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Our lungs are lined by a surface-active material
which is responsible for lowering surface tension to
near zero values on expiration, and preventing lung
collapse. The presence of a functional lung surfac-
tant reduces the work of breathing. Respiratory Dis-
tress Syndrome (RDS) is a disease due to lack of lung
surfactant in pre-term babies (born before nine
months). Surfactant dysfunction also occurs in many
adult respiratory diseases like adult respiratory dis-
tress syndrome, asthma and chronic bronchitis. The
surface properties of surfactants are important fac-
tors, which determine their suitability for exogenous
therapy in conditions of surfactant dysfunction.
Various in vitro techniques, commonly used in sur-
face science, are modified to suit them for applica-
tion to the lung surfactant system — for study of the
surface properties of surfactants under dynamic
conditions, which simulate those present in vivo in
the pulmonary system. This paper outlines some of
these techniques as applied to the lung surfactant
system and discusses the relevance of surface prop-
erties to pulmonary physiology.

OUR lungs have a thin liquid lining with a complex sur-
face-active material called pulmonary surfactant, form-
ing a film at the air-aqueous interface. In 1929, von
Neergaard first attributed the difference in the recoil
forces between fluid- and air-filled lungs to the action
of surface tension, characteristic of an air-aqueous in-
terface. Pulmonary surfactant is a complex mixture of
lipids and surfactant-specific proteins synthesized by
specialized type II cells in the lungs. Lung surfactant
reduces surface tension at the air-aqueous interface of
the terminal respiratory units (alveoli), prevents them
from collapsing during expiration and reduces the work
of breathing (see Table 1). This review gives a brief
description of the surface chemistry of this unique bio-
logical system and discusses the methods used for im-
proving our understanding of its functions.

Surfactant composition

Pulmonary surfactant is composed of approximately
90% lipids and 10% proteins'. Figure 1 depicts the dis-
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tribution of lipids and proteins in lung surfactant. More
than 85% of the surfactant lipid is phospholipid,
whereas cholesterol is the most abundant neutral lipid
component. Phosphatidylcholine (PC) represents 70 to
80% of the surfactant phospholipid fraction and ap-
proximately 60% of it is fully saturated. This saturated
PC is mainly dipalmitoyl phosphatidylcholine (DPPC).
Phosphatidylglycerol (PG) is the second most abundant
phospholipid in the surfactant accounting for almost
10% of the total surfactant composition. There are four
surfactant-specific proteins, namely SP-A, SP-B, SP-C
and SP-D, which play a role in the optimal functioning
of the surfactant.

DPPC is the main component responsible for the sur-
face tension reduction. A surface monolayer highly en-
riched in DPPC is responsible for the critical reduction
in surface tension to values near zero, on compression
of the monolayer (during expiration).

Role of surfactant function in pulmonary
physiology

The five most important surface properties of the sur-
factant system which are essential for normal lung func-
tion are (1) rapid film formation by adsorption of
surface-active material from the hypophase; (2) achiev-
ing near-zero surface tensions on film compression; (3)
low film compressibility, which allows achievement

Table 1. Role of surfactant in the lungs

Terminal units of lungs: spherical alveoli
Pulmonary surfactant lines alveoli and reduces surface tension
Near zero surface tension prevents collapse of lungs during expiration
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Figure 1. Composition of pulmonary surfactant.
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Figure 2.

Table 2. Properties of an effective lung surfactant

Calculation of compressibility.

Table 3. Surfactant dysfunction in respiratory diseases

Achieves low minimum surface tension on compression
(< 10 mN/m); Prevents collapse during expiration

Quick adsorption to a surface tension of ~25 mN/m

Low compressibility: Less of an area change required for low sur-
face tension; Large area left in lungs for gas exchange

High stability:
not collapse

Surfactant is stable at a low tension and film does

High re-spreading: Ability to re-enter the interface and be replen-
ished with many breaths

of a near-zero surface tension on minimal compression
of the film; (4) a stable film which can maintain low
surface tensions over many minutes to hours; and (5)
effective replenishment of the surface film during ex-
pansion by incorporation of surfactant to the interface
(see Table 2).

