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ABSTRACT Phospholipids are ubiquitous components of biomembranes and common biomaterials used in many bioengi-
neering applications. Understanding adsorption of phospholipids at the air-water surface plays an important role in the study
of pulmonary surfactants and cell membranes. To date, however, the biophysical mechanisms of phospholipid adsorption
are still unknown. It is challenging to reveal the molecular structure of adsorbed phospholipid films. Using combined experiments
with constrained drop surfactometry and molecular dynamics simulations, here, we studied the biophysical mechanisms of
dipalmitoylphosphatidylcholine (DPPC) adsorption at the air-water surface. It was found that the DPPC film adsorbed from ves-
icles showed distinct equilibrium surface tensions from the DPPC monolayer spread via organic solvents. Our simulations
revealed that only the outer leaflet of the DPPC vesicle is capable of unzipping and spreading at the air-water surface, whereas
the inner leaflet remains intact and forms an inverted micelle to the interfacial monolayer. This inverted micelle increases the
local curvature of the monolayer, thus leading to a loosely packed monolayer at the air-water surface and hence a higher equi-
librium surface tension. These findings provide novel insights, to our knowledge, into the mechanism of the phospholipid and
pulmonary surfactant adsorption and may help understand the structure-function correlation in biomembranes.
INTRODUCTION
Phospholipids, because of their amphipathic nature, self-
assemble into vesicles once immersed in an aqueous envi-
ronment (1,2). When lipid vesicles diffuse closely enough
to a surface, they may adsorb to the surface, most likely
driven by hydrophobic interactions (3–5). Understanding
the adsorption process is of significance in various biolog-
ical areas, such as membrane fusion and the formation of
phospholipid-based interfacial films, for instance, pulmo-
nary surfactant film, tear film, gut protective layer, and
synovial articular junctions (6–11).

Adsorption of phospholipids at the air-water surface plays
an important role inmembrane fusion (12–15) and pulmonary
surfactants (16–18). As the major component of pulmonary
surfactant, phospholipids, especially dipalmitoylphosphati-
dylcholine (DPPC), are responsible for reducing the alveolar
surface tension to very low values required for normal tidal
breathing (8,19). DPPC is also the major component of most
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exogenous surfactants used to treat the neonatal respiratory
distress syndrome (8,20).

Existing biophysicalmodels suggest that during the adsorp-
tion process, lipid vesicles first diffuse from the bulk to the
air-water surface, followed by subsequent unzipping and
spreading at the surface (21,22). It is visualized that lipid
vesicles in the bulk subphase are interrelatedwith the adsorbed
film via stalk intermediate, thus allowing lipid exchange be-
tween vesicles and the adsorbed film (12,13). Adsorption is
considered to reach an equilibrium when the lipid molecules
are closely packed at the surface and reach a dynamic equilib-
rium with vesicles in the bulk phase (21,22).

Despite numerous experimental studies of lipid adsorp-
tion (22–26), the detailed biophysical mechanism of lipid
vesicle adsorption is still unclear. Various experimental
methodologies, including Langmuir balance (12), pulsating
bubble surfactometry (27), captive bubble surfactometry
(22), micropipette technique (28), and infrared reflection-
absorption spectroscopy (25), have been used for measuring
the dynamic surface tension and the structure of adsorbed
phospholipid films. The dynamic surface tension measure-
ments showed significant discrepancies with different prep-
arations of DPPC vesicles (25,29,30). Many measured
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Phospholipids Adsorption at Surface
equilibrium surface tensions were much higher than the
theoretical equilibrium surface tension of the air-alkyl sur-
face (21,24–26,28–31). Infrared reflection-absorption
spectroscopy results showed that there were more than
one monolayer at the air-water surface after adsorption of
the DPPC vesicles (25,29,30). Abundant DPPC materials
were found to be attached to the adsorbed interfacial mono-
layer, which were absent in a spread film (25,32).

Compared to experimental methods, coarse-grained MD
(CGMD) simulations are advantageous in providing high-res-
olution molecular structures and dynamic details at the time-
scale over nanoseconds and, most importantly, at the length
scale over tens of nanometers (33–37), comparable to the
length scale of DPPC vesicles. CGMD simulations have suc-
ceeded in studying the structural transformation between the
phospholipidmonolayer at the air-water surface and the phos-
pholipid bilayer in the subphase using the Martini force field
(38,39). However, the original Martini force field underesti-
mates the air-water surface tension, thus resulting in an un-
physical adsorption behavior at the clean air-water surface.

