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Abstract

Surfactant replacement therapy is crucial in managing neonatal respiratory distress syndrome (RDS). Currently licensed clinical
surfactants in the United States and Europe, including Survanta, Infasurf, Curosurf, and Alveofact, are all derived from bovine or
porcine sources. We conducted a comprehensive examination of the biophysical properties of these four clinical surfactant prep-
arations under physiologically relevant conditions, using constrained drop surfactometry (CDS). The assessed biophysical proper-
ties included the adsorption rate, quasi-static and dynamic surface activity, resistance to surfactant inhibition by meconium, and
the morphology of the adsorbed surfactant films. This comparative study unveiled distinct in vitro biophysical properties of these
clinical surfactants and revealed correlations between their chemical composition, lateral film structure, and biophysical function-
ality. Notably, at 1 mg/mL, Survanta exhibited a significantly lower adsorption rate compared with the other preparations at the
same surfactant concentration. At 10 mg/mL, Infasurf, Curosurf, and Survanta all demonstrated excellent dynamic surface activity,
whereas Alveofact exhibited the poorest quasi-static and dynamic surface activity. The suboptimal surface activity of Alveofact is
found to be correlated with its unique monolayer-predominant morphology, in contrast to other surfactants forming multilayers.
Curosurf, in particular, showcased superior resistance to biophysical inhibition by meconium compared with other preparations.
Understanding the diverse biophysical behaviors of clinical surfactants provides crucial insights for precision and personalized
design in treating RDS and other respiratory conditions. The findings from this study contribute valuable perspectives for the de-
velopment of more efficacious and fully synthetic surfactant preparations.

NEW & NOTEWORTHY A thorough investigation into the biophysical properties of four animal-derived clinical surfactant prepa-
rations was conducted through constrained drop surfactometry under physiologically relevant conditions. This comparative study
unveiled unique in vitro biophysical characteristics among these clinical surfactants, establishing correlations between their
chemical composition, lateral film structure, and biophysical functionality. The acquired knowledge offers essential insights for
the precise and personalized design of clinical surfactant for the treatment of respiratory distress syndrome and other respiratory
conditions.

constrained drop surfactometry; pulmonary surfactant; respiratory distress syndrome; surface tension; surfactant replacement
therapy

INTRODUCTION

Surfactant replacement therapy plays a pivotal role in
managing neonatal respiratory distress syndrome (RDS) (1,
2). Despite the increasing utilization of noninvasive respira-
tory support, such as continuous positive airway pressure
(CPAP), during the delivery of preterm infants, which gradu-
ally reduces the necessity for prophylactic surfactant, rescue
surfactant remains the primary intervention for infants
exhibiting clinical signs of RDS (3, 4). Currently, all surfac-
tant preparations clinically used to treat infants with RDS
are derived from animals, either bovine or porcine sources

(5). Understanding the correlation between phospholipid/
protein composition and the biophysical function of these
clinical surfactants contributes to the development of more
efficacious and fully synthetic surfactant preparations (6).

The most important biophysical properties of pulmonary
surfactant include rapid phospholipid adsorption onto the
air-water surface to reach an equilibrium surface tension of
22–25 mN/m, and the ability to decrease surface tension to
low values upon compression of the adsorbed surfactant
film (7, 8). The first direct quantitative surface tension mea-
surement of compressed pulmonary surfactant film was per-
formed by Clements in 1957 using a modified Langmuir film
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balance (9). He demonstrated that saline extracts from rat,
cat, and dog lungs decreased the surface tension from 46 to 10
mN/mwhen the surfactant filmwas compressed in a Langmuir
film balance. Avery and Mead later applied Clements’ method
to measure the surface tension of postmortem airway lavage
fluids from infants who succumbed to premature birth and
other causes (10). Notably, premature infants’ airway lavage
exhibited a minimum surface tension ranging from 20 to 40
mN/m, considerably higher than infants who died from other
causes. This revelation unveiled the true pathophysiology of
what was then termed hyaline membrane disease, now recog-
nized as RDS. Building upon Clements’ pioneering work, subse-
quent research revealed surface tensions lower than 5 mN/m
for rat and human surfactants using the same in vitro tech-
nique (11). In 1976, Sch€urch, Goerke, and Clements confirmed
the relevance of these in vitro surface tensionmeasurements to
lung physiology (12). Using amicrodroplet technique, they con-
ducted the first in situ alveolar surface tension measurements
in excised rat lungs. Their findings indicated a decrease in alve-
olar surface tension from 20 to 9 mN/m when the excised lung
was deflated by 25% of the total lung capacity to its functional
residual capacity at 37�C (12).