Film compressibility is a property, which denotes the
inverse of the slope of the isotherm of lung surfactant.
Its calculation is explained in Figure 2. The lower the
compressibility, the more beneficial is the surfactant as
less of an area change is then required for reduction of
surface tension, leaving a large surface area behind in
the lungs for gas exchange.

The Laplace law states that the pressure required to
distend a sphere is directly proportional to the surface
tension at the spherical interface and inversely propor-
tional to the radius of the sphere. Hence, as the spheri-
cal alveoli in the lungs reduce in size during expiration,
there is a decrease in their surface area and the surface
tension tends to increase’. A smaller alveolus always
requires a higher internal pressure than a larger alveo-
lus, to maintain or expand its size. The unique ability of
lung surfactant to decrease the surface tension of the
interface during expiration and increase the surface ten-
sion during inspiration, helps in stabilizing alveoli of
different sizes in the lungs.
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Respiratory distress : Neonatal Respiratory Distress Syndrome
Adult Respiratory Distress Syndrome

1 Asthma
Chronic bronchitis

: Tuberculosis

Influenza

Airway diseases
Infective conditions

Pneumonias
Coal worker’s lungs
Silicosis
. Gas poisoning
Smoking
Air pollution
: Lung carcinoma

Occupational diseases :

Toxic hazards

Cancer

During normal respiration, there is a change in lung
surface area from the total lung capacity to the func-
tional residual capacity—a 54% area reduction’.
Clements et al.* proposed that the alveolar surface ten-
sion was < 10-15 mN/m and was unstable when the
surfactant film was maximally compressed. Advances in
our knowledge of the lung surfactant system have al-
lowed in vivo measurement of surface tension in the
lungs and have shown that lung surfactant reaches sur-
face tensions near zero with 15-20% area compression.

Clinical consequences

If the amount or quality of lung surfactant is inadequate,
or the surfactant present is inactivated, the work of
breathing increases in order to re-expand the alveoli
with each breath and permit adequate gas exchange.
One such condition is the Neonatal Respiratory Distress
Syndrome (RDS), which is due to a deficiency in lung
surfactant in pre-term babies (born before nine
months)>’. Many adult respiratory diseases like adult
respiratory distress syndrome and lung injury also have
a dysfunctional surfactant system due to inactivation of
the surfactant (see Table 3). By providing the necessary
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reductions in alveolar surface tension, an exogenous
surfactant will, in principle, improve gas exchange and
minimize lung injury in all conditions of surfactant de-
ficiency and/or dysfunction.

The presence of pulmonary surfactant reduces the
work of breathing — 2% of the total energy is utilized
for breathing in the presence of surfactant, whereas in
its absence this increases to 33% of the total energy.

Role of surfactant in adult respiratory diseases

Lung surfactant is adversely affected in many respira-
tory conditions; a few common examples are mentioned
in this section. Perhaps, adequate replacement can alle-
viate some of these problems.

Surfactant is known to line our airways. Major func-
tions proposed for surfactant in the airways are to main-
tain patency of terminal and conducting airways, and to
prevent liquid and mucus plugging. Perhaps the high
surface pressures generated by surfactant squeeze liquid
out of the airway and provide a physical force to oppose
airway collapse. This concept is supported indirectly by
both animal and clinical studies. Administration of ex-
ogenous surfactant to the lungs of sensitized guinea pigs
significantly diminished allergen-induced bronchocon-
striction® and a beneficial effect of surfactant therapy
has been preliminarily reported in acute asthma’.

In a study by Anzueto et al.'’, aerosolized surfactant
improved pulmonary function and resulted in a dose-
related improvement in sputum transport by cilia in pa-
tients with stable chronic bronchitis.

In tuberculosis, there is evidence of decompensation
of the lung surfactant system with impairment in the
morphological organization, biochemical composition
and surface-active propertiesll.

