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Pulmonary surfactant facilitates breathing by forming a surface tension reducing film at the air–liquid
interface of the alveoli. The objective was to characterize the structure of surfactant films using endogenous
rat surfactant. Solid-support surfactant films, at different surface pressures, were obtained using a Langmuir
balance and were analyzed using atomic force microscopy. The results showed a lipid film structure with
three distinct phases: liquid expanded, liquid ordered and liquid condensed. The area covered by the liquid
condensed domains increased as surface pressure increased. The presence of liquid ordered phase within
these structures correlated with the cholesterol content. At a surface pressure of 50 mN/m, stacks of bilayers
appeared. Several structural details of these films differ from previous observations made with goat and
exogenous surfactants. Overall, the data indicate that surfactant films demonstrate phase separation at low
surface pressures andmultilayer formation at higher pressure, features likely important for normal surfactant
function.
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1. Introduction

The pulmonary surfactant system is essential for normal lung
function. By changing the surface tension at the air–liquid interface
during the respiratory cycle, surfactant stabilizes the lung and
facilitates inflation [1,2]. The prototypic disease in which this
important role is evident is neonatal respiratory distress syndrome
(NRDS) where surfactant deficiency is the primary cause of lung
dysfunction [3]. Administration of exogenous surfactant to the
premature lungs of these infants significantly improves lung function
and has decreased the mortality associated with NRDS [3]. Abundant
evidence indicates that surfactant alterations contribute to decreased
lung compliance and low blood oxygenation in other diseases such as
acute lung injury (ALI), ventilator associated lung injury, and lung
transplantation [4–6]. Roles for surfactant dysfunction have also been
described in cystic fibrosis, asthma, alveolar proteinosis, sarcoidosis,
idiopathic pulmonary fibrosis and other conditions (reviewed in [7]).
A fuller mechanistic understanding of surfactant's biophysical
function would facilitate the assessment of critical surfactant
alterations in the perspective of the pathophysiology of these different
diseases. The majority of studies investigating the manner in which
surfactant is compromised in pulmonary conditions utilize small
animal models of lung disease; thus, an understanding of surfactant's
structure-function relationship in laboratory animals such as the rat is
required [8–11].

Surfactant is composed of 90–95% lipids and 5–10% surfactant-
associated proteins and is relatively conserved among mammalian
species [12]. The active form of surfactant, the large aggregates (LA), is
isolated from lung lavage by differential centrifugation. Isolated LA
reduce surface tension values to near 0 mN/m in vitro and can restore
lung function in surfactant-deficient animals [13]. LA contain ~70%
phosphatidylcholine (PC), ~10% phosphatidylglycerol (PG), ~8%
cholesterol, ~10% surfactant associated proteins (designated SP-A,
SP-B and SP-C), and low levels of other lipids [14]. Further analysis of
the major lipid, PC, from different animal species has revealed a
characteristic molecular species profile, including 40–60% of the
disaturated species, dipalmitoyl-PC (DPPC) [15].

To accomplish its function, surfactant forms a lipid-rich surface
film at the air-liquid interface, which, upon compression, reduces
surface tension to very low values [12]. Based on the high levels of
disaturated phospholipids within surfactant, which by themselves can
reduce surface tension to low values upon compression, the original
mechanistic theory of surfactant function was that surfactant reduces
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alveolar surface tension by forming a monolayer of surfactant lipids
and subsequently enriching this film in disaturated lipids [12]. This
theory of a compositional alteration of the surface film has recently
been challenged [16,17]. One alternative theory is that a structural
rearrangement of surface components provides the crucial aspect in
surface tension reduction [2,18]. The majority of evidence for this
alternative mechanism stems from studies utilizing reconstituted and
exogenous surfactants. Data on surface film structures of endogenous
surfactant preparations is limited and is important to elucidate in
order to fully understand the complex biophysical behavior of this
lipoprotein mixture.

Therefore, the objective of our study was to characterize the
surface film structure obtained from isolated LA from normal adult
rats. Specifically, we utilized Atomic Force Microscopy (AFM) to
detect height differences between various regions of a surfactant film
at different surface pressures. These height differences are due to the
orientation and packing of the lipids within the surface film and allow
for the differentiation of the fluid liquid-expanded (LE) phase, the less
fluid liquid-ordered (LO) phase and the solid liquid-condensed (LC)
phase [2]. In addition, AFM will detect height differences due to the
presence of stacks of phospholipid bilayers.

