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Pulmonary Surfactant and its in vitro
Assessment Using Axisymmetric Drop
Shape Analysis (ADSA): A Review

Recent progress in the study of pulmonary surfactant is re-
viewed. The first half of this paper provides general background
in both physiological and clinical perspectives. The second half
focuses on the in vitro assessment of pulmonary surfactant
using methods based on a drop shape technique, Axisymmetric
Drop Shape Analysis (ADSA). Theories, experiments, and techni-
ques of image analysis used in these ADSA methods are briefly
described. Typical applications of these methods are discussed
in detail. It is concluded that the accuracy, versatility, and simpli-
city of these ADSA methods render them suitable to the study of
pulmonary surfactant.
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Lungentensid und seine in-vitro Bewertung mit axialsymme-
trischer DropShape Analyse (ADSA): Ein Übersichtsartikel. In
diesem Übersichtsartikel werden die neusten Fortschritte der
Studien über Lungentenside vorgestellt. Im ersten Teil dieser Ar-
beit wird ein allgemeiner Hintergrund aus der physiologischen
und klinischen Perspektive gegeben. Der zweite Teil konzentriert
sich auf die in-vitro Bewertung von Lungentensid, die auf Meth-
oden der axialsymmetrischen Drop Shape Analyse (ADSA) ba-
sieren. Die Theorien, Experimente und Techniken der Bildana-
lyse dieser ADSA-Methoden werden kurz beschrieben und
typische Anwendungen im Detail besprochen. Man kann fol-
gern, dass die ADSA-Methoden aufgrund ihrer Genauigkeit, viel-
seitigen Verwendbarkeit und Einfachheit für Studien über Lun-
gentenside geeignet sind.

Stichwörter: Lungentensid, axialsymmetrische DropShape Ana-
lyse (ADSA), Oberflächenspannung, DropShape-Methode, Bild-
analyse

List of Abbreviations

ADSA Axisymmetric drop shape analysis
ALFI-S Axisymmetric liquid fluid interface –

smoothing
ALI Acute lung injury
AFM Atomic force microscopy
ARDS Acute respiratory distress syndrome
BAM Brewster angle microscopy
BLES Bovine lipid extract surfactant
CB Captive bubble
CBS Captive bubble surfactometer
CCD Charge coupled device
CED Canny edge detector
CR Compression ratio
CSD Constrained sessile drop
DMPC Dimyristoyl phosphatidylcholine
DPPC Dipalmitoyl phosphatidylcholine

FDA The United States Food and Drug
Administration

FOPF Fifth order polynomial fitting
FRC Functional residual capacity
LC Liquid-condensed
LPC Lysophosphatidylcholine
LWB Langmuir-Wilhelmy balance
MW Molecular weight
PBS Pulsating bubble surfactometer
PC Phosphatidylcholine
PD Pendant drop
PE Phosphatidylethanolamine
PEEP Positive end-expiratory pressure
PEG Polyethylene glycol
PG Phosphatidylglycerol
PI Phosphatidylinositol
POPC Palmitoyl-oleoyl phosphatidylcholine
PPoPC Palmitoyl-palmitoleoyl phosphatidylcholine
PS Phosphatidylserine
PVP Polyvinypyrrolidone
RDS/nRDS (neonatal) Respiratory distress syndrome
SA Surface tension vs. relative area
SBT Spinning bubble tensiometry
SED Sobel edge detector
SFM Scanning force microscopy
SP-A, B, C, D Surfactant associated proteins A, B, C and D
SPH Sphingomyelin
VAST Volume – area – surface tension vs. time

1 Introduction

In mammalian lungs the entire alveolar surface is lined with
a thin fluid continuum, called alveolar lining layer [1, 2]. It
consists of an aqueous hypophase covered by a film of pul-
monary surfactant [3]. The main function of this pulmonary
surfactant film is to reduce the surface tension of the alveo-
lar surface [4, 5]. This surface tension lowering ability of pul-
monary surfactant plays an important role in maintaining
the normal mechanics of respiration. By lowering alveolar
surface tension, first, the amount of energy required to in-
flate the lungs is reduced by increasing pulmonary compli-
ance (i. e. the ratio of lung volume change to an applied dis-
tending pressure); second, the likelihood of lung collapse
during expiration is reduced by decreasing elastic recoil [6].
As a result, the lungs can easily maintain patency by a small
transpulmonary pressure, i. e. 1 to 10 cm H2O [7].

Deficiency or dysfunction of lung surfactant leads to se-
vere pulmonary diseases. Neonatal Respiratory Distress Syn-
drome (nRDS), or simply called RDS, is the major disease of
lung surfactant deficiency worldwide due to prematurity [8].
Patients with RDS are premature infants who exhibit in-
creased work of breathing, decreased lung compliance, pro-
minent atelectasis with reduced function residual capacity
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(FRC, i. e. the volume remained in the lungs at the end of
expiration), impaired gas exchange, and diffuse interstitial
edema [8]. As many as 50 000 to 60 000 premature infants
in the United States alone are threatened by RDS annually
[8].

An adult version of RDS is Acute Respiratory Distress
Syndrome (ARDS), a severe form of acute lung injury (ALI)
[9]. Patients with ARDS can be of any age but exhibit similar
symptoms to RDS [9]. The pathogenesis of ARDS is not fully
understood but surfactant dysfunction or inactivation by a
variety of inhibitory substances, such as blood, plasma and
serum proteins, and meconium [10] is believed to be an op-
erative cause accompanied with the other primary patholo-
gies, e. g. oxygen toxicity, severe pulmonary infections, or
radiation damage [11].

Exogenous surfactant replacement therapy, in which
either synthetic or natural lung surfactants extracted from
mammalian lungs are delivered to the patients, has been
used as a standard therapeutic intervention for patients with
RDS [12]. The surfactant therapy also shows favorable effect
on ARDS [9].

Therefore, the study of lung surfactant has not only phy-
siological but also clinical significance. A number of in vivo,
in situ and in vitro methods have been developed for asses-
sing lung surfactant as outlined later in this review. Among
these methods, Axisymmetric Drop Shape Analysis (ADSA)
shows an intriguing potential for in vitro assessment of lung
surfactant.

ADSA is a surface tension measurement methodology
initiated in the author’s laboratory in the 1980s [13]. It has
been continuously improved in the last two decades [14–
18]. ADSA is found to be particularly suitable for the study
of lung surfactant as it requires only a small amount of
liquid sample, is capable of measuring dynamic [19] and
ultralow surface tensions [20], and more importantly, is able
to be operated like a microfilm balance [21].

This paper reviews the applications of ADSA in the study
of lung surfactant. It is organized as follows: in Section 2,
we introduce the lung surfactant system, including its com-
position, physiological functionality, and metabolism. Sec-
tion 3 reviews the history of discovering lung surfactant
and its clinical applications. Section 4 summarizes the com-
monly used methods for assessing lung surfactant. Focus is
on in vitro techniques. Section 5 focuses on the description
of ADSA related methods. Several typical applications are
discussed in Section 6. Finally, a brief summary and some
perspectives are given in Section 7.

It should be noted that the study of lung surfactant ex-
perienced a booming development in the last several dec-
ades and continues blossoming. A large body of literatures
is available on physiological, biochemical, biomedical, and
biomechanical aspects. It is not attempted here to cover all
these aspects; rather, the focus is on the in vitro surface ten-
sion assessment. However, other topics, such as the surfac-
tant composition, which are closely related to the surface
tension properties of lung surfactant, are also discussed,
although not in detail. The aim is to provide useful refer-
ences for further reading.

2 Lung surfactant

2.1 Composition of lung surfactant

Comparative biology studies suggest that lung surfactant
exists in all vertebrates, although with different composi-
tions [22]. In mammalian lungs, however, the composition
of lung surfactant is remarkably similar among diverse spe-

cies, i. e. approximately 90 % lipids and 10 % proteins by
weight [23].

The lipids consist of a majority of phospholipids (~97 wt %)
and a small amount of neutral lipids (~3 wt %), primarily cho-
lesterol [24]. Among the phospholipid components, phospha-
tidylcholine (PC), also known as lecithin, is the most preva-
lent class, accounting for approximately 80 wt % of the total
lung surfactant phospholipids [25]. About half of PC is dipal-
mitoyl phosphatidylcholine (DPPC) [25]. DPPC is the most
abundant single component in lung surfactant, accounting
for approximately one third of the total phospholipids. DPPC
is a long-chain, disaturated phospholipid (i. e. neither fatty
acid chain contains a double bond.). In contrast, the other
PC components are mainly unsaturated (i. e. fatty acid chains
of the phospholipid contain at least one double bond) [8], e. g.
palmitoyl-palmitoleoyl-PC (PPoPC) and palmitoyl-oleoyl-PC
(POPC).

Apart from PC, other classes of phospholipids constitute
the rest 20 wt % of the lung surfactant phospholipids. They
are mainly unsaturated, including both anionic phospholi-
pids (e. g. phosphatidylglycerol (PG), phosphatidylinositol
(PI), phosphatidylserine (PS)) and zwitterionic phospholi-
pids (e. g. phosphatidylethanolamine (PE), sphingomyelin
(SPH)). Anionic phospholipids as a group account for about
12 –15 wt % of the total phospholipids [25].

There are at least four known lung surfactant associated
proteins, named SP-A, -B -C and -D based on the nomencla-
ture proposed by Possmayer in 1988 [26]. SP-A (MW 26 –
38 kDa) and SP-D (39– 46 kDa) are large hydrophilic mole-
cules. They are members of the Ca2+-dependent carbohy-
drate-binding collection family. In contrast, SP-B (MW 8.5 –
9 kDa) and SP-C (3.5– 4.2 kDa) are smaller and extremely
hydrophobic. Among these surfactant associated proteins,
SP-A is the most abundant one, accounting for about
5 wt % of lung surfactant, followed by SP-D, accounting for
about 3.5 wt %. SP-B and SP-C together constitute approxi-
mately 1.5 wt % [8].

2.2 Physiological function of lung surfactant components

At least three physical properties of a lung surfactant system
are essential to the normal lung function, especially in the
neonatal period [25, 27]. They are: 1) rapid film formation
(i. e. within seconds) via adsorption from the alveolar hypo-
phase; 2) low film compressibility (i. e. < 0.01 m mN–1) asso-
ciated with very low surface tension values (i. e. near-zero va-
lues) during lung deflation; and 3) effective replenishment
of the lung surfactant film during lung inflation. The com-
position of the lung surfactant serves to fulfill these basic
physiological functions.

Surface properties of phospholipids, such as surface ac-
tivity, fluidity, and phase behavior, are crucially dependent
on the length and saturation of their fatty acid chains [8].
The lung surfactant film at the alveolar surface must con-
sists of a significant amount of rigid saturated phospholi-
pids because only these phospholipids are able to be tightly
packed upon lateral compression and therefore yield near-
zero surface tensions [8].

First, the phospholipids must be saturated. Unsaturated
phospholipids only allow a limited compression beyond
equilibrium. The equilibrium surface tension is the lowest
surface tension that pure or mixed phospholipid films can
achieve by spontaneously spreading or adsorption [25].
Given sufficient amounts of lipid and a long enough time,
identical equilibrium surface tension values for different
preparations of lung surfactant are found to be in the range
of 22 –25 mJ m–2, no matter how the film is formed [25].
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Further decrease in surface tension beyond the equilibrium
value can only be achieved by film compression [27]. How-
ever, for unsaturated phospholipids, the minimum surface
tensions that can be reached by compression merely range
from 15 to 20 mJ m–2 [25]. The surface tensions remain con-
stant during further compression, indicating expulsion of
phospholipid molecules out of the film, i. e. “film collapse”
[25].

