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1. ABSTRACT

2. INTRODUCTION

A molecular film of pulmonary surfactant covers
the hydrated lung epithelium to the air. We recently showed
that the film exhibits a locally strongly variable electrical
surface potential of up to several hundred millivolts. The
potential arises from aligned molecular dipoles of the
molecules. In the case of the complex structural
organization of the phase-separated film of pulmonary
surfactant, a map of the local surface potentials allows
insight into the local distribution and order of its molecular
constituents. Here, we summarize our recent findings and
discuss how the electrical surface potential influences the
architecture of the film but also changes the way how the
lung interacts with the environment.

2.1. Function and composition of pulmonary surfactant
Pulmonary surfactant forms a molecular film at
the air-water interface of the hydrated air-alveolar interface.
Surfactant is secreted by the alveolar type II epithelial cells
as lamellar bodies (1, 2, 3). It evolves into tubular myelin
and adsorbs to the air-water interface and forms a tightly
packed molecular film. This film reduces the surface
tension of a free air-water interface of about 70 mN/m to an
equilibrium value of about 23 mN/m. As the area of the
alveolar interface decreases upon expiration, the molecular
film contracts and the surface tension drops further. Direct
measurements in the lung revealed a surface tension of
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almost zero at residual lung capacity (4). During tidal
breathing, it stayed well below 10 mN/m (5).

proteins that play a minor role for surface activity.
Cholesterol is removed from BLES during purification. We
re-added cholesterol to some of the preparations to study its
effects (23, 31, 32, 40, 41 and see also below).

Phospholipids are the primary surface tension
lowering
components
in
surfactant.
Phosphatidylcholines (PC) represent 80% of its mass.
Half
of
the
PC
is
the
disaturated
dipalmitoylphosphatidylcholine (DPPC); 5–10% by
mass is the negatively charged phosphatidylglycerol
(PG) (6). In a pure film, DPPC permits surface tension
reduction to near zero values upon compression. A
significant amount of phosphatidylglycerols (PG) or, in
some cases, phosphatidylinositols (PI) suggests an
important role for either one or both of these negatively
charged phospholipids as well (7, 8). PG and PI have
been shown to improve the adsorption of surfactant to the
interface.

For microscopy, the suspensions were spread at
the air-buffer interface of a Langmuir trough into molecular
films. After adjusting the area covered by the film until a
defined surface tension was reached, the films were
deposited on freshly cleaved ruby mica substrate using the
Langmuir-Blodgett technique as described (31).
Topographical images were collected in air with a
NanoWizardTM AFM (JPK Instruments AG, Berlin), and
surface potential maps were acquired as described below
and in (31, 32).
Artificial or natural pulmonary surfactants that
are functional in the sense that they can reduce the
surface tension of an air-water interface close to zero
show a pattern of bare monolayer and scattered
multilayer regions on top of the monolayer (Figure 1,
left) (9, 31, 42). Most of the time the height within
stacks increases in increments of about 4 to 5 nm or
multiples thereof. This is indicative that each layer
consists of a lipid bilayer patch. For the films containing
20% cholesterol, stacks of multilayers or protrusions are
missing almost entirely (Figure 1, right) (31, 40). The
monolayer-bilayer conversion appears to be a well
defined process with the involvement of either one or
both hydrophobic surfactant associated proteins. This
process is inhibited by excess of cholesterol and
protrusions formed under this condition lack the defined
protein-lipid complex structure of the functional films.

