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Abstract

Exogenous surfactant therapy has been used as a standard clinical intervention for treating premature newborns with respiratory
distress syndrome. The phospholipid concentrations of exogenous surfactants used in clinical practice are consistently higher
than 25 mg/mL; while it was estimated that the phospholipid concentration of endogenous surfactant is approximately in the
range between 15 and 50 mg/mL. However, most in vitro biophysical simulations of pulmonary surfactants were only capable of
studying surfactant concentrations up to 3 mg/mL, one order of magnitude lower than the physiologically relevant concentration.
Using a new in vitro biophysical model, called constrained drop surfactometry, in conjunction with atomic force microscopy and
other technological advances, we have investigated the biophysical properties, ultrastructure, and topography of the pulmonary
surfactant film adsorbed from the subphase at physiologically relevant high surfactant concentrations of 10-35 mg/mL. It was
found that the effect of surfactant concentration on the dynamic surface activity of the surfactant film was only important when
the surface area of the surfactant film varied no more than 15%, mimicking normal tidal breathing. The adsorbed surfactant film
depicts a multilayer conformation consisting of a layer-by-layer assembly of stacked bilayers with the height of the multilayers
proportional to the surfactant concentration. Our experimental data suggest that the biophysical function of these multilayer
structures formed after de novo adsorption is to act as a buffer zone to store surface-active materials ejected from the interfacial
monolayer under extreme conditions such as deep breathing.

NEW & NOTEWORTHY An in vitro biophysical model, called constrained drop surfactometry, was developed to study the bio-
physical properties, ultrastructure, and topography of the pulmonary surfactant film adsorbed from the subphase at physiologi-
cally relevant high surfactant concentrations of 10-35 mg/mL. These results suggest that the biophysical function of multilayers
formed after de novo adsorption is to act as a buffer zone to store surface-active materials ejected from the interfacial mono-
layer under extreme conditions such as deep breathing.

atomic force microscopy; constrained drop surfactometry; pulmonary surfactant; surface tension; ultrastructure

INTRODUCTION

Pulmonary surfactant is a lipid-protein complex synthe-
sized by the alveolar type II epithelial cells (1). It forms a thin
film at the air-water surface of the lungs via rapid adsorp-
tion, immediately after inflating the lungs with air on the
newborn’s first breath (2). The adsorbed pulmonary surfac-
tant film plays a dual physiological role of host defense
against inhaled particles and pathogens, and surface tension
reduction that increases lung compliance and stability of the
alveolar architecture (3). Deficiency or dysfunction of endog-
enous pulmonary surfactant leads to life-threading respira-
tory diseases (4). Neonatal respiratory distress syndrome
(RDS) is a major disease of surfactant deficiency caused by
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premature birth (5). In addition to assisted ventilation and
continuous positive airway pressure, surfactant replacement
has been used as a standard clinical intervention to treat pre-
mature newborns with or at high risk for RDS (6). Surfactant
replacement therapy has also been attempted to treat pediat-
ric and adult patients with acute respiratory distress syn-
drome (ARDS) (7), but with only limited success (8). Amid
the COVID-19 pandemic, surfactant replacement has been
tested as a supportive therapy to treat patients with COVID-
19-induced ARDS (9, 10).

Several in vitro biophysical models have been developed
to assess the dynamic surface activity of pulmonary sur-
factant preparations. The three most widely used in vitro
methods are the Langmuir film balance, pulsating bubble
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surfactometry (PBS), and captive bubble surfactometry (CBS).
Compared with the other two methods, the Langmuir film
balance is usually only used for studying the compression of
surfactant monolayers spread with an organic solvent, and
thus has only limited capacity for biophysical simulations (1).
The PBS determines the minimum and maximum surface
tensions of pulmonary surfactant by oscillating a small air
bubble (~1 mm in diameter) suspended in pulmonary surfac-
tant, with a fixed rate of 20 cycles/min and a fixed surface
area reduction of 50% (11). Because of its simplicity and small
sample consumption (~20 uL), PBS has gained popularity in
medical research and quality control of clinical surfactant
preparations (12). Nevertheless, the PBS only provides approx-
imate biophysical simulations of pulmonary surfactant,
mostly because of film leakage at the capillary tube to which
the air bubble is suspended (1). To reduce surface tension to
physiologically relevant low values, the surfactant film in PBS
needs to be compressed and expanded up to 100 cycles, i.e., 5
min, and in each cycle, the surfactant film is compressed by
50% of its initial surface area, which has little physiological
relevance since the surface area of the lungs does not vary
more than 20% during normal tidal breathing (13).