Second, the phospholipids must be rigid. In other words,
the phospholipids should be in a gel phase at the normal
physiological temperature (i. e. 37 °C). At a certain critical
temperature (Tc), a hydrated phospholipid undergoes a ther-
motropic phase transition, called gel to liquid crystal phase
transition, in which fatty acid chains of the phospholipid
are “melted” and the two dimensional molecular motion is
greatly enhanced [25]. After that, the phospholipid changes
from a rigid, ordered, gel phase to a rather mobile, dis-
ordered, liquid-crystalline phase. Tc increases with chain
length but decreases with the number of double bonds [8].
The introduction of double bonds has the most profound
impact on Tc. Unsaturated phospholipids usually have a Tc

far less than the body temperature (e. g. POPC has a Tc of
–5 to 4 °C [8]). Under normal physiological conditions, unsa-
turated phospholipids are all in the liquid crystal phase and
therefore form films with expanded molecular packing, ea-
sily collapsing at a low film pressure. The length of the fatty
acid chains also affects Tc, albeit to a lesser extent than sa-
turation (i. e. number of double bones) [8]. For instance, a
disaturated PC with chain length of 14 carbon atoms, dimyr-
istoyl phosphatidylcholine (DMPC) has a Tc of only 27 °C [8].
Consequently, at 37 °C, DMPC is also unable to decrease
surface tension to near-zero values even though it does yield
tighter packing and more condensed films than unsaturated
phospholipids do [8]. Further study suggests that only disa-
turated PC with chain lengths of at least 16 carbon atoms
are in the rigid gel phase at the normal body temperature
[8].

DPPC satisfies these two requirements. DPPC is a long-
chain disaturated phospholipid with a transition tempera-
ture of about 41 °C [8]. Therefore, at the normal body tem-
perature, DPPC exhibits high rigidity and hence facilitates
the formation of highly ordered, tightly packed, solid surface
films, which are capable of reaching near-zero surface ten-
sions upon compression. According to the knowledge to
date, DPPC is the only component in lung surfactant re-
sponsible for such extremely low surface tensions [8].

The rigidity of DPPC at the body temperature renders
it capable of reducing surface tensions to extremely low
values, but also causes its poor performance in adsorption
and respreading at the air-liquid interface [8]. The unsatis-
factory adsorption properties of DPPC are compensated for
by the presence of the unsaturated phospholipids, neutral li-
pids, and surfactant associated proteins [29 –31]. These li-
pids, mainly unsaturated, are in a fluid liquid crystal phase
at the body temperature and hence have a major impact in
improving mobility of DPPC and enhance its adsorption
and respreading at the air-liquid interface. With the aid of
these fluid lipid components and the surfactant associated
proteins (discussed below), lung surfactant is able to adsorb
rapidly at the alveolar surface, a primary physiological neces-
sity. After the de novo adsorption, the fluid phosphilipid
components, which are less effective in lowering surface
tensions, are squeezed out of the film during the subse-
quent compression, thus resulting in a condensed, DPPC
enriched film [32]. As indicated before, this DPPC enriched
film is responsible for the reduction of surface tensions to
near-zero values.

Surfactant apoproteins also play an important role in the
film formation, film refining, film stabilization at high sur-
face pressures, and film replenishment after collapse.

SP-A shows a variety of physiological functions involving
the enhancement of surface activity of lung surfactant and
the maintenance of surfactant homeostasis [33]. However,
SP-A alone has little effect on the surface activity of lung
surfactant [34, 35] but needs to be incorporated with the hy-
drophobic apoproteins (e. g. SP-B) and calcium ions [34, 36,
37]. Under certain circumstances, e. g. reduced phospholipid
concentrations [38– 40] occurring in the impaired lungs, SP-
A can significantly improve the surface activity by enhan-
cing phospholipid adsorption and refining the surfactant
film by excluding non-DPPC lipids [34, 40]. As a result, the
addition of SP-A to lung surfactant extracts in vitro exhibits
limited surface tension-area hysteresis, less compression to
reach low surface tensions and increased stability [40]. SP-A
is also able to resist the inhibition due to a number of sub-
stances, such as blood proteins [37, 39], cholesterol [36], and
meconium [41]. Other known functions of SP-A are the for-
mation of tubular myelin [42], maintenance of large surfac-
tant aggregates [43], regulation of uptake and secretion of
surfactant by type II cells [44] and host defense as outlined
in Ref. [45, 46].

SP-B and SP-C independently promote rapid adsorption
of phospholipids to the air-liquid interface [32]. They also
play a role in the film refining, that is, in the selective
squeeze-out of non-DPPC molecules from the interface
[47– 50]. In addition, SP-B and SP-C are important in the
film renewal since they remain in the excluded phase on
compression and enhance readsorption and respreading of
the surface active compounds on expansion [47 –50].

So far, no significant physiological functions regarding
surface properties have been found to be associated with
SP-D [45]. However, recent studies suggested that SP-D ap-
pears to be of importance in the pulmonary host defense
system [51].

Detailed descriptions of the biochemical compositions of
lung surfactant and their physiological functions are avail-
able in a number of excellent reviews [8, 23 –25, 29 –32,
52 –59].

2.3 Metabolism of lung surfactant

Metabolism of lung surfactant takes place in the aqueous
hypophase of the alveolar lining layer [32]. By using trans-
mission electron microscopy, Weibel and his colleagues [3,
60, 61] convincingly demonstrated that alveoli are lined with
a thin liquid layer that covers a substantial area of alveoli.
The continuity of this lining layer was also established by a
study of rat lungs using low-temperature electron micro-
scopy [62]. It was found that the aqueous hypophase has an
average thickness of 0.14 lm over the alveoli surface,
0.89 lm in alveolar corners, and an area-weighted average
thickness of 0.2 lm [62]. Even though very thin, this hypo-
phase is still large enough to qualify as a bulk phase com-
pared to the surfactant film covering it, which is in the mo-
lecular dimension, i. e. nanometer range [63]. The aqueous
hypophase is believed to be essential for the lung surfactant
metabolism by providing a medium for surfactant secretion,
transformation, adsorption, desorption, and replenishment
[8].

Lung surfactant is synthesized by type II epithelial cells,
and processed and packed into lamellar bodies in a structure
of closely packed multiple bilayers [32]. Subsequently, lung
surfactant is secreted into the alveolar hypophase, in which
some of the lamellar bodies undergo transformation into an
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unusual morphological form called tubular myelin [32]. Tub-
ular myelin is composed of large cylindrical tubes consti-
tuted primarily of phospholipids and proteins, ranging in
size from nanometers to microns. Tubular myelin is highly
surface active, phospholipid-rich, most likely representing
an immediate precursor of the lung surfactant film at the
air-water interface of alveoli. From the traditional point of
view, the lung surfactant film is monomolecular thick [64,
65]. However, recently, cumulating evidence, achieved by
using electron microscopy [66, 67], captive bubble surfact-
ometer [68, 69], and direct film imaging using scanning
force microscopy [70], suggested that this film is most likely
thicker than a monolayer.

After de novo adsorption, the lung surfactant film under-
goes refining during the subsequent film compression and
expansion, corresponding to the deflation and inflation of
the lungs. On compression, the surfactant film becomes en-
riched in DPPC by selective squeeze-out of the non-DPPC
components [32] (Alternatively, the enrichment in DPPC
might be due to “selective adsorption”, i. e. the film may be
enriched in DPPC during the de novo adsorption process
[71]). If the surfactant film is compressed beyond the col-
lapse pressure, it may lose surface active material by form-
ing three dimensional collapse phase in the subphase or
forming extended multilayered structures adjacent to the
film [72]. Upon the subsequent expansion, with the aid of
surfactant apoproteins, the film can be effectively restored
by readsorption and respreading of surface active material
from the hypophase, from the so-called “surfactant reser-
voir” associated with the surface formed after the de novo ad-
sorption, or from the collapse phase [73].

After performing their physiological function, the surfac-
tant molecules are eventually removed from the interface
and are cleaned from the alveolar space or re-uptaken by en-
docytosis back into type II cells, where surfactant compo-
nents are recycled to reduce the need for de novo synthesis
[32]. The turnover period of lung surfactant ranges from 4
to 11 hours [74, 75].

Other reviews on the metabolism of lung surfactant can
be found in Ref. [76, 77].

3 Discovery of lung surfactant

3.1 Surface tension of lung surfactant

The discovery of lung surfactant can be traced back to 1929
when von Neergaard first introduced the importance of in-
terfacial forces for lung mechanics [78]. By comparing the
recoil pressure of lungs filled with air and with aqueous so-
lution, von Neergaard demonstrated the existence of alveolar
surface tension. However, he was not able to find a surface
active material from the lungs. He also measured the sur-
face tensions of tissue extracts and of liquid used to distend
the lungs from the pressure-volume behavior. The surface
tensions measured by him ranged from 35 to 41 mJ m–2.

von Neergaard’s study caused little attention until Pattle,
in 1955, published his classic paper in Nature [79]. By study-
ing the stability of microbubbles (40~50 lm in diameter) in
the lung extracts, Pattle drew the conclusion that surface
tensions of lung extracts should be zero. Otherwise the mi-
crobubbles could no be stabilized but would dissolve rapidly
due to their internal excess pressure generated by the highly
curved surface based on the Laplace equation. He con-
cluded, erroneously, that the film responsible for the zero
surface tension is composed of an insoluble protein. Pattle
corrected his mistake later by identifying the film is com-
posed of a lecithin-protein complex [80].

In 1957, Mead and his colleagues studied the depen-
dence of lung compliance on surface tension forces [81].
They observed that, during slow deep breaths, the quasi-sta-
tic transpulmonary pressure during inflation with gas was
higher than that during deflation, a phenomenon called
pressure-volume hysteresis. The hysteresis largely disap-
peared during inflation with liquid. They attributed this dif-
ference to the operation of surface tension.

In 1957, Clements performed the first direct surface ten-
sion measurement of lung extract by using a modified Lang-
muir-Wilhelmy balance [82]. He found that 1) the lung ex-
tracts are able to lower the surface tension to a value as
small as 10 mJ m–2; and 2) the surface tension-area curves
of lung extracts exhibit significant hysteresis, similar to
those observed in pressure-volume curves [81]. These in vitro
surface tension properties of lung surfactant, i. e. its ability
to reach low surface tension (near-zero value) and to vary
surface tension during film oscillation (between approxi-
mately 30 mJ m–2 and near-zero values), were later con-
firmed by Schürch et al through direct surface tension mea-
surement in the lungs [83].

Excellent further and detailed reviews are available [84, 85].

3.2 Lung surfactant in clinical applications

The clinical relevance of lung surfactant and RDS was first
established by Avery and Mead [86]. In 1959, Avery and
Mead reported that they could not find surfactant in the
lung extracts of infants who died of hyaline membrane dis-
ease, later referred to as RDS, but that it was found in in-
fants who died without pulmonary diseases, provided that
their birth weight was more than about 1000 gram. There-
fore, they hypothesized that prematurity and lack of surfac-
tant were responsible for RDS. The pathological relationship
between prematurity and surfactant deficiency was later
confirmed by Brumley et al who found that the lung surfac-
tant system does not mature until late in gestation [87].

