Published Online on 30 September 2017

Proc Indian Natn Sci Acad 83 No. 4 December 2017 pp. 745-767

© Printed in India.

DOI: 10.16943/ptinsa/2017/49138

Review Article

Composition, Structure and Biophysical Functions of Pulmonary
Surfactants: Their Deficiency and Strategy for Remedy

SUVASREE MUKHERJEE!, AMIYA KUMAR PANDA?" and SATYA PRIYA MOULIKL"
1Centre for Surface Science, Department of Chemistry, Jadavpur University, Kolkata 700 032, W.B.,

India

2Department of Chemistry and Chemical Technology, Vidyasagar University, Midnapore 721 102, W. B.,

India

(Received on 26 October 2016; Revised on 19 August 2017; Accepted on 22 August 2017)

Pulmonary surfactant (PS) is a complex mixture of lipids and proteins that forms a monomolecular film at the lung-air
interface. It servesdual purposes: (i) lowersthe surfacetension; and (ii) participatesin innateimmune defense of the lung.
Surface tension lowering property of PS is achieved by forming a surface film (monolayer) which is highly enriched in
dipal mitoyl phosphatidyl choline. Among the four surfactant proteins (SP), SP-A and SP-D are hydrophilic, SP-B and SP-
C are hydrophobic and are also biocompatible in al the mammalians. This article gives a brief account of the history of
research on PS, anatomy of lung, alveolar metabolism, composition and methodol ogies adopted for in vitro eval uation of the
PS.The possible molecular mechanism of film formation (adsorption), and of film adaptation to surface changes (phase
transitions) during the process of respiration have been described in detail . Major disorders of the surfactant system rel ated
withitsclinical consequence, and the potentials of surfactant therapy in the treatment of some of these disorders have been
discussed.A brief account of the evolutionary development of pulmonary surfactants has aso been presented.
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Background

In the 1950s and 1960s, a respiratory disease,
misleadingly named hyaline membrane disease
(HMD), was the world’s most common cause of
infant morbidity, especially among the preterm babies.
Theinfant morbidity led to the need of search for the
understanding of lung function.

Scientists and clinicians, working together,
discovered the existence and necessity of pulmonary
surfactant (PS) and then attempted to figure out how
to overcome its dysfunction. The year 1929 is
considered as the starting date in the history of PS
when Kurt von Neergaard’s experiments revealed
that therequired pressurefor fillingthelungswith air
was higher than filling it with liquid [ Von Neergard,
1929]. The aveoli can achieves near zero surface
tension at thelung-air interfacefollowing theprinciple

of the Young and Laplace. In 1946, it was reported
that lung tissue has aremarkably high content of the
lipid, dipalmitoyllecithin (currently known as
dipal mitoyl phosphatidylcholine). Studieson the effects
of nerve gases on lungs, significantly contributed to
the understanding of the physiology of PS[Clements,
1957]. It was proposed that alveoli, made of lung fluid
material, can achieve substantial stability through the
guantity and quality of the surface-active materials
availableat thelung-air interface. Subsequently, with
the help of modified surface balance, it could be
demonstrated that surface tension can drop to low
values upon compression of surface filmsfrom lung
extracts [Klaus et al., 1961]. There exists similarity
in surface activity of dipalmitoylphosphatidylcholine
(DPPC) and the phospholipidsisolated from freshly
lavaged bovine lung. HM D, now known asrespiratory
distress syndrome (RDS), isdueto the deficiency or
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dysfunction of PS [Avery and Mead, 1959]. Since
1959, scientistsfrom variousdisciplinesflocked to the
field, which led to dramatic declineininfant morbidity
due to RDS.

DPPC is produced during the development of
the lung and secreted into the alveolar space by type
I pneumocytes[Gluck et al., 1971]. A diagnostic test,
using thelecithin/sphingomyelinratio of amnioticfluid,
was subsequently devel oped to determine the maturity
of thefetal lung. Hallman et al. [Hallman et al., 1977]
discovered the importance of phosphatidylglycerol
(PG) in contributing to surfactant spreading and the
decreased |levelsof thisphosphoalipidin children caused
suffering from RDS. A landmark could be achieved
by the first successful treatment of neonatal RDS
with exogenous surfactants. [Fujiwara et al., 1980].
It was found that lipid extracts were not sufficient
alonefor effective surfactant function, and there came
therole of surfactant proteins. Thisresultedinarapid
expansion of research in the molecular biology, and
the structure and properties of PS proteins. A new
nomenclature for surfactant proteinsA, B, C and D
was proposed by Possmayer et al. [Possmayer et
al., 1988].

Anatomy of Lung and Alveolar Metabolism

Thelungisan organ (6% of the body volume) with a
large inner surface, continuously in contact with the
environment. To facilitate optimized exchange of gases
during respiration, thelung consistsof highly branched
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airways (bronchi) ending in air sacs (or alveoli) to
maximize the area of gaseous exchange (Fig. 1).

Thebubble-shaped alveoli have high curvature:
1 cmd of lung tissue has atotal gas exchange surface
areaof 300 cm?2. Warm blooded animalsrequire high
rate of oxygen uptake, thus the large surface area of
lung is essential [Schmidt-Nielsen, 1997]. Oxygen
diffusesfromtheaveoli to the capillaries, and carbon
dioxide leaves the capillaries and diffuses into the
alveoli. PS prevents lung collapse (Fig. 1B) by
lowering the surface tension on the inner surface of
thealveali tovery low values. Clementsfirst proposed
that the surface tension of a film varies with the
surface area [Clements, 1957]. Decreased surface
tension due to the decrease in surface area prevents
thealveoli from collapse during end expiration.

Weibel et al. [Weibel, 1968], with the help of
electron microscopy, proposed that asubstantial area
of the alveolar surface is lined with a thin aqueous
layer which actsasa source of PS, its morphological
transformation, its adsorption, desorption and
recycling. These events are commonly referred to as
alveolar metabolism of PS [Goerke and Gonzales,
1981], and are schematically shownin Fig. 2. PSis
synthesized by pulmonary type Il epithelia cells,
processed and packed into lamellar bodies, structures
consisting of closely packed multiple bilayers.
Subsequently, PS is secreted into the aqueous
subphase (hypo-phase) of the alveoli, where the
lamellar bodies undergo transformation into a new

Alveoli without
| Surfactant

Alveoli with surfactant

-

Fig. 1: (A) Structure of the human lung; (B) Difference in alveolar structure in presence and absence of PS. Adapted from Nag

[Nag et al., 1999]
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Fig. 2: Alveolar metabolism of Pulmonary Surfactant
(reproduced from [Goerke, 1998] with permission
from Elsevier)

morphological form called tubular myelin (TM, Fig.
3). TMsarelarge square elongated tubes, ranging in
size from nanometers to microns.

The surfactant components are subsequently
released from TM to form a surface active film at
the air-water interface of alveoli through rapid
adsorption. It consists of asurface monolayer, one or
morelipid bilayersmultilayersclosely and functionaly
associated with the interfacial monolayer. These
multilayers form the surface-associated “surfactant
reservoir” [S Schurch et al., 1995]. The surfactant
filmisperiodically compressed and expanded during
breathing, by modulating the surface tension in the
lungs. After performing its physiological functions,
surfactant is released as small vesicles. Some of this
spent surfactant is taken up by the alveolar

Fig. 3: Electron microscopic image of lung surfactant
reservoir (Tubular myelin) (Reproduced from [S
Schurch et al., 1995], with permission from the Karger
Publishers)

macrophages while most of the remainder is cleared
fromthealveolar space by endocytosis back into type
Il cells. These cells recycle part of the surfactant
components into lamellar bodies. Some surfactant
apparently flows into the tracheae and is eventually
swallowed. The estimated turnover period of PSis
surprisingly short, ranging from 4 to 11h [Baritussio
et al., 1981].

Composition and Related Functions of PS

Comparative biological studiessuggest that PS exists
in all air breathing vertebrates, with somewhat
differing compositions[Postleet al., 2001]. However,
the composition of mammalian PSisremarkably similar
among diverse species, i.e., approximately 90% lipids
and 10% proteinsby weight (Fig. 4).

Protein

Fig. 4: A general composition of pulmonary surfactant
(reproduced from [Nag and Keough, 1993] with
permission from the Elsevier)

Four proteins are associated with PS (SP)-A, -
B, -C and -D, based on the nomenclature proposed
by Possmayer [Possmayer et al., 1984]. These
proteinsaredivided into two groups, SP-B and SP-C
aretwo small hydrophobic proteins, while SP-A and
SP-D arelarge hydrophilic proteins.
Lipids
The main constituents of PS are lipids and the
composition of thelipid pool is quite different from
that of other membrane systems(Table 1). Thelipids
mainly consist of phospholipids, (PL, 90-95wt%) with
asmall amount of neutral lipids (5-10 wt%). Among

the PL components, in all mammalian species,
surfactant contains high amounts (approximately
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Table 1: General composition of the mammalian
pulmonary surfactant (reproduced from [Panda et al., 2004]
with permission from the Elsevier)

Molecular species Mass %Tota + S.D.
16:0,14:0PC 706.5 7.3+0.28
16:0, 16:0 PC* 720.6 5.8+0.66
16:0,16:1 PC 732.6 13.4+1.04
16:0, 14:0 PC (DPPC) 734.6 37.1+0.66
16:0,18:2PC 758.6 5.8+0..63
16:0,18:1 PC 760.6 25.4+0.98
18:0, 18:2PC +18:1,18:1 PC 786.8 2.8+0.63
18:0,18:1PC 810.6 2.4+0.42
16:0, 16:1 PG 719.4 11.4+0.73
16:0, 16:0 PG (DPPG) 721.5 16.1+0.71
16:0, 18:2 PG 745.5 12.9+0.62
16:0, 18:1 PG (POPG) 7475 34.4+0.89
18:0, 18:1 PG 769.5 9.3+0.96
18:0, 18:2 PG+ 18:1,18:1 PG 7715 8.9+0.73
16:0,18:1PI 855 6.9+0.48

*16:0a, 16:0 PC, akyl ether PC

80%) of phosphatidylcholine with DPPC, the long-
chained disaturated zwitterionic PL as the most
abundant constituent with a few exceptions.
Representative mass spectra of mammalian lung
surfactant are shown in Fig. 5. Many species also
contain significant level s of palmitoylmyristoylphos-
phatidylcholine (PMPC)or unsaturated, e.g.,
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Fig. 5: ESIM S-spectra of the major phosphocholine (PC)
species present in goat lung surfactant. Expanded
diagram between 650 and 850 Da is illustrated
(reproduced from [Mukherjee et al., 2008])

pal mitoyloleoyl phosphatidylcholine (POPC)
[Veldhuizen and Haagsman, 2000]. Apart from PC,
other classes of PL are mainly anionic (e.g.,
phosphatidylglycerol (PG), phosphatidylinositol (P1),
and lyso-bis-phosphatidic acid), and non-PC
2witterionic PL (e.g., phosphatidylethanolamine (PE)
and sphingomyelin) [ Vel dhuizen and Haagsman, 2000].

Cholesterol is the most abundant neutral lipid
present in PS [Veldhuizen and Haagsman, 2000].
DPPC is responsible for generating a near-zero
surface tension at the interface during compression.
The two saturated acyl chains of the lipid form a
compact monolayer capable of achieving low surface
tension valueswithout collgpsing. The unsaturated PC
lipidsareimportant intheformation of alipid reservoir,
intheinitial adsorption of lipidstotheinterfaceandin
theregulation of surfacetension during therespiratory
cycle. They also have other intracellular functions,
viz., lamellar body assembly, transport or secretion,
although specific role of the unsaturated lipids still
remain unclear.

The high amount of anionic phospholipid (PL),
phosphatidylglycerol (PG) in PS isimportant. PC-
PG mixtures have better adsorptivity than the
individual component, even in the presence of SP-B
and SP-C. SP-B and SP-C being positively charged,
enhancethe surfaceactivity of the oppositely charged
lipid mixtures. The level of Pl, (also negatively
charged), is usually low, with some exceptions.
Cholesterol increases the fluidity of the DPPC-rich
surfactant membrane systems; other minor lipidslike
lysophosphatidyl choline (lyso-PC), phosphatidyl
ethanolamine (PE) induce the structure of curvature
in TM [Veldhuizen and Haagsman, 2000].