The CBS is the first in vitro model capable of simulating the
biophysical properties of pulmonary surfactant films under
physiologically relevant conditions (14). It uses a large air bub-
ble of 2-7 mm in diameter floating in a few milliliters of the
surfactant suspension held in a transparent chamber. The
bubble is separated from the chamber’s ceiling, treated with a
hydrophilic coating, by a thin wetting film, and hence, the
bubble is “captured” by the liquid phase, thus eliminating all
potential pathways for film leakage (15). The CBS is capable of
assaying the biophysical properties of adsorbed pulmonary
surfactant films undergoing dynamic compression-expansion
cycles that simulate tidal breathing (16, 17). In spite of its su-
perb performance in biophysical simulations, the CBS has a
technical limitation in studying pulmonary surfactants. The
surfactant suspension becomes murky or even opaque at high
concentrations, which makes surface tension measurements
from the shape of the bubble challenging or even impossible
(18, 19). Consequently, the maximum surfactant concentra-
tion that can be in vitro simulated with the CBS is usually no
more than 3 mg/mL (16, 17). This technical limitation can be
somehow circumvented by spreading a high-concentration
aqueous surfactant suspension around the bubble surface
using a micro syringe, and meanwhile, modifying the saline
subphase with 10 wt% sucrose to help reduce precipitation of
the surfactant vesicles (20).

The surfactant concentration used in clinical preparations
varies but is consistently higher than 25 mg of phospholipids
per milliliter (6). Survanta, a bovine surfactant prepared
from minced lung tissues and supplemented with synthetic
dipalmitoyl phosphatidylcholine (DPPC), palmitic acid, and
tripalmitin, is clinically used at a concentration of 25 mg/
mL. BLES, a bovine surfactant extracted from the lunge la-
vage of adult cows, is clinically used at 27 mg/mL. Infasurf, a
bovine surfactant prepared from the lung lavage of newborn
calves, is used at 35 mg/mL. Curosurf, a porcine surfactant
prepared from minced lung tissues, is used at a high lipid
concentration of 80 mg/mL.

The concentration of endogenous pulmonary surfactant
in the alveolar hypophase of adult mammals could be
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estimated based on the total surfactant phospholipids recov-
ered from bronchoalveolar lavage (21-23), the alveolar sur-
face areas of various mammal species (24), and the overall
area-weighted average thickness of the alveolar lining layer
(i.e., 0.2 um) (25). Based on these data, it can be estimated
that the endogenous surfactant concentration in adult mam-
mals’ lungs likely ranges between ~15 and ~50 mg/mL. To
the best of our knowledge, in vitro biophysical simulations
of pulmonary surfactants at these physiologically relevant
high concentrations (i.e., >10 mg/mL) are still scarce.

Here, we report in vitro biophysical simulations of an ani-
mal-derived natural pulmonary surfactant, Infasurf, at the
physiologically relevant high surfactant concentrations up
to 35 mg/mL, using a novel experimental methodology
called constrained drop surfactometry (CDS), developed in
our laboratory (26). The CDS is capable of simulating the
intra-alveolar microenvironment of pulmonary surfactants
under physiologically relevant conditions. We have recently
developed a novel subphase replacement technique and an
in situ Langmuir-Blodgett (LB) transfer technique that
allows direct atomic force microscopy (AFM) imaging of the
ultrastructure and topography of adsorbed pulmonary sur-
factant films with submicron resolutions (27). These findings
have novel implications for a better understanding of the
physiological and biophysical functions of the pulmonary
surfactant film and may offer new translational insights into
the design of clinical surfactant preparations to treat respira-
tory distress syndrome.