The idea of treating RDS by supplying surfactant substi-
tute to the surfactant deficient lungs has been appreciated
soon after the work by Avery and Mead [86]. However, the
selection of a suitable surfactant replacement remained un-
solved for a long time. Shortly after DPPC was found to be
the primary component responsible for surface tension de-
crease [88], attempts were made to treat RDS by administer-
ing aerosols of DPPC [89]. However, these early trials failed,
mainly due to the poor adsorption of pure DPPC, which is
far less than required by normal lungs [90]. Not until 1980,
Fujiwara et al reported the first successful trial of surfactant
replacement in infants with RDS by using a surfactant pre-
paration extracted from bovine lungs [91]. At present, surfac-
tant replacement therapy has become a standard therapeutic
intervention for patients with RDS [12]. Owing to this ther-
apy, the mortality rate of premature infants in the United
States due to RDS dropped by 24 % between 1989 and 1990
and continues decreasing thereafter [92, 93].

In 1967, Ashbaugh and his colleagues first described a
syndrome of acute respiratory distress in adults which clo-
sely simulates the symptoms of RDS in premature infants
[94]. These workers termed it adult respiratory distress syn-
drome (ARDS) [95], which was later renamed acute respira-
tory distress syndrome. Inspired by the symptomatic simi-
larity between ARDS and RDS, surfactant replacement
therapy has been tested in ARDS [96]. It was found that sur-
factant therapy generally shows a positive effect on ARDS
[97]. However, the effect is sometimes erratic and largely de-
pendent on the dosage, administration, timing and the ac-
tual preparation [98].
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Excellent reviews on the history and current status of
surfactant therapy can be found in Ref [9, 97 –103].

4 Methods to assess lung surfactants

Methods for assessing lung surfactant fall into three cate-
gories, i. e. in vivo, in situ and in vitro techniques.

The in vivo methods are usually used to test the efficacy
of surfactant replacement by directly monitoring the basic
physiological parameters, such as the blood oxygenation
and positive end-expiratory pressure (PEEP), which are es-
sential to evaluate the recovery of the respiratory system of
animals after ALI [104]. The commonly used animal models
can be generally divided into those primarily involving sur-
factant deficiency (i. e. surfactant-deficient newborn ani-
mals) [105, 106] and those primarily involving surfactant
dysfunction or inactivation (i. e. meconium aspiration adult
animals) [105, 107]. Using these in vivo methods, first-hand
knowledge about the influencing factors of the surfactant
therapy, such as efficacy of different surfactant preparations,
means of administration and timing, can be gained.

The in situ methods refer to the methods of studying the
alveolar surface tensions of excised lungs. There are two
commonly used in situ methods allowing measurement of
alveolar surface tensions. One is the microdroplet method
developed by Schürch et al [83, 108–110]. By depositing dro-
plets of test fluid (e. g. fluorocarbon) with known surface
tensions onto the alveolar surface using a micropipette,
these workers were able to determine the alveolar surface
tension directly by monitoring the shape of the droplet dur-
ing various phases of the ventilatory cycle performed in a
quasi-static fashion. Another method is the pressure-volume
(P-V) method initiated by Fisher et al [111], Bachofen et al
[112, 113] and Wilson [114, 115] and, in which the alveolar
surface tension is indirectly determined by analyzing the
pressure-volume curves of excised lungs cycled in a quasi-
static manner. The principle of this method is as follows: in-
flating or maintaining the lungs at fixed volume with air re-
quires work against two kinds of forces, i. e. the tissue force
and the surface tension force. Saline annihilates liquid-air
interface that generates surface tension forces, thus leaving
only lung tissue forces. The difference between P-V curves
for air and saline hence reflects the contribution of surface
tension forces to pulmonary mechanics. A variety of thermo-
dynamic models have been developed to describe the corre-
lations between the pulmonary surface tension-area beha-
vior and the quasi-static P-V curves. For example, Prokop
and Neumann [116] developed a thermodynamic model al-
lowing for the evaluation of the alveolar surface tension, sur-
face area, distortion energy and the mechanical work from
the P-V curves of fluid- and air- filled lungs. The only as-
sumption made in this model is that the mechanical cycling
should be isothermal and quasi-static.

The in vitro methods examine the surface activity of nat-
ural lung surfactant extracts and therapeutic surfactant pre-
parations. A variety of techniques have been developed for
this purpose. Three widely used methods are the Lang-
muir-Wilhelmy balance, the pulsating bubble surfactometer,
and the captive bubble surfactometer, as outlined as follows.
Other reviews of these in vitro methods are also available
[8, 27, 117–119].

4.1 Langmuir-Wilhelmy balance

The classic Langmuir balance was introduced to surface
science in the early years of the 20th century [120]. Insoluble
films of surfactant are formed on top of a liquid subphase

contained in a trough. The film is confined by two barriers,
a fixed one on the one side and an adjustable one on the
other side. The film can be slowly compressed and expanded
in a quasi-static fashion by moving the adjustable barrier re-
lative to the fixed one. The force acting on the floating bar-
rier is measured by a horizontal force transducer, which di-
rectly indicates the film pressure. Clements and his
colleagues [82, 121, 122] modified Langmuir’s original de-
sign and introduced the Langmuir-Wilhelmy balance (LWB)
to the study of lung surfactant. In the LWB, the lung surfac-
tant film, formed on an aqueous subphase by either spread-
ing or adsorption, is confined in a Teflon trough equipped
with a continuous Teflon ribbon border and a tightly fitted
movable barrier [122]. The surface tensions are continuously
monitored by a platinum Wilhelmy dipping plate. The film
pressure, p, is measured indirectly, from yielding the surface
tension (c) of the film covered liquid:

p ¼ c0 � c ð1Þ

where, c0 is the surface tension of the pure liquid subphase.
Not only was it an early apparatus in lung surfactant study,
the LWB remains popular even now [123]. The LWB is well
suited for examining surface tension-area characteristics of
lung surfactant films, and particularly useful for the study
of spreading films as the surface area per molecule can be
accurately estimated by controlling the amount of molecules
and surface area allowed for spreading. The LWB is also easy
to use in conjunction with a number of film imaging appa-
ratus, such as Brewster angle microscopy (BAM) [124 –127]
and fluorescent microscopy [124 –130], yielding detailed
structural information, e. g. the behavior of phase transition
[125, 126, 130]. Companying with the Langmuir-Blodgett
technique, the LWB can be also used with scanning force
microscopy (SFM) [128, 131, 132] and atomic force micro-
scopy (AFM) [133, 134], providing direct film visualization
at the molecular level.

In spite of its merits, the LWB has a number of draw-
backs. First, it requires a large amount of liquid sample,
i. e. more than 50 mL. Second, with a generally slow cycling
rate (i. e. 1~10 min per cycle), the LWB does not allow the
study of fast compression simulating the frequency of
breath (i. e. 20 cycles min–1), as this creates a wave on the
liquid surface. Third, it is well-known that measuring sur-
face tension using a Wilhelmy plate requires a contact angle
of zero degrees [135]. However, it is usually difficult to main-
tain a zero contact angle, especially upon re-expansion of the
film, since phospholipid molecules tend to adsorb onto the
plate during the previous compression and thus render it
hydrophobic [136]. Finally, a less obvious but serious pro-
blem, the LWB can suffer from film leakage. Film leakage
occurs because of a fundamental thermodynamic principle:
at sufficiently low surface tensions, the surface active mate-
rials tend to spread from the air-water interface onto the so-
lid that supports the film as this process decreases the total
free energy of the system [137]. Due to the loss of film ma-
terial and film spreading onto the solid surface, the mea-
sured surface tension and compression ratio can be essen-
tially meaningless.

In the LWB, film leakage may occur at both the trough
walls and the barriers, above (air-solid interfaces) and below
the water level (liquid-solid interfaces). Since the surface
tension of air-Teflon and water-Teflon is approximately 18
and 50 mJ m–2 [118], respectively, leakage is expected to oc-
cur whenever the film surface tension decrease below these
threshold values. Leakage at the air-solid interfaces can be
reduced by using tightly fitting barriers [121]. Continuous
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Teflon ribbons or bands standing on edge can also help to
reduce leakage at the barriers [122, 138]. Leakage at the li-
quid-solid interfaces can be reduced by a priming process
which makes the Teflon wall hydrophilic below the water
line. For example, Goerke and Gonzales [139] recommended
treating the Teflon walls with an alcoholic solution of lantha-
num chloride and long-chain saturated PC to reduce leak-
age. Using all these treatments, near-zero surface tensions
can be achieved by reducing film area by 80 –90 % [139].
However, this compression is almost three times greater
than that in situ measurement and with significant hyster-
esis [82], indicating a failure of reproducing the in situ stabi-
lity. Moreover, these preparation procedures considerably de-
crease the efficiency of the measurements.

4.2 Pulsating bubble surfactometer

The pulsating bubble surfactometer (PBS) was first intro-
duced to lung surfactant studies by Enhorning in 1977
[140]. PBS consists of an air bubble formed in a disposable
chamber containing only 20 lL of the test liquid. The bubble
is suspended from a capillary connected to the atmosphere.
Bubbles are formed by drawing air from the atmosphere
through the capillary. Subsequently, the bubble is oscillated
between two fixed positions, i. e. a maximum radius of
0.55 mm (0.7 lL in volume and 3.6 mm2 in area) and a
minimum radius of 0.4 mm (0.27 lL in volume and
1.8 mm2 in area), by a pulsator with a stroke volume of
0.43 lL. In other words, the oscillation produces a maxi-
mum surface area reduction (i. e. compression ratio) of
approximately 50 %. The cycling frequency usually used is
20 cycles min–1 (i. e. the frequency of breathing), but it can
be changed from 0.02 to 80 cycles min–1.

During oscillation, the maximum and minimum radii of
the bubble are monitored by a microscope. The pressure
gradient across the bubble is continuously measured by a
pressure transducer. Since the bubble communicates with
the ambient atmosphere, the pressure gradient measured
by the transducer is the negative pressure in the liquid
phase. The surface tensions are calculated by using the La-
place equation for a spherical interface (Eq. 2).

DP ¼ 2c
R

ð2Þ

where DP is the pressure gradient across the interface; c is
the surface tension; R is the bubble radius.

PBS is highly efficient. A repeatable assessment can be
complete within 5 min. PBS has been widely used to exam-
ine the quality of surfactant preparations, i. e. 1) fast adsorp-
tion upon expansion, indicated by the surface tension at the
maximum bubble radius; and 2) low surface tension upon
compression, indicated by the surface tension at the mini-
mum bubble radius. Other advantages of PBS outperform-
ing LWB are the small amounts of sample required (20 lL),
the simplicity of cleaning (disposable chamber), and the fast
pulsating rate (20 cycles min–1), allowing for direct simula-
tion of breathing.

Nevertheless, PBS has a number of drawbacks. First,
shared with LWB, film leakage is also a problem of PBS. At
low surface tensions film leakage occurs at both the inner
(air-solid interface) and the outer (liquid-solid interface) sur-
faces of the capillary. Leakage at the inner surface of the capil-
lary can be reduced by keeping the tube dry [141]. However,
leakage at the outer surface is difficult to remove. Due to film
leakage, PBS is not suitable for the study of film stability at
the minimum surface tension in a non-pulsating model. Sec-

ond, the fixed maximum reduction on bubble area does not
allow PBS to study the effect of compression ratio on the film
compressibility and stability. Finally, even for the small bub-
ble used in PBS, the assumption of spherical shape does not
hold true when the surface tensions fall to values less than
1 mJ m–2 [142]. The effect of gravity on bubble deformation
at low surface tensions and other effects such as surface dila-
tational viscosity have been well studied [143].