The effect of pulmonary surfactant treatment in cases
of smoke inhalation and carbon monoxide poisoning
was studied by Xie et al.'* in rat models. Significant
improvements were observed in the surface tension
properties of bronchoalveolar lavage fluid, static lung
compliance and the oxygenation on exogenous surfac-
tant treatment.

Surfactant proteins play an important role in enhanc-
ing the surface properties of pulmonary surfactant and
participate in host-defense mechanism(s) of the lungs. A
selective reduction in SP-B content was found follow-
ing chronic exposure to cigarette smoke and suggests an
inhibitory effect of cigarette smoke on surfactant secre-
tory processes and/or a localized destruction of surfac-
tant proteins on the bronchoalveolar surface".

Air pollutants like ozone, nitrogen dioxide, diesel
exhaust, silica and asbestos cause a structural alteration
of lung surfactant, leading to an impairment of the bio-
logical activity of both surfactant phospholipids and
surfactant-specific proteinsM.
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On comparing the phospholipids of the lung cancer
locus, surroundings tissues, and pulmonary surfactant
obtained from these sites, the level of PG in all histo-
logical forms of lung cancer, irrespective of the stage of
malignant process in tumour locus, was almost twice as
less compared both to the normal lung tissue and non-
malignant tissues'”. These results point to impaired PG
metabolism of the bronchopulmonary system in lung
cancer.

In vitro evaluation of surfactants for RDS

The surface properties of surfactants are important fac-
tors, which determine their suitability for exogenous
therapy. Various in vitro techniques commonly used in
surface science are modified to suit them for application
to the lung surfactant system — for study of the surface
properties of surfactants under dynamic conditions
which simulate those present in vivo in the pulmonary
system.

Langmuir-Blodgett trough (Wilhelmy balance)

The Langmuir-Wilhelmy surface balance was intro-
duced by Clements in 1957 (ref. 16), to investigate sur-
factant films in his pioneering work on the lung
surfactant system. The instrument allows for the com-
pression of monolayers under constant speed, to a target
surface pressure and also allows the monolayer film to
be held at constant surface pressure, while other pa-
rameters are adjusted.

The area of the surface film is changed by mechani-
cally moving the barriers. The surface pressure is moni-
tored. Surface pressure (7) is % — % where % is the
surface tension of the clean surface and yis surface ten-
sion with surfactant present. 7 is thus the amount by
which the surfactant lowers surface tension.

This instrument is based on the principle of
Rayleigh’s equation:

T A = constant, (D

where A is the area of the film. Thus, as the area is de-
creased the film pressure rises and these changes are
noted on compression and expansion of the monolayer.

The subphase is filled with a substance having a
composition similar to that of the fluid lining the lungs.
Foetal lung fluid, when compared with plasma, has high
K", H" and CI, low Ca®" and HCO;", and a similar
amount of Na™ (ref. 17). Use of buffered solutions con-
taining calcium and having a pH of 7.4 would simulate
the lungs more effectively'® than a subphase of distilled
water.

The barriers are cycled at high speeds in order to
simulate the breathing cycle and all experiments are
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carried out at body temperature of 37°C. Seeger et al."’

have used barrier speeds of 2.5 min/cycle and Tabak
and Notter’® have used 400 s/cycle. The Wilhelmy bal-
ance does not allow as high compression speeds as
other dynamic methods of surface tension evaluation,
like the pulsating bubble surfactometer. Figure 3 shows
a schematic representation of a Langmuir trough with
the main modifications required for its use in the lung
surfactant system.

The surfactant to be studied can be spread on the air—
aqueous interface or can be dissolved in the subphase,
and allowed to equilibrate to the surface. Surfactants
can be spread on the air-aqueous interface either as a
dry powder’' or as drops of a solution using a water
immiscible organic solvent as a vehicle. This latter
technique has been most commonly used in studies of
the pulmonary surfactant system and was first described
by Phillips and Chapmanzz. This method has the advan-
tage of convenience, but time must be allowed for
evaporation of the solvent and precautions must be
taken so that all traces of the solvent are removed, in
order to avoid erroneous results. Besides, adsorbed
films occur in the lungs in vivo, surfactant adsorbs to
the interface from the alveolar hypophase, on taking a
deep breath.