MATERIALS AND METHODS

Pulmonary Surfactant

Infasurf was a gift from ONY Biotech (Amherst, NY). It is
prepared from the lung lavage of newborn calves with cen-
trifugation and organic extraction. Infasurf contains all
hydrophobic components of the natural bovine surfactant,
whereas hydrophilic surfactant proteins (SP-A and SP-D)
were removed during the extraction process. Infasurf was
stored at —20°C in sterilized vials with an initial phospho-
lipid concentration of 35 mg/mL. It was diluted with a saline
buffer to various phospholipid concentrations on the day of
the experiment.

Constrained Drop Surfactometry

Constrained drop surfactometry (CDS) is a new generation
of droplet-based tensiometry technique developed in our
laboratory for biophysical simulations of pulmonary surfac-
tants (26, 28). As illustrated in Fig. 1, the CDS uses the air-
water surface of a sessile droplet (~3 mm in diameter, ~0.14
cm? in surface area, and ~7 pL in volume) to accommodate
the adsorbed surfactant film. The size of the droplet is about
one order of magnitude larger than the size of individual
alveoli (~200 pm) but is within the same order of magnitude
as the size of the bubble used in PBS (~ 1 mm) and CBS (2-7
mm). The surfactant droplet is constrained on a carefully
machined pedestal that uses its knife-sharp edges to prevent
film leakage, even at low surface tensions. The adsorbed sur-
factant film can be compressed and expanded periodically at
physiologically relevant rates and compression ratios by con-
trolling liquid flow out of and into the droplet using a
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Figure 1. A: schematic of the constrained
drop surfactometry (CDS). Pulmonary sur-
factant is adsorbed to the air-water inter-
face of a surfactant droplet. The sessile
droplet is constrained on a 3-mm pedestal
with knife-sharp edges and is enclosed in
an environmental control chamber main-
tained at 37°C and 100% relative humidity
(RH). Surface tension and surface area of
the adsorbed surfactant film are determined
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simultaneously from the shape of the droplet
using closed-loop axisymmetric drop shape
analysis (CL-ADSA). Subphase replacement
is implemented with a coaxial pedestal
connected to two motorized syringes,

+ LB Transfer for AFM Imaging

Uiy, / Adsorbed Surfactant Film

2

N

...... d

Vesicle { T~

Surfactant

Backlight

=)

Motorized Syringe 1

ISun‘actant

Bl C Withdrawing I

100% RH
Motorized Syringe 2

I_ i g
| Buffer

Injection
Coaxial Pedestal

with one withdrawing the vesicle-con-
taining subphase from the droplet and
another one simultaneously injecting
buffer into the droplet with the same vol-
umetric rate. The adsorbed surfactant
film is subsequently Langmuir—Blodgett
(LB) transferred from the air-water inter-
face to a freshly peeled mica substrate
for atomic force microscopy (AFM) imag-
ing. B: a picture of the constrained drop
surfactometry (CDS) setup.

motorized syringe. The surface tension and surface area of
the adsorbed surfactant film are determined from the shape
of the droplet using closed-loop axisymmetric drop shape
analysis (CL-ADSA) (29). Owing to system miniaturization,
the CDS enables a high-fidelity simulation of the intra-alveo-
lar environment, including the core body temperature of
37°C and a relative humidity close to 100%, using an envi-
ronmental control chamber.

Specifically, a 7-uL Infasurf droplet, with a specific surfac-
tant concentration, was dispensed onto the CDS pedestal
using a micropipette. Immediately after dispensing the drop-
let, its surface tension was continuously recorded and was
found to quickly (within seconds) reduce to an equilibrium
value around 22-25 mN/m, indicating rapid adsorption of
the pulmonary surfactant film at the air-water surface of
the droplet (1). To mimic exhalation and inhalation, the
adsorbed surfactant film was compressed and expanded at
20 cycles per minute with the compression ratios con-
trolled at 15%, 25%, and 35%, respectively.