4.3 Captive bubble surfactometer

The captive bubble surfactometer (CBS) was first introduced
by Schürch et al in 1989 [144]. In CBS, an air bubble (ap-
proximately 200 lL in volume and 7 mm in diameter) floats
against a ceiling coated with 1 % agar gel, which ensures
that the area of “contact” between the bubble and the cham-
ber is completely hydrophilic. Consequently, the bubble is
separated from the ceiling by a thin wetting film of the sur-
rounding aqueous liquid, thus avoiding adhesion to any so-
lid support and eliminating all potential pathways for film
leakage [145].

Film formation in CBS is usually by adsorption [144,
145]. A spreading technique has also been developed to al-
low for the study of spreading films in CBS [146]. After film
formation, the bubble can be cycled in either quasi-static or
dynamic fashion by varying the pressure in the chamber.
This can be done by varying pressure directly in a pressure-
driven version of CBS [147] or by manually changing the
chamber volume, i. e. moving the chamber against a fixed
piston [145]. Cycling frequencies can be chosen from extre-
mely slow to faster than 60 cycles min–1.

Different from PBS, shape of the bubble in CBS cannot
be assumed as spherical but turns out to be Laplacian. That
is, the bubble shape is controlled by the mechanical balance
between the surface tension force and local gravity, based on
the Laplace equation of capillarity. Therefore, in turn, the
surface tension can be determined from the bubble shape.
Hence bubble images have to be acquired. These images
are first enhanced by an image processing program and the
bubble profiles are extracted by a simple thresholding meth-
od [148]. The remaining outliers are removed by manual
editing. The bubble height (h) and diameter (d) are then de-
termined from the bubble profile. Surface tension, bubble
area and volume are calculated by substituting the ratio of
bubble height to diameter (h/d) into three polynomial func-
tions, respectively. The surface tension polynomial is modi-
fied from the formula derived by Malcolm and Elliott [149].
The polynomials of area and volume are regressed from the
measurements of a series of sample bubbles with a wide
range of h/d [148].

CBS is able to provide a leakage-proof experimental en-
vironment. Therefore it is well suited to study processes in-
volving near-zero surface tensions upon compression, film
compressibility, stability, and surface tension-area hysteresis
[144, 145]. Without film leakage, near-zero surface tensions,
mimicking the physiological surface tensions in the lungs,
can be readily obtained by a moderate compression ratio
(i. e. < 20 %) [71]. CBS is also capable of studying the stabi-
lity of lung surfactant films in two different ways. Stability
can be examined by compressing the film and holding the
surface area constant. A stable film is able to maintain a
low surface tension without returning towards equilibrium
for many hours [150]. Alternatively, stability can be exam-
ined by studying “bubble clicks”, i. e. a sudden decrease in
bubble area associated with an increase in surface tension,
which is though to be due to shedding surface active mate-
rial from the bubble surface [144]. CBS is also flexible in
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terms of independently varying the amount of film com-
pression (i. e. compression ratio) and the speed of the com-
pression (i. e. compression rate) [141]. Moreover, in conjunc-
tion with other techniques, CBS is able to manipulate a
variety of lung surfactant characteristics which are not likely
to be studied by those conventional in vitro methods, e. g.
the demonstration of “surface-associated reservoir” using a
subphase depletion technique [68].

Nevertheless, CBS also has some drawbacks. First, com-
pared with PBS, CBS is time-consuming not only due to the
complicated experimental protocol but also the tedious data
processing. Second, for adsorbed films, the maximum con-
centration at which experiments can be conduced is re-
stricted. Usually, the maximum concentration that can be
studied is 1–2 mg mL–1 for a large chamber (i. e. 10 mm in
diameter) and approximately 3 mg mL–1 for a small cham-
ber (i. e. 5 mm in diameter) [67]. These restrictions on the
concentration arise from optical limitations, since lung sur-
factant suspensions become murky and possibly opaque at
higher concentrations.

4.4 Other in vitro methods

In addition to the above three most commonly used meth-
ods, there are other in vitro techniques for lung surfactant
studies, albeit of lesser popularity. For instance, the assay
can be conducted by examining microbubble stability [151 –
157]. Franses and his colleagues developed a spinning bub-
ble tensiometry (SBT), in which the surface tension is calcu-
lated from a balance of centrifugal and surface tension
forces at the gas/liquid interfaces [158]. Enhorning and
Holm developed a capillary surfactometer, which is espe-
cially suitable to examine the effect of lung surfactant on
the terminal conducting airways [159, 160].

5 ADSA methodologies

5.1 Introduction to ADSA methodologies

In the last decade, Neumann and his colleagues have devel-
oped a series of approaches based on the shape of drops and
bubbles, called Axisymmetric Drop Shape Analysis (ADSA),
to the in vitro assessment of lung surfactant. These methods
are generally called ADSA methods, in which the surface
tension is calculated by ADSA in conjunction with a variety
of drop/bubble configurations, such as pendant drop, sessile
drop or captive bubble. These ADSA methods are found to
be particularly suited for lung surfactant studies due to sev-
eral facts: First, the amount of liquid sample required in
these methods is very small (e. g. as little as a few microliters
for a drop method), which minimizes the cost of the experi-
mental materials. Second, these ADSA methods allow for
the measurement of dynamic surface tension. Therefore, it
is possible to investigate the highly dynamic properties of
lung surfactant, e. g. rapid film formation and dynamic cy-
cling under physiological conditions. Third, these ADSA
methods are capable of measuring very low surface tensions
(i. e. less than 1 mJ m–2), occurring in the lung surfactant
systems. Finally, these ADSA methods are highly automated
and hence operation of these methods is less dependent on
the skill of the operator and they have the potential to gener-
ate a significant amount of data.

5.2 Theoretical: ADSA

ADSA was first introduced by Neumann and his colleagues
in 1983 [13]. The original algorithm has been significantly

improved by the same group [15]. Conceptually, ADSA deter-
mines surface tensions by numerical fitting the shape of ex-
perimental drops/bubbles to theoretical Laplacian profiles
given by the classical Laplace equation of capillarity. The
only assumptions made in ADSA are that the drops/bubbles
are Laplacian and axisymmetric. Input parameters of ADSA
are the local gravitational acceleration, density difference
across the interface, and a number of coordinates of the
drop profile. Typical output of ADSA includes surface ten-
sion, contact angle, drop/bubble superficial area and vo-
lume, and curvature of the drop/bubble at the apex. Run-
ning on either UNIX workstations or IBM compatible
personal computers, ADSA features an easy-to-use interface
and high processing speed (i. e. 1 to 2 seconds per image)
[17]. Details related to the algorithms of ADSA can be found
elsewhere [13, 15, 161].

ADSA has been applied to a variety of studies, including
measurements of dynamic and ultralow surface tensions. In
the laboratory of the authors’, ADSA has been used to the
study of adsorption of protein onto solid surfaces [162,
163], relaxation of protein films [164], interaction of protein
and lipids [165 –167], phase transition of DPPC films [168],
and a number of other applications. ADSA has also been
used worldwide by other laboratories for a variety of studies,
e. g. protein adsorption [169], determination of solid surface
tension [170], self-assembly of peptides [171], wettability of
dental materials [172, 173], coating analysis [174], and the
studies of lung surfactant [175– 177]. Due to its accuracy,
simplicity, and versatility, ASDA has been evaluated as a
standard method for surface/interfacial tension measure-
ments [178, 179].

5.3 Experimental setup

A general setup of ADSA is shown in Fig. 1. It consists of
the lighting system, the image acquisition system, the envir-
onment control system, the liquid flow control system, and
the different drop/bubble configurations.

The lighting system is composed of a light source (Model
V-WLP1000, Newport Corp, Fountain Valley, CA, USA) and
a diffuser made of frosted glass, which is used to provide
uniform incident light. If rigorous lighting conditions are
required, monochromatic filters can be used to provide
monochromatic illumination instead of white light.

The image acquisition system comprises a microscope
(Apozoom, Leitz Wetzlar, Germany), a CCD camera (Model
4815-5000, Cohu Co., USA), a digital video processor (Parallax
Graphics, CA, USA) and a computer (Sparc Station-10, Sun
Microsystems Inc., USA). The microscope is equipped with a
polarizing filter that reduces the glare and enhances the con-
trast of the image. The digital video processor performs both
frame grabbing and image digitizing. Image acquisition can be
performed at a speed of up to 30 images per second. Each im-
age is digitized to a matrix of 6406480 pixels with 256 grey
levels for each pixel, where 0 represents black and 255 re-
presents white. The acquired images are stored in the com-
puter for further analysis by the image processing program.

The key environmental parameters to be controlled for a
drop shape method are temperature and humidity. For a
drop arrangement (sessile drop or pendant drop), a quartz
glass cuvette (Model 100-QS, Hellma, USA) is used to sepa-
rate the drop from the environment. A reservoir of distilled
water is placed into the cuvette well before starting the ex-
periment to guarantee a vapor-saturated atmosphere. The
cuvette is placed in a stainless steel temperature cell (Model
100-07, Ramé-Hart, USA), where the temperature is thermo-
statically maintained by a water bath (Model RTE-111, Ne-
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slab Instruments Inc, USA) within ± 0.1 °C. A Teflon stop-
per is used to seal the cuvette to prevent evaporation and
contamination from the environment.

The control of liquid flow is necessary for the drop for-
mation, in which a drop is initiated onto the solid support,
and for the subsequent dynamic cycling, in which a drop/
bubble is compressed and expanded periodically. For a drop
arrangement, the flow control is performed by directly add-
ing or withdrawing liquid into or out of the drop by means
of a motor-driven syringe (Gastight, Hamilton Corp, USA).
The rate and fashion of the movement of the motor, i. e.
the liquid flow, is precisely controlled by a programmable
motor controller (Oriel, USA). For a bubble arrangement,
the motor-driven syringe is used to manipulate liquid into
or out of the bubble chamber, thereby increasing or decreas-
ing the pressure of the liquid subphase as well as in the bub-
ble.

The entire experimental setup, except the computer, is
mounted on a vibration-free table (Technical Manufacturing
Corp, Peabody, MA, USA) which is equipped with com-
pressed air bladders to minimize the effect of random vibra-
tions. Detailed description of the ADSA hardware can be
found elsewhere [180].

5.4 Different drop/bubble configurations

The selection of an appropriate drop/bubble configuration
depends on the purpose of the measurement and the de-
sired accuracy. Three different drop/bubble configurations
have been used in conjunction with ADSA in lung surfac-
tant studies. They are pendant drop, captive bubble and con-
strained sessile drop as outlined below.

5.4.1 Pendant drop (PD)

The PD arrangement is widely used to measure surface ten-
sion in various fields. As shown in Fig. 1 (a), a drop is sus-

pended at the end of a capillary made of Teflon or quartz.
The other end of the capillary is connected to the liquid flow
control system. The capillary usually has an inner diameter
of 1.0 mm and an outer diameter of 3.0 mm. Volume of the
drop varies from 10 to 20 lL, corresponding to a variation in
the maximum diameter from 3.0 to 3.3 mm. The vertical
alignment of the capillary is maintained by a metal guide
tube, which is mounted onto a three-way mircomanipulator
(Model MM33-3020-0230, Leica, Germany).