Surfactant Proteins

Surfactant protein A, the first surfactant-specific
protein to be detected, has a molar mass of 26 kDa.
[Timothy E. Weaver et al., 1985]. The primary amino
acid sequence of SP-A showsthat hasfour structural
domains: (1) ashort N-terminal segment; (2) aproline-
rich collagen-like domain; (3) aneck region; and (4)
acarbohydrate recognition domain. The activeform
of SP-A isan octadecamer built up from six trimers
which forms an open flower bouquet [Voss et al.,
1988]. SP-A isinvolved in surfactant function and
homeostasis, including: (@) TM formation [Clark et
al., 1995], (b) protection of the surface film against
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protein inhibition [Strayer et al., 1996], (c)
enhancement of SP-B’s surface activity
[Venkitaraman et al., 1991], and (d) regulation of
uptake and secretion of surfactant by type Il cells
[Horowitz et al., 1993], etc. SP-A dso hasarolein
host defense [Henk P. Haagsman, 1998]. Surfactant
dysfunctions due to the lack of SP-A are subtle and
show up only in stressed situations [Veldhuizen and
Haagsman, 2000].

Surfactant protein B is a hydrophobic protein
that consists 79 amino acids and forms ahomodimer
of 17 kDa[Hawgood et al., 1987]. Being hydrophobic,
it interactswith lipids, as evidenced by electron spin
resonance [Perez-Gil et al., 1995], and fluorescence
anisotropy [Baatz et al., 1990]. Due to the presence
of three intramolecular disulfide bridges and one
intermolecular disulfide bridge, it existsinthedimer
form [Johansson et al., 1991]. Fourier transform
infrared experiments have shown that 27-45% of the
secondary structure of SP-B is helical, independent
of the presence of lipids or calcium [Pastrana et al.,
1991]. SP-B assists the formation of lamellar body
inside thetype Il cell. Lethal respiratory distressis
caused by SP-B deficiency in humans [Klein et al.,
1998]. Promotion of lipid adsorption to theair-liquid
interface, formation of TM, re-spreading of filmsfrom
collapse phase [ Tanevaand Keough, 1994], reuptake
of surfactant by typell cells[Horowitz et al., 1996],
stabilization of monolayer lipid films, membrane
binding, membrane fusion, etc., are some of the
functions of SP-B. SP-B can bring two membranes
incloseproximity. SP-B isalso found in host defense;
it can inhibit bacterial growth [Kaser and Skouteris,
1997]. Detection of SP-B inthe gastrointestinal tract
(as well as SP-A and SP-D) [Eliakim et al., 1989],
further supports more extended function of SP-B than
just surface activity related ones.

The extremely hydrophobic surfactant protein
CisthePSprateininthetruesenseasitisexclusively
present in PS[Timothy E Weaver and Whitsett, 1991].
Its only site of synthesis discovered so far is the
alveolar typell cell. SP-Cisa 35 amino acid peptide
which is formed from a 21kDa pro-protein after
cleavage of the N- and C-terminal precursor parts.
Other conserved characteristics are two positive
charges and mostly two palmitoylated cysteines in
the N-terminal part, flanked by 2 proline residues
[Curstedt et al., 1990]. Thestructure of the proteinin

an apolar solvent hasrecently beenresol ved by NMR,
which featuresavalyl-rich K-helix formed by amino
acids 9-34. This correlates well with secondary
structure analysis by circular dichroism and FT-IR
[Pastrana et al., 1991]. In contrast to SP-B, there
areonly afew activitiesof SP-C, which mostly overlap
with SP-B’s activities, e.g., promotion of lipid
adsorption onto the air-liquid interface, re-spreading
of films from their collapse phase, re-uptake of
surfactant by type Il cells, and stabilization of the
monolayer lipid film [Qanbar et al., 1996]. All these
functions are extracellular, and except for surfactant
re-uptake, it also contributesto film homeostasis.

Surfactant Protein D

Itisargued that SP-D isnot atrue surfactant protein.
Only a small part of SP-D (less than 10%) is
associated with surfactant phospholipids [ Possmayer
et al., 1984], and the production of SP-D is not
exclusive in the lung; SP-D mRNA isalso found in
gastrictissue[Fisher et al., 1989]. The mature human
SP-D polypeptide chain contains 355 amino acid
residues, and the molar mass of thisproteinis43kDa
under reducing conditions. The monomeric subunit of
SP-D consistsof four regionssimilar to that of SP-A.
Electron microscopy reveas a highly homogenous
quaternary structure of SP-D in the form of a cross
[J Lu et al., 1993]. SP-D does not behave like a
classical surfactant protein. It has been demonstrated
that SP-D bindsto several bacteria (Escherichiacoli,
Klebsiella pneumoniae, Salmonellapara typhi, and
Pseudomonas aeruginosa), and alveolar
macrophages (Kuan et al., 1992). It aso helps in
bacterial agglutination, protection against nonbacterial
microorganisms and viruses, etc. [Escamilla et al.,
1992].

PS at the Air-Water Interface

The five most important surface properties of an
effective PSare (1) rapid filmformation by adsorption
of surface active materials from the hypophase; (2)
achievement of near-zero surface tension on film
compression, to prevent alveolar collapse and reduce
the work of breathing; (3) low film compressibility
which allows achievement of a near-zero surface
tension on minimal compression; (4) a stable film
which maintainslow surfacetension over hours; and
(5) effective replenishment of surfactant molecules
at the air-liquid interfaces during surface expansion.
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In vitro Evaluation of PS

The progress in understanding the proper functions
of PSand itsconstituentshasparalleled theinvention
of new experimental techniques. Various in vitro
techniquesare commonly used for studying the surface
properties of PS under dynamic conditions which
simulate those present in vivo in the pulmonary
system.

Langmuir-Wilhelmy Balance (LWB)

One of the first model systems used to examine
surface activity of several surfactant componentsis
the Langmuir-Wilhelmy balance, introduced by
Clements[Clements, 1957] (Fig. 6). In this method,
thesurfacetension at an air-water interfaceisdirectly
measured by asmall plate (or afilter paper) attached
to a balance. One of the major advantages of this
systemisthat awell-defined monolayer of lipidsand
proteins can be spread at the air-liquid interface.
Animated version of the Langmuir-Blodgett surface
balance is freely available in the website (https.//
wn.com/langmuir__blodgett_animation). Radiography
and different microscopic measurements of PSfilms
can be done as an attachment with the LWB [Nag et
al., 1998]. The use of fluorescence labeled proteins
or lipidsenablesvisualization of theformation of lipid-
protein domains at varying conditions. With these
experiments, considerable insightsinto the structure
and dynamics of the surfacefilm have been obtained.
They are used in conjunction with Brewster angle
microscopy [Piknova and Hall, 2001], fluorescence
microscopy [Harbottle et al., 2003], confocal
microscopy [Bagatolli, 2006], scanning near-field
optica microscopy [FHlanderset al., 2001], atomicforce
microscopy (AFM) [Harbottle et al., 2003], grazing
incidence X-ray diffraction [Alonso et al., 2005],
infrared spectroscopy [Phang et al., 2005], and time
of flight secondary ionization mass spectrometry (ToF-
SIMS) [Harbottle et al., 2003] for film imaging/
analysis of PS, and they can provide valuable
information that complements the traditional
tensiometry techniques. Amongst them, AFM has
been used most extensively for PS studies. The PS
monolayer in the LWB is transferred to mica sheet
(or other substrates) by the Langmuir-Blodgett (LB)
technique, and thefluid and gel phase regionswithin
thelipid aredetermined [Harbottle et al., 2003]. One
of the disadvantages of the Wilhelmy balanceisthat

it is a relatively static method for surface tension
measurements. The surface area can be varied by
moving a barrier at the surface, but this is a slow
process. Despitethislimitation, important information
can be obtained for whichit continuesto be apotential
instrument to determine surface film structure and
activity of surfactant components.

The biophysical property of pulmonary
surfactant can conveniently be studied by an in vitro
method using a Langmuir surface balance. Itsuseis
awel|-devel oped techniquein studying theamphiphilic
monolayer [Harbottle et al., 2003]. Amphiphiles,
dissolvedin suitable organic solvent (which are highly
vaporizable), are spread over the air-water interface
inaLangmuir surface balance. After sufficient time
is allowed for the evaporation of solvent and
equilibration of the solvent spread film, it issubjected
to compression (Fig. 6).

To area To force
transducer transducer
Movable barrier Sprad i VY Pty N
™y
ﬂ FYYITEY

Aqueous subphase

Langmuir trough

Fig. 6: Schematic of a Langmuir-Wilhelmy balance (LWB).
The surfactant film is usually formed by spreading at
the air-water interface of the agueous subphase
filling the Langmuir trough. Moving the barrier to
the right decreases the area of the spread film,
thereby increasing surface pressure (www.wn.com)

The technique can simply provide anumber of
parameters, viz., lift-off area (the area from which
the surface pressure startsrising), limiting molecular
area, film compressibility and the maximum attainable
surface pressure (also known as collapse pressure)
of the monomolecular film. Besides, the mutual
miscibility among the components can conveniently
be studied by such a device. The two dimensional
phasetransition, occurringin the monomolecular films,
can be processed in obtaining the film compressibility.
Thereciprocal of compressibility called compression
modulus, i.e., C. ! isdefined as:

) 5
-5, g
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where, A and © represent the film area and surface
pressure, respectively. In the case of pure surface,
C, is infinite as surface pressure does not change
with area.

Thelower the compressibility, themorebeneficia
isthe surfactant asless of an area changeisrequired
for reduction of surfacetension, leavinglarge surface
area for gas exchange.

Pulsating Bubble Surfactometer (PBS)

PBS, first describedby Enhorningin 1977 [Enhorning,
1977], consists of asmall sample chamber, connected
to the atmosphere by asmall capillary (Fig. 7). Anair
bubbl e attachedto the capillary is pul sated by varying
the pressure inside the cuvette which generates a
dynamic ‘in vitro alveolus’ system. Surface tension
iscalculated using thelaw of Young and Laplacefrom
the pressure gradient acrossthe bubble. The maximum
and minimum surface tensionsduring cyclingindicate
the adsorption capability of the sample and the
enrichment in DPPC of the monolayer, respectively.
The advantage of the system is that it is a fast and
easy method to investigate surface activity of samples.
The main disadvantage is the accuracy of the
measurement which decreases due to leakage of
materia through the capillary. At low surfacetension
values, the bubble flattens and sometimes detaches
from the capillary which also reduces its accuracy.
But, sinceitsinvention, experimentsutilizingthe PBS
have significantly contributed to the understanding of
surface tension reduction by PS and the role of the
surfactant proteinsin this process [ Possmayer, 1990].

TheYoung-L aplace law statesthat the pressure
(AP) required to distend a sphere is directly
proportional to the surfacetension (g) at the spherical
interface and inversely proportional to the radius (r)
of the sphere as shown in the following equation
[Possmayer, 1990]:

AP= % )

Theunique ability of PSto decreasethe surface
tension of theinterface during expiration and increase
thesurfacetension duringingpiration, hel psingtabilizing
the alveoli. However, in the preterm newborns, due
to thedeficiency of PS, thelung collapsesastheaveoli
can not achieve lower surface tension (Fig. 1B).
[Avery and Mead, 1959].

To atmosphere

f

Capillary tube H_
' | faed
o] @
2 S :
Air bubble - s
B
Surfactant
LIRS Film leakage
Sample |
chamber
Topulsator ~—= . T ~ . To pressure

transducer

Fig. 7: Schematic diagram of a PBS. The polyacrylamide
chamber filled with the sample to be tested is
positioned on the pulsating unit. Sufficient fluid is
withdrawn by the pulsator such that the sample water
level moves down through the capillary and a bubble
with minimum radius is created. The pressure
difference across the bubble is recorded to monitor
surfactant adsorption, and is reported as surface
tension. The bubble is then pulsated between
minimum and maximum radius and surface tension
is recorded. The inset illustrates film leakage
(reproduced from [Zuo et al., 2008] with permission
from the Elsevier)

Captive Bubble Surfactometer (CBS)

CBS was introduced by Schirch [S Schurch et al.,
1989] and itisamodified PBS (Fig. 8). Inthisan air
bubble isintroduced into a buffer solutionin an air-
tight cuvette. The bubbl e floats against ahydrophilic
agar gel that fills the upper part of the cuvette.