Pulmonary surfactant contains two watersoluble (SP-A, SP-D) and two hydrophobic surfactantassociated proteins (SP-B, SP-C). The latter two are
permanently associated with the lipids of surfactant.
Mixed films that also contain SP-C and/or SP-B can
sustain a very low surface tension equally well as pure
DPPC films. The proteins SP-C and –B efficiently
recruit the lipids to the interface and promote more
effective film organization. They are also responsible
for the cohesiveness and mechanical strength of the film
(8, 9, 10, 11, 12, 13, 14,15, 16). Cholesterol is present
with 5-10 % by mass (10-20 mol %) and constitutes the
major fraction of the neutral lipids.
Lack of surfactant or dysfunctional surfactant
is associated with high surface tension strongly impaired
lung function. Pre-term infants do not have sufficient
mature surfactant and as a result develop Respiratory
Distress Syndrome (RDS) in a gestational age dependent
manner. These neonates are treated by intra-tracheal
administration of exogenous surfactant, spread from a
bolus of a highly concentrated aqueous suspension.
Notwithstanding the great success of this treatment,
RDS remains one of the leading causes of the neonatal
morbidity and mortality. In adult respiratory distress
syndrome (ARDS), pulmonary surfactant is not lacking
but functionally impaired. This coincides with an
increase of cholesterol in surfactant to about 20% by
weight or twice to four times its physiological level both
in animals and humans (17, 18, 19, 20, 21, 22). We
found for such an elevated level that cholesterol alone
can fully account for the inhibition observed in ARDS,
and the lowest surface tension observed by us was 16
mN/m (23).

To understand, why bilayer stacks are required
for function, they may be ascribed a mechanical role,
similar to the role of reinforcing elements in preventing
a thin plate from collapsing under lateral compression
(43). In this analogy the surface tension is equivalent to
an external lateral pressure compressing a plate and the
molecular film is the continuum plate. The film will
buckle above a critical compression. Buckling has been
described as mode of failure for pulmonary surfactant
(29). Qualitatively, having lipid bilayer patches on the
surface breaks the large areas into smaller patches.
According to the elastic theory, for a given cross section
(or film thickness) the critical compression increases
strongly with a decrease in size of the elements (43).
In order for the bilayer stacks to be mechanically
reinforcing, they must be cross-linked to the monolayer.
Otherwise, they will separate from- or glide over the
monolayer area reduction and have no mechanical
effect. Both hydrophobic proteins, SP-C and SP-B are
likely acting as the cross-linkers (e.g. 9, 31, 44, 45, 46).
In agreement with this proposed function, artificial or
animal extract surfactants depend on the presence of
either one or both hydrophobic proteins in order to
lower the surface tension to a physiological low level.
Cholesterol inhibits the monolayer-bilayer conversion and
thus
brings
about
failure
of
function.

2.2. Structure of pulmonary surfactant
The exceptional stability of functional surfactant
and failure in case of disease is an active field of research
(9, 23 ,24, 25, 26, 39). In our recent studies, summarized in
this review, we used lipid extract surfactant from bovine
lung lavage (BLES). BLES is a surfactant representative of
mammalian species and is currently used in hospitals as a
surfactant replacement. It lacks the water soluble surfactant
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Figure 1. Reproduced with permission from Lanmuir. AFM topography of bovine lipid extract surfactant (BLES) films on mica
with 5% (left) and 20% cholesterol by weight (right). Topographical height is displayed in levels of gray with lower regions
being darker. The topography of BLES films with 0% is similar to 5% cholesterol (not shown). The films were formed at the airwater interface of a Langmuir trough and the area reduced until a film pressure of 47 mN/m was reached (corresponding to a
surface tension of 26 mN/m). For the microscopy, the films were transferred onto a mica support by the Langmuir-Blodgett
technique. For both conditions, the entire interface is covered by at least one monolayer of lipids (dark gray background). Bright
patches are stacks of lipid bilayers on top of the monolayer as indicated by a prevalent step height of about 4 to 5 nm. The insert
in Fig 1, left, is a pseudo three-dimensional representation (size 2.5 μm by 2.5 μm). Multilamellar structures are mostly absent in
the film on the right. Reproduced with permission from 41.
surfactant films that physiologically occur at the lung’s
interface to the air. Most macromolecular, biological
systems reside in an aqueous environment, however. There
local surface charge distribution may be explored by a
method, related to KPFM (56).