A problem of the conventional Teflon capillaries is that
the range of well-deformed drops that can be studied by this
constellation is fairly narrow [181]. As a result, the applica-
tion of a PD arrangement is significantly limited since accu-
rate surface tension measurement can only be obtained
from well-deformed drops. To circumvent this problem, a
special constellation has been developed in the authors’ la-
boratory to provide an extended range of well-deformed
drops. This new constellation is an inverted pedestal (simi-
lar to that shown in Fig. 1 (c), but up side down), made of
stainless steel and featuring a sharp knife edge. Hydrophili-
city of the pedestal allows for the formation of well-de-
formed drops, favorable for accurate measurements of sur-
face tension. The sharp knife edge is able to prevent the
test liquid from spreading upon the solid surface at low sur-
face tensions, i. e. film leakage.

In addition to the apparent advantages of simplicity and
flexibility, PD features a high accuracy (i. e. ± 0.01 mJ m–2)
[182]. However, the PD arrangements with conventional ca-
pillaries suffer from the problem of film leakage [183], also
encountered in LWB and PBS. Figs. 2 (a) and (b) show two
PD images at two different surface tensions. The PD shown
in Fig. 2 (a) has a surface tension of 42.14 mJ m–2; in con-
trast, the drop shown in Fig. 2 (b) has a surface tension of
16.07 mJ m–2. As seen from Fig. 2 (b), the three-phase con-
tact line, where the capillary and drop intersect, is not dis-
cernable, indicating film leakage. The onset of the leakage
was found to be approximately at 17 mJ m–2. This makes in-
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Figure 1 Schematic of the experimental
set-up and three different drop/bubble
configurations: (a) Pendant drop (PD);
(b) Captive bubble (CB); (c) Constrained
sessile drop (CSD).
1. light source; 2. diffuser; 3. thermostatic
drop/bubble cell; 4. microscope; 5. CCD
camera; 6. digital video processor; 7. work-
station; 8. water bath; 9. motorized syringe;
10. motor controller
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tuitive sense from the point of view of surface energetics
since the surface tension of Teflon in air is approximately
18 mJ m–2. As alluded to previously, film leakage occurs
when the surface tension of the film is less than that of the
solid support.

Using an inverted pedestal in a PD arrangement can in-
deed prevent film leakage. However, another problem that
may encountered at relatively low surface tensions is that
the drop detaches from the constellation as under this cir-
cumstance the force of surface tension is not sufficient to
balance the effect of gravity. Moreover, performance of the
PD arrangement appears to be dependent on the size of the
pedestal [181]. Optimal sizes for different liquids are still un-
der investigation.

ADSA-PD was used to study the dependence of adsorp-
tion rate on the bulk concentrations of lung surfactant pre-
parations [184] and the influence of additional nonionic
polymers on the adsorption of a lung surfactant preparation
[185].

5.4.2 Captive bubble (CB)

As shown in Fig. 1 (b), in a CB arrangement, a bubble with a
volume of approximately 20 lL (~3 mm in diameter) is in-
jected by a microsyringe (50 ll, Gastight, Hamilton Co.,
USA), into a chamber filled with a lung surfactant extract.
The shape of the bubble is controlled by the surface tension.
Figs. 2 (c) and (d) show two CB images at two surface ten-
sions, 23.63 and 1.25 mJ m–2, respectively. The captive bub-
ble chamber currently used by the authors consists of three
metal plates made of stainless steel and two viewing win-
dows. Before each experiment, the chamber is assembled

by sandwiching the two windows within the metal plates.
The middle plate is essentially a spacer to provide a reservoir
of about 1 mL. The top of the reservoir is slightly concave
and serves as a “ceiling” that confines the bubble. The ceil-
ing of the captive bubble chamber is designed to be hydro-
philic. Consequently, the air bubble is separated from the
ceiling by a thin wetting film, thus eliminating film leakage.
The temperature and gauge pressure inside the chamber
are continuously monitored by an ultrafine thermocouple
(AWG40, T-type, Teflon insulated, Omega Eng Inc, Laval,
Quebec, Canada) and a pressure transducer (DP15 with No.
40 diaphragm, Validyne Eng Corp, Northridge, CA, USA),
respectively. A universal data acquisition card (UPC601-U,
Validyne) installed in a computer is used to simultaneously
process both the temperature and pressure signals.

In the authors’ laboratory, ADSA-CB was used to investi-
gate the stability of lung surfactant [186] and polymer en-
hanced lung surfactant films [187, 188]. It was also used to
study effect of lung surfactant film on oxygen transfer [189].
In the other laboratories, Hall and his colleagues used
ADSA-CB to study phase separation and transition of a lung
surfactant film [175]. Pison and his colleagues [176, 177]
used ADSA-CB to study the surface dilatational properties,
such as surface viscosity and elasticity, of DPPC and DPPC/
protein films. By spreading DPPC inside a bubble, ADSA-
CB was used to study the interaction between the monolayer
and the evaporated spreading solvents [190].

5.4.3 Constrained sessile drop (CSD)

CSD is a novel drop configuration for surface tension mea-
surements. As shown in Fig. 1 (c), a sessile drop is sitting on
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Figure 2 Images of PD, CB and CSD at
different surface tensions. They are: (a) PD
at 42.14 mJ/m2; (b) PD at 16.07 mJ/m2;
(c) CB at 23.63 mJ/m2; (d) CB at
1.25 mJ/m2; (e) CSD at 22.56 mJ/m2;
(f) CSD at 0.42 mJ/m2
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a pedestal, which employs a horizontal sharp-knife edge to
prevent film leakage at low surface tensions. The pedestal
is machined from stainless steel (SS316) with a diameter in
the range of 2.5 to 4 mm. The angle between the horizontal
and the side surfaces of the pedestal is in the range of 45° to
60°. The pedestal has a central hole of 0.5 mm in diameter,
through which the drop is connected to the liquid flow con-
trol system by a Teflon capillary. In the experiment, a sessile
drop with a volume of 4~8 lL is formed dependent on the
size of the pedestal. The shape of the drop varies according
to its surface tension. Figs. 2(e) and (f) show two images of
CSD at surface tensions of 22.56 and 0.42 mJ m–2, respec-
tively.

No apparent limitations have been found associated with
CSD. It eliminates both the problems of film leakage, as in
LWB and PBS, and of concentration restriction, as in CBS.
In addition, compared with the CB arrangement, CSD is
much simpler and easier to operate and clean, and requires
much smaller amount of test liquid (i. e. ~1 % of that used in
the CB experiment).

ADSA-CSD has been used to examine the surface activity
of lung surfactant at high concentrations (i. e. > 3 mg mL–1)
[191].

5.5 Image analysis

5.5.1 Introduction to image analysis

As indicated in Section 5.2, ADSA requires coordinates of
the drop/bubble profile as input of the program. These coor-
dinates are detected from the digital image of the drop/bub-
ble. The accuracy of ADSA to determine the surface tension
is crucially dependant on these edge coordinates [192].
Therefore, a sophisticated image analysis scheme is an in-
dispensable part of the entire ADSA algorithm. A general
image analysis scheme consists of edge detection, edge
smoothing, and, if a highly accurate measurement is re-
quired, edge correction [17].

1) Edge detection
Edge detection refers to the process of detecting and locating
edges of images. The edge in an image is characterized by
rapid change in the optical properties, such as intensity
and reflectivity [193]. The general interest in the information
associated with edges provoked the development of numer-
ous edge detectors using a variety of algorithms. Due to the
inherent attribute of an edge, i. e. discontinuity in the inten-
sity, derivative algorithms are the most popular approach to
develop edge detectors [194]. Both the first and the second
order derivatives are used in practice. The first order deriva-
tives are used in those gradient algorithms, which are one of
the earliest edge detection strategies. They measure the local
maxima of the gradient across an edge. Pioneer gradient
edge detectors include the Roberts, Prewitt, and Sobel opera-
tors [195]. The second order derivatives are usually imple-
mented by using the Laplacian, in which the edge points
are located by finding the zero-crossings of the Laplacian,
e. g. the so-called LoG edge detector.

Most of these traditional edge detectors, e. g. Sobel and
even LoG, are not robust against noise [196]. Promoted by
the rapid development of computer science, most recent edge
detectors are increasingly strong in eliminating noise. Their
algorithms are based on optimal filters [197 –200], fuzzy tech-
niques [201], neural networks [202], discrete singular convolu-
tion algorithms [203], and a number of other algorithms.

Recent evaluation and comparison of different edge de-
tection algorithms can be found in Ref. [204 – 206]. A num-

ber of excellent monographs, generally in image analysis,
also cover the field of edge detection [193 –195, 207].

2) Edge smoothing
Edge smoothing refers to the process of removing remain-
ing noise after edge detection. It is a necessity for processing
a noisy image where the edge detecting process is usually
not sufficient to suppress all noise.

Two edge smoothing techniques, the fifth order polyno-
mial fitting (FOPF) and axisymmetric liquid fluid interface
– smoothing (ALFI-S), have been developed for smoothing
Laplacian-akin curves [17]. Being a superior, the latter will
be introduced in Section 5.5.3.

3) Edge correction
Edge correction refers to the correction of optical distortion
generated by the image acquisition hardware (microscope,
camera and digital video processor). Such optical distortion,
e. g. the so-called pin cushion and barrel distortion, can
cause major errors in the final results, particularly in the
surface tension [14].

To correct the optical distortion, an image of a calibration
grid pattern (square pattern with 0.25 mm spacing, Grati-
cules Ltd., Tonbridge Kent, UK) on an optical glass is taken
at the same position where the drop/bubble images are ta-
ken. Subsequently, a mapping function based on the com-
parison between the distorted grid image and the original
grid pattern (without optical distortion) is calculated and ap-
plied to all of the drop/bubble images. The accuracy of this
correction is ± 1 pixel [14]. Details about the distortion cor-
rection algorithm can be found elsewhere [14, 161].

5.5.2 Image analysis for pendant/sessile drops

As shown in Figs. 2 (a), (b), (e), and (f), images of pendant/
sessile drops exhibit a distinctive edge, i. e. a dark objective
(the drop) against a bright background (surroundings). For
processing these drop images, the Sobel edge detector
(SED) was originally invoked in ADSA [14]. The SED is a
simple gradient edge operator with a small convolution
mask (i. e. 363 pixels). The gradient of each pixel is evalu-
ated from its neighbours within a square region of 363 pix-
els. Subsequently, the edges are determined by the pixels
with the steepest grey level gradient, moving from the out-
side of the drop to the inside, across the interface. Detailed
implementation of the SED can be found elsewhere [14,
161].

Thanks to the sharp edge of a pendant/sessile drop, the
SED is usually adequate to extract an undisturbed edge from
a digital image. Therefore, the edge smoothing procedure is
not necessary for processing drop images.

5.5.3 Image analysis for captive bubbles

Processing captive bubble images entails an edge detector
robust against noise. As shown in Figs. 2 (c) and (d), a cap-
tive bubble image is usually noisy and/or shows lack of con-
trast since the bubble is encompassed by a test liquid, such
as lung surfactant, containing more or less insoluble phos-
pholipid aggregates or vesicles. Therefore, the SED is not
applicable because it is vulnerable to noise [196]. Threshold-
ing is a commonly used method for processing captive bub-
ble images [148, 183]. Nevertheless, thresholding signifi-
cantly decreases the accuracy [17, 183].

Recently, the Canny edge detector (CED) has been em-
ployed in ADSA to process a captive bubble image [17, 18].
The CED [197] is an advanced edge operator based on an op-
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timal filter, i. e. the first derivative of a Gaussian filter. The
CED is highly noise-resistant and thus very suitable for pro-
cessing captive bubble images. Details implementation of
the CED can be found elsewhere [17].