2. Material and methods

2.1. Rat surfactant isolation

All procedures were approved by the animal use subcommittee at
the University of Western Ontario under the guidelines of the Canadian
Council of Animal Care. A total of 11male Sprague–Dawley rats (350 g to
450 g) were killed with intravenous administration of an overdose of
pentobarbital sodium after which an endotracheal tube was inserted.
The lung was lavaged through the endotracheal tube with 10 ml of
sterile 0.15 M NaCl solution, which was instilled and withdrawn three
times. Five separate lavages were performed and the combined volume
was recorded. The total lavage was centrifuged at 150×g for 10 min to
eliminate the cell debris to obtain total surfactant which was further
centrifuged at 40,000×g for 15 min to separate the large aggregates
(LA) pellet subfraction from the supernatant small aggregates (SA)
subfraction [13]. The LA subfraction was subsequently resuspended in
2 ml of sterile 0.15 M saline and stored at−20 °C.

2.2. Sample preparation

The rat LA samples were extracted according to the method of Bligh
and Dyer using chloroform:methanol (2:1 v/v) [19]. The chloroform
phase, which contains the hydrophobic surfactant components, was
dried under nitrogen gas followed by the reconstitution of the dried
samples in chloroform which contains ethanol as a preservative. The
aliquots were taken to determine the phospholipid concentration of
each extracted sample by Duck–Chong phosphorus assay [20]. The
remaining extracted LA was then dried in nitrogen gas and stored
at−20 °C for the following biophysical studies.

Acetone precipitation, to remove cholesterol, was performed on
the combined extract of 6 animals [21]. An aliquot of this pooled
extract was dissolved in chloroform and shell-dried inside a test tube.
Two milliliters of pre-chilled acetone, covering the entire lipid film,
was used to extract cholesterol at −20 °C for 48 h. Subsequently, the
sample was centrifuged at 250×g for 10 min and the acetone fraction
was decanted. The remaining film was dried and resuspended in
chloroform/methanol and aliquots were taken to determine the
phospholipid concentration of the sample by the Duck–Chong
phosphorous assay [20] and cholesterol concentration using a
commercially available free cholesterol kit (Free Cholesterol E,
Wako Chemicals, Richmond, VA). The remaining acetone precipitated
LA was then dried under nitrogen and stored at −20 °C for further
analyses. Preliminary studies using BLES (bovine lipid extract
surfactant) demonstrated that over 95% of the phospholipids-
phosphorous was recovered following this procedure.

Similar procedures of extraction and phosphorus and cholesterol
measurements were performed on the exogenous surfactant prepa-
ration BLES, which was a kind gift from BLES Biochemicals (London
ON, Canada).

2.3. Langmuir surface balance

Preparation of solid supported surfactant films was carried out
using a Langmuir balance (μ-trough, Kibron Inc. Helsinki, Finland) at
room temperature (24 °C±1 °C). A detailed description of the
experimental setup and procedures can be found elsewhere [18].
Briefly, the extracted samples from each group were reconstituted in
chloroform at a concentration of 1 mg phospholipid per ml. The
solutions were applied drop-wise using a micro-syringe on freshly
preparedMillipore deionized distilled water (≥18.2 MΩ-cm) (Milli-Q
quality, Millipore, Billerica, MA) in the polytetrafluoethylene (PTFE)
trough of the Langmuir balance to form a monolayer film. After
15 min, which allowed the chloroform to evaporate, the films were
compressed by a continuous PTFE ribbon at a rate of 8 Å2/chain/s and
the surface pressure was continuously monitored and recorded by a
Wilhelmy plate to generate the surface pressure (π)-area (A)
isotherms. Note that the recorded data represents surface pressure,
which is defined as the surface tension of the clean surface minus the
surface tension of the sample [22]. The films were deposited on
previously submerged mica, which was cleaned by multiple exfolia-
tions, by lifting it up from the water phase at constant surface
pressures of 10 mN/m, 20 mN/m, 30 mN/m, 40 mN/m or 50 mN/m,
using a rate of 2 mm/min that resulted in a transfer ratio of 1.