A thin layer of buffer solution separates the
bubble from the agar gel, thereby preventing
interaction between the agar and the hydrophobic
phospholipids/proteins at the air-water interface of
the bubble. It is more leak-proof than the PBS.
Surface tension is calculated from the shape of the
bubble which is monitored by a video camera. The
shape changes from sphere at high surface tensions
to oval at low tensions can be achieved by changing
the pressureinside the cuvette, done either manually
by changing the volume of the subphase or by usinga
pressure device. The CBSisadynamic fast technique
which resembles natural breathing frequencies. In
addition, the CBSismore accurate and reproducible
thanthe PBS[Putz et al., 1994]. A mgjor disadvantage
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Hydrophilic surfactant including secreted lamellar bodies, tubular
ceiling | gy myelin (TM) and other loosely packed bilayer forms.

Wetting film—T-~ f %'a Presence of surfactant proteinsand other unsaturated
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Fig. 8: Schematic diagram of a CBS. The captive bubble floats
against the hydrophilic ceiling but is separated from
it by a thin wetting film. The inset shows multilayer
structures of the adsorbed PS at the air-water
interface of the bubble. The surface tension is
determined by bubble shape analysis. Surface area
manipulations are conducted by altering the
hydraulic pressure in the chamber (reproduced from
[Zuo et al., 2008] with permission from the Elsevier)

of CBS over PBS is more time consumption of the
former.

Other In vitro Methods

Other in vitro methods for assessing the surface
activity of surfactants, include constrained sessiledrop
[Wulf et al., 1999], micro-bubble stability studies
[Berggren et al., 1992], capillary surfactometer
[Enhorning and Holm, 1993], oscillating drop
surfactometer [Meier et al., 2000], pendant drop (PD)
tensiometry [Kwok et al., 1994], axisymmetric drop
shape analysis[Cabrerizo-Vylchez et al., 1999], etc.

Adsorption of PS

Rapid adsorption of PSonto the air-alveol ar interface
is important for its proper function. Phosphatidyl-
cholinereduces surface tension quite effectively, but
functions poorly in the lung when used alone, as it
adsorbs slowly at theair-liquid interface [Hall et al.,
1992]. PSlacks the ability to restore the mechanical
characteristics of an excised lung depleted of
surfactant by repeated lavage [Hall et al., 1992].
During the breathing cycle, for a constant
replenishment of surface materials PS needs the
intrinsic capacity to transit rapidly from its three
dimensional arrangements in the hypophase into the
two-dimensional film at the surface. Samples of
surfactant purified fromalveol ar lavages adsorb very
quickly [Perez-Gil et al., 19924, and they usually have
amixture of the three dimensional physical forms of

PL species improve the adsorptivity of PS, but it is
still inferior to the natural materials [Perez-Gil and
Keough, 1998]. Dispersed bilayers, recongtituted from
natural surfactants, show better surface activity [SH
Yu and Possmayer, 1986]. SP-B and SP-C proteins
arecritical inpromoting rapid transit of bilayer-based
surfactant structures from the subphase to the
interface; SP-B is usually more active than SP-C,
and their effects are additive [Z. Wang et al., 1996].
The adsorption process can be better understood by
the combinationsof Fig. 2and Fig. 9 (thefinal stepis
exemplifiedinFig. 9).

ﬂ@ﬁﬁé{:{@ Q)
=

Fig. 9: Enlarged view of final step of adsorption; transfer of
surfactant in the air-liquid interface (reproduced from
[Schram and Hall, 2001] with permission from the
Elsevier)

Transport of Surfactant to the Surface

Surfactant adsorption onto theinterfaceisaconcerted
kinetic process of moleculesand assemblies. Changes
in the environmenta conditions, like increase in
hydration, change in the concentration of Ca2*ion,
increase in pH, induce unpacking of lamellar bodies
and interfacial adsorption. SP-B and SP-C influence
packing of bilayersand monolayers. TM isassociated
with highly surface active material asaprecursor and
areservoir for the surface film [H. P. Haagsman et
al., 1989]. For an in vitro reconstitution of TM the
minimal components required are DPPC, PG, SP-A,
SP-B and Ca?* [Suzuki et al., 1986). Bilayers at the
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corners of TM are under very high curvature strain.
These regions are the initiation sites for concerted
transfer into the interface, a process potentiated by
SP-A. SP-B and SP-C can independently promote
interfacial adsorption of phospholipids[Perez-Gil et
al., 1992a]. SP-B induces lipid vesicle aggregation
andfusion [Cruzet al., 1997] which, inturn, enhances
the cooperative movement of materialsto the surface.
Studies support that SP-B, and not SP-C is the
essential protein for surfactant film dynamics and
stabilization [Veldhuizen and Haagsman, 2000].
Inactivation of SP-B leadsto acompleteinhibition of
lamellar body adsorption but has no effect on the
adsorption of native surfactant purified from
bronchoalveolar lavage.

Transfer of Surfactant into the Air-liquid
Interface

Phospholipid bilayers need to be disrupted to allow
the phospholipid moleculesto moveto theinterface.
SP-B and SP-C perturb packing of phospholipid
moleculesin model monolayers and bilayers[Perez-
Gil etal., 1995]. Theseincreasethe apparent polarity
of the surface of DPPC hilayers, which relaxes the
membrane packing to certain extent, and thus
facilitates phospholipid adsorption. Perturbation of
bilayersby SP-B usualy occursthroughtheinteraction
of cationic amphipathic K-helical segments of the
protein with the surface of surfactant bilayers. SP-C
perturbs the acyl chain packing of phospholipid
bilayers[Perez-Gil et al., 1995] and monolayers and
thus facilitates the exchange of molecules between
both the structures. With increasing surface pressure
(defined as the extent to which a film reduces the
surfacetension of aclean interface, denotesthe two-
dimensional equivalent pressureinthreedimensions,
or theforce exerted by aninterfacial filmonitslinear
confining boundaries, with units of force lengthr?) the
hydrophobic K- helix of SP-C reorientsin monolayers,
and acts as a ‘lever’ to raise the phospholipid acyl
chains in the interface and, therefore, facilitates
insertion of morelipid molecules. SP-B fluidizesthe
monolayer at low to intermediate surface pressure,
while SP-C efficiently increases compressibility at
higher surface pressure. Stacked bilayers, adjacent
to the monolayer, are formed solely in the presence
of surfactant proteins. Compounds with mixed acyl
groups also promote the fusion of vesicles with the
interface. Adsorption of PSat the air-water interface

lowers the surface tension (v) at rates that initially
decrease progressively, but accelerate near the
equilibrium [Loney et al., 2011]. SP-B and SP-C are
the key constituents, both for achieving the surface
tension () at which the accel eration for the adsorption
process occurs. The surfacetension at which therate
of adsorption increase is unaffected by the
concentration of proteininthefilms. Insertioninto a
more densely occupied surface occurs more slowly
asgapproachesitsequilibriumvalue (v,). PSinitialy
demonstrates this kinetics, lowering g at rates that
progressively low down. Inthelung, where PS exerts
its biological function,when the aveolar air-water
interface expands during inhalation, therise of - above
7Y Is limited [Inoue et al., 1982]. These discrete
processes of adsorption have different dependence
on phospholipid composition andits concentration both
in the subphase and at the interface. Initially, when
the surfacetensionishighrelatively little material is
there at the interface. At this stage the adsorption
rate depends on the concentration of the surfactant
in the subphase. The transport processthat beginsin
the subphase, to the interface might be the crucial
step in achieving the equilibrium surface tension.
Subsequently, when asignificant amount of surfactants
are adsorbed at the interface, the dependence shifts.
The rates vary only with surface tension and are
unaffected by subphase concentration, suggesting a
process that depends only on material at the surface.
Schram et al. [Schram et al., 2001] have carried out
a detailed thermodynamic study of the adsorption
process of PS and have concluded that although the
thermodynamic barrier to adsorption of the surfactant
lipids is primarily the entropy of transition, the
hydrophobic proteins accelerate adsorption by
reducing the enthal py of activation.

Phase Behavior of PS

Thefunction of PSisconsidered intermsof two phase
transitions. The first rapid one is the conversion of
bilayer vesiclesinto theinterfacial film (adsorption),
and the second transition (must be avoided) is the
collapse from theinterface. The mechanistic steps of
adsorption havebeen explainedin detail inthe previous
section. When the monomolecular films of PS are
compressed at the air-water interface, they exist under
equilibrium condition up to a maximum surface
pressure (), above which they collapse from the
two-dimensiona interface to form three-dimensional
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structures. PSfilmsare sufficiently rigid and can exist
at higher surface pressures in metastable states for
few tens of minutes [S F Schurch and Roach, 1976].
This characteristic of PS is important for the
stabilization of small air spaces of the lungs. Phase
behavior is an essential determinant for both the
precursor structures; bilayers for adsorption, during
which insertion of surfactant constituents into the
interface raises the surface pressure to T and for
the metastability of the monolayers that allows
compressed filmsto avoid collapse and reach surface
pressures above ~, [Piknova et al., 2002]. When
dispersed in aqueous phase, at optimum temperature
and pressure, most PL mol ecul es spontaneously form
bilayers, or vesicles. Withincreasing temperature, PL
bilayers melt from an ordered gel (Lﬁ) phase (solid
phase) to adisordered liquid-crystalline (L ) phaseat
the main transition temperature (T .,), which permits
diffusion of individua PL moleculeswithin eachleaflet
of the bilayer, referred to as “fluidity”. Addition of
cholesterol transforms PL bilayersinL ;and L  phases
intoaliquid-ordered (L ) phaseand aliquid-disordered
(L phase, respectively. The overall fluidity of the
bilayers in the four phases is Ly<L,<Lg<L..
Thus,cholesterol hasafluidizing effect onlipidsinthe
gel gate (becauseit disruptspacking) and acondensing
effect on fluid membranes (because it interacts with
disordered chains and stabilizesthem).

Monolayers

Experimentally, the phase behavior of PSmonolayers
is studied in a Langmuir film balance [Feng et al.,
2002], by monitoring surface pressure (w) vs. area
(A) at constant temperature. Fig. 10 shows the w-A
isotherm and phasetransition of DPPCinaLangmuir
film balance. At large surface areas, monolayers are
‘gaseous’; as the monolayer is compressed it is
transformed into the liquid-expanded (LE) phase.
Further compression leads to afirst-order transition
to the ‘liquid-condensed’ (LC) phase. This generates
a surface with LE-LC coexistence where the
decreased surface area is taken up by forming a
greater proportion of LC phase. In single component
monolayer, the LE-LC coexistenceis marked by a
plateau in theisotherm; for multicomponent mixtures,
the plateau may be absent. Nucleation and growth of
the LC phase in the monolayer can be directly
visualized as “domain” formation which is a pressure
induced crystallization process by fluorescence
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Fig. 10: =-A isotherm and characteristic film structures of
a DPPC monolayer studiedby Langmuir balance
and AFM at 298K. (LE: liquid-expanded phase, LC:
liquid-condensedphase, LE-LC: liquid condensed-
liqguidexpanded coexistence)(reproduced from [Feng
et al., 2002] with permission from the American
Chemical Society)

microscopy (fluorescent dyes preferentially locatein
the more disordered L E phase and are expelled from
the better-ordered LC phase) [Nag et al., 1998] or
by atomic force microscopy (AFM) [Panda et al.,
2004].