Edge smoothing is found to be equally important as edge
detection in ADSA-CB [18]. Edge smoothing is performed in
two steps. First, any detected edge point far away from the
main bubble profile (i. e. isolated noise) is eliminated by
measuring coherence of the adjacent points. Subsequently,
those noise points attached to bubble profile (i. e. adhering
noise) are removed by ALFI-S [17]. ALFI-S is a novel techni-
que to smooth an obscured or disturbed drop/bubble profile.
In ALFI-S, an experimental profile is fitted to the best
matched theoretical Laplacian curve and questionable edge
points that deviate from the theoretical curve are rejected as
outliers. The criterion to detect and reject the outliers is 3s
where s is the standard deviation evaluated from the dis-
tances between each experimental edge point and the closest
theoretical point. ALFI-S is performed iteratively until no
more outliers are found.

Performance of ADSA-CB was examined for six typical
images of captive bubbles. As shown in Fig. 3, six images
were chosen to represent a wide variety of conditions of
noise and contrast. In each image, a captive bubble is rest-
ing against the ceiling and is surrounded by a certain liquid.
These liquids are (a) distilled water; (b) 0.5 mg mL–1 BLES;
(BLES is the brand name of a therapeutic lung surfactant
preparation. SP-A and other components, e. g. SP-D and
neutral lipids, are absent from BLES. Detailed composition
of BLES is introduced later.) (c) 0.5 mg mL–1 BLES +
30 mg mL–1 polyethylene glycol (PEG); d) 0.5 mg mL–1 nat-
ural lung surfactant (Natural lung surfactant consists of all
phospholipid and protein components, including SP-A);

(e) 1.0 mg mL–1 BLES + 50 mg mL–1 PEG; (f) 0.8 mg mL–1

BLES + 27 mg mL–1 PEG. Except for the first image, which
was taken at 20 °C, the others were at 37 °C. The first two
images represent clean images free of noise. Figs. 3 (c) and
(d) represent images with extensive noise. Noise in these
two images may be due to SP-A-stabilized and PEG-induced
large surfactant aggregates (see Section 6.4 for detailed dis-
cussion), respectively. Figs. 3 (e) and (f) are examples of lack-
ing contrast due to the relatively high surfactant concentra-
tions.

The extracted edges right after performing the Canny
edge detection are shown in Fig. 4. It is noted that even
though some noise points still exist, CED successfully ex-
tracts all edges. A general profile consists of about 700 to
800 edge points. For the clean images shown in Fig. 3 (a)
and (b), the extracted edges are very smooth. For the noisy
and low contrast images, satisfactory edges are also ob-
tained. The broken edge shown in Fig. 4 (d) is due to the
non-uniform distribution of intensity in the digital image
(see Fig. 3 (d)). However, in spite of the deficiency on the left
side, the right side of the edge is completely preserved. Since
the bubble profile is assumed to be axisymmetric, one side
of the bubble profile is adequate for ADSA calculation as
long as that side is complete and accurate.

Fig. 5 shows the smoothed edges after ALFI-S. It is
noted that ALFI-S is capable of yielding smooth edges for
all the images under diverse conditions. And, the numbers
of edge points for different bubble images are roughly the
same, i. e. 700, after edge smoothing.

The surface tensions measured from the images shown
in Fig. 3 are summarized in Tab. 1. Analysis of each image
is performed in four different ways. They are: (1) calculation
using the whole profile without optical distortion correction
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Figure 3 Six sample images of captive
bubbles in different liquids. They are:
(a) Distilled water; (b) 0.5 mg/ml BLES;
(c) 0.5 mg/ml BLES + 30 mg/ml PEG;
(d) 0.5 mg/ml natural lung surfactant;
(e) 1 mg/ml BLES + 50 mg/ml PEG;
(f) 0.8 mg/ml BLES + 27 mg/ml PEG
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Figure 4 Extracted edges from images
shown in Fig. 3 right after the Canny edge
detection. The detected numbers of edge
points are: (a) 776; (b) 739; (c) 705;
(d) 737; (e) 826; (f) 726

Figure 5 Smoothed edges after removing
isolated noise and adhering noise using
ALFI-S. The remaining numbers of edge
points are: (a) 742; (b) 724; (c) 667;
(d) 683; (e) 756; (f) 700
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(WP – DC); (2) calculation using the whole profile with opti-
cal distortion correction (WP + DC); (3) calculation using
50 randomly selected edge points 10 times without optical
distortion correction (50610 – DC); (4) calculation using
50 randomly selected edge points 10 times with optical dis-
tortion correction (50610 + DC). The values of surface ten-
sion calculated using randomly selected points are shown
with the 95 % confidence intervals.

Also listed in Tab. 1 are the optimal user-specified para-
meters used in CED for the different images. To achieve op-

timal performance, any edge detector requires user-specified
parameters a priori. In CED, the primary parameter is the
standard deviation (rG) of the Gaussian filter. A straightfor-
ward procedure has been developed to determine the opti-
mal parameters for CED [17].

To examine the dependence of ADSA results on this
user-specified parameter, a captive bubble image in a mix-
ture of 0.5 mg mL–1 BLES and 50 mg mL–1 PEG (as shown
in Fig. 2 (c)) is analyzed by varying rG. The key ADSA re-
sults, i. e. surface tension, bubble area, volume and curva-
ture of bubble at the apex, are listed in Tab. 2. It is worth
noting that, on the one hand, surface tension and curvature
are directly optimized from ADSA by numerical fitting the
detected experimental profile to the theoretical Laplacian
curves; on the other hand, the surface area and volume of a
captive bubble are calculated separately by extrapolating the
best matched Laplacian curve to 180°, where the bubble co-
incides with the wetting film separating the bubble from the
ceiling. In addition, the area in contact with the wetting film
is also carefully evaluated and added as part of the surface
area of the bubble [18].

From Tab. 2, it is clear that over a large range of rG, from
1.0 to 4.0, the ADSA results are very consistent and there is
no apparent dependence of ADSA results on rG. The 95 %
confidence intervals associated with the mean values of all
ADSA results are very small, indicating good reproducibility.
In other words, CED is not sensitive to the selection of the
user-specified parameter.

CED and ALFI-S both contribute to the high reproduci-
bility shown in Tab. 2. The numbers for remaining and de-
leted edge points after ALFI-S is applied are also listed in
Tab. 2. It is noted that for different values of rG, the num-
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Image rG
1 WP – DC2 WP + DC3 50610 – DC4 50610 + DC5

a 0.4 72.78 72.89 72.26 ± 1.11 73.17 ± 0.91

b 1.4 28.63 29.23 28.58 ± 0.42 29.62 ± 0.32

c 3.6 25.73 26.55 25.55 ± 0.18 26.34 ± 0.28

d 3.0 28.17 27.97 27.86 ± 0.24 27.88 ± 0.31

e 1.4 23.65 23.56 23.56 ± 0.21 23.75 ± 0.24

f 3.2 24.53 25.03 24.36 ± 0.34 24.91 ± 0.29

Results calculated using the randomly selected points are shown with 95 %
confidence intervals.

1: the standard deviation of the Gaussian filter used in the CED;
2: calculation using the whole profile (WP) without optical distortion correc-
tion (DC);
3: calculation using the whole profile with optical distortion correction;
4: calculation using randomly selected 50 points 10 times without optical
distortion correction;
5: calculation using randomly selected 50 points 10 times with optical distor-
tion correction.

Table 1 Surface tensions (mJ/m2) for images shown in Fig. 3 measured
using ADSA-CB

rG Surface tension
(mJ/m2)

Area
(cm2)

Volume
(cm3)

Curvature at
apex (cm–1)

Remaining edge
points2

Deleted edge
points2

ALFI-S
Iteration2

0.8 Failed

1.0 23.65 0.3612 0.01906 4.271 695 171 9

1.2 23.68 0.3613 0.01906 4.272 701 153 8

1.4 23.74 0.3616 0.01908 4.274 748 132 8

1.6 23.74 0.3616 0.01908 4.274 743 124 7

1.8 23.74 0.3616 0.01908 4.274 747 76 7

2.0 23.72 0.3615 0.01908 4.273 752 81 7

2.2 23.70 0.3615 0.01907 4.272 762 23 5

2.4 23.70 0.3615 0.01907 4.272 763 24 5

2.6 23.70 0.3615 0.01907 4.272 759 15 4

2.8 23.64 0.3614 0.01906 4.270 741 16 4

3.0 23.63 0.3615 0.01906 4.269 669 14 4

3.2 23.64 0.3615 0.01906 4.269 667 16 4

3.4 23.63 0.3615 0.01906 4.269 666 17 5

3.6 23.64 0.3614 0.01906 4.270 727 16 4

3.8 23.64 0.3614 0.01906 4.270 724 16 4

4.0 23.64 0.3614 0.01906 4.270 724 16 4

Mean 23.677 ±
6.69610–4

0.36146 ±
1.71610–6

0.019067 ±
1.37610–7

4.2713 ±
2.85610–5

724 57 5.6

The mean values of the ADSA-CB results are shown with 95 % confidence intervals.

1. The calculations are based on the captive bubble image shown in Fig. 2 (c) using the whole profile without correction of optical distortion.
2. The last 3 columns list the numbers of remaining and deleted edge points after ALFI-S, and the number of iterations of ALFI-S.

Table 2 ADSA-CB results1 as a function of the user-specified parameter of CED, standard deviation of the Gaussian filter (rG)
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bers of finally remaining edge points are similar and around
720. However, a considerably larger number of points are re-
moved by ALFI-S when rG is small. Accordingly, more itera-
tions are needed. This is due to the fact that if sG is small,
the Gaussian filter used in CED is less effective in noise
suppression (but faster in the calculation), thus leaving
more noise after the edge detection step [5]. In this situation
the following edge smoothing step, ALFI-S, is responsible
for further noise reduction, which renders the final number
of edge points relatively constant. When rG is decreased to
0.8, too much noise remains after edge detection to be re-
moved by ALFI-S, thereby causing the failure of ADSA.

The accuracy of ADSA-CB was examined by measuring
the surface tensions of distilled water and comparison with
the literature value [208, 209]. It was found that using the
whole profile and correcting optical distortion, a general ac-
curacy better than 0.1 mJ m–2 can be achieved [17].

6 Typical applications of ADSA methods
in lung surfactant studies

Insights into the physiological function of lung surfactant,
i. e. fast adsorption, low compressibility at high surface pres-
sure, and efficient film replenishment upon film expansion,
can be gained by different ADSA methods. ADSA-PD is well
suitable for the study of adsorption due to two facts: 1) ad-
sorption in a PD is very sensitive to different surfactant pre-
parations and their concentrations [210]; hence, ADSA-PD is
capable of discerning even subtle difference in the adsorp-
tion kinetics; 2) the limitation of film leakage is less pro-
nounced in the study of adsorption since the minimum sur-
face tensions reached are those equilibrium values (i. e.
22~25 mJ m–2), which are well above the threshold below
which leakage may occur. ADSA-CB is suited to the study
of film compressibility and stability, especially at low surface
tensions, because this constellation is able to reproduce the
in situ alveolar environment, i. e. fast adsorption, low surface
tensions yielded by moderate compressions, and extraordin-
ary film stability [144]. Eliminating both film-leakage and
optical restrictions, ADSA-CSD is very suitable for the mea-
surement of very low surface tensions of lung surfactant
films due to adsorption from the subphase at physiologically
relevant phospholipid concentrations (i. e. > 3 mg mL–1 [211]).

Several typical applications of ADSA methods in the stu-
dies of lung surfactant are addressed as follows. The follow-
ing aspects are addressed: 1) the effect of bulk concentration
on the adsorption rate, 2) the effect of compression ratios on
the surface tension-area isotherms; 3) the very low surface
tensions at high surfactant concentrations; and 4) the en-
hancement of film formation by nonionic polymers.