Although the Langmuir film balance serves as a straightfor-
ward interfacial model and an easily applicable technique for
in vitro biophysical assays, it does have limitations in compre-
hensively assessing the biophysical properties of pulmonary
surfactant (7). Its relatively large size hinders the thorough
study of adsorbed surfactant films and poses challenges in
maintaining precise environmental conditions, such as con-
trolling the core body temperature at 37�C and sustaining
100% relative humidity. Consequently, it falls short in simu-
lating the intra-alveolar environment. The Langmuir film bal-
ance is best suited for determining quasi-static surface
properties, as rapid barrier oscillations induce waves that dis-
rupt surface tension measurements with a Wilhelmy plate. A
critical drawback is the susceptibility to film leakage, leading
to the premature collapse of the surfactant film. To overcome
these technical limitations, newer in vitro biophysical techni-
ques have been developed for assessing pulmonary surfac-
tant, including pulsating bubble surfactometry (PBS) (13),
captive bubble surfactometry (CBS) (14), and constrained
drop surfactometry (CDS) (15, 16). A comprehensive discus-
sion of the advantages and disadvantages of these in vitro
methods can be found in a recent review (17).

Here, we present a comparative study of the biophysical
properties of four clinical surfactant preparations using a
novel droplet-based surface tensiometry technique known as
CDS (15, 16). Developed within our laboratory, CDS combines
the strengths of the Langmuir film balance, PBS, and CBS,
whilemitigating the drawbacks associatedwith thesemethods
in the study of pulmonary surfactants (17). Serving as an ideal
in vitromodel for investigating adsorbed surfactant films, CDS
minimizes sample consumption (<10 lL per measurement)
and, through system miniaturization, faithfully replicates the
intra-alveolar microenvironment of pulmonary surfactants
under physiologically relevant conditions (17). CDS overcomes
the concentration limitations of CBS in studying adsorbed sur-
factant films (18) and provides a leakage-proof environment,
similar to CBS, conducive to the examination of low surface
tensions. In addition, we have pioneered innovative subphase
replacement and in situ Langmuir–Blodgett (LB) transfer

techniques, enabling direct atomic force microscopy (AFM)
imaging of the ultrastructure and topography of adsorbed pul-
monary surfactant films with submicron resolutions (16, 19).
Using CDS, we conducted a comprehensive examination of
the biophysical properties of four clinical surfactants under
physiologically relevant conditions. These properties encom-
passed the adsorption rate, quasi-static and dynamic surface
activity, resistance to surfactant inhibition by meconium, and
the morphology of the adsorbed surfactant films. This com-
parative study unveiled correlations between the composition
of a clinical surfactant and its biophysical functionality, pro-
viding valuable insights for the development of more effica-
cious and fully synthetic surfactant preparations.

MATERIALS AND METHODS

Materials

All four clinical surfactant preparations examined in this
study were animal-derived natural surfactants. Despite varia-
tions in their manufacturing processes, all of them involved
organic extraction, which eliminates the hydrophilic protein
[surfactant protein A (SP-A)] and reduces the content of the
hydrophobic proteins [surfactant protein B (SP-B) and sur-
factant protein C (SP-C)] (20, 21). The detailed chemical
compositions of these clinical surfactants have been thor-
oughly documented (20–24). In particular, Calfactant
(Infasurf, ONY Biotech, Amherst, NY) was extracted from
the bronchoalveolar lavage of newborn calves. It con-
tained most of the hydrophobic components of natural
pulmonary surfactant, including cholesterol. Poractant
alfa (Curosurf, Chiesi Farmaceutici, Parma, Italy) was pre-
pared from minced porcine lung tissue. In addition to or-
ganic extraction and centrifugation, the manufacturing
process of Curosurf involves an additional step of remov-
ing all neutral lipids through gel chromatography. Beractant
(Survanta, Abbott Laboratories, North Chicago, IL) was
extracted from minced bovine lung tissues, with additional
procedures to remove neutral lipids (mainly cholesterol) and
to supplement with synthetic dipalmitoyl phosphatidylcholine
(DPPC), palmitic acid, and tripalmitin. Bovactant (Alveofact,
Lyomark Pharma, Oberhaching, Germany) was extracted from
bovine lung lavage but underwent an additional lyophilizing
step, necessitating resuspension before administration. Figure 1
depicts the major lipid and protein compositions of these
clinical surfactants (20–24). All four clinical surfactants were
stored frozen at�20�C in sterilized vials at their original phos-
pholipid concentrations. On the day of the experiment, each
surfactant was allowed to gradually thaw to room tempera-
ture and then diluted to 1, 5, and 10 mg phospholipids/mL,
respectively, using a saline buffer of 0.9% NaCl, 1.5 mM CaCl2,
and 2.5 mMHEPES, adjusted to pH 7.0 with Milli-Q ultrapure
water (Millipore, Billerica, MA).