Abovethe phasetransitiontemperature (T ) of
lipid, only the LE phase is present. Most of the
disaturated phospholipid molecules undergo two
dimensional phasetransition. The unsaturated lipids
present in native and replacement lung surfactants,
such as POPC or POPG, have T, below 20°C
[Takamoto et al., 2001], and hence always form LE
phases at physiological conditions. The disaturated
PCs (DPPC) and PGs present in PS have high T
(41°C) and form L C phases [Crane and Hall, 1999].
The LC domainsin mixtures containing saturated and
unsaturated PCs and PGs consist of the saturated
lipids, with the fluid phases made up of the unsaturated
lipids and surfactant proteins in the monolayer
[Discher et al., 1999]. The fraction of LC phase
depends on the surface pressure, average molecular
area, temperature, and on theionic species present in
the subphase. Over arange of surface pressures and
temperatures between 20 and 37°C, the hydrocarbon
chainsin the LC domains of DPPC exhibit alattice,
with molecules tilted in a non-symmetry direction
[Bringezu et al., 2001]. On compression, thetilt angle
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decreases, but tilts greater than 25 degrees are
observed at © above 40 mNmL. This is due to the
large arearequired for the well-hydrated polar head
group of DPPC relative to the smaller arearequired
for the hydrocarbon chain. Palmitic acid and
hexadecanol have relatively small headgroup areas
relative to the chains. Hence, mixtures of palmitic
acid or hexadecanol with DPPC can specifically
interact to produce new crystalline close packings,
and thus increase the LC-LE ratio of DPPC rich
monolayers[Bringezu et al., 2001]. On the other hand,
cholesterol and other neutral lipidsappear to havethe
opposite effect on PS monolayers [Discher et al.,
1999]. Sothe DPPC filmsin the absence and presence
of palmitic acid (or hexadecanol) differs in the
compressibility and are referred to as LC and “solid”
states, respectively. The DPPC monolayer possesses
the same degree of trandationa order in both the
cases. The X-ray diffraction studies show that the
hydrocarbon chains of the molecules are aligned
parallel to each other; they areeither tilted (LC) with
respect to the water surface or perpendicular to it
(solid) [Discher et al., 1999]. On further compression,
themonolayer becomesunstableand it can (1) fracture
and break, (2) buckle, or (3) lose material depending
ontheelastic and solubility properties of themonol ayer
[Craneet al., 1999]. Surface pressureat thiscollapsed
stated is called collapse pressure (). Beyond =,
molecules cannot maintain their ordered 2D
arrangement and begin to form multilayers (3D) (Fig.
11).

The most impressive characteristic of PSisthe
prolonged metastability of theinterfacial filmsinsitu

2D condensed monolayer

Monolayer collapse

trilayer bilayer

Multilayer: "2D-3D" transformation

Fig. 11: Schematic diagram of film collapse

at surface pressureswell above _[S Schurch, 1993].
Resistance to collapse indicates the rigid structures
of the solid film. In order to maintain the operation of
the smaller aveoli, compressibility should remain
relatively low, and the surfacetension should be stable
over few minutes. As DPPC is the only constituent
that can form a condensed phase at physiological
temperatures, therefore the film must be greatly
enriched in DPPC. Separation of DPPC from other
constituents produces solid/fluid coexistence at the
interface. Incase of pure phospholipids, natural
surfactant (having all the components) or microscopic
studies on simple model system have reveaed the
coexistence of solid/fluid phases. Both fluorescence
microscopy and Brewster angle microscopy (BAM)
can distinguish isolated domains surrounded by
continuous phase which have irregular shapes,
invariant optical thickness during compression and
anisotropy expected for a condensed phase [ Discher
et al., 1999]. The discontinuous domains grow in
proportion with the added DPPC and extend up to
pure DPPCconcentration. This provides indirect
evidence that the condensed phase contains mainly
DPPC. Two mechanisms have been proposed to
produce such afilm [Perez-Gil and Keough, 1998].
Firstly, DPPC selectively adsorbsat the interface, and
secondly, non-DPPC constituents get selectively
excluded.

Formation of Surfactant Reservoir

Surfactant reservoir is a complex membrane system
comprised of several tightly packed surfactant bilayer
(membranes) structures closely associated with the
interfacial monolayer [Possmayer et al., 2001].
Wilhelmy balance studies clearly evidencethat lipids
that are squeezed out during compression of the
monolayer, stay in close proximity to the interface
[Taneva and Keough, 1994]. During the next
expansion, these lipids can re-insert. This dynamic
cycling can be performed without significant loss of
material in the presence of SP-C and SP-B. SP-B
and SP-C promote insertion of lipids from vesicles
associated with a preformed spread phospholipid
monolayer. These associated vesicles aredifficult to
wash away with extensive flushing of the subphase,
even in the absence of calcium ions, indicating that
these are firmly attached to the monolayer. There
areevidencesthat SP-B and mostly thepalmitoyl chain
of SP-C facilitate formation of surface associated



756

Suvasree Mukherjee et al.

surfactant-reservoir by bridging the monolayer to the
lipid bilayersunderneath [Qanbar et al., 1996]. Model
studies suggest that there exists a continuous and
dynamic flow of surface activelipid species between
the monolayer directly located at the interface and
the associated bilayer structures [Perez-Gil, 2002].
During compression, unsaturated phospholipids,
surfactant proteins are selectively “squeezed-out” of
the interface which refines the composition of the
interfacial film to end in a DPPC-enriched state.

Re-spreading or
Surfactant Film

Renewal of Expanded

It is anticipated that re-expansion of the interface
containing afilmand acollapsed phasethat isrichin
DPPC would lead to incomplete re-spreading and
insufficient refilling of theavailable surface. Theresult
is that during film expansion there is transient
production of ‘empty’ surface spaces. Replenishment
of the surface can happen via relaxation of
compressed components of the film, adsorption from
subphase structures as discussed earlier and re-
spreading of both collapse phases and selectively
excluded phases (Fig. 12).

Monolayers prepared from organic extracts of
surfactant behave like thewhole natural preparations
in this respect, indicating the important role of
surfactant proteinsin re-spreading thelipid on to the
monolayer [Holm et al., 1996]. The portion of SP-B
or SP-C which appears to remain in the collapsed
phase, and also in the selectively excluded phase, can
enhance the rate of redistribution of material in the
interface upon expansion. Epifluorescence
microscopy of monolayers and atomic force
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Fig. 12: Re-spreading of surfactant film on expansion
(reproduced from [Perez-Gil and Keogh, 1994] with
permission from the Elsevier)

microscopy of Langmuir-Blodgett films confirm that
the appearance of films after compression and re-
expansion to low surface pressure (w) closely
resemblesthat of filmsduringtheir initial compression
stages. The exclusion of the protein occurring during
compression can be reversed on expansion since the
material excluded from the interface seems to be
closely associated with the monolayer. The
hydrophabic proteins associated with the excluded
phases help to form associated multilayers at the
surface which have significance not only in surface
replenishment, but also in surface stability. The
presence of the protein containing folds extendinginto
the subphase at high compression aso provides a
mechanism for incorporation of new material intothe
interface upon expansion. Negatively charged lipids
in the monolayer as well asin the vesicles are aso
relevant for rapid re-spreading [Possmayer et al.,
2001].

Hysteresis

Resultsof cycling experiments (repeated compression
and expansion of the PS film) depend both on the
speed of cycling and the range of pressure or surface
coverage. A monolayer compressed to the maximum,
followed by an expansion, simulates the breathing
processes athough slowly. The reversible squeeze-
out procedureis changed when thefilmisrepeatedly
over-compressed into the collapse region. Such
procedure yields irreversible collapsed structures,
which causes an effective loss of surface active
material. In vitro studies have shown that some of
the materials excluded from the monolayer
permanently leave the surfaceto form small subphase
structures that have reduced the tensioactive
properties[ Gross and Narine, 1989]. Thiscontinuous
removal of surface active material isresponsiblefor
the existence of fractions of surfactant differing in
structure (density, composition, lipid/proteinratio, etc.)
and function (surface activity) inthe alveol ar lavages.
The processes of conversion of surfactant into the
different sub-fractions have been studied in vitro by
‘cycling’ experiments [Gross and Narine, 1989].
Isotherms of monolayers formed from the whole
surfactant show less hysteresis on compression-
expansion cycles consistent with more rapid
replenishment than those prepared from DPPC or
other pure phospholipid systems [Perez-Gil et al.,
19920].
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Collapsed Phase

Microscopic studies have documented the detailed
structures formed during the process of collapsethat
must be avoided in the lungs. Simple model systems
indicate two forms in particular: bilayer folds from
the monolayer that can extend hundreds of
micrometersinto the subphase and buds [ Gopal and
Lee, 2001] that can grow into stacked bilayer disks
immediately adjacent to the monolayer [Amrein et
al., 1997]. Surfactant extracts or preparationsderived
directly from PSform only the budded structure. For
both the forms, the collapsed material reversibly
reinsertsinto the expanding surface. One of thefirst
theories of collapse [Diamant et al., 2001]
hypothesi zes that in a heterogeneous monolayer, the
interface may not be asflat asis generally assumed.
Lipid monolayers, asopposed to bilayers, usualy have
afinite spontaneous curvature, arising either fromthe
shape of thelipid moleculeitself, or from electrostatic
interactions. Variations in composition and local
molecular order can lead to differences in the
spontaneous curvature and the bending modulus
between domains. Hence, at and near the boundaries
between the domains, the monolayer may belocally
curved. The finite surface tension causes the
monolayer to relax to a flat profile away from the
domain boundaries, and limits the curvature at the
domain boundaries. Asthe monolayer iscompressed,
the surface tension of the monolayer decreases. The
curvature at the domain boundaries then grow,
eventually causing the monolayer to overlap itself
leading to the formation of a multilayer patch, i.e.,
monolayer collapse. Monolayer collapse initiates at
domain boundaries in model PS monolayers. Thus
phospholipid films collapse by flow of the complete
monolayer into the third dimension, rather than by a
standard phase transition in which constituentsdiffuse
acrosstheinterfacial boundary.

Dysfunctional Surfactant: Inhibition and
Disorders of PS

If the quantity and/or quality of PS are inadequate or
surfactant is inactivated, the work of breathing
increases and causes neonatal RDS. The lungs of
the preterm babies dying of RDS have amean surface
tension of 30 mMNm™ as compared to 8 mNm in
normal babies. The baby takes the first good deep
breath, as any baby would. But if the newborn’s

immature lungslack PS (or isinactivated), the alveoli
tend to collapse when the baby breaths out which
means breathing-in requires extra effort, asif every
breath is like the first breath after birth. This extra
effort tires out the newborn’s diaphragm and tears
thelung tissueswith leakage of fluid into theairspaces,
causing additional impairment of lung mechanicsand
gas exchange and leads to inflammation [Wrobel,
2004]. Many adult diseaseslikeARDS and lunginjury
also have dysfunctional PS system dueto inactivation
of surfactant. In the presence of PS, 2% of the total
energy isutilized for breathing, whereasinitsabsence
thisincreases to 33% of the total energy.