Here,we used combined experimentalmethods andCGMD
simulations to investigate the mechanism of lipid vesicle
adsorption. We first used constrained drop surfactometry
(CDS) (40) to determine the dynamic surface tension of
various DPPC preparations. We then used the atomic force
microscopy (AFM) to determine the micromorphology of
the adsorbedDPPCfilm.Finally,we usedCGMDsimulations,
based on amodifiedMartini force field, to simulate the adsorp-
tion process of various DPPC nanoassemblies (i.e., micelle,
bilayer, and vesicle). We found that the adsorbed film from
vesicles exhibited a much higher surface tension than the
adsorbed films from bilayers and micelles. These surface ten-
sion differences were explained by differences in the molecu-
lar structure of the adsorbed films at the air-water surface.
MATERIALS AND METHODS

Preparation of DPPC vesicles

50 mg DPPC (Avanti Polar Lipids, Alabaster, AL) was dissolved in 2 mL

chloroform to form a 25 mg/mL stock suspension. The organic solvent

was evaporated under a nitrogen steam to deposit a thin lipid film on the

wall of the glass vial. The deposited DPPC film was then hydrated with

5 mL phosphate-buffered saline (PBS) solution (121.5 mM NaCl,

25.2 mM Na2HPO4, and 4.8 mM KH2PO4 (pH 7.4)) and sonicated for

10 min. The suspension was then incubated for 3 h at 46�C (i.e., 5�C above

the gel-to-liquid crystalline phase transition temperature of fully hydrated

DPPC bilayers) (41). The DPPC vesicles were sonicated using an ultrasonic

bath (B2500A-DTH; VWR International, Radnor, PA) for 10 min at 46�C
and a frequency of 42 kHz to yield a homogenous size distribution. The

resultant suspension had a lipid concentration of 10 mg/mL and an average

vesicular size of 131.9 5 1.1 nm (Fig. S1).
Surface tension measurement

Dynamic surface tensions of lipid vesicle adsorption were determined

with CDS (40). CDS uses the air-water surface of a sessile drop

(�10 mL in volume, �3 mm in diameter, and �0.2 cm2 in surface area)
to accommodate the adsorbed film. The droplet is ‘‘constrained’’ on a

carefully machined pedestal that uses a knife-sharp edge to ensure a

leak-proof environment. The dynamic surface tension was determined

in real-time using axisymmetric drop shape analysis (ADSA) (42). One

common artifact of studying lipid adsorption using droplet-based methods

is that the adsorbed lipid films are spontaneously compressed because of

droplet evaporation over time. This artifact was eliminated by maintain-

ing a constant drop volume during the experiment, using a feedback

control system called closed-loop ADSA (43). All measurements were

carried out at 37 5 0.1�C.
Film formation

The DPPC films at the air-water surface were formed with three different

protocols (i.e., adsorption of DPPC vesicles (Protocol 1), spreading of

DPPC vesicles (Protocol 2), and spreading of the DPPC monolayer (Proto-

col 3), respectively). As illustrated in Fig. 1, in Protocol 1, adsorption of

DPPC vesicles was studied by injecting 4 mL DPPC stock suspension

into a 16-mL buffer droplet (i.e., at a final DPPC concentration of

2 mg/mL). The dynamic surface tension was studied for 1 h with the

drop volume controlled using closed-loop ADSA. In Protocol 2, a small

amount of DPPC stock suspension (10 mg/mL) was spread onto a 12 mL

buffer droplet. In Protocol 3, a small amount of DPPC dissolved in chloro-

form (1 mg/mL) was spread onto a 15-mL buffer droplet. For both Protocols

2 and 3, the dynamic surface tension was studied for 2 min, after which

there was no significant change in the surface tension.
AFM imaging

The DPPC monolayer was Langmuir-Blodgett transferred from the droplet

surface by lifting a small piece of freshly peeled mica sheet across the air-

water interface of the droplet at a rate of 1 mm/min. For adsorbed DPPC

films or DPPC films spread from the aqueous suspension (Protocols 1

and 2), before the Langmuir-Blodgett transfer, vesicles in the droplet

were displaced with buffer using a subphase replacement technique (44).