The first meconium from healthy term infants was col-
lected from the Kapi‘olani Medical Center for Women &
Children (Honolulu, HI) and was pooled, lyophilized, and
stored at �20�C, following protocols used in the literature
(25–27). Before testing, meconium was suspended in the sa-
line buffer andmixed with 5 mg/mL surfactant to yield a final
ratio of 1 wt.% and 100wt.% of the surfactant, respectively.
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Constrained Drop Surfactometry

The CDS is a new generation of droplet-based tensiometry
technique developed in our laboratory for biophysical simu-
lations of pulmonary surfactants (15, 16). Detailed schematic
description of this device can be found elsewhere (15, 16). In
brief, CDS uses the air-water surface of a sessile droplet
(�3 mm in diameter, covering an surface area of �0.14 cm2,
and with a volume of around 7 lL) to house the adsorbed sur-
factant film. The surfactant droplet is securely constrained
on a meticulously machined pedestal, featuring knife-sharp
edges that prevent film leakage, even at low surface tensions.
Periodic compression and expansion of the adsorbed surfac-
tant film at physiologically relevant rates and compression
ratios are achieved by controlling liquid flow into and out of
the droplet using a motorized syringe. The surface tension
and surface area of the adsorbed surfactant film are deter-
mined in real-time by analyzing the droplet’s shape through
closed-loop axisymmetric drop shape analysis (CL-ADSA)
(28). Thanks to the miniaturization of the system, CDS ena-
bles a high-fidelity simulation of the intra-alveolar environ-
ment, maintaining the core body temperature of 37�C and
relative humidity close to 100% within an environmental
control chamber.

Subphase Replacement and Langmuir–Blodgett
Transfer

To facilitate the direct imaging of the ultrastructure of
adsorbed surfactant films, we have developed innovative
subphase replacement and in situ LB transfer techniques
(19). In brief, the subphase replacement was executed
through a coaxial CDS pedestal connected to two motorized
syringes. One syringe withdrew the phospholipid-vesicle-
containing subphase from the droplet, whereas the other
simultaneously injected buffer into the droplet at the same
flow rate. The process effectively washed away phospholipid
vesicles in the droplet without disturbing the adsorbed sur-
factant film at the air-water surface. Following the subphase
replacement, the LB transfer of the adsorbed surfactant film
was conducted by swiftly inserting a freshly peeled mica
sheet into the droplet. Subsequently, the mica sheet was
gradually lifted across the air-water surface of the droplet at
a rate of 1 mm/min.

Atomic Force Microscopy

The ultrastructure of the adsorbed surfactant films was
visualized using an Innova AFM (Bruker, Santa Barbara,
CA). Samples were scanned in air using the tapping mode,
using a silicon cantilever with a spring constant of 42 N/m
and a resonance frequency of 300 kHz. Lateral structures
of the surfactant films were analyzed using NanoScope
Analysis (v. 1.5).

Statistics

All results are shown asmeans ± standard deviation (n> 3).
Nonparametric Kruskal–Wallis test was used to determine
group differences (OriginPro, Northampton, MA). P < 0.05
was considered to be statistically significant.

RESULTS

Comparison of the Adsorption Rate

Figure 2A shows the adsorption isotherms of four clinical
surfactants at 1 mg/mL and 37�C. As shown in the inset of
Fig. 2A, all surfactant preparations, except for Survanta,
reduce the surface tension of the air-water surface from �70
mN/m to �25 mN/m within 10 s, whereas Survanta reduces
the surface tension to 41 mN/m after 10 s. The surfactant
adsorption becomes substantially slower after the initial
10 s. Within a 5-min period, Infasurf, Curosurf, and Alveofact
reach a uniform equilibrium surface tension of 23 mN/m.
Survanta only reduces the surface tension to 28 mN/m
within the 5-min period. We have extended the observation
for Survanta to 10 min, at which point the surface tension is
finally reduced to the equilibrium value of �23 mN/m.
During this extended period, the surface area of the surfac-
tant droplet was maintained constant by CL-ADSA to avoid
complications introduced by evaporation-induced contrac-
tion of the surfactant film (28).