3. THE ELECTRIC SURFACE POTENTIAL OF
PULMONARY SURFACTANT
3.1. Measuring the electric surface potential
In 1861, the Scottish scientist Lord Kelvin
introduced the Kelvin Probe method, to obtain an averaged
(spatially not resolved) measure of the potential of
interfaces (47). The Kelvin Probe method is a non-contact,
non-destructive method to investigate properties of
materials. Kelvin-Probe Force microscopy extends this
principle to map the local surface potential with high
spatial resolution rather than just globally measure the
average potential of a film. Kelvin probe force microscopy
(KPFM) is a scanning probe technique capable of mapping
the local surface potential or surface charge distribution
with spatial resolution. KPFM, also known as surface
potential microscopy, is a noncontact atomic force
microscopy (AFM), in which the electrostatic interaction is
minimized by application of an appropriate bias voltage
during imaging topographic imaging using the same
principle as a macroscopic Kelvin probe method. With
KPFM, the work function or surface potential can be
resolved with lateral resolution at nm scale (48, 29, 50, 51).
To date, KPFM on organic films has been successfully used
to study amphiphilic molecules, and a biological membrane
(52, 53, 54, 55). KPFM is designed to map the surface
potential of an interface to the air or vacuum. KPFM is
therefore particularly well suited to investigate pulmonary

In our studies, two different implementations of
this scheme were used (31, 41). In one method AFM
topography was on the scanning trace, and on the retrace
the probe was lifted and scanned around 50 nm above the
sample surface (Figure 2). During the Kelvin scan (retrace)
superimposed dc voltage and ac voltages were applied
between the probe and the sample. In this approach when
the probe interacts with the sample surface and feels
electrostatic interaction, the probe starts oscillating
mechanically. To nullify this mechanical oscillation and the
electrostatic forces, which cause it, additional dc voltage is
applied to the probe, which gives the measure of changes in
the surface potential during the scan (57).
The other method allows for simultaneous
collection of AFM topography and KPFM images (Figure
4). This method is called Frequency Modulated Kelvin
Probe Force Microscopy (FM-KPFM) and was recently
developed in the group of Dr. L. Eng, sample (48, 49, 50).
This method allows simultaneous recording of topographic
and local surface potential images with high resolution and
high sensitivity, and is not affected by the sharpness of the
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Figure 2. Overview of a film of BLES that contains no cholesterol. The topographical image (left, cross section below) shows
the above described (Figure 1) pattern of monolayer (dark brown) and scattered multilayer regions (brighter colors). In the
potential map (right and cross section below) large stacks of bilayer patches are at a potential of up to 200 mV above the
monolayer. Brighter hues indicate a more positive surface potential with respect to darker hues) The arrows in the topographical
image and in the potential map point to a region, where the topographical height does not change but the potential shows two
distinct levels. Reproduced with permission from 31.
probe or the distance from the sample. The FMKPFM technique is based on frequency modulation, which
is measured during the scan, instead of amplitude
modulation as described above.

the strength of the molecular dipoles in direction
perpendicular to the interface mu, the dielectric constant
episilon and the packing density or area, covered by each
molecule A. For phospholipids, contributions have been
ascribed to various regions of the molecules, each in its
own dielectric environment; the head-group region, the
aliphatic tail and the terminal methyl group (58). Hydration
and, hence, a high dielectric constant in this region, will
make the contribution of the head group to the overall
surface potential small (58).

Both methods revealed similar potentials for
corresponding film areas (31, 41). From this, we conclude
that mapping the electrical surface potential of pulmonary
surfactant is reliable and reproducible. KPFM also proofs
to be a high resolution microscopy for the surfactant films.
The potential map shows structures as small as about 50 nm
(Figure 4). This may indeed reflect the smallest electrical
domains in these films, and the highest resolution offered
by KPFM has been shown to be better than 50 nm (48, 57).
A high signal to noise ratio in the potential maps allows
distinguishing electrical domains in an unambiguous
manner. The dynamic range of the potential for all maps
shown in this review exceeds 100 mV and is thus at least
two orders of magnitude larger than the minimum
difference in potential that can be resolved by our
instruments (48).