Subphase Replacement and Langmuir-Blodgett
Transfer

To facilitate direct imaging of the ultrastructure and to-
pography of the adsorbed surfactant film, we have developed
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a novel subphase replacement technique and an in situ
Langmuir-Blodgett (LB) transfer technique (27). As shown in
Fig. 1, the subphase replacement was implemented using
a coaxial CDS pedestal connected with two motorized
syringes, with one withdrawing the phospholipid-vesicle-
containing subphase from the droplet at a flowrate of
10 uL/s, and the other one simultaneously injecting buffer
into the droplet with the same flowrate. Consequently, phos-
pholipid vesicles in the aqueous subphase, i.e., the droplet,
were washed away without disturbing the adsorbed Infasurf
film at the air-water surface. After the subphase replacement,
LB transfer of the adsorbed Infasurf film was performed by
first quickly inserting a freshly peeled mica sheet into the
droplet, followed by slowly lifting the mica across the air-
water surface of the droplet at a rate of 1 mm/min. During the
LB transfer process, the Infasurf film was maintained at a con-
stant surface pressure (¥1 mN/m) using CL-ADSA. All meas-
urements were conducted at 37°C at least three times. The
deposition ratio of the LB transfer, defined as the ratio
between the lost area of the surfactant film during the LB
transfer and the total surface area of the mica sheet (30), was
estimated to be ~1.24 (27), thus indicating a complete transfer
of the surfactant film from the air-water surface to the mica
surface.
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Atomic Force Microscopy

The ultrastructure and topography of the adsorbed surfac-
tant films were imaged using Innova atomic force micros-
copy (AFM; Bruker, Santa Barbara, CA). Samples were
scanned in the air using the tapping mode with a silicon can-
tilever of the spring constant 42 N/m and a resonance fre-
quency of 300 kHz. Images were taken at multiple locations
to ensure reproducibility. Lateral structures, topography,
bearing area, and bearing volume of the surfactant samples
were analyzed using NanoScope Analysis (version 1.5).

Statistics

Samples from various batches were studied. All results are
shown as means = SD (n > 3). Nonparametric Kruskal-Wallis
test was used to determine group differences (OriginPro,

Northampton, MA). P < 0.05 was considered to be statistically
significant.

RESULTS

Dynamic Surface Activity of the Adsorbed Surfactant
Film

Figure 2 shows the dynamic surface activity of the Infasurf
film adsorbed at physiologically relevant phospholipid con-
centrations of 10, 20, and 35 mg/mL. A relatively low surfac-
tant concentration of 1 mg/mL was also studied as a
reference. The reproducibility of these dynamic surface ten-
sion measurements can be found in Supplemental Fig. S1.
Three area compression ratios, i.e., 15%, 25%, and 35%, were
studied. The dynamic surface activity of the adsorbed
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Figure 2. Dynamic surface activity of the Infasurf film adsorbed from a series of phospholipid concentrations, i.e., 1,10, 20, and 35 mg/mL. Results shown
are typical compression—expansion cycles (the 10th cycle), minimum surface tension (ymi), and film compressibility (k.omp) for 3 different film compres-
sion ratios (CRs), i.e., 15% (A—C), 25% (D—F), and 35% (G—/). All dynamic cycling experiments were performed at 37°C with a cycling rate of 3 s per cycle
using the CDS. *P < 0.05 in comparison with Infasurf at the phospholipid concentration of 1 mg/mL.
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surfactant film was quantified with the minimum surface
tension (ymin) and the film compressibility (kcomp), all based
on data of the 10th consecutive cycle.

As shown in Fig. 2, A-C, at the physiologically relevant
15% compression ratio, the vy, of Infasurf at 1 mg/mL, is 4.5
mN/m. When the surfactant concentration is increased to
10, 20, and 35 mg/mL, the yn;, is reduced to 3.5, 3.1, and 3.0
mN/m, respectively, all below 4 mN/m. The «¢omp Of the
Infasurf film at 1 mg/mL is 0.60 m/mN, which gradually
decreases to 0.52 m/mN, when the surfactant concentration
is increased to 35 mg/mL. At the 25% compression ratio (Fig.
2, D-F), the ymin of Infasurf at all studied concentrations is
consistently lower than 2 mN/m. The k¢omp Of the Infasurf
film varies between 0.65 and 0.70 m/mN. No statistically sig-
nificant differences can be found among various concentra-
tions from 1 to 35 mg/mL. At the 35% compression ratio (Fig.
2, G-I), the ymin of Infasurf at all studied concentrations
reaches values lower than 1.0 mN/m, and the «comp Vvaries
between 0.7 and 0.8 m/mN, without statistically significant
differences among these surfactant concentrations.