The immobilized DPPC films were scanned using an Innova AFM (Bruker,

Billerica, MA) in air in contact mode using a silicon nitride cantilever with

a spring constant of 0.12 N/m and a tip radius of 2 nm. Image analysis was

conducted with Nanoscope Analysis (ver1.5).
Modification of the Martini force field

CGMD simulations were performed using a modified Martini force field

with GROMACS 4.5.5 (45). Because the well of the Lennard-Jones (LJ)

12-6 potential is deep and narrow, the Martini water yields an air-water sur-

face tension value of only 32 mN/m, far below the actual surface tension of

water at room temperature (i.e., 72 mN/m). To solve this problem, we adop-

ted the Chiu-Scott-Jakobosson (CSJ) water model (46) based on the Morse

potential to replace the original Martini water. The Morse potential VM(r)

was only used for water-water interactions:

VMðrÞ ¼ εM
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It was prepared as user-specified tables, according to the GROMACS

format, in which εM ¼ 3.4 KJ/mol, a ¼ 7, and R0 ¼ 0.629 nm were deter-

mined based on previous calibrations (46). For other nonbonded interac-

tions, the shifted LJ 12-6 potential VLJ(r) and the shifted Coulomb

potential VC(r) with a shift function S(r) as follows:
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FIGURE 1 (A) Dynamic surface tension of

DPPC determined with constrained drop surfac-

tometry (CDS) at 37�C. Protocol 1 is as follows:

injecting 4 mL 10 mg/mL DPPC suspension into

a 16-mL buffer droplet. Protocol 2 is as follows:

spreading 8 mL 10 mg/mL DPPC suspension onto

a 12-mL buffer droplet. Protocol 3 is as follows:

spreading 1 mL 1 mg/mL DPPC from chloroform

onto a 15-mL water droplet. (B) Shown are AFM

topographic images of the DPPC film (the second

row shows the three-dimensional surface plot of

the AFM images). All AFM images have the

same scanning area of 10 � 10 mm. The images

of DPPC spread from chloroform solution and

aqueous solution have a z range of 5 and 20 nm,

respectively. To see this figure in color, go online.
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were adopted and tabulated in these simulations. The parameters, εLJ, s,

and q, followed the standard parameterization of the original Martini force

field (62). The modified Martini force field was validated by directly
1226 Biophysical Journal 117, 1224–1233, October 1, 2019
comparing with experimentally determined DPPC compression isotherms

at 37�C (53,54,63), as shown in Figs. S2 and S3.
MD simulations

Because of adoption of the CSJ water model, the temperature boundary

conditions were set using the Nose-Hoover algorithm, and the pressure

boundary conditions were set using the Parrinello-Rahman pressure

coupling method. For temperature coupling, the water molecules and

DPPC molecules were independently coupled with the relaxation time

tT of 0.2 and 1.0 ps, respectively. The reference temperature was set at

310� K. For pressure coupling, semi-isotropic pressure coupling was

used with the relaxation time tp of 2.0 ps and the compressibility of

5 e�6 bar�1 (47). The time step of all simulations was set at 5 fs. The stan-

dard cutoffs r1 and rc for the Martini force field were used. The LJ poten-

tial was shifted to zero between 0.9 and 1.2 nm, and the Coulomb

potential was shifted to zero between 0 and 1.2 nm, with a relative dielec-

tric constant εC of 15. The cutoff of the Morse potential was 1.6 nm. The

nonbonding pair list was updated every five steps with the neighboring

search cutoff of 1.6 nm. More details about the molecular dynamics

(MD) simulations and the simulation files (Data S1) can be found in the

Supporting Materials and Methods.
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RESULTS AND DISCUSSION

Experimental measurements of the surface
tension and morphology of DPPC films

Measurements of the surface tension of adsorbed and spread
films were performed through three protocols (Fig. 1 A) with
each measurement repeated for three times at 37�C
(Figs. S4–S6). By injecting DPPC vesicles into the droplet
(Protocol 1), the air-water surface tension decreases to a
stable value of 41 mN/m after 30 min. For the case of
spreading DPPC vesicles onto the droplet (Protocol 2), the
surface tension shows more rapid reduction, indicating
faster adsorption by eliminating the diffusion barrier. After
only 80 s, a stable value close to that of the Protocol 1 is
achieved. When spreading DPPC dissolved in the organic
solvent (Protocol 3), the surface tension quickly drops to a
stable value of 22 mN/m within 10 s. This value is close
to the equilibrium surface tension between alkanes and
water, indicating that the air-water surface is covered with
alkane chains facing the air side.