Surfactant inhibition or inactivation isaprocess
that decreases or abolishesthenormal surface activity
of PS. The mgor inhibitory factors include plasma
proteins, unsaturated membrane PL, lysophospholipids,
free fatty acids, supra physiological levels of
cholesterol [Notter, 2000], reactive oxygen species
[Rodriguez-Capote et al., 2006], pollutants [Bakshi
et al., 2008], etc. Surfactant inhibition can also arise
from degradation of PSlipidsby phospholipases or of
surfactant proteins by proteases. Relative amounts
of these degradati on agentsincrease during microbial
infection and through secretion by leukocytesand type
Il cells with pulmonary inflammation [Griese et al.,
1997]. Human meconium also adversely affects the
surface tension-lowering activity of PS[K W Lu et
al., 2013]. Warriner et al. [Warriner et al ., 2002] have
reported concentration dependent surfactant inhibition
impact of fibrinogen, albumin, and IgG. Seeger et al.
[Seeger et al., 1993] have reported the inhibitory
effect of hemogl obinaongwith fibrinogen and albumin
on calf lung surfactant extracts, Curosurf, Survanta
(commercial surfactants), etc. Lysophosphatidyl-
cholineisasuperior inhibitor than albumin [Holm et
al., 1985]. Both the hydrophilic and hydrophobic
nanoparticlesinduce surfactant inhibition[Hu et al.,
2013], the interaction mechanism between the
nanoparticles and surfactant films were studied by
AFM. Enhanced inhibition by hydrophobic
nanoparticlesascompared to hydrophilic nanoparticles
is proposed to be due to their retention at surfactant
film[Beck-Broichsitter et al ., 2011]. Anesthetics such
ashalothane[Molliex et al., 1994], toxic agentssuch
aspolyurethane smoke[Oulton et al., 1994], or certain
drugs[Henk P. Haagsman and van Golde, 1985] can
negatively influence the bi osynthesis and function of
PSinvivo and in vitro. Several other factors which
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impair PS synthesis and function are nitrogen dioxide
exposition [Mengd et al., 1993], ozone exposure[Henk
P. Haagsman and van Golde, 1985], shortage of
copper during the gestation period (associated with a
lower birth weight and neonatal lung abnormality
[Abdel-Mageed et al., 1994], iron-transferrin
accumulationin epithelial lining fluid (promoting the
formation of free radicals) [Hallman et al., 1994],
etc. There are mainly two distinct inhibition
mechanisms: one due to competitive adsorption of
plasmaproteins, and other dueto mixing and fluidizing
an otherwise stable PS film by lipids. The former
mechanism mainly influences surfactant adsorption
whilethelatter preventsthe filmsfrom reaching low
surface tension (v) [Zuo et al., 2008].

RDSand ARDS are al so caused dueto shortage
of PS and |leakage of serum proteins to the alveolar
space. Lungs of infants dying from RDS contain all
normal components except tubular myelin. As SP-A
and SP-B are essential for the formation of tubular
myelin, these proteins are nonfunctional or missing
[Moyaet al., 1994] in RDS patients. Pulmonary SP-
B deficiency (named congenital alveolar
proteinosis), originates from a deficiency of SP-B
MRNA [Nogeeet al., 1993]. The SP-B deficiency is
also associated with SP-A and SP-C abnormalities.
Alveolar proteinosisis adiseasein which the quantity
of thealveolar materia isincreased but itscomposition
is changed. Most notably, the content of SP-A is
elevated and is often present as a complex with
immuneglobulins[Kuroki and Akino, 1991]. Thereis
an accumulation of SP-D in the lungs of alveolar
proteinosispatients[Crouch et al., 1993]. Silicosisin
humans and animals causes somewhat similar
increasein alveolar material asin aveolar proteinosis
[Lesur et al., 1995]. In cystic fibrosis, bronchiolar
lavage of infants with associated pulmonary
inflammation or infection showed the saturated
phosphatidyl choline/total phosphatidylcholineratioto
be lower and the SP-A concentration to be higher
than in either normal sor non-inflamed cystic fibrosis
patients[Hull et al., 1997].

Overcoming inhibition plays a key role in
developing new surfactant formulationsfor RDSand
ARDS treatment. This can be done by two ways:

Optimizing Lipid and Protein Contents

Increase in the PL concentration of surfactant

preparations can effectively reverse plasma protein-
induced and meconium induced inactivation. Novel
surfactant preparations were developed consisting
synthetic C16:0 diether phosphonolipid (DEPN-8) in
combination with 1.5 wt.% purified bovine SP-B/C
[Z. Wang et al., 2003] or mini-SP-B [Walther et al.,
2007]. The synthetic surfactant is highly resistant to
inhibition due to serum proteins, phospholipase A2,
and lyso-PC, bothinvitro[Z. Wang et al ., 2003] and
inexcisedrat lungs[Z. Wanget al ., 2007]. Optimizing
the content of surfactant proteinsisanother effective
means to reverse surfactant inactivation. Superior
performance of modified natural surfactants over
protein-free synthetic surfactants clearly
demonstrates the importance of SP-B and SP-C
analogs in overcoming surfactant inactivation.
Addition of peptide analogs of SP-B and/or SP-C
improves the resistance to surfactant inactivation
[Walther et al., 2000]. Adding SP-A to lipid extract
surfactants increase their resistance to inactivation
due to blood proteins [Cockshutt et al., 1990] and
meconium [Sun et al., 1997]. In vitro experiments
showed that small amounts of SP-A can significantly
enhance adsorption and dynamic surface activity of
lipid extract surfactants, thereby increasing their
effectiveness at reduced PL concentrations.

Using Water-Soluble Polymers as Surfactant
Additives

Water-sol uble polymersas additivesto clinical PScan
dragtically enhanceitsactivity. First, they improvethe
surface activity of dilute surfactant preparations
(mainly by enhancing adsorption). Second, they can
effectively counteract surfactant inactivation due to
a variety of inhibitory substances (such as plasma
proteins and meconium), thus having a potentia to
enhance the clinical efficacy of surfactant therapy
[Dargavilleand Morley, 2000; Taeusch and K eough,
2001]. So far nonionic (e.g., PEG [Taeusch et al.,
1999] and dextran [Kobayashi et al., 1999], anionic
(e.g., hyaluronan ([K W Luet al., 2005]) and cationic
(e.g., chitosan[Zuoet al., 2006]) polymers have been
used. Many invitro[K W Lu et al., 2005; H. William
Taeusch et al., 2008; L M Y Yu et al., 2004] and in
vivo animal studies [Kobayashi et al., 1999] have
shown that these polymers significantly improve the
surface activity of different clinical surfactants and
reverse surfactant inactivation.
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Exogenous Surfactants

RDS, ARDS and other lung diseases can be prevented
by administering exogenous surfactant via the
airways. The efficacy of this therapeutic approach,
first demonstrated in animal models[Fujiwaraet al.,
1980] could be confirmed in a large number of
randomized controlled clinical trials. Inthe beginning,
exogenous surfactantswere made only from lipidsas
the structure and functional significance of the SPs
werenot known. Intwo early trids, aerosolized DPPC
wasused asa surfactant substitute without impressive
effects. Later on, effective artificial surfactants for
clinical use were prepared by mixing DPPC with
spreading agents such as serum high density
lipoprotein, unsaturated phosphatidylglycerol (PG),
hexadecanol, etc. Theformulationswithout surfactant
proteins showed limited short-term therapeutic effects.
Treatment of infantswith RDSwith isolated surfactant
or synthetic surfactant has abeneficia effect on the
alveolar ventilation.Surfactants can be used
prophylactically or given to infants who have
developed the disease, though the former is more
effectivethan the rescuetherapy, especially ininfants
under 28 weeks gestation, and in infants weighing
lessthan 1,000 g [Kendiget al., 1991]. But therescue
therapy is normally used as they are less oxygen
dependent and less quantity of surfactant isrequired
[Jobe, 1993]. In different surfactant preparations,
thereareonly small differencesintherateof mortality
or bronchopulmonary dysplasia [Been et al., 2009].
With time, the effects of surfactant treatment of
premature infants have considerably increased.
Mortality and morbidity of the preterm neonates have
significantly been reduced as an effect of surfactant
therapy, although it has also shown limited positive
effects with ARDS patients [Frerking et al., 2001].
Administration of the surfactant can be done both by
instillation and by nebulization though the latter gives
abetter distribution [Ueda et al., 1994]. Exogenous
surfactant probably associates with components of
the endogenous surfactant.

Exogenous surfactants can be categorized,
based on surfactant apoprotein content [Lewis and
Veldhuizen, 2003] as (1) surfactant from human
amniotic fluid, containing both the hydrophaobic and
hydrophilic proteins, (2) modified natural surfactants
derived from either bovine or porcine sources, which
contain only SP-B and SP-C (e.g., BLES, Curosurf,

Infasurf and Survanta) (3) synthetic surfactants that
contain simplified peptides or recombinant surfactant
protein analogs (e.g., Surfaxin and Venticute), and
(4) protein-free synthetic surfactants that consist of
only PL components (mainly DPPC) and additives
(e.g.,ALEC and Exosurf). Human amniotic fluid lacks
commercia capacity duetoitslimited source. Animal-
derived surfactants are superior to the synthetic
preparations [Been et al., 2009], although they too
have limitations, viz., (i) batch-to-batch variation in
composition and risk of transmission of microbes; (ii)
absence of the hydrophilic proteins (SP-A and SP-
D), which are removed during the purification
processes that can impose potential immunological
hazards; (iii) economical synthesis or recovery of
human SP-A isdifficult asitshost protective benefits
are lost; (iv) variation of content of hydrophobic
proteins (SP-B and SP-C), PL (especially DPPC, PG
and 1), neutrd lipids(mainly cholesterol) and additives
(such as the palmitic acid and triacylglycerol in
different surfactant preparations; (v) high cost,
approximately US$500 per dosefor prematureinfants.
A new generation of clinical surfactants is under
devel opment [ Curstedt and Johansson, 2006], which
arefully synthetic and contain synthesized surfactant
protein analogs. Both preclinical and clinical trialsare
conducted using synthetic surfactantswith theaddition
of simplified SP-B/C-like peptides. Surfaxin is
reported to be efficaciouswith preterminfantsandin
preliminary studieswith ARDS [Moyaet al., 2005].
Venticute, a preparation based on recombinant human
SP-C, isbeing investigated in atrial involving direct
lung insult-induced ARDS. While the advantages of
synthetic surfactant peptidesare obvious, synthesizing
fully functional analogs of hydrophobic surfactant
proteinsisnot atrivial task. The SP-B moleculeistoo
largeand structurally complex to be easily synthesized.
SP-C moleculesare structurally unstablein pureform
and tend to aggregate. So far, none of the synthetic
preparations are known to be more efficacious than
the natural preparations. Waring et al. [Waring et al.,
2005] have reported the synthesis of a number of
simplified SP-B anal ogswhich mimic the biophysical
and physiological propertiesof thewhole hydrophobic
protein. Reports on the synthesis of a number of
peptides with SP-B and SP-C like properties are
available in the literature [ Seurynck-Servoss et al.,
2006]. A major goal of PS research is to
generate”designer” surfactants that fully or closely
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mimic the biophysical properties of the endogenous
surfactant and highly resist inactivation.

Evolution of Surface Activity Related Functions
of Vertebrate PS

Theevolutionary biological studiesof lungsof different
vertebrates has been undertaken by Orgeig et al.
[Orgeiget al., 2007]. Intheanima kingdom, evolution
of the respiratory system over the past 300 million
years has produced an amazing variety of structures
to satisfy a wide range of oxygen demands in
vertebrates. Lungs differ considerably in structure,
embryological origin, and function among the
vertebrate groups. The bronchoalveolar lung of
mammals is a branching “tree” of tubes leading to
millionsof alveoli. In humansthere are ~25 branches
and 300 million alveoli. Thisstructure alowsfor the
generation of an enormous respiratory surface area
(up to 70 m? in adult humans). In the non-mammals,
lungs are bag like with either smooth walls or large
bellow-shaped respiratory units (termed faveoli)
extending fromthe outer wall of thelung into acentral
air space. Animated versions on the lungs and
pulmonary respiration and ventilation in humanscan
be found in the website: https://www.youtube.com/
watch?v=L074zm3ULyk.

Birds have the most strikingly different lung
structure, with a pair of small parabronchia lungs
connected to aseries of air sacs. Air ispropelled via
theair sacs, which act like bellows, in aunidirectional
manner through thelung. Thelungs consist of aseries
of tubes (parabronchi) from which emanate the very
small diameter, rigid air capillaries, that represent the
site of gasexchange. But all lungs have one common
characteristic. They are interna, fluid-lined, gas-
holding structures that inflate and deflate cyclically.
Free animations on the avian pulmonary systemsare
availablefreely inthe YouTube: Lungsand Pulmonary
respiration and ventilation in humans — Biology: https:/
www.youtube.com/watch?v=L 074zm3ULyk.

PS is present in the lungs of all air-breathing
vertebrate groups; even in gold fish swim bladders
[Orgeig et al., 2007]. Lamellar bodies and TM are
observed in lungs of reptiles, birds and amphibians
[Orgeig et al., 2007]. The aveolar metabolism of
lower vertebrates is similar to the mammalian
vertebrates. In all vertebrates, the major PL is PC
and DPPC that formsthe monolayer at the interface.