The lung surfactant preparation used in this study is
called Bovine Lipid Extract Surfactant (BLES; BLES Bio-
chemicals Inc, London, ON, Canada). BLES is a therapeutic
surfactant commercially available. BLES is prepared from
bovine natural lung surfactant obtained by bronchopulmon-
ary lavage with organic extraction. BLES contains about
98 % phospholipids (45 % DPPC, 35 % unsaturated PCs,
12 % PG, 1 % PI, 2 % PE, 1 % lysophosphatidylcholine
(LPC) and 2 % SPH and 2 % proteins. The protein compo-
nents in BLES are only SP-B and SP-C. High molecular
weight hydrophilic proteins, SP-A and SP-D, are removed
during organic extraction. BLES is stored frozen in sterilized
vials with an initial concentration of 27 mg mL–1. It is di-
luted to the desired concentration by a salt solution of
0.6 % NaCl and 1.5 mM CaCl2 on the day of the experiment.
The water used in the experiments is demineralized and
doubly distilled.

6.1 Effect of bulk concentration on adsorption rate

Fig. 6 shows four individual measurements of adsorption of
BLES at a low concentration of 0.1 mg mL–1. The measure-
ments were conducted using ADSA-PD at 37 °C. For all
runs, the surface tensions decrease from a value close to that
of the air-water interface (~70 mJ m–2) at time-zero. The
drop formation occurred within approximately 1.5 s and
time-zero refers to the end of drop formation. It is noted
that the decrease of surface tension is significantly en-
hanced by a series of random, stepwise drops occurring
within a very short period (< 0.2 s). These sudden drops in
surface tension are referred to as “adsorption clicks” [145].
The magnitude of adsorption clicks can be either large (e. g.
approximately 35 mJ m–2) or quite moderate (e. g. in a range
of 1–5 mJ m–2). Adsorption clicks may be due to a quick
and cooperative movement of large flakes of aggregated sur-
factant molecules into the air-liquid interface [71]. Since the
addition of these massive aggregations of surfactant mole-
cules dramatically increases the surfactant surface concen-
tration, surface tension abruptly drops. The fact that both
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Figure 6 Adsorption of 0.1 mg/mL BLES. Surface tensions of four individual
runs are plotted as a function of time. Studied using ADSA-PD at 37 °C

Figure 7 Adsorption of 10 mg/mL BLES. Surface tensions of four individual
runs are plotted as a function of time. Studied using ADSA-PD at 37 °C
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the magnitude and the occurrence of adsorption clicks are
unpredictable agrees with this hypothesis. Furthermore, it
is noted that significant adsorption clicks usually occur at
surface tensions above 40 mJ m–2. Presumably, at low sur-
face tensions, the relatively high surface concentration of
surfactant blocks further access of large aggregates to the
surface and therefore impedes adsorption clicks.

Because of adsorption clicks, the surface tension kinetics
obtained from individual runs is quite random. For example,
in run (a) a surface tension of only approximately 55 mJ m–2

is reached after 300 s. On the other hand, run (d) goes well
below 30 mJ m–2 in the first 100 s, due to a big adsorption
click at about 30 s after commencing this run.

In contrast, as shown in Fig. 7, the measurements of ad-
sorption at a high BLES concentration of 10 mg mL–1 are
quite different from those at the low concentration (see
Fig. 6). It is noted that adsorption clicks are absent. As a re-
sult, the surface tension curves measured from individual
runs are consistent, i. e. the surface tensions only decrease
quickly in the first 50 s, and level off in the rest 250 s. Equi-
librium values in the range of 22~25 mJ m–2 can be reached
in less than 10 s. It should also be noted that at time-zero,
the surface tensions are already below 28 mJ m–2. These
low initial surface tensions may be due to considerable ad-
sorption clicks occurring during the formation of the drop.
However, this process is too fast to be followed by the cur-
rent methodology.

Adsorptions at a variety of BLES concentrations in the
range of 0.1 to 10 mg mL–1 were tested [184]. It was found
that the adsorption clicks are not significant provided that
the BLES concentration is more than 1 mg mL–1. Further in-
creasing the BLES concentration has no pronounced effect
on the adsorption kinetics. Tab. 3 collects the averaged sur-
face tensions after 2, 20 and 300 s of adsorption for BLES
concentrations from 1 to 10 mg mL–1. It can be seen that in-
creasing BLES concentration from 1 to 10 mg mL–1 only
causes approximately 1 mJ m–2 difference in the dynamic
surface tensions.

It is concluded that the adsorption kinetics of lung sur-
factant depends strongly on the bulk concentration of the
phospholipids. At a physiologically relevant concentration
(i. e. >3 mg mL–1) the formation of lung surfactant film at
an air-water interface is completed within a few seconds.

6.2 Effect of compression ratio on surface
tension-area isotherms

Dynamic cycling, i. e. a simulation of respiration, was stu-
died by ADSA-CB at 37 °C. The lung surfactant film was

formed by rapid adsorption (film formation completed with-
in 5 s) from 0.5 mg mL–1 BLES suspension. Subsequently,
the film was continuously compressed and expanded at a
frequency of 12 cycle min–1. The effect of the compression
ratio (CR) (defined as the ratio of the maximum reduced
surface area to the initial surface area) on the surface ten-
sion-relative area (SA) isotherms was investigated. Only the
first five cycles were studied since the cycles afterwards are
essentially identical.

Fig. 8 shows the SA isotherms at a low CR less than
20 %. Several important points should be noted. First, the
CR for all five cycles, including the first one right after the
de novo adsorption, is only 17 %. Second, the minimum sur-
face tension reached by this small CR is less than 5 mJ m–2

and the maximum surface tension at the end of expansion is
no more than 30 mJ m–2. Third, except for the first cycle, the
compression and expansion portions of these SA isotherms
coincide completely, i. e. no SA hysteresis is observed. A cy-
cle with this feature is termed as “reversible cycle” [186].
Fourth, a compression shoulder appears in the first cycle at
a surface tension near 15 mJ m–2. It soon disappears in the
subsequent cycles. This compression shoulder may imply
film refining by squeezing-out the non-DPPC materials. Fi-
nally, the compressibility

Cm ¼ 1
A

dA
dc

ð3Þ

at the surface tension of 15 mJ m–2 calculated from the
first compression is only 0.0070 m mN–1 [18]. For the subse-
quent four cycles Cm is slightly smaller and constant at
0.0065 m mN–1. The extremely low compressibility of the
first compression is close to that of a pure DPPC film, i. e.
0.005 m mN–1 [144]. The finding, therefore, implies that
the lung surfactant film is likely enriched in DPPC right
after the de novo rapid adsorption. In addition, Davies and
Rideal [212] reported that the compressibility of a liquid con-
densed (LC) film is in the range of 0.004 to 0.01 m mN–1.
Therefore, the results apparently imply that, at a surface ten-
sion of 15 mJ m–2, the lung surfactant film is predominantly
in the LC phase.

Fig. 9 shows the SA isotherms at a high CR of about
60 %, which is more than three times of that used in Fig. 8.
It is clear that the patterns of these isotherms are different
from those at low compression ratio. First, significant hys-
tersis loops appear. A cycle with this feature is referred to
as “irreversible cycle” [186]. Second, except for the first cycle,
compression shoulders appear in these cycles at the surface
tension of 20 –25 mJ m–2. Third, two plateaus appear at the
ends of compression and expansion, in which the surface
tension only slightly varies even though the bubble area
changes significantly. It suggests that there are other me-
chanisms apart from the variation of surface area playing a
role in changing the surface concentration of the lung sur-
factant molecules. The compression plateau occurs at a sur-
face tension near or below 1 mJ m–2 (i. e. the collapse sur-
face tension of PCs). It usually implies film collapse [71], in
which the film is compressed to the point at which it can no
longer support the surface pressure and hence collapses.
Some surfactant molecules may transfer into the bulk liquid
or form multilayer structures, causing a reduction of surfac-
tant concentration at the interface, so that the surface ten-
sion will not decrease further. It should be also noted that
there are a number of points missing in the collapse region
shown in Fig. 9. This is due to the fact that film collapse
causes dynamic instabilities and hence vibration of the bub-
ble. Such vibrations cause the failure of ADSA in the col-
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BLES Con-
centration
(mg/mL)

Surface tension
(mJ/m2)
(after 2 s

adsorption)

Surface tension
(mJ/m2)

(after 20 s
adsorption)

Surface tension
(mJ/m2)

(after 300 s
adsorption)

1 26.0 ± 0.1 24.7 ± 0.1 24.0 ± 0.2

2 25.6 ± 0.1 24.7 ± 0.1 23.9 ± 0.1

3 26.0 ± 0.1 24.5 ± 0.1 23.9 ± 0.1

6 25.8 ± 0.2 24.3 ± 0.3 23.6 ± 0.2

8 25.1 ±0.1 24.0 ± 0.1 23.4 ± 0.1

10 24.9 ± 0.1 23.9 ± 0.1 22.9 ± 0.1

Each value shows as an average of four individual runs with 95 % confidence
intervals.

Table 3 Surface tensions after 2 s, 20 s and 300 s of the adsorption, for a
variety of BLES concentrations in the range of 1 to 10 mg/mL
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lapse region. The expansion plateau occurs at the surface
tension of 30 –35 mJ m–2, in which the effect of film dilation
is balanced by replenishment of the lung surfactant mole-
cules from the subphase or from multilayer structures asso-
ciated with the interface.

It is clear that different CRs lead to different patterns of
SA isotherms. At a low CR corresponding to normal physio-
logical conditions (i. e. < 30 % [113]), no hystersis occurs.
In contrast, considerable hysteresis occurs at a high CR.
Hysteresis is not favorable since it causes a loss of mechan-
ical work [213]. This may be a concern for mechanically ven-
tilated lungs.

6.3 Very low surface tensions at high surfactant concentrations

Preliminary experiments were performed using ADSA-CSD
at 23 °C [191]. A drop of BLES at 5.0 mg mL–1 was cycled at a

relatively slow frequency (3 cycles min–1). Volume-area-sur-
face tension vs. time (VAST) isotherms for the first five cy-
cles are shown in Fig. 10. It is noted that near-zero surface
tensions are readily achieved. Fig. 11 is the enlargement of
the rectangular region in Fig. 10, showing the surface ten-
sions during the first compression. Fig. 11 clearly shows pat-
terns of film collapse as indicated by the three jumps, i. e.
sudden increase and steady decrease in surface tensions.
The most important point to be noted in Fig. 11 is that a sur-
face tension as low as 0.23 ± 0.01 mJ m–2 is recorded during
the first compression. The results clearly demonstrate that
there is no evidence of film leakage and near-zero surface
tensions can be readily observed by using ADSA-CSD.

To simulate physiological conditions more closely, BLES
at 5.0 mg mL–1 was also studied at 37 °C [191]. The lung sur-
factant films were cycling at a frequency of 20 cycles/min
and a CR of approximately 18 %. Typical results are shown
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Figure 8 SA isotherms of reversible cycling, showing overlapped compres-
sion (open symbols) and expansion (solid symbols) portions in each cycle.
The experiment was conducted at a low compression ratio (~17 %). Studied
using ADSA-CB at 37 °C

Figure 9 SA isotherms of irreversible cycling, showing pronounced hyster-
esis loops of compression (open symbols) and expansion (solid symbols)
portions in each cycle. The experiment was conducted at a high compression
ratio (~62 %). Studied using ADSA-CB at 37 °C

Figure 10 VAST isotherms for a dynamic cycling experiment. The dynamic
experiment was conducted at a low frequency of 3 cycles/min for 5.0 mg/mL
BLES. Studied using ADSA-CSD at 23 °C

Figure 11 Enlargement of the rectangular region shown in Fig.10. The first
compression shows patterns of film collapse (indicated by the sudden
increases of surface tensions). Studied using ADSA-CSD at 23 °C
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in Fig. 12. It is noted that a minimum surface tension of
approximately 1 mJ m–2 can be readily obtained in the first
cycle.