As summarized in Table 1, DPPC vesicles both adsorbed
and spread onto the air-water surface result in an equilib-
rium surface tension of 41 mN/m at 37�C. This value is
close to that obtained with the micropipette technique
(28) but significantly lower than that obtained with various
bubble methods (26,27). Nevertheless, it is found that only
the DPPC monolayer spread from organic solvent is able to
reach the intrinsic equilibrium surface tension of the phos-
pholipid monolayer (i.e., �22 mN/m). AFM images (Fig. 1
B) show that the DPPC monolayer spread from organic
solvent shows a closely packed homogeneous structure.
However, the adsorbed DPPC film from aqueous suspen-
sion shows a loosely packed heterogeneous structure with
protrusions between 15 and 20 nm in height (Fig. S7).
Given the height of one DPPC bilayer at �4–5 nm
(48,49), these protrusions most likely represent three to
four stacks of DPPC bilayers.
Adsorption of DPPC micelles and bilayers to a
clean air-water surface

When immersed in the aqueous phase, DPPC molecules
self-assemble into a variety of well-defined structures,
TABLE 1 Comparison of the Equilibrium Surface Tensions of

Adsorbed and Spread DPPC Films at the Air-Water Surface at

37�C, Obtained with Various Experimental Methods

Method Solute/Solvent

Surface Tension

(mN/m)

CDS Vesicle (132 nm)/PBS 41

CDS Monomer/Chloroform 22

Bubble profile

tensiometry (26)

Vesicle (80 nm)/HEPES 55

Pulsating bubble (27) Vesicle/PBS 53

Micropipette

technique (28)

Vesicle (100–150 nm)/PBS 39
such as micelles, bilayers, and vesicles due to hydrophobic
interactions (Fig. 2 A) (50,51). We first simulate the adsorp-
tion process of self-assembled micelles and bilayers. Fig. S8
shows the setup and time evolution of the adsorption simu-
lation. After dissolved in water, DPPC monomers quickly
cluster into micelles that fuse with each other and grow
further into larger planer structures (i.e., bilayers). Once ad-
sorbed at the air-water surface, both the DPPC micelles and
bilayers transform into a monolayer that covers the surface
(Fig. 2, B and C). It should be noted that the DPPC micelles
and bilayers simulated here contain unstable open edges. In
comparison with closed vesicles, these unclosed structures
can be only considered as intermediate self-assembled
structures when studying the adsorption of spontaneously
assembled DPPC aggregates in these MD simulations.

When contacting the surface, micelles break up and
expose its hydrophobic interiors to the air side (Fig. 2 B).
Different from micelles, bilayers undergo a more compli-
cated and longer transformation process (Fig. 2 C). Note
that the edge of the bilayer always first contacts the surface
to create a connection between the bilayer and the surface.
Once the connection is established, the bilayer splits into
two leaflets that spread and transform into a steady mono-
layer at the air-water surface.

To analyze such structural transformations of the DPPC
micelle and bilayer at the air-water surface, we establish
the correlations between the phospholipids in the aqueous
phase and those at the air-water surface by examining their
free energies using established theories (13,14,52). Here, the
energetic driving forces for lipid adsorption are attributed to
the following three sources (Figs. S9 and S10). The first
source is the free energy change of the phospholipids at
the lipid-water surface, where a high energy state in the
aqueous phase can drive the adsorption of micelles and
bilayers to form a flat monolayer at the air-water surface.
The second source is the surface energy change caused by
creating an air-oil surface to replace the air-water surface,
which drives spreading of the lipid molecules at the surface.
The third source is the bending energy cost for establishing
the connection between the bilayer and the monolayer. As
shown in Fig. 2 C, the bilayer tends to adsorb vertically
rather than parallelly to the surface to reduce the energy
cost by minimizing the angle between the bilayer and the
surface.
Adsorption of DPPC micelles and bilayers to a
pre-existing DPPC monolayer

By placing the DPPC molecules at the air-water surface as
well as in the bulk phase simultaneously, we now study
how the self-assembled DPPC micelles and bilayers adsorb
to a loosely packed pre-existing monolayer (Fig. 3 A). As
shown in Fig. 3 B, the surface tension of the DPPC film
formed by the adsorption of micelles or bilayers reaches
Biophysical Journal 117, 1224–1233, October 1, 2019 1227



FIGURE 2 Sectional view of the different self-assembled DPPC structures (A) and the structural transformation of the DPPC micelle (B) and the DPPC

bilayer (C) at the clean air-water interface. Note that, for clarity, the unclosed lamellar bilayer structure with the curved edge is defined as a bilayer, and the

closed bilayer containing the interior water is defined as a vesicle. The DPPCmolecules form a stable monolayer at the air-water surface after adsorption from

the micelle and the bilayer. The polar moieties of DPPC are presented as yellow spheres. The hydrocarbon tails are shown as lime sticks. The water beads are

shown as blue dots. The interior water beads within the vesicle are shown as blue spheres, for clarity. To see this figure in color, go online.
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equilibrium at 30 mN/m, implying that the adsorbed DPPC
molecules are closely packed at the interface.