2.4. Film imaging by AFM

A MultiMode™ scanning probe microscope (MM-SPM) (Digital
Instruments, VeecoMetrology Group, Group, Santa Barbara) was used
to study the structures of the surfactant films in air. The films were
scanned with a J-type scanner using contact mode for the films
obtained at pressure 10–40 mN/m and, based on preliminary
experiments and to avoid damage to the surface film, in tapping
mode for the films at 50 mN/m. A silicon nitride cantilever with a
spring constant of 0.12 N/mwas used for contact mode imaging and a
silicon probe with fo=301–365 kHz was used for tapping mode
imaging. The images were analyzed using Nanoscope 5.30r3sr3 and
ImageJ (NIH). Different regions of each samplewere imaged at various
magnifications. All images were taken at the resolution of
512×512 pixels. Specific height-phase correlations were based on
previous studies using lipid mixtures and exogenous surfactants
[2,23,24].

2.5. Phospholipid profile determination: electrospray ionization mass
spectrometry (ESI-MS)

The phospholipid profile of extracted LA samples was analyzed
directly by ESI-MS for molecular mass by infusion [25]. The samples
were prepared by resuspending extracted LA in chromatographic
grade chloroform:methanol (1:3) to a final concentration of
0.5 nmol/μL. The internal standards dimyristoyl-PC and diacetylene-
phosphorylcholine were added at a concentration of 0.05 nmol/μL.
Thus, the final molarity of the sample was 0.700 nmol/μL. The
injection solvent was 70:20:8:2 MeOH: CHCl3: water: NH3 at a flow
rate 40 μL/min. Mass spectrometry was performed on a triple
quadrupole mass spectrometer (Micromass, Beverly, MA, USA)
equipped with a Z-spray source to analyze the PC species. Calibration
was performed with NaI. MassLynx 4.0 (Micromass, Manchester,
England) software was used to acquire the data. The phospholipid
profiles were expressed as the mole percentage of individual PC
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molecular species which were identified by their specific molecular
weight.

2.6. Data analysis

AFM images were analyzed using Nanoscope 5.30r3sr3 for height
analysis and ImageJ for area analysis. The data for each group were
based on the measurements from at least 3 samples. Each sample was
analyzed at 3 resolutions: 50 μm×50 μm, 20 μm×20 μm,
10 μm×10 μm. All values reported from all the experiments are
expressed as mean±standard error (SE). Comparisons between
different surface pressures, as well as comparisons among the three
different experimental groups, were analyzed by one-way analysis of
variance (ANOVA) followed by Tukey's post hoc test. The statistical
software utilized was Graphpad Prism and p values less than 0.05
were considered significant.

3. Results

All animals were utilized to obtain surfactant LA for surface film
analysis. In addition, four animals underwent a pressure volume curve
analyses and their lavages were analyzed for surfactant pool size
information to reflect the baseline characteristics of these animals. On
average the volume of air inflated into the lungs of these animals at
the maximum pressure of 26 cmH2O during the pressure volume
curve analysis was 33.1±2.3 ml/kg. The amount of surfactant
recovered in the lavage from these animals was 4.5±0.3 mg
phospholipids/kg consisting of 2.3±0.2 mg/kg LA, with the remain-
der being SA.

Chloroform extracted LA samples, containing the hydrophobic
surfactant components consisting of phospholipids, cholesterol and
the surfactant associated proteins SP-B and SP-C, were utilized to
obtain Surface Pressure–Relative Surface Area (π-A) compression
isotherms. Fig. 1 shows such isotherms from 3 individual animals.
Samples were spread on the water surface up to a surface pressure
just below 10 mN/m and during subsequent compression, the surface
pressure increased (i.e. the surface tension decreased) as a function of
the reduction in surface area. At the start of surface area reduction, the
surface pressure increased rapidly in response to the compression. At
a pressure of approximately 40 mN/m a plateau was observed in
which changes in area only led to a slight increase in surface pressure.
Subsequent to this plateau, surface pressure once again increased
more rapidly with a decrease in surface area. These features were
consistently observed for all three individual samples.