The adsorption kinetics of a surfactant can be qualified
by the adsorption time (s95), i.e., the 95% time required for
a surfactant to reduce the surface tension of the air-water
surface to its equilibrium value (29). As shown in Fig. 2B,
s95 of Infasurf, Curosurf, and Alveofact varies from 4 to
10 s, with Alveofact exhibiting the quickest adsorption. s95

Figure 1. Chemical composition of four clinical surfactant preparations: Infasurf, Curosurf, Survanta, and Alveofact. Data represent weight percentage of
DPPC, unsaturated PC, phospholipids (PLs) other than PC, neutral lipids (mainly cholesterol), free fatty acids, and combined hydrophobic surfactant pro-
teins SP-B and C (20–24). DPPC, dipalmitoyl phosphatidylcholine; PC, phosphatidylcholine; SP-B and C, surfactant protein B and C.
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of Survanta is �510 s, substantially longer than the other
clinical surfactants.

Comparison of the Quasi-Static Surface Activity

Figure 3 depicts the quasi-static surface activity of four
clinical surfactants at 37�C. In these biophysical assays, the
adsorbed surfactant film underwent quasi-static compression
and expansion at a rate of 30 s per cycle, which is 10 times
slower than physiologically relevant dynamic cycles. This
deliberate slowing of the process in quasi-static assays aims to
eliminate kinetic effects associated with dynamic simula-
tions. Throughout the quasi-static cycling, the adsorbed sur-
factant film at the air-water surface was allowed to relax,
efficiently exchanging surface-active materials with those in
the subphase, thus entailing the desorption and readsorption
of surfactants (30). Compression ratio of the surfactant film
ranges from 30% to 50%, ensuring the reach of minimum sur-
face tension (cmin). The quasi-static surface activity of the sur-
factant film is directly comparable to the quasi-static surface
activity revealed by a Langmuir film balance (30).

Figure 3A illustrates the representative quasi-static com-
pression-expansion cycle of four clinical surfactants adsorbed
from the surfactant subphase at a phospholipid concentration
of 1 mg/mL. The depicted cycle is the fifth cycle following de
novo adsorption, with subsequent cycles demonstrating
increased reproducibility. At this relatively low concentration,
it is evident that both Curosurf and Infasurf can decrease the
cmin to �3 mN/m upon quasi-static compression. In contrast,
Survanta and Alveofact reach the cmin of �6 and 15 mN/m,
respectively (Fig. 3B).

The cmin alone is not an ideal quantitative criterion for eval-
uating the biophysical properties of pulmonary surfactant
because it is influenced by the compression ratio of the sur-
factant film. Therefore, we use the average isothermal film

compressibility/expandability j ¼ 1
A

oA
oc

� �
as a metric to com-

pare the biophysical properties of the clinical surfactants. A
high-quality surfactant should exhibit low compressibility
(κcomp), meaning it can achieve low surface tensions with only
moderate film compression. The expandability (κexp) of the
surfactant film reflects its stability in overcoming relaxation.

An effective surfactant should have an expandability simi-
lar to its compressibility, resulting in minimal energy loss
per cycle, as indicated by the hysteresis area of the com-
pression-expansion loop. Conversely, a low κexp suggests a
rapid increase in surface tension upon film expansion,
leading to substantial energy loss per cycle and indicating
poor film stability.

The κcomp of Infasurf, Curosurf, Survanta, and Alveofact is
2.1, 0.9, 1.9, and 6.4 m/mN, respectively (Fig. 3C). Upon quasi-
static expansion, themaximum surface tension (cmax) of these
clinical surfactants ranges from 29 (for Alveofact) to 38 mN/m
(for Survanta) (Fig. 3B). The κexp of Infasurf, Curosurf,
Survanta, and Alveofact is 0.6, 0.9, 1.6, and 0.5 m/mN, respec-
tively (Fig. 3C). The mismatch between κcomp and κexp indi-
cates instability of the surfactant film upon expansion, which
leads to energy loss per cycle.

Upon increasing the surfactant concentration to 5 mg/mL,
the biophysical properties of Curosurf and Alveofact remain
comparable to those at 1 mg/mL. Remarkably, the biophysi-
cal properties of Infasurf exhibit significant enhancement, as
evidenced by a substantial decrease in κcomp and a slight
increase in κexp (Fig. 3F) compared with the low concentra-
tion of 1 mg/mL. The κexp of Survanta, however, decreases to
0.2 m/mN, indicating a less stable film than at 1 mg/mL. This
finding is surprising, as an increase in surfactant concentra-
tion is typically expected to enhance film stability (31).
However, it is worth noting that the high surfactant concen-
tration decreases the cmax of Survanta from 38 to 34 mN/m
(Fig. 3E). Further increasing the surfactant concentration
from 5 to 10 mg/mL does not significantly enhance of the
biophysical properties of any of these four clinical surfac-
tants (Fig. 3,G–I).