The adsorption process is illustrated in Fig. 3, C–E. The
actual adsorption behavior depends on the initial lipid den-
sity of the monolayer and the length of the bilayer. For a
low-density monolayer (0.68 nm2/molecule, Fig. 3 C), a
short bilayer undergoes an adsorption process similar to
adsorption to the clean air-water surface. The bilayer
completely transforms to the flat monolayer, thus increasing
the monolayer density to 0.48 nm2/molecule. This molecu-
lar area corresponds to a compacted DPPC monolayer in the
tilted condensed phase (53,54). For the same low-density
monolayer (Fig. 3 D), a longer bilayer tends to bend and
fold into a closed semivesicle to eliminate the hydrophobic
effect at the edge of the bilayer. This structure is analogous
to what Baoukina et al. reported on the transformation of an
extruded bilayer into a semivesicle (55). They found that
such a transformation only occurred when the bilayer perim-
eter exceeded a certain value, in which the hydrophobic
energy of the open edge overcomes the bending energy to
promote the folding of the bilayer. We have also found
that a short bilayer, limited by its perimeter, can only pro-
trude from the monolayer to the air phase to reduce the
hydrophobic effect of its open edge (Fig. 3 E).
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Adsorption of DPPC vesicles to a clean air-water
surface

When the perimeter of the bilayer edge is large enough to
provide a sufficiently large line energy to overcome its
bending energy, the bilayer spontaneously curves into a
closed spherical vesicle in water (Fig. S11) (2,56). Adsorp-
tion of lipid vesicles onto a surface is a classical model to
investigate phospholipid adsorption (4). By depositing a
vesicle onto a hydrophobic substrate, our simulations reveal
that the vesicle unzips at the substrate and completely trans-
forms into a monolayer (Fig. S12). These simulation results
are consistent with existing experimental and computational
observations on the adsorption of the phospholipid vesicle
onto an alkyl-coated substrate (4,57).

When a vesicle adsorbs to the air-water surface, its
outer leaflet first unzips and exposes its inner leaflet to
air (Fig. 4 A). Then the outer leaflet spreads and transforms
into a monolayer along the surface, whereas the inner
leaflet enters the air phase to reduce the contact angle be-
tween the monolayer and the vesicle. Unlike spreading
on a solid surface, spreading at the air-water surface is
halted over time, which leaves a large portion of the
air-water surface uncovered by the lipids (Fig. 4 B versus



FIGURE 3 Adsorption of DPPC micelles and bilayers to the existing DPPC monolayer. (A) Shown is a schematic representation for the simulation system

of the adsorption of the assembled micelles and bilayers to the sparse monolayer (0.7 nm2). The polar moieties of DPPC at the surface were presented as green

spheres, and the hydrocarbon tails were shown as green sticks. (B) Dynamic surface tension of the DPPC film were formed by the adsorption of the assembled

micelles and bilayers. Three independent runs were performed to obtain the kinetics of the surface tension. (C–E) Snapshots for the fusion process of the

assembly bilayers to the DPPC monolayer varied with the initial lipid density of the monolayer and the length of the bilayer. To see this figure in color,

go online.
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Fig. S12 B). Consequently, the inner leaflet of the vesicle is
reserved to form an elliptical inverted micelle attaching to
the spread monolayer. These inverted micelles can move
freely along the monolayer (Fig. 4 B), probably coalescing
with each other to form the large protrusions found by
AFM (Fig. 1 B).