Note that a free air-water interface exhibits a
surface potential too, because of an alignment of water
molecules at the interface (59). However, at surface
tensions as low as used in the reviewed studies, the
interface is fully covered by the surfactant molecules with
no residual free air-water interface.

3.2. The average surface potential
Lipid films at an air-water interface exhibit an
electrical surface potential. The potential is a function of

The average surface potential found in our recent
studies may be compared to the reported surface potential
obtained by the Kelvin method. Surprisingly, we found a

V
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Figure 3. left: Alpha-helices are distinct by a molecular dipole moment in direction of the helix axis. This is because of the
aligned molecular dipole posed by the amide bond (numbers are in fractions of unit charge). The dipole sums up to about one half
of a unit charge on each side times the length of the helix. right: The molecular architecture of pulmonary surfactant. 1, 2 and 3
denote three situations of arrangement of molecular dipoles. The molecular arrangement of pulmonary surfactant films should
lead to a positive surface potential in monolayer regions (denoted by 1), a potential similar to the monolayer region if a
monolayer region is covered by lipid bilayer patches devoid of protein (2) and a region of a more strongly positive surface
potential over bilayer patches that contain SP-C (3). The arrows in figure 4A and B depict the molecular dipole moment, pointing
to the positive pole. The dipole of SP-C in figure 4 B is depicted with an arrowhead and a helical tail.
negative average surface potential found for all films
investigated (approximately -0.5V, depending on the film).
Films of dipalmitoyl phosphatidyl choline (DPPC), the
most
abundant
of
the
surfactant
components
(approximately 40% by weight), has been reported by most
authors to give rise to an overall surface potential of about
+0.5V, when compressed to a surface pressure of about 40
mN/m at the air-water interface (60). An overriding
negative contribution of surfactant components other
than DPPC offers no plausible explanation for this
discrepancy because the overall surface potential of
pulmonary surfactant films is comparable to pure
DPPC films (personal communication, Manfred
Sieber). However, Mozaffary reported a negative sign
of the surface potential similar to what we found here
(59). They explain the differences in sign in terms of
the different reference points, or ground, used in
different studies. Moreover, the electrical potential
Vapp measured in the current study may carry an
offset to the true surface potential phi. This is
because the electrical potential is not only caused by
the surface potential phi, itself, but also an additional
potential difference between the probe and the
substrate, VCPD :

onto a solid support. While we have shown earlier that the
overall structure of the film is not affected by the transfer,
the head group may be at least partially dehydrated (44).
This may increase the contribution of the head group to the
overall surface potential.
Owing to the uncertainty about the absolute
surface potential of the surfactant films, we used a relative
scale for the display of the spatial potential distribution
map in figure 2. Such relative values of the potential within
a mapped area are not affected by the difficulty with
determining the absolute potential of a film. Moreover, for
identical experimental conditions, assuming that all
contributions from the substrate and the probe are the same,
one may also compare one sample to another (54). We
found the surface potential of films containing 0% or 5%
cholesterol to be more negative (-0.6V) than films
containing 20% cholesterol (-0.4V). This is in accordance
with earlier findings that cholesterol decreases the electric
potential of DPPC monolayer (59).
3.3. Contrast in surface potential maps
Segregation of molecular components and the
specific molecular arrangement gives rise to the locally
variable surface potential. The most striking feature in the
surface potential maps of functional pulmonary surfactant
is the positive (or less negative) regions (+0.2 r 0.05 V),
where in the topography there are stacks of lipid bilayers
adjacent to the monolayer. It is expected that a strong
surface potential arises from surfactant associated protein C
(SP-C). SP-C is a small (molecular mass ~ 4 kDa)
hydrophobic protein with a membrane spanning alphahelical segment (61, 62). Two palmitoyl-groups are
covalently linked to the two cysteine residues located in the
N-terminal region. We have shown that SP-C promotes the
formation of lipid bilayer patches and resides in these
multilamellar regions of the surfactant films (63). The most
likely arrangement of SP-C in the lamellar region is with its
helical axis perpendicular to the interface (discussed in 15).
SP-C possesses a particularly strong molecular dipole