Comparison of the Dynamic Surface Activity

Figure 4 shows the dynamic surface activity of four clini-
cal surfactants at 37�C. In these biophysical assays, the
adsorbed surfactant film underwent rapid compression-
expansion cycles at a physiologically relevant rate of 3 s per
cycle. The compression ratio of the surfactant film spans
from 20% to 50%, ensuring the coverage of cmin for all clini-
cal surfactants. It is noteworthy, however, that variations in

Figure 2. Comparative analysis of adsorption rates in four clinical surfactant preparations. A: adsorption isotherms of the clinical surfactants at 1 mg/mL
and 37�C. The inset highlights a rapid reduction in surface tension within the initial 10 s of adsorption. B: the time required for 95% adsorption completion
(s95). Significant differences (P< 0.05) were observed in comparisons between any two surfactant preparations.
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alveolar surface area during normal tidal breathing are likely
no more than 20% (32–34). Therefore, the relevance of only
the low compression ratio in these biophysical assays lies in
their alignment with simulations of normal tidal breathing
in humans.

Figure 4A shows the representative dynamic compression-
expansion cycle of four clinical surfactants adsorbed from
a surfactant subphase at a phospholipid concentration of
1mg/mL.Thedepicted cycle is thefifth cycle followingdenovo
adsorption, with subsequent cycles demonstrating increased
reproducibility. It is evident that Infasurf, Curosurf, Survanta,
and Alveofact decrease the cmin to 2.3, 2.5, 3.5, and 6.1 mN/m,
respectively (Fig. 4B). Although all four clinical surfactants
reduce the cmin to values less than 10mN/m, only Infasurf and
Curosurf achieve these low cmin with the physiologically rele-
vant 20% compression ratio, indicated by their low κcomp,
which is less than 0.8 m/mN (Fig. 4C). In contrast, Survanta

and Alveofact achieve their cmin with 30% and 50% compres-
sion ratios, respectively. Alveofact exhibits a high κcomp of
2.8m/mN.

Upon expansion of the surfactant films, Infasurf, Curosurf,
and Alveofact exhibit similar cmax values of 35, 32, and 31mN/m,
respectively (Fig. 4B). In contrast, Survanta has the highest
cmax, reaching 46 mN/m, significantly surpassing the cmax of
38 mN/m observed for the Survanta film expanded under
quasi-static conditions (Fig. 3B).

Increasing the surfactant concentration from 1 to 5 and
10 mg/mL progressively enhances the surface activity of
Infasurf, Curosurf, and Survanta, but this trend is not
observed for Alveofact. At 10 mg/mL, both Infasurf and
Curosurf reduce the cmin to values less than 3 mN/m with an
�20% compression ratio, whereas Survanta reduces the cmin

to values less than 5 mN/m with an �30% compression ratio
(Fig. 4, G–I). In contrast, the dynamic surface activity of

Figure 3. Comparative analysis of quasi-static surface activity in four clinical surfactant preparations adsorbed from surfactant concentrations of 1, 5, and
10 mg/mL, respectively, at 37�C. In these biophysical assays, the adsorbed surfactant film underwent quasi-static compression and expansion at a rate
of 30 s/cycle. The depicted cycle is the fifth cycle following de novo adsorption, with subsequent cycles demonstrating increased reproducibility.
Parameters measured include the minimum (cmin) and maximum (cmax) surface tensions, as well as the average film compressibility (κcomp) and expand-
ability (κexp), determined during compression and expansion processes. Significant differences (P < 0.05) were observed in comparisons between any
two surfactant preparations.
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Alveofact remains relatively unchanged compared with
lower surfactant concentrations.

Comparison of the Resistance to Surfactant Inhibition
by Meconium

Figure 5 shows the resistance to surfactant inhibition by
meconium. Meconium, the first stool of an infant, comprises
amniotic fluid, lanugo, cellular debris, and digestive tract
byproducts, including the potent digestive surfactants, bile
acids, and a significant amount of cholesterol (7, 26).
Together with lung inflammation and airway obstruction,
surfactant inhibition significantly contributes to the patho-
physiology of meconium aspiration syndrome (MAS) (35).