6.4 Enhancement of film formation by nonionic polymers

As mentioned before, surfactant replacement has been used
as a standard therapeutic intervention to RDS. However it is
an expensive therapy at about US$ 500 per dose [12]. Multi-
ple doses and continuous supply are usually required in
clinical practice [12]. In contrast to the success in RDS, the
surfactant replacement therapy produces less or no apparent
benefit in ARDS. Inhibition of surfactant contributes par-
tially to this poor performance. Inhibition of surfactant is
defined as a process that interferes with phospholipid ad-
sorption to form a lung surfactant film and/or prevents the
film from being enriched in DPPC upon compression [214].
Two distinctive mechanisms of surfactant inhibition have
been recognized [10]. They are: 1) exclusion of phospholi-
pids from entering the interface by competitive adsorption
(e. g. by plasma proteins); and 2) penetration of the surfac-
tant film by extraneous lipids (e. g. meconium-derived free
fatty acids). The former inhibition can be largely overcome
by raising surfactant concentrations; however, the latter can-
not be reversed by simply increasing surfactant concentra-
tions [10].

With the goal to lower the cost of surfactant replacement
therapy and to resist surfactant inhibition due to inactivating
substances, recent studies [215] suggested the use of nonio-
nic polymers, such as dextran, polyethylene glycol (PEG),
and polyvinypyrrolidone (PVP), as additives to therapeutic
surfactant preparations. These polymers are hoped to per-
form some of the functions of SP-A. The latter is absent
from the currently available therapeutic surfactants. By in-
ducing and maintaining large phospholipid aggregation,
SP-A is able to enhance adsorption of a dilute surfactant pre-
paration and, more importantly, resist surfactant inhibitors,
most likely due to a competitive adsorption mechanism. Pre-
vious studies found that the carbohydrate recognition do-
main of SP-A is responsible for its ability to interact with
phospholipid liposomes [33, 216, 217]. Therefore, one ex-
pects that the efficacy of the present formulations for surfac-
tant replacement therapy can be improved by adding simple
sugars, sugar based polymers, or other nonionic polymers.

Both in vitro [185, 187, 188, 215, 218] and in vivo [219 –
221] experiments showed that the addition of the nonionic
polymers can significantly improve the efficacy of a thera-
peutic surfactant at least in two ways: 1) by enhancing the
surface activityof a dilute surfactant preparation; and 2) by
reversing the surfactant inhibition due to a number of sub-
stances, such as plasma proteins and meconium. The role of
nonionic polymers in resisting the inhibitory substances
and its application in the treatment of ARDS were recently
reviewed [214, 222].

Among the tested nonionic polymers, PEG was found to
be the most efficient one [215]. PEG is a linear or branched,
neutral polyether, available in a variety of molecular weights
[223]. At high molecular weight (> 20 000), PEG is also fre-
quently referred to as poly(ethylene oxide) (PEO). PEG is so-
luble in water and most organic solvents. It is nontoxic and
has been approved by the United States Food and Drug Ad-
ministration (FDA) for internal consumption. PEG is readily
attached to other molecules (e. g. proteins) and surfaces (e. g.
cell membranes); however, PEG has little effect on the che-
mical properties of these molecules but controls their aggre-
gation and solubility [223]. These properties of PEG caused
considerable interest in a variety of biological, biomedical
and biomaterial applications, such as cell fusion, drug deliv-
ery, and surface modification in order to prevent protein and
cell adhesion. Applications of PEG were summarized by
Zalipsky and Harris [224].

ADSA methods were used to study the effect of PEG on
the surface activity of lung surfactant. Both adsorption [185]
and dynamic cycling [188] were studied using different
experimental strategies. These studies confirmed that the
addition of PEG can enhance the surface activity of a thera-
peutic lung surfactant. For example, using ADSA-CB, the
dynamic stability of PEG-enhanced BLES films were tested
[188]. It was found that PEG can significantly improve the
stability of BLES films, thus producing less hysteresis and
lower minimum surface tensions during compression.
Moreover, PEG is capable of restoring a surfactant film after
its collapse, presumably by enhancing the readsorption and
respreading of surface active materials or by strengthening
the “surfactant-associated reservoir”, just as SP-A does [68].

Using ADSA-PD, the effect of PEG on the adsorption of
BLES at a dilute concentration was studied. Fig. 13 shows
the adsorption kinetics of 0.5 mg mL–1 natural surfactant,
0.5 mg mL–1 BLES, and to which PEG (MW 10 000) at a vari-
ety of concentrations was added. It is noted that the adsorp-
tion of natural surfactant, i. e. endogenous surfactant with
complete surfactant components including SP-A, is so fast
that the equilibrium surface tensions are reached within less
than 10 s. In contrast, the adsorption of BLES (i. e. an exo-
genous surfactant without SP-A) at the same concentration
as the natural surfactant is very slow. It takes approximately
200 s to reach equilibrium. The adsorption of BLES can be
significantly enhanced by adding PEG and this enhance-
ment is PEG concentration dependent. It is also clear from
Fig. 13 that the improved surface activity is not due to ad-
sorption of PEG since the surface tension of dissolved PEG
alone remains constant at about 58 mJ m–2. Particularly, at a
PEG concentration of 28 mg mL–1, the mixture of BLES and
PEG shows greatly improved adsorption kinetics, close to
that of the natural lung surfactant.

The experimental results also imply that 28 mg mL–1 is
an optimal concentration for PEG (MW 10 000) in terms of
adsorption enhancement because further increasing the
PEG concentration yields no apparent improvement in the
adsorption rate of BLES. This is more clearly demonstrated
in Fig. 14, which shows the surface tension measured im-
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Figure 12 VAST isotherms for a dynamic cycling experiment. The dynamic
experiment was conducted at a high frequency of 20 cycles/min for
5.0 mg/mL BLES. Studied using ADSA-CSD at 37 °C
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mediately after drop formation (t = 0 s) and after 10 s of ad-
sorption (t = 10 s) as a function of PEG concentrations. Also
implied by Fig. 14 is that a minimum PEG (MW 10 000)
concentration of about 10 mg mL–1 is required to produce
detectable enhancement in BLES adsorption.

The ability of PEG to enhance the adsorption of BLES at
a low concentration was found to be also dependent on its
molecular weight. Fig. 15 shows the adsorption curves of
0.5 mg mL–1 BLES to which PEG at 10 mg mL–1 but with
different molecular weights was added. It appears to have
an effective range of molecular weight, i. e. 3350–35 000,
in which PEG at the chosen concentration of 10 mg mL–1 is
able to enhance BLES adsorption. PEG with a molecular
weight out of this range, e. g. 300 000, shows no enhance-
ment in BLES adsorption.

The improvement of PEG on BLES adsorption may be
due to its ability to induce large phospholipid aggregates
[185]. It is known that large aggregates are more surface ac-
tive than their small counterparts [150, 225]. Generally, it
has been known for a long time that polymers are able to
promote surfactant aggregates by destabilizing surfactant
dispersions [226, 227]. Specifically, PEG at a certain molecu-
lar weight and concentration shows the ability to induce
large aggregates in a pure PC vesicle system, most likely
due to a PEG-induced depletion attraction force [228, 229].
Direct surface force measurement in the pure PC vesicle
system showed that only PEG within a moderate range of
molecular weight (i. e. 8 000~10 000) is able to yield a deple-
tion attraction force significant enough to induce aggrega-
tion [228]. Low molecular weight PEG (<1 000) is ineffective;
and, high molecular weight PEG (>20 000) shows only repul-
sive force [228]. The molecular weight dependence in the ad-
sorption studies of lung surfactant is somewhat different.

Apart from the molecular weight, a critical polymer con-
centration has to be reached to induce PC aggregation [229].
This critical concentration was found to be close to the overlap-
ping concentration of the polymer [229]. At the overlapping
concentration, the polymer molecules start to interact and en-
tangle with each other [230]. This critical concentration de-
creases with increasing molecular weight. For PEG with
MW 10 000, 28 mg mL–1 was found to be this critical concen-
tration [228]. At this molecular weight and concentration the
best performance of PEG in terms of enhancing BLES adsorp-
tion was found, although a detectable favorable effect by add-
ing PEG can be observed at a lower concentration (i. e. approxi-
mately 10 mg mL–1 as shown in Fig. 14). All of the evidence
strongly suggests that the PEG-induced depletion attraction
force may be responsible for the enhanced adsorption rate ob-
served in the current polymer-lung surfactant system.

It is concluded that the addition of PEG can enhance the
adsorption of exogenous lung surfactant. The enhancement
is simultaneously dependent on the concentration and the
molecular weight of PEG. It is also suggested that an opti-
mal concentration may be close to the overlapping concen-
tration for certain polymers with a certain molecular weight.
However, it is also important to note that the optimal poly-
mer concentration determined from this study is solely
based on the evaluation of in vitro surface tension perfor-
mance. Optimal polymer concentrations will ultimately also
require physiological considerations, such as the efficacy of
the tracheal instillation [214] and the effect of the additional
polymers on pulmonary gas exchange [231].

7 Summary and perspectives

The accuracy, versatility, and simplicity of ADSA methods fa-
cilitate various studies of lung surfactant. In conjunction
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Figure 13 Effect of PEG (MW 10, 000) concentrations on the adsorption
kinetics of 0.5 mg/mL BLES. Studied using ADSA-PD at 37 °C

Figure 14 Effect of PEG (MW 10,000) concentrations on the surface ten-
sions at time zero and after 10 s of adsorption. Studied using ADSA-PD at
37 °C

Figure 15 Effect of PEG (10 mg/mL) molecular weights on the adsorption
kinetics of 0.5 mg/mL BLES. Studied using ADSA-PD at 37 °C
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with different drop/bubble configurations, i. e. PD, CB, and
CSD, ADSA methods are able to assess the in vitro surface
tension characteristics of lung surfactant related systems.
These characteristics are rapid film formation, very low sur-
face tension with extremely low film compressibility, high
dynamic film stability and enhancement of surface activity
due to the addition of nonionic polymers.

Along the lines discussed above, ADSA methods can be
extended to further studies of lung surfactant. For instance,
by examining dynamic surface tensions during adsorption,
ADSA-PD can be used to study the molecular interaction be-
tween phospholipids and lung surfactant associated pro-
teins. ADSA-CB can be used to study the effect of lung sur-
factant film and polymer-enhanced film on the pulmonary
gas exchange. Preliminary results suggest that the gas trans-
fer properties of polymer-enhanced lung surfactant films are
dependent on the polymer concentration [232]. ADSA-CSD
is promising in the study of dynamic surface activity of lung
surfactant films adsorbed at physiologically relevant concen-
trations. Patterns of surface tension significantly different
from those at low surfactant concentrations were observed
[233]. Even more interesting is the inference from the com-
parison among these different experimental methodologies.
For instance, a comparison of adsorption kinetics among
PD, CB and CSD implies that gravity may play a role in the
in vitro film formation of lung surfactant [234].
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