The extent to which the expanded film of surfactant is
compressed varies in the different studies. Based on cal-
culations of tidal volumes and functional residual vol-
umes in the lungs, Hills er al® have suggested that
compression ratios up to a maximum of 2.87 : 1 should be
used for simulation of pulmonary conditions. Most stud-
ies however, have used much higher compression ratios.
Though these higher ratios do not simulate the lung con-
ditions, they yield maximum information regarding the
collapse of surfactant films and the ability of surfactants
to re-spread from the hypophase to the interface.

Advantages and disadvantages

This apparatus is well suited for examining surface-
tension area characteristics for films having surface ten-
sions between 70 mN/m, observed for a clean saline
surface at 37°C and the equilibrium surface tension for
phospholipids, ~ 25 mN/m. However, on lateral com-
pression of insoluble films to cause a decrease in sur-
face tension below the equilibrium state, the previously
hydrophobic top edges of the trough become wetted by
the film plus aqueous solution and the solution over-
flows.

Another problem is that of the contact angle on the
Wilhelmy plate. The Wilhelmy method relies on the
continual presence of a zero contact angle between the
vertical dipping plate and the surface of the fluid within
the trough. At high surface pressures the meniscus on
the plate decreases, often leaving behind a film of lipid
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material; upon re-expansion of the monolayer, the liquid
meniscus must re-spread and advance upward to attract
the Wilhelmy plate, which does not always happen.

At low surface tensions, surfactant molecules can
spread easily at the Teflon—water interface, resulting in
leakage past the surface barrier. Goerke and Gonzales™
dealt with the leakage problem by priming the Teflon
barrier and walls with long-chain saturated PC and a
solution of lanthanum, thus rendering the Teflon walls
hydrophilic.

Large volumes are required, and the barrier cannot be
cycled very quickly, as it creates waves. These disad-
vantages make the Wilhelmy balance less suitable than
the surfactometers in most studies of adsorbed model
lung surfactant systems. However, this system is well
suited for studying solvent-spread films in which pre-
cise amounts of film material can be deposited at the
interface, surface radioactivity can be monitored and
fluorescent probes can be used to study monolayer
phases. Also, the re-spreading, which describes whether
a surfactant gets depleted from the interface into the
subphase with the respiratory cycles, can be obtained
with the help of the Wilhelmy balance, as described by
Turcotte et al.”.

Pulsating bubble surfactometer

The pulsating bubble surfactometer (PBS) is an instru-
ment used to monitor the dynamic surface tension of
fluids and requires only micro-litre quantities of sample.
It was first described by Enhorning%. Figure 4 shows a
schematic representation of the PBS. It consists of a
sample chamber, a pulsator unit and a pressure-
recording device. The sample chamber with a 0.5 mm
diameter Teflon tubing is filled with 25 pl of the liquid
to be tested. It is turned upside down and is connected
by a vertical metal tube to the pulsator and pressure
transducer. The chamber and metal tube are surrounded
by a thermostat bath filled with water, maintained at
37°C. The volume displacement of the pulsator’s mov-

Surface balance

Movable barrier to be
pulsated at high speeds to
simulate respiratory rate

Wilhelmy plate

/N

Pt

Monolayer T T

Temperature
controlled at 37°C

Subphase of polyelectrolyte solution (body temperature)

to simulate foetal lung fluid

Figure 3. Wilhelmy balance modified for application to the lung
surfactant system.
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ing piston is hydraulically geared down 1000 times, which
gives the pulsator a stroke volume of 0.43 ml. A syringe
withdrawing oil from the hydraulic system is used to create
a bubble in the sample chamber. The size of the bubble is
checked through a microscope. The pulsating bubble com-
municates with ambient air. A precision pressure transducer
is used to record the pressure across the interface when the
bubble is of maximal and minimal size.