For each clinical surfactant at a concentration of 5 mg/mL,
two meconium concentrations (1 and 100 wt% of the surfac-
tant) were investigated. These levels represent the lower and
upper bounds of in vitro surfactant inhibition by meconium
studied in previous research (25–27). Notably, even 1%

meconium induces biophysical inhibition in all four surfac-
tant preparations, as evidenced by elevated cmin (Fig. 5E)
and κcomp (Fig. 5F). However, distinct differences in surfac-
tant inhibition are observed among these preparations. The
introduction of 1% meconium (0.05 mg/mL) raises the cmin

of Infasurf from 2 to 8 mN/m, Curosurf from 2 to 4 mN/m,
Survanta from 4 to 8 mN/m, and Alveofact from 9.5 to 10
mN/m. With 100% meconium (5 mg/mL), cmin further
increases for Infasurf, Curosurf, Survanta, and Alveofact to
15.5, 7, 14, and 17 mN/m, respectively. Similar trends are
observed in κcomp. These findings suggest that, among the
clinical surfactants examined, Curosurf exhibits the highest
resistance to biophysical inhibition bymeconium.

Comparison of the Topography and Ultrastructure of
Adsorbed Surfactant Films

Figure 6 presents the topography and ultrastructure of
surfactant films adsorbed from a subphase concentration of

Figure 4. Comparative analysis of dynamic surface activity in four clinical surfactant preparations adsorbed from surfactant concentrations of 1, 5, and 10
mg/mL, respectively, at 37�C. In these biophysical assays, the adsorbed surfactant film underwent dynamic compression and expansion at a physiologi-
cally relevant rate of 3 s/ cycle. The depicted cycle is the fifth cycle following de novo adsorption, with subsequent cycles demonstrating increased
reproducibility. Parameters measured include the minimum (cmin) and maximum (cmax) surface tensions, as well as the average film compressibility
(κcomp) and expandability (κexp), determined during compression and expansion processes. Significant differences (P < 0.05) were observed in compari-
sons between any two surfactant preparations.
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1 mg/mL and LB transferred at the equilibrium surface ten-
sion (23 mN/m) and 37�C. The lateral structure of these clini-
cal surfactant films reveals distinctive topographic features.
The adsorbed Infasurf film (Fig. 6A) displays uniformly dis-
tributed protrusions ranging from 4 to 20 nm in height. With
the thickness of a fully hydrated phospholipid bilayer esti-
mated to be around 4 nm (36), these protrusions correspond
to 1–5 stacked bilayers, aligning well with our previous obser-
vations (16, 19). In contrast to Infasurf, the adsorbed
Curosurf film (Fig. 6B) exhibits a smaller number of individ-
ual larger bilayer protrusions, with isolated high protrusions
reaching up to the thickness of three bilayers. The adsorbed
Survanta film (Fig. 6C) features a network of bilayer protru-
sions covering the entire film. However, the adsorbed
Alveofact film exhibits a topography completely different
from the other three clinical surfactants. The adsorbed
Alveofact film (Fig. 6D) primarily demonstrates a monolayer
conformation, with only isolated bilayer protrusions reach-
ing up to 8 nm in height.

DISCUSSION

Biophysical Paradox of Pulmonary Surfactant: Soft-Yet-
Strong Surfactant Films

A good surfactant preparation should possess at least two
fundamental biophysical functions: rapid adsorption/read-
sorption to the air-water surface, and high metastability upon
film compression to very low, near-zero surface tensions
(i.e., high surface pressures) (6, 17, 37). These two properties
appear contradictory based on classical physicochemical
understanding of thin films and monolayers. Fluid unsatu-
rated phospholipids, for instance, adsorb rapidly to the air-
water surface, but these films cannot usually sustain the high
surface pressures needed for respiration. These phospholipid
films tend to collapse whenever compressed beyond the equi-
librium spreading pressure of phospholipids (or below the
equilibrium surface tension of �25 mN/m). Conversely, solid
disaturated phospholipids, such as DPPC, can sustain surface

Figure 5. Comparative analysis of surfac-
tant resistance to biophysical inhibition by
meconium for Infasurf (A), Curosurf (B),
Survanta (C), and Alveofact (D). Each sur-
factant, at a concentration of 5 mg/mL,
was mixed with 1 and 100 wt% meconium,
respectively. The adsorbed surfactant
film, with and without the addition of me-
conium, underwent dynamic compression
and expansion at a physiologically rele-
vant rate of 3 s/ cycle at 37�C. The
depicted cycle is the fifth cycle following de
novo adsorption, with subsequent cycles
demonstrating increased reproducibility. E:
the minimum (cmin), with (F) the average film
compressibility (κcomp). Significant differen-
ces (P < 0.05) were observed in compari-
sons between surfactants with and without
the addition of meconium.
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pressures significantly higher than equilibrium values without
collapsing. However, pure DPPC vesicles adsorb extremely
slowly, even at body temperature (38). The mechanism by
which pulmonary surfactant resolves this biophysical paradox,
forming a soft yet strong film at the alveolar surface to support
respiration, remains not fully understood. Available biophysi-
cal models for pulmonary surfactants include the classical
squeeze-out model, the supercompression model, and the
updated adsorption-driven lipid sorting model (17, 37).
However, all thesemodels have limitations.