Temperature hasaprofound effect onthelipid fluidity.
DPPC has T, of 41°C but addition of unsaturated
phospholipids (USPs) or cholesterol decreasesthe T,
of the mixture, improves the spreadability, and
facilitates adsorption of PS. In mammals, SP-B and
SP-C help in the adsorption process whereas
cholesterol and USP are ‘squeezed out’ so that the
monolayer is enriched in DPPC as explained in
previous sections. The vertebrates with lower body
temperature (amphibians, fish and ‘colder’ reptiles)
have higher cholesterol/DPPC content than warmer
reptiles, birds and mammals [Orgeig et al., 2007].
The fish surfactant, dominated by cholesterol,
occasionally used for respiration is termed as the
“protosurfactant” [Daniels and Orgeig, 2001]
(Respiration in reptiles. https://www.youtube.com/
watch?v=kWMmyVulueY). Temperature also
controls the lipid composition of PS. At low body
temperature, animal srespond by selectively increasing
the cholesterol content to maintain the fluidity.

Surfaceactivity of PSof fish, amphibians, birds
and reptilesis low. Only few reptiles and mammals
have surface active PS. Lower vertebrates,
particularly those with low body temperature and
surfactant with low DSP content have purely detergent
like surfactants (they reduce surface tension but are
not able to vary surface tension greatly with surface
area). As the composition of the surfactants is
influenced by body temperatures and function is
related to the structure of their lungs, ahighly surface
active material may not be required for optimal lung
functioninlungfish [Johansenet al., 1966]. Thefaveoli
of birds, air breathing fishesare upto 1000 fold larger
than aveoli of mammals of similar body size, which
confersfaveolar stability by substantially reducing the
collapse pressure. In addition, it has enhanced
backbone of elastin and collagen and an inner
trabecular network that supports and stabilizes the
interconnecting units[McGregor et al., 1993]. Regtile,
fish and amphibian lungs are at least an order of
magnitude more compliant than mammalian lungs.
Whiletheaveoli of the mammalian lung comprise by
far the majority of the lung volume, faveolar volume
in unicameral lungs comprises only a very small
percentage of total lung volume.

PSexistsnot only inaveoli but soinbronchioles
and small airways. The main function of airway
surfactant is to maintain potency of the conducting
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airways, i.e., to prevent cohesion of bronchiolar walls
by keeping the water lining spread out and by
decreasing surface tension of theairway mucuslining
[Enhorning et al., 1995]. The latter function is
particularly important in diving mammals (e.g., seals)
and in reptiles because these animals often collapse
part, or all of their lungs as part of their diving and
expiratory cycles[Orgeig et al., 2007]. PSalso helps
the narrowest airways to remain open, thereby
reducing theresistanceto air flow and controlling fluid
balanceinthelung.

PS also acts as an anti-adhesive that prevents
adhesion of adjacent epithelial surfaces at low lung
volumes or when the alveoli fold in on each other
during expiration. Thisanti-adhesvefunctioniscritica
for speciesthat lack conducting airways, adiaphragm
where the lungs al so receive structural support. The
anti-adhesive property of surfactant is, therefore, a
biological manifestation of the ability of thelipidsto
lower surface tension. The pattern and mode of
breathing of nonmammalian vertebratesindicate that
an anti-adhesive function might be essential for the
animals, during the period of low body temperature
[Orgeig et al., 2003].

Therefore, there is marked differences in the
functionalities of surfactants in the lungs of non-
mammals from that in mammals.Acting as an anti-
adhesive is the primitive function of PS in lower
vertebrates, whereas alveolar stability andincreasing
lung compliance are restricted to the mammals.

Summary and Conclusion

The knowl edge regarding the formation and dynamics
of the PSfilm at theair-liquid interface hasincreased
significantly over the years. Surface film consisting
of aDPPC monolayer in close contact with multilayers
istheactive structure at theinterface. Several dynamic
processesoccur inthefilmduring breathingincluding,
selective adsorption of DDPC enriched domains,
specific squeeze-out of non-DPPC lipids, lipid
reservoir formation, etc. Each process requires the
combined action of bothlipid and protein components
of the PS. DPPC is the main component of PS
responsiblefor lowering of surfacetensioninthelung,
the surfactant proteins, particularly SP-B and SP-C,
arecrucial inproviding it with full physiological and
physical activities. SP-B and SP-C can greatly
accelerate lipid adsorption; they can also influence
the DPPC containing surface films to reduce the

surface tension to near zero. SP-B is more effective
inadsorption while SP-C playsthesignificant rolein
thelipid reservoir formation. SP-A further augments
the ability of SP-B. SP-C also acceleratesreinsertion
of the collapse-phase lipid into the monolayer during
film expansion, and provides mechanical stability to
the surface film. Role of the minor lipidsis still far
from clear. Direct imaging with fluorescence,
Brewster angle and atomic force microscopy clearly
show that the interactions between SP-B, SP-C, and
other lipid components of synthetic and animal
surfactant extracts are non-ideal and lead to novel
morphol ogiesimportant for PSfunction. With SP-B,
collapse occursin areversible process in which the
monolayer isflexible enoughto fold, whileretaining
sufficient cohesion to prevent |oss of material to the
subphase. The folds have the same composition as
themonolayer, and reversibly re-incorporate into the
monolayer on expansion. These two- to three-
dimensional transitions allow collapse to occur at
elevated surface pressures while making it possible
for the protein and unsaturated lipid components to
remain associated with the monolayer, facilitating
rapid re-spreading.

Since the first direct surface tension
measurements of PS using home-made LWB half a
century ago, many more in vitro tensiometric
techniques have been developed with its specific
advantages and disadvantages. They enable direct
film imaging and domain formation, topography,
molecular orientation, electrical surfacepotentia, film
thickness, etc.

A thorough understanding of the functions of
the lipids and proteinsin PS provides a mechanism-
based rationale for the design of the replacement
surfactants for the treatment of RDS. The most
driving motivation for studying PS is its clinical
application. Recent studies have provided new
evidence for the actual inhibition mechanisms of PS
due to both proteins and lipids (viz., cholesterol).
Overcoming surfactant inhibition playsacentral role
in resolving the clinical constraints on surfactant
therapy in ARDS. Added polymers can enhance the
PS performance by resisting inhibition. However,
there are still plenty of scopes to improve the
efficiency of synthesized designer surfactants,
although the existing marketed formulations are quite
successful in combating the RDS.



762

Suvasree Mukherjee et al.

Acknowledgement

SM thanks the Council for Scientific and Industrial
Research, Govt. of India, for a Senior Research
Fellowship. SPM acknowledges with thanks both
INSA and JU for Emeritus Scientist, and Emeritus
Professor positions, respectively.

References

Abdel-Mageed A B, Welti R, Oehme FW and Pickrell JA (1994)
Perinatal hypocuprosis affects synthesis and composition
of neonatal lung collagen, elastin, and surfactant Am J
Physiol 267 L679-685

Alonso C, Bringezu F, Brezesinski G, Waring A Jand Zasadzinski
JA (2005) Modifying calf lung surfactant by hexadecanol
Langmuir 21 1028-1035

Amrein M, Nahmen A von and Sieber M (1997) A scanning force-
and fluorescence light microscopy study of the structure
and function of amodel pulmonary surfactant Eur Biophys
J 26 349-357

Avery M and Mead J (1959) Surface properties in relation to
atelectasis and hyaline membrane disease A M A J Dis
Child 97 517-523

Baatz JE, Elledge B and Whitsett JA (1990) Surfactant protein
SP-B induces ordering at the surface of model membrane
bilayers Biochemistry 29 6714-6720

Bagatolli L A (2006) To see or not to see: lateral organization of
biologica membranesand fluorescence microscopy Biochim
BiophysActa 10 2

Bakshi M S, Zhao L, Smith R, Possmayer F and Petersen N O
(2008) Metal nanoparticle pollutants interfere with
pulmonary surfactant function in vitro Biophys J 94 855-
868

Baritussio A G Magoon M W, Goerke Jand Clements JA (1981)
Precursor-product rel ationship between rabbit typell cell
lamellar bodies and alveolar surface-active material.
Surfactant turnover time Biochim Biophys Acta 666 382-
393

Beck-Broichsitter M, Ruppert C, Schmehl T, Guenther A, Betz
T, Bakowsky U, Seeger W, Kissel T and Gessler T (2011)
Biophysical investigation of pulmonary surfactant surface
properties upon contact with polymeric nanoparticles in
vitro Nanomedicine 7 341-350

BeenJV, Rours| G Korndlisse R F, JonkersF, deKrijger RRand
Zimmermann L J (2009) Chorioamnionitis Alters the
Response to Surfactant in Preterm Infants J Ped 156 10-
15

Berggren P, Eklind J, Linderholm B and Robertson B (1992)

Bubblesand computer-aided image anaysisfor evaluation
of surfactant inhibition Biol Neonate 1 15-20

Bringezu F, Ding J, Brezesinski G and Zasadzinski JA (2001)
Changesin Model Lung Surfactant Monolayers Induced
by Palmitic Acid Langmuir 17 4641-4648

Cabrerizo-Vylchez M, Wege H, Holgado-TerrizaJand Neumann
A (1999) Axisymmetric drop shape anaysisas penetration
Langmuir balance Rev Sci Inst 70 2438-2444

Clark JC, Wert SE, Bachurski C J, Stahiman M T, Stripp B R,
Weaver T E and Whitsett JA (1995) Targeted disruption
of the surfactant protein B gene disrupts surfactant
homeostasis, causing respiratory failure in newborn mice
Proc Natl Acad Sci U SA 92 7794-7798

Clements JA (1957) Surface tension of lung extracts Proc Soc
Exp Biol Med 95 170-172

Cockshutt A M, Weitz J and Possmayer F (1990) Pulmonary
surfactant-associated protein A enhances the surface
activity of lipid extract surfactant and reverses inhibition
by blood proteinsin vitro Biochemistry29 8424-8429

CraneJM and Hall SB (1999) DPPC monolayers at acontinuous
air-liquid interface BiophysJ 76 A60-A60

Crane J M, Putz G and Hall S B (1999) Persistence of phase
coexistencein disaturated phosphatidyl choline monolayers
at high surface pressures Biophys J 77 3134-3143

Crouch E, Persson A and Chang D (1993) Accumulation of
surfactant protein D in human pulmonary alveolar
proteinosis Am J Pathol 142 241-248

CruzA, CasasC, Keough K M and Perez-Gil J(1997) Different
modes of interaction of pulmonary surfactant protein SP-
B in phosphatidylcholine bilayers Biochem J 327 133-138

Curstedt T and Johansson J (2006) New synthetic surfactant -
how and when? Biol Neonate 89 336-339

Curstedt T, Johansson J, Persson P, Eklund A, Robertson B,
Lowenadler B and Jornvall H (1990) Hydrophobic
surfactant-associated polypeptides: SP-Cisalipopeptide
with two palmitoylated cysteine residues, whereas SP-B
lacks covalently linked fatty acyl groups Proc Natl Acad
Sci U SA 87 2985-2989

Daniels C B and Orgeig S (2001) The comparative biology of
pulmonary surfactant: past, present and future Comp
Biochem Physiol A Mol Integr Physiol 129 9-36

Dargaville P A and Morley C J (2000) Overcoming surfactant
inhibition with polymers Acta Paediatr 89 1397-1400

Diamant H, Witten T A, Ege C, Gopal A and Lee K Y (2001)
Topography and instability of monolayers near domain
boundaries Phys Rev E Stat Nonlin Soft Matter Phys63 23

Discher B M, Maoney K M, Grainger D W, Sousa C A and Hall



Composition, Sructure and Biophysical Functions of Pulmonary Surfactants 763

S B (1999) Neutral lipids induce critical behavior in
interfacial monolayers of pulmonary surfactant AmJ Resp
Crit Care 159 A896-A896