Optimization of the Subphase Replacement for AFM
Imaging

For imaging the ultrastructure and topography of the
adsorbed surfactant film, subphase replacement is needed to
wash away the nonadsorbing phospholipid vesicles from the
droplet. Otherwise, the solid substrate for LB transfer would
be contaminated before the LB transfer, thus compromising
the quality of AFM imaging. A key parameter that affects the
subphase replacement process is the replacement volume. An
optimal replacement volume should be the minimum volume
capable of removing all nonadsorbing vesicles from the drop-
let, while effectively preserving the structure and functional-
ity of the multilayer structures of the adsorbed surfactant film
(27). For the Infasurf film adsorbed from a relatively low phos-
pholipid concentration of 1 mg/mL, our previous study has
determined the optimal subphase replacement volume to be
threefold (3X) of the droplet volume (27).

Figure 3 shows the optimization process for the Infasurf
film adsorbed from a phospholipid concentration of 10 mg/
mL. The reproducibility of these AFM images can be found
in Supplemental Figs. S2-S9. It can be seen that subphase
replacement from 5x to 20x volumes did not effectively
remove all vesicles. Large unilamellar and multilamellar vesic-
ular structures with a height range between 200 and 300 nm
were found to adsorb to the mica surface. With the 25x replace-
ment volume, the AFM images demonstrate well-organized
multilayer structures consisting of bilayer stacks of 60-90 nm
in height (see Fig. 4B for detailed topographic analysis). With
the 35x replacement volume, the adsorbed Infasurf film also
shows an organized multilayer structure. However, with fur-
ther increasing the replacement volumes to 40X and 45X, the
adsorbed Infasurf film depicts a primary monolayer conforma-
tion with only isolated multilayer protrusions, thus indicating
compromised multilayer structures due to excessive washing,
These AFM observations, therefore, collectively indicate that
the optimal subphase replacement volume for imaging 10 mg/
mL Infasurf is around 25x, which balances the sufficient re-
moval of nonadsorbing vesicles from the droplet and the effec-
tive preservation of functional multilayer structures.

L512

A similar optimization process has been performed for imag-
ing the Infasurf film adsorbed from 20 and 35 mg/mL surfac-
tant suspensions, respectively. As shown in Supplemental Fig.
S10, the optimal replacement volumes for 20 and 35 mg/mL
Infasurf were found to be 45x and 80x, respectively. Taking
together, a linear calibration curve has been produced to deter-
mine the optimal subphase replacement volume for imaging
adsorbed surfactant films, as a function of the subphase phos-
pholipid concentration (Supplemental Fig. S11).

Ultrastructure and Topography of the Adsorbed
Surfactant Film

Figure 4 shows the ultrastructure and topography of the
Infasurf film adsorbed from the surfactant concentrations of
1, 10, 20, and 35 mg/mL, respectively. As shown in Fig. 44, at
a low concentration of 1 mg/mL, the Infasurf film shows a
large number of uniformly distributed protrusions between 16
and 28 nm in height. Given the thickness of a fully hydrated
phospholipid bilayer to be around 4 nm (31), these protrusions
correspond to 4-7 stacked bilayers, in good agreement with
our previous observation of the adsorbed Infasurf film from
the same surfactant concentration, i.e., 1 mg/mL (27).

Increasing the surfactant concentration to physiologically
relevant levels, the adsorbed Infasurf film demonstrates sig-
nificantly larger multilayer structures both in the lateral and
height dimensions. These multilayer structures depict a
well-defined conformation of layer-by-layer assembly of
stacked bilayers with the height of the multilayers propor-
tional to the surfactant concentration of the subphase. The
height profile of these multilayers shows a stair-like struc-
ture with the height of each “stair” to be a multiplier of ~4
nm (i.e., the thickness of a single bilayer).