In order to study the structural correlates to these changes in
surface pressures up to the plateau pressure, surface film samples
Fig. 1. Surface pressure-relative area (fraction of initial area) (π-A) compression
isotherms were prepared from three individual samples obtained from normal
Sprague–Dawley rats.
were deposited on mica at surface pressures 10, 20, 30, 40 mN/m and
analyzed by AFM. Typical AFM images, at two different magnifica-
tions, are shown in Fig. 2 with height quantification results of the
images shown in Table 1. Overall, the images of the rat LA films exhibit
coexistence of several phases. At surface pressures 10, 20 and 30 mN,
several different structural features are observed. Based on the
current literature, the darker (lower) region can be assumed to be
the more fluid liquid-expanded (LE) phase [26]. Scattered within this
LE phase are micrometer-sized domains that are approximately
0.7 nm higher than the LE phase, indicative of the less fluid liquid-
ordered (LO) phase as previously described [2,23,24]. Within these
micro-domains are areas of higher regions, termed domains-within-
domains, which are approximately 1.1 nm above the LE phase
suggesting they represent the liquid-condensed (LC) phase. In
addition, there are nanometer size domains within the LE phase
which, based on their height are also reflective of the LC phase.
Whereas these three phases are consistently observed up to a surface
pressure of 30 mN/m, only LE and LC phases were observed in the
samples analyzed at 40 mN/m.

Quantification of the size and area covered by micro-domains, and
area covered by nano-domains, is shown in Table 2. The average size
of the micro-domains was not significantly different among the
different surface pressures and was in the range of 10–25 μm2. The
30 mN/m

40 mN/m

Fig. 2. Representative AFM images of the normal rat LA samples. The images were
obtained at different surface pressures varying from 10 to 40 mN/m as indicated on the
figure. The left panel represent images of 50 μm×50 μm, and the right panel are of
10 μm×10 μm. Higher areas are indicated by lighter colors.

image of Fig.�2


Table 2
Size and area covered by domain structures of normal rat LA at different surface
pressures.

Surface pressure
(mN/m)

Micro-domains
size (μm2)

Micro-domains area
covered (%)

Nano-domains area
covered (%)

10 16.1±4.3 27.2±3.3 4.5±0.5
20 10.4±2.1 45.2±1.3* 2.0±0.5*
30 15.5±1.2 44.5±1.5* 2.4±0.3*
40 25.4±6.3 61.8±4.9*# 0.7±0.07*#

Average±SEM, n=3 animals/group with multiple images analyzed for each animal.
*=pb0.05 versus 10 mN/m, #=pb0.05 versus 30 mN/m.

Table 1
Height differences of micro and nano-domains of normal rat LA at different surface
pressures.

Height (nm) relative to liquid-expanded phase

Surface pressure
(mN/m)

Micro-domains Domain-within-Domain Nano-domains

10 0.57±0.057 1.1±0.04 1.3±0.08
20 0.72±0.048 1.1±0.08 0.98±0.11
30 0.82±0.039 1.1±0.03 1.2±0.17
40 1.19±0.132 NA NA

Average±SEM, n=3 animals/group with multiple images analyzed for each animal.
NA=not applicable.
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area covered by these domains increased with increasing surface
pressure, reaching statistical significance at 20 and 30 mN/m
compared to 10 mN/m, and at 40 mN/m compared to all other surface
pressures. The nano-domains were relatively uniform in size and
covered a small percentage of the area at 10 mN/m (4.5%). This area
covered by nano-domains decreased significantly with increasing
surface pressure such that at 40 mN/m nano-domains covered less
than 1% of the surface area (Table 2).

The AFM images obtained at 50 mN/m are shown in Fig. 3. At this
pressure, height differences observed within the surface film become
much larger than those observed at the lower pressures due to the
formation of multilayers. Height analysis indicates that the lighter
colored regions are either approximately 4, 8 or 12 nmhigher than the
surrounding areas, which is reflective of the formation of one, two or
three stacks of bilayers.

One of the surprising structural features of our rat surfactant
extract was the presence of the domain-within-domain feature at low
surface pressures. Such structures were not observed in goat
surfactant or BLES [18,27], however those samples contain relatively
low levels of cholesterol. In order to test if the levels of cholesterol
within rat surfactant were responsible for these domain-within-
domain structures, we performed acetone precipitation to lower the
cholesterol concentration from 7.4% to 3.3% (w/w%). In order to
examine the effect of acetone precipitation on the composition of the
major phospholipid species, phosphatidylcholine, compositional
20*20 µm 6*6 µm

Fig. 3. Representative AFM images of the normal rat LA samples at 50 mN/m. Images at
corresponding to one and multiple bilayers.
analysis by mass spectrometry was performed. A sample of BLES,
which contained 3.7% cholesterol was also examined as a control. The
results in Table 3 show that there was no significant difference in the
molecular species of PC between the acetone precipitated rat LA and
the normal rat LA. Interestingly, comparison of the rat surfactant with
BLES indicates a significantly higher proportion of disaturated PC
species in rat surfactant. The PG species of two acetone precipitated
rat LA samples and two of the normal rat LA samples also showed
similar profiles but could not be analyzed statistically due to the low
n-value (data not shown).

