of
predeposited surfactant varies from the case without
predeposited surfactant. This work is consistent with prior
studies of the effect of predeposited surfactant on the speed of
Marangoni spreading induced by insoluble surfactant, and it
shows for the first time how predeposited surfactant
monolayers distort or eliminate the Marangoni ridge. The
deposited oleic acid and predeposited DPPC monolayers do
not mix during the very rapid spreading event. The speed of
the compression of the predeposited DPPC makes it unlikely
that equilibrium equations of state can describe the evolution
of the surface tension during its compression. The proper way
to account for a dynamic equation of state should be a subject
for future work.

To further the work applied to pulmonary drug delivery,
future fundamental work needs to focus on spreading on thin,
chemically complex subphases. In the lung, the endogenous
phospholipids are on top of a complex thin mucus subphase.
Mucus is a complex solution of lipids, ions, and glycoproteins
in water and has complex rheology.*® Thus, the development
of Marangoni stresses on the lung airway will depend on the
bulk and surface composition of the mucus. Further, since the
mucus layer in the lung is thin, dewettin§ of the mucus from
the underlying periciliary layer may occur. ' ®*” The impact of
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endogenous lipid on that dewetting process has not been
explored.
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