The bubble radius changes from a maximum of
0.55 mm to a minimum of 0.4 mm. The pulsator speed
can be varied from 0 to 100 cpm. Since the bubble
communicates with ambient air, the pressure gradient
(AP) across the surface of the bubble is the absolute
value of the recorded pressure. From the Laplace for-
mula, as it applies for a spherical surface, AP =2y/r,
the surface tension ¥ of the sample can be calculated as
AP and r (radius of the bubble) are measured.

The minimum and maximum surface tension is re-
corded. Also, the stability of surfactants can be com-
pared by their stability index (SI) which is calculated as
SI =2 (Ymax—Ymin)/(Yinax T Ymin), Where %Y.« is the surface
tension in the bubble of maximum radius and %y, the
minimum surface tension obtained on pulsation”.

Advantages and disadvantages

This instrument has the advantages of quick results and the
requirement of very small sample volumes (25 ul). The
bubble can be pulsated at high rates and hence rates corre-
sponding to the respiratory frequency can be used for im-
proved relevance to in vivo neonatal respiratory
conditions. Contact angle artifacts are avoided and 100%
humidity is automatically maintained. The values of mini-
mum and maximum surface tension are easily obtained.
However, there is no way of knowing which compo-
nents of a surfactant system have been recruited to the
air—aqueous interface and in what concentrations. Errors
occur at near-zero surface tension values due to defor-
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Schematic representation of a pulsating bubble surfactometer.

mation of the bubble from a spherical shape. Also, con-
tinuity of the monolayer between the bubble and the
capillary causes the actual area decrease on compres-
sion to be lower than that estimated and creates a path
for leakage. The leakage is partly overcome by repeated
cycling which progressively fills and compresses the
film in the wet capillary, eventually preventing film
flow back to the bubble surface such that the capillary
acts like a dry one™. Important information regarding
the surface activity of the first compression film cannot
be accurately studied using this instrument.

Captive bubble surfactometer

Captive bubble surfactometer (CBS) is a modification
of the PBS in which the bubble is not open to the exterior
and thus forms a completely spherical interface™. In this
instrument, pressure changes are used to change the area
of a sessile bubble. The captive bubble is floated against
a 1% agarose gel and the chamber is sealed and pressur-
ized, thereby decreasing air volume. As the surface area
of the bubble is decreased, the surface tension also re-
duces. The surface tension is calculated by measurements
of the height and diameter of the bubble’*>. The bubble
is completely surrounded by water and hence the mole-
cules of surfactant at the interface cannot escape. Figure
5 shows a schematic representation of a CBS. Figure 6
shows actual photomicrographs of the bubble as it looks
at the equilibrium surface tension of 25 mN/m and the
functional surface tension of 3 mN/m, as observed with
rabbit lung surfactant.

Advantages and disadvantages

This instrument overcomes the problem of leakage,
which is seen with the PBS and is also more precise in
quasi-static and dynamic surface tension determination.
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Putz et al.*® compared the performance of surfactants —
rabbit lung lavage surfactant, Survanta (an animal-
derived therapeutic surfactant) and a synthetic lipid
surfactant mixture using both a PBS and a CBS. Both
the instruments indicated low surface tension for rabbit
lung surfactant at the end of the first cycle itself. How-
ever, for Survanta only the CBS reported low surface
tension values in the first cycle, whereas the PBS did
not achieve low values even after 10 cycles. This indi-
cates that the CBS is more accurate than the PBS. This
instrument has been essential in demonstrating the im-
portance of low compressibility as an indicator of effec-
tive surfactant function™.

Relevance of surface properties to lung function

The most important parameter of a successful lung sur-
factant is its ability to lower surface tension at the al-
veolar air-liquid interface to near-zero values. DPPC
has a bulk gel-to-fluid transition of 41.5°C, which is
higher for monolayers at a high surface pressure24. Thus
DPPC monolayers at 37°C are rigid enough to be com-
pressed to very low surface tensions without collapse
and are the prime surface-tension lowering component
of pulmonary surfactant. Lowering of surface tension
during expiration prevents the lungs from collapsing
and decreases the work of breathing.