Representative AFM images of normal rat LA, acetone precipitated
rat LA and BLES at 20 mN/m are shown in Fig. 4. The images of the rat LA
demonstrated the domain-within-domain structures as described
above whereas in the images of acetone precipitated rat LA this feature
was not present; the samples showed coexistence of only two different
liquid phases. Themicro-domains of rat LA and acetone precipitated rat
LA covered a similar surface area (45.2%±1.3 versus 38.9%±6.7,
pN0.05), however, the domain size was significantly larger in the
acetone precipitated samples (21.3 μm2±7.8 versus 10.4 μm2±2.1,
pb0.05) and was significantly higher (1.5 nm±0.05 versus
0.7 nm ±0.05, pb0.05). It should also be noted that a number of very
bright spots, approx 15 nm in height and usually at the edges of the
micro-sized domains, were observed in the acetone precipitated
samples; the nature of these spots is unknown. Further, comparison of
normal rat LA and acetone precipitated rat LA at different surface
pressures is shown in online supplemental Fig. 1. The results show
similar patterns as described for surface pressure 20 mN/m. Examina-
tion of BLES at 20 mN/m showed the coexistence of two lipid phases,
similar to the acetone precipitated samples (Fig. 4). In general, BLES
samples contained fewer micro-domains and more nano-domains. The
abundance of these structures was not quantified in the current study
but has been reported previously [18].
4. Discussion

Since rats are utilized extensively for studies on lung diseases [8–11],
and since alterations of surfactant may be a mechanism leading to lung
dysfunction [6,28], the objective of our study was to characterize the
structural features of normal rat surfactant interfacial films at different
surface pressures. Overall, this study demonstrated that rat surfactant
films compressed up to 40 mN/m surface pressure showed a lipid film
structure with three distinct phases: liquid expanded phase (LE), liquid
orderedphase (LO) and liquid condensedphase (LC) [26],with themore
solid LC domains increasing in area coverage with increasing surface
pressure. The novel finding of the presence of the LO phasewithin these
structures appears to be related to the endogenous levels of cholesterol
within the rat surfactant, since reduction of the cholesterol led to the
disappearance of this phase. At surface pressure 50 mN/m these domain
features were no longer observed and the film appeared to be a single
phase, likely LC, with stacks of multilayers.When interpreting this data,
2 Bilayers ~8nm

Bilayer ~4nm

Multiple bilayers

20 μm×20 μm and 6 μm×6 μm are shown with arrows indicating height differences



Table 3
Phosphatidylcholine profiles from BLES, the normal Rat LA and Acetone precipitated Rat
LA.

Mass Species BLES Normal Acetone precipitated

706 PC16:0/14:0 8.38±0.08 13.84±0.26* 14.35±0.78*
730 PC14:0/18:2 0.49±0.08 0.48±0.10 0.60±0.40
732 PC16:0/16:1 12.49±0.20 9.21±0.43 12.80±4.67
734 PC16:0/16:0 38.97±1.15 58.50±0.74* 58.39±8.55
756 PC16:1/18:2 0.15±0.07 0.19±0.11 0.23±0.19
758 PC16:0/18:2 5.18±0.19 3.01±0.23 3.80±1.57
760 PC16:0/18:1 24.36±0.66 3.21±0.59* 4.47±1.27
762 PC16:0/18:0 3.34±0.25 3.67±0.39 2.53±0.18
778 PC14:0/22:6 0.02±0.02 0.12±0.06 0.01±0.01
780 PC16:1/20:4 0.08±0.02 0.13±0.03 0.09±0.08
782 PC16:0/20:4 0.43±0.05 1.12±0.29 0.56±0.26
784 PC18:1/18:2 0.92±0.13 0.80±0.16 0.22±0.20
786 PC18:0/18:2 2.69±0.20 0.52±0.21* 0.34±0.22*
788 PC18:0/18:1 1.29±0.07 0.66±0.20 0.22±0.15*
790 PC18:0/18:0 0.33±0.08 0.37±0.07 0.45±0.25
806 PC16:0/22:6 0.09±0.06 1.06±0.33 0.14±0.06
808 PC18:1/20:4 0.23±0.06 0.08±0.05 0.07±0.02
810 PC18:0/20:4 0.25±0.04 0.24±0.14 0.17±0.10
812 PC18:0/20:3 0.12±0.04 1.54±0.19 0.27±0.05
814 PC18:0/20:2 0.04±0.03 0.72±0.18 0.10±0.06
816 PC18:0/20:1 0.04±0.02 0.36±0.13 0.09±0.05
818 PC18:0/20:0 0.10±0.03 0.17±0.01 0.11±0.04