Figure 5 shows the statistical analysis of the maximum
height, the area fraction, and the surface area-averaged equiv-
alent number of phospholipid bilayers stored in the multi-
layers of the Infasurf film adsorbed from various surfactant
concentrations. Supplemental Fig. S12 shows an example how
bearing analysis of the AFM images was performed. The maxi-
mum height of the multilayer structure is 36, 96, 148, and 228
nm, corresponding to stacks of 9, 24, 37, and 57 lipid bilayers,
for the Infasurf film adsorbed from the surfactant concentra-
tions of 1, 10, 20, and 35 mg/mL, respectively. The area frac-
tion of the multilayers increases from 9% of the entire
surfactant film at 1 mg/mL, to ~70% at 35 mg/mL. The equiva-
lent number of phospholipid bilayers stored in the multi-
layers of the Infasurf film, averaged over the entire surface
area of the adsorbed Infasurf film, can be estimated from the
volume of all multilayer structures found in the Infasurf film
with a surface area of 20 x 20 um?®. The equivalent number of
phospholipid bilayers stored in the multilayers is found to be
0.7, 3.1, 3.9, and 4.6 bilayers for surfactant concentrations of 1,
10, 20, and 35 mg/mL, respectively.

DISCUSSION

High Phospholipid Concentration Optimizes Surface
Activity of the Surfactant Film during Normal Tidal
Breathing

Using CDS, we have studied the dynamic surface activity
of the Infasurf film adsorbed from surfactant suspensions at
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Figure 3. Ultrastructure and topography of the Infasurf film after de novo adsorption from a phospholipid concentration of 10 mg/mL. Atomic force mi-
croscopy (AFM) images of the adsorbed surfactant film were obtained after subphase replacement with buffer volumes from fivefold (5X) to 45-fold
(45x) of the original droplet volume. Images in the top and bottom rows show the three-dimensional (3-D) rendering of the corresponding two-dimen-
sional (2-D) AFM images shown in the middle rows. All AFM images have the same scanning area of 50 x 50 um. AFM images for 5x, 10x, 15x, and
20x have a z range of 200 nm. AFM images for 25x and 35x have a z range of 100 nm, whereas the z range for the images of 40x and 45x is 30 nm.
The 25x replacement volume was found to be an optimal subphase replacement volume because it efficiently removed the nonadsorbing vesicles
from the droplet and, meanwhile, preserved the multilayers of the adsorbed Infasurf film. Arrows indicate the heights of structures.

the physiologically relevant phospholipid concentrations,
i.e., >10 mg/mL (Fig. 2). Two conclusions can be drawn from
these biophysical simulations. First, the effect of surfactant
concentration on the dynamic surface activity of the Infasurf
film appears to be only important for the physiologically rel-
evant compression ratio of 15%. For 25% and 35% compres-
sion ratios, no statistically significant differences between
the ymin and xeomp can be found for surfactant concentra-
tions between 1 and 35 mg/mL. Numerous lung physiological
studies have demonstrated that variations in the alveolar
surface area during normal tidal breathing are less than 20%
and usually no more than 30% for a deep breath (13, 32, 33).
In contrast to the 15% compression ratio (Fig. 2A), the com-
pression-expansion cycles with 25% and 35% compression
ratios (Fig. 2, D and G) show apparent hysteresis areas. The
hysteresis between the compression and expansion branches
is a result of reversible film collapse (34), when the surfactant
film is compressed beyond 20% of its initial surface area, at
which the surface tension remains constant in spite of film

AJP-Lung Cell Mol Physiol « doi:10.1152/ajplung.00101.2023 - www.ajplung.org

compression. Such a phenomenon in in vitro biophysical
simulations of pulmonary surfactant is termed “overcom-
pression” of the surfactant film (17, 35), which is unlikely to
occur in vivo during normal tidal breathing since the hyster-
esis area indicates energy loss per cycle due to partial col-
lapse of the surfactant film (1). The hysteresis area, i.e., the
energy loss, for the Infasurf film at 15%, 25%, and 35% com-
pression ratios are calculated to be ~0.01, 0.05, and 0.09 pJ/
cycle, respectively.