Composition-Functional Correlations of the Surfactant
Films: Effect on Adsorption and Readsorption

By comparing the biophysical properties of four clinical
surfactant preparations, we have revealed a surfactant com-
position-structure-functionality correlation. This correlation
could be crucial for understanding the biophysical mecha-
nisms of pulmonary surfactants and for the further develop-
ment of clinical surfactant preparations.

It was found that the differential adsorption behavior of
these clinical surfactants exhibits a clear correlationwith their
lipid compositions. Illustrated in Fig. 1, DPPC, the disaturated
phospholipid, constitutes varying proportions in these clinical
surfactants, with Survanta (70%) > Curosurf (47%) > Infasurf
(43%) > Alveofact (32%). Being the primary single lipid com-
ponent in pulmonary surfactant, the adsorption of DPPC in

vesicular form is notably sluggish. This fact is underscored by
our previous demonstration that the aqueous suspension of
DPPC liposomes only reduces surface tension to 40 mN/m af-
ter 1 h (38). Similarly, the high fraction of DPPC content is also
associated with poor readsorption behavior, especially under
highly dynamic compression-expansion cycles. Survanta has
the highest cmax, reaching 46 mN/m, under dynamic condi-
tions (Fig. 4B), significantly surpassing the cmax of 38 mN/m
observed for the Survanta film expanded under quasi-static
conditions (Fig. 3B). With the supplementation of synthetic
DPPC, Survanta demonstrates much higher surface viscosity
than other clinical surfactants (21). During rapid expansion,
Survanta struggles to replenish the surfactant film, resulting
in a surface tension overshoot at the end of expansion and
giving rise to a distinctive boomerang-shaped compression-
expansion cycle (Fig. 4A).

In contrast, the combined portion of unsaturated phospha-
tidylcholine (PC) and other phospholipid species (most of
them are unsaturated) ranks as Alveofact (65%) > Curosurf
(52%) > Infasurf (49%) > Survanta (22%). This comparison
emphasizes the significance of unsaturated phospholipids,
particularly anionic lipids like phosphatidylglycerol (PG) and
phosphatidylinositol (PI), in enhancing adsorption kinetics by
fluidizing surfactant preparations. Together, PG and PI consti-
tute 10–15 wt% of pulmonary surfactant (39). Literature
reports indicate that these anionic lipids play a pivotal role in

Figure 6. A–D: comparative analysis of ultra-
structure and topography of the adsorbed
surfactant films. All surfactant films were
adsorbed fromasurfactant concentrationof 1
mg/mL and Langmuir-Blodgett transferred at
the equilibrium surface tension (�23 mN/m)
and 37�C. The first and second columns dis-
play 3-D rendering and 2-D topography of
the adsorption surfactant films, respectively.
AFM images cover a 20�20 μm scanning
area with a z-range of 20 nm. The third col-
umn highlights the structures within white
squares (5�5 μm) indicated in the second
column. 2-D, two-dimensional; 3-D, three-
dimensional; AFM,atomic forcemicroscopy.
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regulating the biophysical properties of pulmonary surfactant
through interactions with the cationic surfactant proteins,
SP-B and SP-C (6, 40, 41).

Composition-Functional Correlations of the Surfactant
Films: Effect on Metastability

Among all studied surfactant preparations, Alveofact is the
only clinical surfactant with a DPPC fraction less than 40 wt%
(Fig. 1). It is also the only surfactant unable to reduce surface
tension below 10 mN/m upon quasi-static compressions (Fig.
3). It should be noted that the quasi-static condition is not
physiologically relevant. Under the quasi-static conditions,
the surfactant film is compressed and expanded with very low
rates, thus eliminating any kinetic effects (30). Under physio-
logically relevant dynamic conditions, Alveofact can indeed
reduce surface tension to below 10mN/m (Fig. 4).

Hall and coworkers discovered that the metastability of
surfactant films is influenced by the rate of compression
(42–44). Rapid compression can transform a pulmonary sur-
factant film, or even a fluid phospholipid film, into a jam-
ming state, mimicking the metastability of disaturated
phospholipid films compressed under quasi-static condi-
tions (43). Therefore, surfactant film metastability can be
achieved by at least two alternative means: using a surfac-
tant preparation with a significant portion of disaturated
phospholipids, mainly DPPC, or compressing the surfactant
film at a sufficiently high rate. Our comparative studies indi-
cate that �40% DPPC may serve as a reasonable lower limit
for clinical surfactant preparations to achieve optimal bio-
physical functionality. Conversely, increasing DPPC content
beyond 50%, as seen in Survanta, does not necessarily
enhance dynamic surface activity (Fig. 4). Holm et al. (45)
demonstrated that further increasing the DPPC content to
60% or 80% in amodel system did not improve dynamic sur-
face activity but significantly compromised adsorption.
Considering all these factors, our study suggests that a DPPC
content of 40%–50% in clinical surfactant preparations may
result in the best biophysical properties.