Data are presented as molar percentage of PC species. Values are an average of three
measurements and are expressed as mean±SE. *=pb0.05 compared to BLES.
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it should be noted that due to the restriction of themechanical design of
the Langmuir balance, the surfactant film could not be compressed to
higher surface pressures, and the rate atwhich thefilmwas compressed
is relatively low. In addition, all of the films were prepared at room
temperature on the surface of a water subphase and deposited onmica,
both of which may influence the behavior of these films [29].

Compression of rat surfactant lipid extracts on the Langmuir–
Wilhelmy surface balance resulted in increased surface pressures to
Rat LA

Acetone 
precipitated 

Rat LA

BLES

50*50µµm 10*10µm

Fig. 4. Representative AFM images of the normal rat LA sample, acetone-precipitated rat
LA and BLES at 20 mN/m. Images at 50 μm×50 μm and 10 μm×10 μm are shown.
approximately (~40 mN/m), followed by a plateau at which com-
pressions only resulted in small increases in surface pressure. It has
previously been shown that following this plateau is a more rapid
increase in surface pressure to values thought necessary to stabilize
the lung [2,12]. Previous studies have investigated the phase behavior
of these types of films using fluorescence microscopy [30,31]. In the
current study the physical/structural events occurring within the
surface pressure-area isotherms were clarified by AFM. This method
provides information on phase separation based on height differences
within the film, with a higher resolution than fluorescence micros-
copy and without inclusion of external probes. AFM also allows the
detection of multilayer formation. Specific height-phase correlations
have been characterized using lipid mixtures [2,23,24]. The AFM
images of rat surfactant demonstrated a general progression of phase
separation and domain formation at low surface pressure, increases in
the surface area covered by domains with increased surface pressure,
and finally bilayer/multilayer formation during the plateau of the
surface pressure area isotherm. Together with previous studies
[18,27], these results support the overall concept that in order to
reduce surface tension surfactant forms distinct lipid domains
enriched in disaturated lipids that upon further compression lead to
the exclusion of lipid bilayers from the surface film which may
reinsert upon expansion. Beyond the support for the general concept,
rat surfactant also provided several distinct structural characteristics
which will be further discussed below.

While a number of previous studies have provided insight into
surfactant film structure via AFM and other techniques based on
reconstitution of the major lipids and proteins of surfactant [23,32,33],
we have focused on the compositionally more complex situation of
chloroform-extracted endogenous surfactant. In this specific area of
investigation, the majority of studies have been performed on animal
derived exogenous surfactant preparations such as the bovine prepa-
ration, BLES, and the porcine derived surfactant, Curosurf [18,34–36]. A
thorough AFM examination of the surface film structure of BLES and
several other clinical surfactant preparations at different surface
pressures has been reported [18,36]. Due to their clinical purpose,
isolation and processing of such preparations is quite different than
those used to simply isolate endogenous surfactant from a rat. For
example, Survanta and Curosurf are produced from minced lung
extracts which have been supplemented with DPPC and other
components. The bovine preparations, Calfactant and BLES, are
exogenous preparations made from lavage material and are more
closely related to the rat surfactant since they also contain the complex
surfactant lipid profile and the hydrophobic surfactant proteins SP-B
and SP-C. Comparisons of the rat surfactant films and the reported
structures of themost thoroughly analyzed exogenous surfactant, BLES,
at pressures up to 40 mN/m indicate marked differences. The first
difference was that the present study demonstrated an increase in area
covered by micro-domains with increasing surface pressure up to
40 mN/m, whereas BLES samples exhibited a decrease in micro-
domains with a corresponding increase in nano-domains with
increasing pressure [18,36]. In spite of the apparent difference in the
relative percentage of themicrometered and nanometered LC domains,
the total area covered by LC domains in rat surfactant is consistent with
the portion of disaturated phospholipid. As shown in Table 2, at
40 mN/m, approximately 60% surface monolayer was covered by LC
domains. This percentage is likely related to the percentage of
disaturated phospholipids in the surfactant. As such, the high
percentage of area covered for rat surfactant is consistent with it
containing 58.5±0.74% DPPC (Table 3) whereas BLES, which con-
tains ~40% DPPC, had ~40% of its surface monolayer covered by LC
domains (both micro-domains and nano-domains) at 40 mN/m [18].
These findings consistently suggest that selective film refining does not
occur at the interfacial monolayer, at least up to a moderately high
surface pressure of 40 mN/m [2,18]. The comparison of chemical
composition and film organization between BLES and rat surfactant
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also suggests that the formation of micro-domains and nano-domains,
and the conversion from one into another, within the surfactant
monolayers is a much more complicated process than previous
suggestions of it being only affected by surface pressure and cholesterol
[18,36–38]. The specific phospholipid profile (relative percentage of
saturated and unsaturated phospholipids) and the level of surfactant
proteins may also contribute to the micro and nano domain formation
within the surfactant monolayer.