The surfactant monolayer should be stable at low sur-
face tension without collapse. The extreme stability of
lung surfactant and DPPC has been demonstrated by the
fluorocarbon droplet and captive bubble techniques.

With subsequent breaths, there is a slow collapse and
loss of material from the interface. Thus, for adequate
functioning replenishment of the surfactant at the inter-
face is important. Replenishment of the surface during
film expansion can occur via relaxation of compressed
components of the film, adsorption from subphase
structures and re-spreading from collapsed and selec-

tively excluded phases. SP-B and SP-C promote adsorp-
tion and are probably instrumental in the final transfer
of surfactant molecules to the interface. SP-A improves
adsorption in the presence of the hydrophobic proteins
and could be responsible for moving material near the
interface, forming a reservoir and perhaps in the selec-
tive insertion of DPPC to the interface™.

A low compressibility, as defined by Gaines™ and
applied to the pulmonary surfactant system by King and
Clements®, is desirable in order to achieve low surface
tensions with a minimal area change. If a surfactant
with low compressibility is present in the lungs, surface
tension will be reduced with very little compression and
a large volume of air in the lungs would remain for gas-
exchange.

Surface viscoelasticity

The surface viscoelastic properties of the surfactant
films are also of importance but are extremely difficult

Plunger
Temperature probe
Glass cylinder

Water bath

Agarose gel
Motorized stir bar

driving magnet

Magnet for
| —positioning stirbar

4 [ler

N [——__Surfactant

,/_I l_\, ' solution

Magnetic stir bar
Captive buble?

Sample chamber

Chamber filling port plug

Figure 5. Schematic representation of a captive bubble surfactome-
ter (reproduced from Schurch*®).

Low Pressure of 1 atm

Large volume of bubble

Large area of bubble

Expanded film

Round bubble: Equilibrium surface tension ~ 25 mN/m

High pressure of 2.8 atm

Small volume of bubble

Small area of bubble

Compressed film

Flat bubble: Low surface tension ~ 3 mN/m

Figure 6.

CURRENT SCIENCE, VOL. 82, NO. 4, 25 FEBRUARY 2002

Actual photomicrographs of rabbit lung surfactant bubbles at equilibrium and low surface tension.
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Figure 7. Fluorescence images of DPPC/PA and DPPC/hexadecanol
mixtures. The ratio of DPPC/PA was in mole ratios () 3:1 () 1:1 {c)
1:2, and DPPC/HD in mole ratios (@) 3:1 (") 1:1 {¢) 1:2. Images
were obtained using BODIPY® FL C12 as fluorescence dye. The
BODIPY segregates preferentially into disordered regions of the
monolayer, rendering liquid-expanded domains bright and condensed
regions dark. All images were taken at 30°C on a water subphase and ata
lateral pressure of 15 mN/m. The bright liquid-expanded phase is elimi-
nated with increasing fractions of PA or HD in favour of the dark con-
densed phase. To develop contrast in the FM images, 0.5 mol% of the
lipid-analog fluorescent dye, 4,4-difluoro-5,7-dimethyl-4-bora-3a,4a-
diaza-s-indacene-3-dodecanoicacid ~BODIPY® FL C12, was used. (Re-
printed from ‘Influence of palmitic acid and hexadecanol of the phase
transition temperature and molecular packing of dipalomitoylphosphati-
dyl-choline monolayers at the air—water interface’, Lee, K. Y. C., Gopal,
A., von Nahmen, A., Zasadzinksi, J. A., Majewski, J., Smith, G. S,
Howes, P. B. and Kjaer, K., J. Chem. Phys., 2002, 116, 774-783.)

to characterize experimentally. Surfactant-specific pro-
teins are known to facilitate the spreading of a surfac-
tant monolayer’’. Pastrana et al.’® have shown that the
presence of 1 mol% protein markedly increased the
elasticity of surface films, suggesting a mechanism by
which SP-C facilitates the spreading of phospholipids
on an aqueous surface.