Eliakim R, DeSchryver-Kecskemeti K, Nogee L, Stenson W F
and Alpers D H (1989) Isolation and characterization of a
small intestinal surfactant-like particle containing alkaline
phosphatase and other digestive enzymes J Biol Chem
264 20614-20619

Enhorning G (1977) Pulsating bubble technique for evaluating
pulmonary surfactant J Appl Physiol Respir Environ Exerc
Physiol 43198-203

Enhorning G and Holm B A (1993) Disruption of pulmonary
surfactant’s ability to maintain openness of a narrow tube
J Appl Physiol 74 2922-2927

Enhorning G, Duffy L C and Welliver R C (1995) Pulmonary
surfactant maintains patency of conducting airwaysin the
rat AmJ Respir Crit Care Med 151 554-556

Escamilla R, Prevost M-C, Hermant C, Caratero A, Cariven C,
and Krempf M (1992) Surfactant Analysis during
Pneumocystis carinii Pneumoniain HIV-Infected Patients
Chest 101 1558-1562

Feng S-S, Gong K and Chew J (2002) Molecular Interactions
between a Lipid and an Antineoplastic Drug Paclitaxel
(Taxol) within the Lipid Monolayer at the Air/Water
Interface Langmuir 18 4061-4070

Fisher JH, Shannon J M, Hofmann T and Mason R J (1989)
Nucleotide and deduced amino acid sequence of the
hydrophobic surfactant protein SP-C from rat: expression
in aveolar type Il cells and homology with SP-C from
other species Biochim Biophys Acta 995 225-230

Flanders B N, Vickery SA and Dunn R C (2001) Imaging of
monol ayers composed of palmitic acid and lung surfactant
protein B J Microsc 202 379-385

Frerking I, Gunther A, Seeger W and Pison U (2001) Pulmonary
surfactant: functions, abnormalities and therapeutic
options Intensive Care Med 27 1699-1717

Fujiwara T, Maeta H, Chida S, Morita T, Watabe Y and Abe T
(1980) Artificia surfactant therapy in hyaline-membrane
disease Lancet 1 55-59

Gluck L, KulovichM V, Borer R C Jr, Brenner PH, Anderson G
G and Spellacy W N (1971) Diagnosis of the respiratory
distress syndrome by amniocentesis Am J Obstet Gynecol
109 440-445

Goerke J(1998) Pulmonary surfactant: functions and molecular
composition Biochim Biophys Acta 1408 79-89

Goerke J and Gonzales J (1981) Temperature dependence of
dipalmitoyl phosphatidylcholine monolayer stability J
Appl Physiol Respir Environ Exerc Physiol 51 1108-1114

Gopa A and Lee K'Y C (2001) Morphology and Collapse
Transitions in Binary Phospholipid Monolayers J Phys
Chem B 105 10348-10354

GrieseM, Birrer Pand Demirsoy A (1997) Pulmonary surfactant
in cystic fibrosis Eur Respir J 10 1983-1988

Gross N Jand Narine K R (1989) Surfactant subtypes of mice:
metabolic relationships and conversion in vitro J Appl
Physiol 67 414-421

Haagsman H P (1998) Interactions of surfactant protein A with
pathogens, Biochim Biophys Acta 1408 264-277

Haagsman H P and van GoldeL M G (1985) Lung surfactant and
pulmonary toxicology Lung 163 275-303

Haagsman H P, White R T, Schilling J, Lau K, Benson B J,
Golden J, Hawgood S and Clements JA (1989) Studies of
thestructure of lung surfactant protein SP-A AmJ Physiol
257 L421-429

Hal SB, LuR Z, Venkitaraman A R, Hyde R W and Notter RH
(1992) Inhibition of Pulmonary Surfactant by Oleic-Acid
- Mechanismsand Characteristics J Appl Physiol 72 1708-
1716

Hallman M, Sarnesto A and Bry K (1994) Interaction of transferrin
saturated with iron with lung surfactant in respiratory
failure J Appl Physiol 77 757-766

Halman M, Feldman B H, Kirkpatrick E and Gluck L (1977)
Absence of phosphatidylglycerol (PG) in respiratory
distress syndrome in the newborn. Study of the minor
surfactant phospholipidsin newborns Pediatr Res 11 714-
720

Harbottle R R, Nag K, McintyreN S, Possmayer F and Petersen
N O (2003) Molecular organization reveaed by time-of-
flight secondary ion mass spectrometry of aclinically used
extracted pulmonary surfactant Langmuir 19 3698-3704

Hawgood S, Benson B J, Schilling J, Damm D, Clements JA and
WhiteR T (1987) Nucleotide and amino acid sequences of
pulmonary surfactant protein SP 18 and evidence for
cooperation between SP 18 and SP 28-36 in surfactant
lipid adsorption Proc Natl Acad Sci 84 66-70

Holm B A, Notter R H and Finkelstein J N (1985) Surface
property changes from interactionsof albumin with natural
lung surfactant and extracted lung lipids Chem Phys Lipids
38287-298

Holm B A, Wang Z, Egan E A and Notter R H (1996) Content of
dipalmitoyl phosphatidylcholine in lung surfactant:
ramificationsfor surface activity Pediatr Res39 805-811

Horowitz A D, Baatz J E and Whitsett JA (1993) Lipid effects
on aggregation of pulmonary surfactant protein SP-C
studied by fluorescence energy transfer Biochemistry 32
9513-9523



764

Suvasree Mukherjee et al.

Horowitz A D, Moussavian B and Whitsett JA (1996) Roles of
SP-A, SP-B, and SP-C in modulation of lipid uptake by
pulmonary epithelial cellsinvitro AmJ Physiol 270 L69-
79

Hu G Jiao B, Shi X, Vale R P, Fan Q and Zuo Y Y (2013)
Physicochemical properties of nanoparticles regulate
translocation across pulmonary surfactant monolayer and
formation of lipoprotein coronaACSNano 7 10525-10533

Hull J, South M, Phelan P and Grimwood K (1997) Surfactant
composition in infants and young children with cystic
fibrosis Am J Respir Crit Care Med 156 161-165

Inoue H, Inoue C, and Hildebrandt J (1982) Temperature effects
on lung mechanicsin air- and liquid-filled rabbit lungs J
Appl Physiol Respir Environ Exerc Physiol 53 567-575

Jobe A H (1993) Pulmonary surfactant therapy N Engl J Med
328 861-868

Johansen K, Lenfant C and Grigg G C (1966) Respiratory
properties of blood and responses to diving of the
platypus, Ornithorhynchus anatinus (Shaw) Comp
BiochemPhysiol 18 597-608

Johansson J, Curstedt T and Jornvall H (1991) Surfactant protein
B: disulfide bridges, structural properties, and kringle
similarities Biochemistry 30 6917-6921

Kaser M R and Skouteris G G (1997) Inhibition of Bacterial
Growth by Synthetic SP-B1-78 Peptides Peptides 18 1441-
1444

Kendig J W, Notter R H, Cox C, Reubens L J, Davis J M,
Maniscalco W M, Sinkin R A, Bartoletti A, Dweck H S
and Horgan M J (1991) A comparison of surfactant as
immediate prophylaxis and asrescue therapy in newborns
of less than 30 weeks’ gestation New Eng J Med 324 865-
871

KlausM H, Clements JA and Havel R J(1961) Composition of
surface-active material isolated from beef lung Proc Natl
Acad Sci U SA 47 1858-1859

Klein JM, Thompson M W, Snyder JM, George T N, Whitsett
JA, Bell EF, McCray PB and NogeeL M (1998) Transient
surfactant protein B deficiency in aterm infant with severe
respiratory failure J Pediatrics 132 244-248

Kobayashi T, Ohta K, Tashiro K, Nishizuka K, Chen W M,
Ohmura S and Yamamoto K (1999) Dextran restores
albumin-inhibited surface activity of pulmonary surfactant
extract J Appl Physiol 86 1778-1784

Kuroki Y and Akino T (1991) Roles of collagenous domain and
oligosaccharide moiety of pulmonary surfactant protein A
in interactions with phospholipids Biochem Int 24 225-
233

Kwok DY, Vollhardt D, Miller R, Li D and Neumann AW (1994)
Axisymmetric drop shape andysisasafilmbaanceColloids
Surf A: 88 51-58

Lesur O, Bouhadiba T, Méelloni B, Cantin A, Whitsett JA and
Begin R (1995) Alterations of surfactant lipid turnover in
silicosis: evidence of arolefor surfactant-associated protein
A (SP-A) Int J Exp Pathol 76 287-298

Lewis J F and Veldhuizen R (2003) The role of exogenous
surfactant in the treatment of acute lung injury Annu Rev
Physiol 65 613-642

Loney RW,Anyan W R, BiswasSC, Rananavare SB and Hall S
B (2011) The Accelerated Late Adsorption of Pulmonary
Surfactant Langmuir 27 4857-4866

Lu J, Wiedemann H, Holmskov U, Thid S, Timpl R and Reid K
(1993) Structura similarity between lung surfactant protein
D and conglutinin Eur J Biochem 215 793-799

LuK W, Taeusch H W and Clements JA (2013) Hyaluronan with
dextran added to therapeutic lung surfactants improves
effectivenessin vitro and in vivo Exp Lung Res 39 191-
200

Lu K W, Goerke J, Clements J A and Taeusch H W (2005)
Hyaluronan decreases surfactant inactivation in vitro
Pediatr Res57 237-241

McGregor L K, Daniels C B and Nicholas T E (1993) Lung
ultrastructure and the surfactant-like system of the central
netted dragon, Ctenophorus nuchalis Copeia 326-333

Meier W, Greune G Meyboom A and Hofmann K (2000) Surface
tension and viscosity of surfactant from the resonance of
an oscillating drop Eur BiophysJ 29 113-124

Mengd R, Bernhard W, Barth P, Vonwichert P and Muller B
(1993) Impaired regulation of surfactant phospholipid
metabolism in the isolated rat lung after nitrogen dioxide
inhalation Toxicol Appl Pharmacol 120 216-223

Molliex S, Crestani B, Dureuil B, Bastin J, Rolland C, Aubier M
and Desmonts J -M (1994) Effects of halothane on
surfactant biosynthesis by rat alveolar type Il cells in
primary culture Anesthesiology 81 668-676

Moya F R, MontesH F, ThomasV L A, Mouzinho M, Smith J
F, and Rosenfeld C R (1994) Surfactant protein A and
saturated phosphatidylcholine in respiratory distress
syndrome Am J Resp Crit Care 150 1672-1677

MoyaF R, Gadzinowski J, Bancalari E, SalinasV, Kopelman B,
Bancalari A, Kornacka M K, Merritt T A, Segal R and
Schaber C J (2005) A multicenter, randomized, masked,
comparison trial of lucinactant, colfosceril palmitate, and
beractant for the prevention of respiratory distress
syndromeamong very preterminfantsPediatrics 115 1018-
1029



Composition, Sructure and Biophysical Functions of Pulmonary Surfactants 765

Mukherjee S, Maiti K, Fritzen-GarciaM, BhattacharyaS C, Nag
K, Panda A K and Moulik S P (2008) Physicochemical
studies on goat pulmonary surfactant Biophys Chem 134
1-9

Nag K and Keough K M (1993) Epifluorescence microscopic
studies of monolayers containing mixtures of dioleoyl-
and dipal mitoyl phosphati dyl cholines Biophys J 65 1019-
1026

Nag K, Munro JG, Hearn SA, Rasmusson J, Petersen N O and
Possmayer F (1999) Correlated atomic force and
transmission el ectron microscopy of nanotubular structures
in pulmonary surfactant J Sruct Biol 126 1-15

Nag K, Perez-Gil J, Ruano M L, Worthman L A, Stewart J,
Casals C and Keough K M (1998) Phase transitions in
filmsof lung surfactant at theair-water interface BiophysJ
742983-2995

Nogee L M, deMello D E, Dehner L P and Colten H R (1993)
Deficiency of pulmonary surfactant protein B in congenital
alveolar proteinosis New Eng J Med 328 406-410

Notter R H (2000) Lung surfactants: basic science and clinical
applications CRC Press, NY, USA