The second distinct structural feature observed in the rat samples
but not in BLES, was the domain-within-domain structure observed at
low surface pressures. The height differences suggest that these
domains-within-domains represent areas of LC phase within a lipid
domain in the LO phase. The progression over different surface
pressures indicates that the LO phase micro-domains become more
ordered leading to a LC phase without domains-within-domains at
40 mN/m, immediately prior to the plateau pressure. We relate this
unique domain-in-domain feature to the cholesterol levels present in
rat surfactant based on two lines of evidence. First, a previous study
from our group has demonstrated that the addition of a non-
physiological amount of cholesterol to BLES resulted in domain-
within-domain structures [39]. Second, reduction of the cholesterol
from rat surfactant by approximately 50%, without changing the
phosphatidylcholine profile, resulted in disappearance of the domain-
in-domain feature. Elevated cholesterol has recently been implicated
with impaired surfactant function [40,41]. Studies by the Amrein
group led to the suggestion that high cholesterol levels inhibit
surfactant by preventing the monolayer to multilayer transition [42].
Furthermore, the domain-within-domain feature was previously only
observed at cholesterol levels above the normal physiological levels
[39]. In the current study, the amount of cholesterol simply
represented the amount endogenously present within this surfactant,
and was associated with the domain-within-domain features and
multilayer formation. The conclusion that can be made from these
observations is that this domain-within-domain feature itself is not
directly responsible for surfactant inhibition by cholesterol.

To our knowledge, only one other study on endogenous surfactant
has been reported [27]. Surfactant LA were isolated from goat lavage
fluid and the extracts of these LA were analyzed for composition and
structure by AFM. Surprisingly, the goat surfactant had only 0.6%
cholesterol, by far the lowest levels of cholesterol reported for a
mammalian species. Since the study did not analyze the domain
structures and height quantitatively and/or statistically, detailed
comparisons with rat surfactant are difficult to make. However, the
representative images shown had some interesting features com-
pared to rat surfactant. For example, the authors reported the
presence of circular domains up to a surface pressure of 20 mN/m,
but above these pressures the domains no longer remained round,
whereas rat surfactant samples showed generally round domains. The
authors suggested these shapes were the result of reduced line
tension at the edges of the domain as a consequence of the low
cholesterol values, although it should be noted that the relation
between line tension, cholesterol levels and surface pressure is
complex [38]. Another difference with our rat LA films was that no
domains-within-domains were observed within the goat surfactant
films, which, considering the low levels of cholesterol, is consistent
with our interpretation of the role of cholesterol in the formation of
these structures.

In conclusion, analysis of the structural features of rat surfactant by
AFM led to phase separation at low surface pressures and multilayer
formation at higher surface pressure. At low pressures we observed a
novel domain-within-domain feature which was related to choles-
terol levels. Previous reports demonstrated phase separation at the
lower pressures, however the shape, size and/or area covered by these
domains is different among different preparations. These results
imply that the presence of a sufficient area of LC domains of lipid
within the film, but not the size and shape of these domains, is
sufficient for monolayer-to-multilayer transition and that multilayer
formation represents the critical functional process at high surface
pressures among the surfactant from different sources. In addition,
the structural analysis of rat surfactant may provide a reference point
for other studies to investigate the structural correlates of surfactant
dysfunction in models of ALI and other pulmonary diseases.

Supplementarymaterials related to this article can be found online
at doi:10.1016/j.bpc.2011.06.001.
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