Second, at the physiologically relevant 15% compression
ratio, the compressibility (kcomp) Of the Infasurf film
decreases with increasing surfactant concentration from 1 to
35 mg/mL. Film compressibility measures the “hardness” of
a two-dimensional film, with a lower compressibility indicat-
ing a “harder” film since the film is less compressible (36).
Hence, these data suggest that the adsorbed Infasurf film
becomes harder with increasing surfactant concentration.
This is an interesting finding because it indicates that the
surfactant concentration in the subphase influences the
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Figure 4. Ultrastructure and topography of the Infasurf film after de novo adsorption from phospholipid concentrations of 1 mg/mL (4), 10 mg/mL (B), 20
mg/mL (C), and 35 mg/mL (D). All atomic force microscopy (AFM) images were obtained with optimal subphase replacement conditions demonstrated in
Fig. 3 and Supplemental Fig. S12. Images in the /eft column show the topographic map of the Infasurf film adsorbed from various surfactant concentra-
tions. Each contour line of the topographic map connects points of equal height of the multilayers. All images have the same scanning area of 20 x 20
pum. The z range is 150 nm for images in A and B, and 400 nm for images in C and D. Images in the middle column show the three-dimensional (3-D) ren-
dering of the adsorbed Infasurf films, indicated inside the white boxes shown in the images on the /eft. To better illustrate the multilayer structures, the
corresponding topographic map was rotated in the clockwise direction by 45°. Images in the right column show the height profile of the multilayer struc-
tures indicated by the blue lines superimposed onto the 3-D rendering of the adsorbed Infasurf film.

dynamic surface activity of the surfactant film after de novo
adsorption at the air-water surface. Similar findings have
been reported in the literature (35, 37-39), but the biophysi-
cal mechanism responsible for the synergetic effect of the
surfactant concentration on the surface activity of the sur-
factant film is still unknown (40). Recently, using grazing
incidence X-ray diffraction (GIXD), Andreev et al. (41)
showed that increasing the subphase concentration of an
Infasurf film in a Langmuir film balance increases the lateral
area of an ordered phase in the surfactant film at the air-
water surface. This ordered phase resembles the properties
of a DPPC:cholesterol (3:1) monolayer (41), thus indicating
that it is the liquid-ordered (LO) phase in the surfactant
monolayer (1). Consequently, the decreased film compressi-
bility at high surfactant concentration found here might be,
at least in part, due to the formation of more LO phase at the
interfacial monolayer. It should also be noted that although
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the compressibility appears to increase with increasing the
film compression ratio from 15% to 35% (Fig. 2C vs. F and I),
it most likely does not indicate that the surfactant film
becomes “softer” with increasing compression ratio. This is
because the evaluation of film compressibility assumes no
molecules leave the surface, i.e., no film collapse (36).
Hence, the increase in film compressibility when increasing
the compression ratio to 25% and 35% is most likely linked
to film collapse instead of the hardness of the surfactant
film.

Multilayers of the Adsorbed Surfactant Film Act as a
Safety Net for Deep Breathing

Many in vitro studies have directly and indirectly demon-
strated that the adsorbed pulmonary surfactant film has a
complex conformation, consisting of an interfacial mono-
layer at the air-water surface and phospholipid multilayers
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Figure 5. Maximum height (nm), area fraction (%), and the area-averaged
equivalent number of bilayers of the multilayer structures of the Infasurf
film adsorbed from various subphase concentrations from 1to 35 mg/mL.
The equivalent number of bilayers stored in the multilayers was deter-
mined from bearing analysis of the atomic force microscopy (AFM) topo-
graphic images (see Supplemental Fig. S12 for technical details). *P <0.05
in comparison with Infasurf at the phospholipid concentration of 1 mg/mL.

closely and functionally fused with the interfacial mono-
layer (3, 27, 42-46). Hydrophobic surfactant proteins (SP-B
and SP-C) likely play an important role in stabilizing
the negative curvatures needed for membrane fusion (39,
47-49). Such a monolayer-multilayer fusion structure facil-
itates the rapid exchange of surface-active materials
between the monolayer and the multilayer, upon highly
dynamic compression-expansion cycles of the surfactant
film during normal tidal breathing (50, 51). Under patho-
physiological conditions of protein denaturation, such as
exposure to excessive nanoparticles (52, 53) or menthol-fla-
vored e-cigarette aerosols (54, 55), it was found that the
multilayer structure of the natural pulmonary surfactant
film was compromised and downgraded into a monolayer
confirmation. The change of surfactant film conformation
was found to be associated with in vitro biophysical inhibi-
tion of the surfactant film and acute respiratory failure in
animal models (56-58).