Fluorocarbon droplet method

Novel experiments by Schurch et al.*® used calibrated
fluorocarbon droplets to study the surface tension of the
lungs in vivo. Droplets of certain fluorocarbon liquids
with low surface tensions were calibrated, by their abil-

426

ity to spread on DPPC monolayers held at different sur-
face tensions. By shape analysis, calibration curves of
droplet dimensions and surface tension were made.
These droplets were then placed on the alveolar surfaces
of cat lungs using micropipettes and surface tension was
directly measured at lung volumes ranging from total
lung capacity to functional residual capacity.

Fluorescence microscopy

The phenomenon of fluorescence was known by the
middle of the 19th century. Stokes made the observation
that the mineral fluorspar fluoresces when ultraviolet
light is directed upon it and coined the word ‘fluores-
cence’. Stokes also observed that the fluorescing light
has a longer wavelength than that of the excitation light.
Fluorescence microscopy is an excellent method for
studying material which can be made to fluoresce, ei-
ther in its natural form (primary or autofluorescence) or
when treated with chemicals capable of fluorescing
(secondary fluorescence). The basic task of the fluores-
cence microscope is to permit excitation light to irradi-
ate the specimen and then to separate the much weaker
re-radiating fluorescent light from the brighter excita-
tion light. Thus, only the emission light reaches the eye
and the resulting fluorescing areas shine against a dark
background with sufficient contrast to permit detection.

Fluorescence microscopy techniques have provided
visual confirmation that films from surfactant lipids and
pulmonary extracts undergo phase transitions during
dynamic compression at an air-aqueous interface’*'. A
commonly used fluorescent probe for mixed lipid films
is 1-palmitoyl, 2-nitrobenzoxadiole amino-dodecanoyl
(NBD)-phosphatidylcholine. The gel-like liquid con-
densed phases (LC) are observed as dark regions due to
exclusion of fluorescent probes from such regions
against a bright background of liquid expanded phases
(LE). This is explained by a less dense packing of the
lipids in the LE domains with respect to the LC phase.
The interaction between surfactant lipids and proteins
can also be studied by this technique using labelled pro-
teins. SP-A binds to the gel-like condensed regions of
DPPC*. SP-C has been found to alter the packing of
molecules in DPPC monolayers, whereas SP-B has not
caused perturbations in the lipid monolayers***. Figure
7 depicts the fluorescence micrographs of DPPC
monolayers. This technique reveals useful information,
but it is difficult to simulate conditions of body tem-
perature, high compression speed and high humidity.
Also, the presence of the probe may cause some
changes in the behaviour observed.

Atomic force microscopy

An atomic force microscope (AFM) consists of scan-
ning a sharp tip on the end of a flexible cantilever

CURRENT SCIENCE, VOL. 82, NO. 4, 25 FEBRUARY 2002
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Figure 8. AFM images of model lung surfatant monolayers. a, Contact mode AFM image of model lung surfactant monolayer

(DPPC/POPG/PA/sP-Cff in weight ratio of 68:22:8:2) transferred from the air—water interface at a surface pressure 45 mN/m, onto a mica
substrate at 30°C. The height trace (white line in image) shows the solid phase domains are 1-2 nm thicker than the fluid phase domains. The
solid phase domains consist of all trans, extended chains and are expected to be thicker and less compressible than the fluid phase domains,
which consist of disordered chains. The irregular shape and 5-10 micron size of the solid phase domains are the same as observed at the air—
water interface with fluorescence microscopy; b, Contact mode AFM image of the same film (DPPC/POPG/PA/SP-Cff in weight ratio of
68:22:8:2) transferred at a surface pressure of 55 mN/m at 30°C, which is above the break in the isotherm. Now, the fluid phase domains are
light gray, indicating that the fluid phase is thicker than the solid phase. The height trace (white line in image) shows that the fluid phase is
4 nm higher than the solid phase. This shows that the fluid phase has increased in thickness by 5-6 nm in comparison to (a). ¢, AFM image of
3:1 DPPC/POPC, with 2 wt% SP-cff transferred at a surface pressure above the first plateaus in the isotherm at 50 mN/m and 30°C. When the
solid phase consists of only DPPC, the fluid phase forms multiplayer steps rather than a uniformly thickened fluid phase (). This stepped mor-
phology is similar to that observed in DPPC/DPPG films with palmitoylated human recombinant SP-C. (Reproduced from ‘Effects of lung
surfactant proteins, SP-B and SP-C and palmitic acid on monolayer stability’, Ding, J., Takamoto, D. Y., von Nahmen, A., Lipp, M. M., Lee,