Orgeig S, DanielsC B, Johnston SD and Sullivan L C (2003) The
pattern of surfactant cholesterol during vertebrate evolution
and development: does ontogeny recapitul ate phylogeny?
Reprod Fertil Dev 15 55-73

Orgeig S et d. (2007) The anatomy, physics, and physiology of
gas exchange surfaces: is there a universal function for
pulmonary surfactant in animal respiratory structures?
Integr Comp Biol 47 610-627

Oulton M R, Janigan D T, MacDonald J, Faulkner G T and Scott
JE (1994) Effectsof smokeinhaation on aveolar surfactant
subtypesin mice Am J Pathol 145 941

Panda A K, Nag K, Harbottle R R, Rodriguez-Capote K,
Veldhuizen R A, Petersen N O and Possmayer F (2004)
Effect of acute lung injury on structure and function of
pulmonary surfactant films Am J Respir Cell Mol Biol 30
641-650

Pastrana B, Mautone A J and Mendelsohn R (1991) Fourier
transform infrared studies of secondary structure and
orientation of pulmonary surfactant SP-C and its effect on
the dynamic surface properties of phospholipids
Biochemistry 30 10058-10064

Perez-Gil J(2002) Molecular interactionsin pulmonary surfactant
films Biol Neonate 81 6-15

Perez-Gil Jand Keogh K M (1994) Structural similaritiesbetween
myelin and hydrophobic surfactant associated proteins:
protein motifs for interacting with bilayers J Theor Biol
169 221-229

Perez-Gil J and Keough K M (1998) Interfacial properties of
surfactant proteins, Biochim Biophys Acta 1408 203-217

Perez-Gil J, Casals C and Marsh D (1995) Interactions of
hydrophobic lung surfactant proteins SP-B and SP-C with
dipalmitoylphosphatidylcholine and
dipalmitoylphosphatidylglycerol bilayers studied by
electron spin resonance spectroscopy Biochemistry 34
3964-3971

Perez-Gil J, Nag K, Taneva S and Keough K M (1992a)
Pulmonary surfactant protein SP-C causes packing
rearrangements of dipalmitoyl phosphatidylcholine in
spread monolayers Biophys J 63 197-204

Perez-Gil J, Tucker J, Simatos G and Keough K M (1992b)
Interfacial adsorption of simple lipid mixtures combined
with hydrophobic surfactant protein from pig lung Biochem
Cell Biol 70 332-338

Phang T-L, McClellan S Jand Franses E | (2005) Displacement
of fibrinogen from the air/aqueous interface by
dilauroylphosphatidylcholine lipid Langmuir 21 10140-
10147

Piknova B and Hall S B (2001) Estimated composition of
monolayers containing pulmonary surfactant
phospholipidsat high surface pressuresBiophys J 80 424a
424a

PiknovaB, SchramV and Hall SB (2002) Pulmonary surfactant:
phase behavior and function Curr Opin Sruc Biol 12 487-
494

Possmayer F (1988) A proposed nomenclature for pulmonary
surfactant-associated proteins Am Rev Respir Dis 138 990-
998

Possmayer F (1990) The role of surfactant-associated proteins
Am Rev Respir Dis 142 749-752

Possmayer F, Yu S H, Weber J M and Harding P G (1984)
Pulmonary surfactant Can J Biochem Cell Biol 62 1121-
1133

Possmayer F, Nag K, Rodriguez K, Qanbar R and Schurch S
(2001) Surfaceactivity invitro: role of surfactant proteins,
Comp Biochem Physiol AMol Integr Physiol 129 209-220

PostleA D, Heeley E L and Wilton D C (2001) A comparison of
the molecular species compositions of mammalian lung
surfactant phospholipids Comp Biochem Physiol Part A:
Mol Int Physiol 129 65-73

Putz G Goerke J, Schurch Sand Clements JA (1994) Evaluation
of pressure-driven captive bubble surfactometer J Appl
Physiol 76 1417-1424

Qanbar R, Cheng S, Possmayer F and Schurch S (1996) Role of
the palmitoylation of surfactant-associated protein C in



766

Suvasree Mukherjee et al.

surfactant film formation and stability Am J Physiol 271
L572-580

Rodriguez-Capote K, Manzanares D, Haines T and Possmayer
F (2006) Reactive oxygen speciesinactivation of surfactant
involvesstructural and functional alterationsto surfactant
proteins SP-B and SP-C Biophys J 90 2808-2821

Schmidt-Nielsen K (1997) Animal physiology: adaptation and
environment, Cambridge University Press, UK

Schram V and Hall S B (2001) Thermodynamic effects of the
hydrophobic surfactant proteins on the early adsorption
of pulmonary surfactant Biophys J 81 1536-1546

Schram V, Anyan W R and Hall S B (2001) Evidence against
cooperativity in protein-induced lung surfactant adsorption
BiophysJ 80 420a-420a

Schurch S (1993) Surface tension properties of surfactant Clin
Perinatol 20 669-682

Schurch S, Bachofen H, Goerke J and Possmayer F (1989) A
captive bubble method reproduces the in situ behavior of
lung surfactant monolayers J Appl Physiol 67 2389-2396

Schurch S, Qanbar R, Bachofen H and Possmayer F (1995) The
surface-associated surfactant reservoir intheaveolar lining
Biol Neonate 67 61-76

Schurch SFand Roach M R (1976) Interference of bronchographic
agentswith lung surfactant Respir Physiol 28 99-117

Seeger W, Grube C, Gunther A and Schmidt R (1993) Surfactant
inhibition by plasma proteins: differential sensitivity of
various surfactant preparations Eur Resp J 6 971-977

Seurynck-ServossSL, DohmM T and Barron A E (2006) Effects
of including an N-terminal insertion region and arginine-
mimetic side chains in helical peptoid analogues of lung
surfactant protein B Biochemistry 45 11809-11818

Strayer D S, Herting E, Sun B and Robertson B (1996) Antibody
to surfactant protein A increases sensitivity of pulmonary
surfactant to inactivation by fibrinogen in vivo AmJ Respir
Crit CareMed 153 1116-1122

Sun B, Curstedt T, Lindgren G Franzen B, AlaiyaA, Calkovska
A and B. Robertson (1997) Biophysical and physiological
properties of amodified porcine surfactant enriched with
surfactant protein A Eur Resp J 10 1967-1974

Suzuki Y, Curstedt T, Grossmann G, Kobayashi T, Nilsson R,
Nohara K and Robertson B (1986) The role of the low-
molecular weight (less than or equal to 15,000 daltons)
apoproteins of pulmonary surfactant Eur J Respir Dis 69
336-345

Taeusch HW and Keough K M (2001) Inactivation of pulmonary
surfactant and the treatment of acute lung injuries Pediatr
Pathol Mol Med 20 519-536

Taeusch H W, Dybbro E and Lu K W (2008) Pulmonary surfactant
adsorption is increased by hyaluronan or polyethylene
glycol Colloids Surf B: 62 243-249

TaeuschHW, Lu K W, Goerke Jand ClementsJA (1999) Nonionic
polymers reverse inactivation of surfactant by meconium
and other substancesAmJ Resp Crit Care159 1391-1395

Takamoto D Y, Aydil E, Zasadzinski JA, IvanovaA T, Schwartz
D K, Yang T and Cremer P S (2001) Stable ordering in
Langmuir-Blodgett films Science 293 1292-1295

Taneva Sand Keough K M (1994) Pulmonary surfactant proteins
SP-B and SP-C in spread monolayers at the air-water
interface: 111. Proteins SP-B plus SP-C with phospholipids
in spread monolayers Biophys J 66 1158-1166

UedaT, Ikegami M, Rider E and Jobe A (1994) Distribution of
surfactant and ventilation in surfactant-treated preterm
lambs J Appl Physiol 76 45-55

Veldhuizen E JA and Haagsman H P (2000) Role of pulmonary
surfactant components in surface film formation and
dynamics Biochim Biophys Acta 1467 255-270

Venkitaraman A R, Baatz JE, Whitsett JA, Hall SB and Notter
R H (1991) Biophysical Inhibition of Synthetic
Phospholipid-Lung Surfactant Apoprotein Admixtures by
Plasma-Proteins Chem Phys Lipids 57 49-57

Von Neergard K (1929) Neue Auffassungen Uber einen
Grundbegriff der Atemmechanik: Die Retraktionskraft der
Lunge, abhangig von der Oberflachenspannung in den
Alveolen, Julius Springer.

VossT, Eistetter H, Schafer K Pand Engel J(1988) Macromolecular
organization of natural and recombinant lung surfactant
protein SP 28-36: Structural homology with the
complement factor C1q J Mol Biol 201 219-227

Walther F J, Gordon L M, Zasadzinski JA, Sherman M A and
Waring A J (2000) Surfactant protein B and C analogues
Mol Genet Metab 71 342-351

Walther F J, Waring A J, Hernandez-Juviel J M, Gordon L M,
Schwan A L, Jung C L, ChangY, Wang Z and Notter R H
(2007) Dynamic surface activity of a fully synthetic
phospholipase-resistant li pid/peptide lung surfactant PLoS
One 2e1039

Wang Z, Gurel O, Baatz J E and Notter R H (1996) Differential
activity and lack of synergy of lung surfactant proteins
SP-B and SP-C ininteractionswith phospholipids J Lipid
Res 37 749-1760

Wang Z, Chang Y, Schwan A L and Notter R H (2007) Activity
and inhibition resistance of a phospholipase-resistant
synthetic surfactant in rat lungs AmJ Respir Cell Mol Biol
37 387-394



Composition, Sructure and Biophysical Functions of Pulmonary Surfactants 767

Wang Z, Schwan A, Lairson L, O’Donnell J, Byrne G, Foye A,
Holm B and R Notter (2003) Surface activity of asynthetic
lung surfactant containing a phospholipase-resistant
phosphonalipid anal og of dipal mitoyl phosphatidylcholine
AmJ Physiol-Lung C 285 L550-L.559

Waring A Jet al. (2005) Therole of charged amphipathic helices
in the structure and function of surfactant protein B J Pept
Res 66 364-374

Warriner H E, Ding J, Waring A Jand Zasadzinski JA (2002) A
concentration-dependent mechanism by which serum
albumin inactivates replacement lung surfactants Biophys
J 82 835-842

Weaver T E and Whitsett JA (1991) Function and regulation of
expression of pulmonary surfactant-associated proteins
BiochemJ 273 249

Weaver T E, Hull W M, Ross G F and Whitsett J A (1985)
Intracellular and oligomeric formsof surfactant-associated
apolipoproteins(s) A in the rat Biochim Biophys Acta 827
260-267

Weibel E R (1968) Morphometric studies of the lung; their
methodol ogy and application Rev Tuberc Pneumol (Paris)
32185-206

Wrobel S (2004) Bubbles, babies and biology: The story of
surfactant FASEB J 18 1624e-1624e

Wulf M, Michel S, Grundke K, del Rio O I, Kwok D Y and
Neumann A W (1999) Simultaneous Determination of
Surface Tension and Density of Polymer Melts Using
Axisymmetric Drop Shape Analysis J Colloid Interf Sci
210172-181

YuLMY,LuJdJ, Chiul WY, LeungK S, ChanY W, Zhang L,
Policova Z, Hair M L and Neumann A W (2004) Poly
(ethylene glycol) enhances the surface activity of a
pulmonary surfactant Colloids Surf B: 36 167-176

Yu S H and Possmayer F (1986) Reconstitution of surfactant
activity by using the 6 kDa apoprotein associated with
pulmonary surfactant Biochem J 236 85-89

Zuo Y'Y, Veldhuizen R A, Neumann A W, Petersen N O and
Possmayer F (2008) Current perspectives in pulmonary
surfactant-inhibition, enhancement and eva uation Biochim
BiophysActa 1778 1947-1977

Zuo Y Y, Alolabi H, Shafiei A, Kang N, PolicovaZzZ, Cox PN,
Acosta E, Hair M L and Neumann A W (2006) Chitosan
enhances the in vitro surface activity of dilute lung
surfactant preparations and resists albumin-induced
inactivation Pediatr Res60 125-130.