The present study showed that the ultrastructure and to-
pography of the adsorbed Infasurf film depend on the phos-
pholipid concentration of the surfactant suspension (Figs. 4
and 5). The multilayers of the Infasurf film adsorbed from a
surfactant concentration of only 1 mg/mL appear as individ-
ual spear-like protrusions uniformly distributed throughout
the surface of the surfactant film (Fig. 4A). Although each of
these protrusions could account for up to nine stacked phos-
pholipid bilayers, since they only have a limited surface cov-
erage (< 10%), the area-averaged equivalent number of
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phospholipid bilayers stored in these multilayers was found
to be only 0.7 (Fig. 5).

Using transmission electron microscopy (TEM), Schiirch
et al. (16) and Ochs (59) have shown convincing evidence
that a large portion of the surfactant film adsorbed to the
air-water surface of the alveolar-lining layer appears to be
multilayers with a varying number of 2-7 bilayers. AFM
images shown in the present study depict that the Infasurf
film adsorbed from physiologically relevant high surfac-
tant concentrations (between 10 and 35 mg/mL) are multi-
layers with an area-averaged number of 3-5 bilayers (Fig.
5). These AFM observations are in good agreement with
the TEM observations of the surfactant film at the alveolar
lining layer (16, 59).

Interestingly, it appears that the biophysical function of
the excessive lipids stored in the multilayers at high surfac-
tant concentrations is not to increase the dynamic surface
activity of the adsorbed surfactant film when the surface
area compression ratio is increased to supraphysiological
levels (i.e., 25% and 35% shown in Fig. 2). Rather, the benefi-
cial effect of the high surfactant concentration on surface ac-
tivity of the adsorbed Infasurf film only appears to be
significant at the physiologically relevant 15% compression
ratio, at which no collapse of the interfacial monolayer
occurs at the end of compression (Fig. 2, A-C). These experi-
mental results likely indicate that the biophysical function
of these multilayer structures formed after de novo adsorp-
tion is to act as a buffer zone to store surface-active materials
ejected from the interfacial monolayer under extreme condi-
tions such as deep breathing or forced breathing. Under
these conditions, the surfactant film is stretched beyond its
normal compression ratio, which occurs at the expense of
partial collapse of the interfacial surfactant film (Fig. 2, D
and G). Instead of losing these surface-active materials to the
subphase, e.g., in the form of small vesicular aggregates (60),
these materials can be temporarily absorbed by and stored
in the adsorbed multilayer structures. As a result, these
materials can respread back to the interfacial monolayer suf-
ficiently fast so that low surface tensions can be achieved in
the subsequent respiratory cycle immediately following a
deep breath.

In conclusion, using constrained drop surfactometry (CDS),
we have studied the biophysical properties, ultrastructure,
and topography of the pulmonary surfactant film adsorbed
from the subphase at physiologically relevant high surfactant
concentrations (i.e., 10-35 mg/mL). It was found that the effect
of surfactant concentration on the dynamic surface activity of
the Infasurf film was only important for the physiologically
relevant compression ratio of 15%. For supraphysiological
compression ratios, at which the surfactant film partially col-
lapses at the end of compression, no statistically significant
differences in the minimum surface tension and film com-
pressibility can be found between these high surfactant con-
centrations and a relatively low concentration of 1 mg/mL.
Atomic force microscopy (AFM) observed that the adsorbed
Infasurf film depicts a multilayer conformation consisting of
layer-by-layer assembly of stacked bilayers with the height of
the multilayers proportional to the surfactant concentration in
the subphase. At 35 mg/mL, the phospholipids stored in these
multilayer structures are equivalent to 4.6 lipid bilayers
throughout the entire surfactant film. Our experimental data
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suggest that the biophysical function of these multilayer struc-
tures formed after de novo adsorption is to act as a buffer zone
to store surface-active materials ejected from the interfacial
monolayer under extreme conditions such as deep breathing.
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