Because only one leaflet of the vesicle is capable of un-
zipping and spreading at the air-water surface, the capacity
of adsorbed vesicles in reducing the dynamic surface
tension is expected to be significantly lower than that of
spread molecules. The inverted micelle attached to the inter-
facial monolayer increases its local curvature and leads to a
weaker tail-tail interaction than that of a flat monolayer, thus
increasing the surface tension. Besides, the inverted micelle
will expand the area of the headgroups of the attached outer
layer to weaken the interaction within the headgroups.
The loosely packed headgroups also lead more hydrophobic
tails to expose to the surrounding water and thus provide
a higher hydrophobic energy to increase the surface
tension. As shown in Fig. 5, in comparison with a spread
monolayer via organic solvents, the adsorbed film has a
much higher surface tension. These simulation results are
in good agreement with our experimental observations
(Fig. 1; Table 1).
Biophysical Journal 117, 1224–1233, October 1, 2019 1229



FIGURE 4 Snapshots for the structural transfor-

mation of the DPPC vesicle at the clean air-water

surface from the sectional view (A) and the top

view (B). Snapshots for the structural transforma-

tion of the DPPC vesicle at a hydrophobic solid sur-

face are shown in Fig. S12. The DPPCmolecules of

the outer leaflet of the vesicle cannot spread at the

air-water interface within hundreds of nanoseconds

after they transform to a monolayer at the surface

(Fig. S13). To see this figure in color, go online.
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Adsorption of DPPC vesicle to a pre-existing
monolayer

By placing a vesicle between two monolayers, we investi-
gate the adsorption of the DPPC vesicle to a pre-existing
monolayer (Fig. 6 A). As indicated in the dynamic surface
tension curve of the adsorbed film (Fig. 6 B), the vesicle
can adsorb to the pre-existing monolayer independent of
the initial lipid density of the monolayer. The adsorbed
FIGURE 5 Surface tension-area isotherms of the vesicle-adsorbed and

molecule-spread films. When calculating the molecular area of the

vesicle-adsorbed film, only those lipid molecules spread at the flat air-water

surface (excluding those lipid molecules composed of the inverted micelle)

were counted in MD simulations. To see this figure in color, go online.
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vesicles reduce the surface tension of the monolayer to
55 mN/m, which is significantly higher than the equilibrium
surface tension of the DPPC film formed by the adsorption
of micelles and bilayers (Fig. 3 B). As shown in the dynamic
process of the vesicle adsorption (Fig. 6 C), similar to
vesicle adsorption to the clean air-water surface (Fig. 4),
the inner leaflet of the vesicle remains intact and forms an
inverted micelle facing the air side, thus not contributing
to surface tension reduction.

Our simulations provide, to our knowledge, novel insights
into the adsorption mechanisms of pulmonary surfactants
and other lipids. Different from DPPC vesicles, natural pul-
monary surfactant undergoes a fast adsorption process at
the air-water surface and achieves an equilibrium surface
tension around 22 mN/m (21,23,58). Natural pulmonary sur-
factant consists of multiple lipid components, with DPPC
being the major phospholipid component, and surfactant-
associated proteins (8,19). Both experimental and simula-
tion results show that adsorbed films from pure DPPC
vesicles have a high surface tension up to 40 mN/m. Our
CGMD simulations revealed that this high surface tension
was caused by the curvature effect of inverted micelles
composed of nonspread lipid molecules (Figs. 5 and 6).
Hence, the low surface tension of adsorbed pulmonary
surfactant can only be achieved with other surfactant com-
ponents that help reduce or eliminate the local curvature ef-
fect. Unsaturated phospholipids and hydrophobic surfactant
proteins can lower the energy barrier of the pore formation



FIGURE 6 Adsorption of the vesicle to the existing DPPC monolayer. (A) Shown is a schematic representation for the simulation system of the adsorption

of the vesicle to the sparse monolayer. (B) Shown is the dynamic surface tension of the DPPC film adsorbed with the DPPC vesicle. The molecular area of the

initial monolayer was set to 1.0 and 0.7 nm2. (C) Shown are snapshots for the fusion process of the vesicle to the sparse DPPC monolayer (0.7 nm2). To see

this figure in color, go online.
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of a vesicle (59,60), which may contribute to the breakup of
the inverted micelle and thus help eliminate the local curva-
ture effect.
CONCLUSIONS

Using DPPC as a model system, we studied the adsorption
of phospholipids at the air-water surface. Both experimental
observations and CGMD simulations demonstrated that the
adsorbed DPPC film from vesicles exhibits a much higher
equilibrium surface tension than spread film from the
organic solvent. Our simulations showed that only the outer
leaflet of the vesicle can unzip and spread at the air-water
surface, whereas the inner leaflet remains intact as an in-
verted micelle attaching to the monolayer. The inverted
micelle increases the local curvature of the monolayer,
thus leading to a loosely packed monolayer at the air-water
surface and hence a higher surface tension. These findings
provide novel insights into the mechanism of the phospho-
lipid and pulmonary surfactant adsorption.
SUPPORTING MATERIAL
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