K. Y. C., Waring, A. J. and Zasadzinski, J. A, Biophys. J., 2001, 80, 2262-2272.)

across a sample surface, while maintaining a small con-
stant force. The scanning motion is brought about by a
piezoelectric tube scanner, which scans the tip in a
raster pattern with respect to the sample (or scans the
sample with respect to the tip). The tip—sample interac-
tion is monitored by reflecting a laser off the back of
the cantilever into a split photodiode detector. By de-
tecting the difference in the photo detector output volt-
ages, changes in the cantilever deflection or oscillation
amplitude are determined. The two most commonly
used modes of operation are contact mode and tapping
mode, which are conducted in air or liquid environ-
ments. Contact mode AFM consists of scanning the
probe across a sample surface, while monitoring the
change in cantilever deflection with the split photodiode
detector. A feedback loop maintains a constant cantile-
ver deflection by vertically moving the scanner to main-
tain a constant photo detector difference signal. The
distance the scanner moves vertically at each data point
is stored by the computer to form the topographic image
of the sample surface. Tapping mode AFM consists of
oscillating the cantilever at its resonance frequency and
lightly ‘tapping’ on the surface during scanning. The
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laser deflection method is used to detect the root-mean-
square amplitude of cantilever oscillation. A feedback
loop maintains constant oscillation amplitude by mov-
ing the scanner vertically at every data point. The to-
pographic image is formed by recording this movement.
The advantage of tapping mode is that it eliminates the
lateral shear forces which are present in the contact
mode and can thus be used for studying delicate sur-
faces.

AFM is emerging as a promising tool for investigat-
ing the topography of lung surfactant films. DPPC films
at high surface tensions have been shown to have an
irregular pattern with co-existence of LE and LC
phases. At lower surface tension, the films become ho-
mogenous with a predominance of the LC phase. This
could explain the low compressibility of pure DPPC
films at surface tensions lower than 50 mN/m (ref. 45).
Evidence from recent studies using AFM have sug-
gested that the traditional concept of a homogenous
monolayer lining the lungs may not hold true and that
the structure—function relationship may be far more
complex. von Nahmen et al.*® have shown SP-C con-
taining surfactant films at tensions ~ 20 mN/m had pro-
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trusions of 28 and 77 nm in height, which is compatible
with the formation of multilayers. Complex web-like
structures were seen on protein—lipid interaction by
Amrein et al.’. An example of the use of AFM in the
lung surfactant system is shown in Figure 8. It must be
kept in mind that the topology of films as characterized
by height differences in AFM, might not reflect the true
molecular arrangement and may be influenced by forces
between the molecules and the probe, and differences
might result also due to transfer onto a mica surface.

Summary

Lung surfactant reduces the surface tension at the air—
liquid interface of the lungs, thereby preventing the al-
veoli (the smallest respiratory units of the lungs) from
collapsing during expiration. Various in vitro tech-
niques commonly used in surface science are modified
to suit them for application to the lung surfactant sys-
tem. The ability to form a film rapidly, reach near-zero
surface tensions with 15-20% compression, and to be
stable over a period of time are some pre-requisites of
an optimal surfactant. Our knowledge of this system has
improved over the years, but we still have a lot to learn
about this complex system. Gene knockout studies and
sophisticated microscopic techniques may help clarify
many aspects and make us re-think some of our earlier
concepts.
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