Vapp=VCPD + phi.
It is difficult to estimate the absolute numbers for
VCPD and phi separately and an uncertainty therefore
remains with respect to an offset of the electrical potential
for our findings. Measuring VCPD and phi for the mica
support alone will not likely return a meaningful measure
for such offset because bare mica is coated by a water film
in an ambient environment and, hence, presents a very
different interface from mica underneath the surfactant
film.
There may be another difference between the
surface potential of a film at the air-water interface and the
films investigated here because of deposition of the latter
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Figure 4. AFM topography (left) and surface potential map (right) of a dysfunctional surfactant film (BLES with 20%
cholesterol, surface pressure 47 mN/m). Cross-sections as indicated in the images are displayed under the bottom row of images.
Large lipid aggregates seen in the topographical image are electrically transparent. The monolayer area shows a structured
surface potential. Small domains are also visible in the high resolution topographical image.
moment in direction of its molecular axis due to its helical secondary structure and because of the positive
charges near its N-terminal. If arranged with its N-terminal
pointing towards the air, this should effectively induce a
more positive surface potential in the multi-layered areas of
the film and thus explain the more positive surface
potential found on the multi-layered regions (Figure 3).

proposed to be aligned partially immersed in the lipid layer
with the axis parallel to the interface. Since in the
compressed film the molecular dipoles of the helices should
also be mostly parallel to the interface, they should not
contribute to the surface potential.
Some regions may consist of lipid bilayers,
devoid of protein. Bilayers devoid of protein should be
electrically “transparent” as the molecular dipoles from the
lower and the upper leaflet are of opposite direction and, as
a result, their contribution to the surface potential cancel
out. We showed earlier by scanning near-field optical
microscopy that multi-layered regions with and without SPC may indeed co-exist.

It is notable that the other known hydrophobic
surfactant associated protein, SP-B, is also present in BLES
and also promotes the formation of lamellar structures (9,
64). SP-B is a member of the saposin-like family of
peptides (molecular mass 17 kDa) (65, 66). The tertiary
structure may closely resemble NK-lysin because of the
high similarity (67). There appear to be five amphipatic
helices (i.e. the helices are distinguished by a highly
hydrophobic face on the one side and a hydrophilic face on
the opposite side of the helix-axis). These helices have been

When 20% cholesterol was present in the BLES
film, there were not many multilayer structures, but
occasional spherical aggregates (Figure 4, left). These
structures were transparent in the electrical potential image
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(Figure 4, right). The absence of a contrast in the Kelvin
signal in this case may reflect a disordered molecular
arrangement where molecular dipoles cancel out.

in defining the molecular architecture. Formation and size
of domains in interfacial films of surfactants are governed
by the tension of the domain boundary from a surrounding
matrix on one hand and the stress caused by an electrical
surface potential within a single domain on the other hand
(e.g. 74). A high surface potential causes domains to
become dispersed and small, while high boundary tension
promotes formation of large domains. Cholesterol in mixed
films of phospholipids and related molecules is known to
reduce the boundary tension (71, 75). The absence of a high
boundary tension in BLES containing cholesterol may
therefore explain the formation of the small domains. Our
observation correlates with the effect of lipid condensation
in small domains, produced by cholesterol, reported earlier
(e.g. 59, 71), but in addition shows that these domains
differ in the electric potential.

Another aspect of the molecular arrangement
becomes evident in the monolayer area of the surfactant
films. For films that contain no cholesterol the monolayer
areas are neither structured in topography nor the potential
map. In contrast, films containing cholesterol are strongly
structured in the potential image (r 0.2 V, Figure 4, right)).
It has been shown by fluorescence light microscopy (e.g.
68-71), that surfactant containing no cholesterol segregates
into large condensed domains, whereas cholesterol
containing surfactants no longer show this phase pattern of
micrometer dimensions in light microscope (70, 71).
However, our surface potential maps reveal that the
molecular components in these films still segregate, but
form domains of a size not resolved in a light microscope.
In analogy, cholesterol is known to condense saturated lipid
species of the plasma membrane into nano-scaled domains
(sphingolipid-cholesterol rafts). Because cholesterol
promotes a more positive surface potential in phopsholipid
films, one could assume that the brighter areas in the
monolayer contain the cholesterol.

Another important function of the surface
potential relates to the interaction of airborne particles,
entering the lung. Both man-made and natural particles are
invariably electrically charged, and their fate in the lung is
also influenced by this electrical charge (76). The
movement of small particles (< 0.5m) in the lung has
largely been described to be by diffusion and chaotic
mixing (77, 78, 79). However, these small particles will
also be affected strongly by electrostatic attraction. Bailey
et al. have shown that moderately charged particles (q=200
electrons) with a diameter of 0.5m are deposited in the
alveolar lung about five times as efficiently as uncharged
particles. Until now, any electrostatic interaction of particles
with the alveolar wall has been ascribed to the attraction of an
electrical charged particle and its electrical image induced in
the alveolar wall. We now offer an additional mechanism for
this behavior; the interaction of the charged particles with the
electrical field arising from the surface potential of the
surfactant film. Note that in a conductive sphere, no electrical
field would be expected in the interior and an alveolus should
behave like a sphere. Unlike a conductor, however, the charges
or molecular dipoles at the alveolar-air interface are not free to
move and the interface is not homogeneously charged inside
the alveoli. Thus, different domains act as electrical poles and
give rise to an electrical field. Local field strength depends on
both the lateral distribution and potential difference between
the local electrical poles. We currently evaluate
theoretically, using actual surface potential maps, and
experimentally, using force spectroscopy, how the electrical
surface potential landscape of pulmonary surfactant
interferes with the amount of particle deposition in the lung
as well as how local variations in the electric potential
defines a distinctive affinity of particles to one region of the
surfactant film over other areas.

In summary, mapping the electrical surface
potential allowed us to propose a molecular arrangement of
the constituents of pulmonary surfactant films with great
detail. More studies are now required to provide firm prove
for the proposed molecular detail of the film architecture.
For example, films devoid of either SP-C or SP-B or both
will have to be compared to current data. Lack of certainty
about the absolute surface potential or the influence of head
group dehydration during film deposition can only be
addressed by carrying out the KPFM microscopy on films
directly at the air-water interface. Pulmonary surfactant
films have been imaged by AFM directly at the air-water
interface by approaching the interface by an AFM tip
submerged in the aqueous subphase (72). Approaching the
interface from the air by an AFM tip may prove more
difficult. Small airborne particles have been shown to
adhere to surfactant and become submerged, a fate that may
be shared by the AFM tip (73).
Despite the difficulties still associated with
KPFM of pulmonary surfactant, the method holds great
potential. The electrical surface potential is a signature of
the molecules and their arrangement themselves. This is
important for a structure where labeling such as for
fluorescence light microscopy so far mostly allowed for a
mere distinction between a more ordered and a less ordered
phase. Moreover, the surface potential in the case of
pulmonary surfactant may be of great consequence how the
film assembles into its defined structure, but also how the
lung interacts with inhaled nanoparticles. This is discussed
in the next section.

5. SUMMARY AND PERSPECTIVE
In summary, functional and dysfunctional
pulmonary surfactant films show distinctly different surface
potential landscapes. Evaluating the surface potential maps
by KPFM has contributed to identifying the molecular
architecture related to function and understanding failure.
The potential maps suggest that the interaction of airborne
particles with the lung’s walls needs to be re-evaluated
taking the electrostatic interaction into account.

4. THE FUNCTION OF THE SURFACE POTENTIAL
We so far discussed the surface potential maps as
a means to study molecular architecture of the surfactant
films. However, the surface potential itself may play a role
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