Structure-Functional Correlations of the Surfactant
Films: Monolayer versus Multilayer

In earlier investigations, we compared the lateral structure
of clinical surfactant films spread at the air-water surface of a
Langmuir film balance (24, 46). These studies revealed that at
surface pressures equivalent to the equilibrium surface ten-
sion studied here (23 mN/m), the spread films of Infasurf,
Curosurf, and Survanta all exhibit a multilayer structure with
bilayer protrusions on top of an interfacial monolayer. Similar
multilayer structures are observed here for the adsorbed films
of these clinical surfactants. Amajor distinction between these
two film formation techniques lies in the fact that the spread
film, assisted by a spreading solvent such as chloroform, elimi-
nates the energy barrier for adsorption encountered by the ve-
sicular form of insoluble phospholipids dispersed in the
aqueous subphase (38). Therefore, from a technical stand-
point, the ultrastructure of the spread film may not entirely
reflect the morphology of the in situ pulmonary surfactant
film in the lungs. Recent technological advancements in CDS,
particularly the subphase replacement technique (19), have
facilitated AFM imaging of adsorbed pulmonary surfactant

films, offering a more accurate depiction of the surfactant film
at the alveolar surface.

Unlike the other clinical surfactants, the adsorbed Alveofact
film predominantly exhibits a monolayer conformation. A
general consensus is that hydrophobic surfactant proteins,
namely SP-B and/or SP-C, are essential for the formation of sta-
ble multilayer structures through de novo adsorption (6–8, 17).
These hydrophobic proteins, particularly SP-B, play a crucial
role in stabilizing a stalk structure that connects the excess
phospholipid vesicles with the interfacial monolayer, main-
taining a multilayer conformation (47). Consequently, protein
denaturation, whether due to exposure to particulate matter
(48) or menthol-favored e-cigarette aerosols (49, 50), results in
a structural shift of surfactant film from multilayers to mono-
layers, often associated with a significant inhibition of surfac-
tant’s biophysical properties (48–50). Although Survanta
contains only one-tenth of SP-B and one-half of SP-C found in
natural surfactant, similar to Infasurf and Curosurf, Alveofact
contained approximately one-half to one-third of SP-B/C
found in natural surfactant (20, 23). Therefore, the unique
monolayer conformation and the associated poor surface ac-
tivity of Alveofact cannot be simply explained by its protein
content. In addition, it is noteworthy that among the four clini-
cal surfactants, Alveofact is the only preparation originally for-
mulated in the form of lyophilized dry powder, whereas
the other surfactant preparations are dispersed in aqueous
suspensions.

Implications to Surfactant Physiology and Surfactant
Therapy

In vitro assays conducted with CDS revealed distinct bio-
physical properties among four clinical surfactant prepara-
tions: Infasurf, Curosurf, Survanta, and Alveofact. At a
surfactant concentration of 1 mg/mL, Survanta exhibited a
significantly lower adsorption rate compared with the other
preparations. Meanwhile, Curosurf demonstrated the supe-
rior quasi-static surface activity at the same concentration,
as indicated by a significantly lower film compressibility
than the other preparations. However, as the surfactant con-
centration increased to 5 and 10 mg/mL, the differences in
quasi-static surface activity between Curosurf and Infasurf
diminished. Both Infasurf and Curosurf demonstrated excel-
lent quasi-static surface activity compared with Survanta
and Alveofact. Regarding dynamic surface activity, particu-
larly at a physiologically relevant high surfactant concentra-
tion of 10 mg/mL, Infasurf, Curosurf, and Survanta all
exhibited excellent biophysical properties, characterized by
a minimum surface tension of less than 5 mN/m and film
compressibility less than 1 m/mN. In contrast, Alveofact dis-
played the poorest quasi-static and dynamic surface activity
among the four clinical surfactants. The adsorbed Alveofact
film failed to decrease surface tension below 10 mN/m under
quasi-static compressions. Moreover, under the dynamic
compression-expansion cycle, although Alveofact could
decrease surface tension below 10 mN/m, it requires a 50%
film compression, as indicated by notably higher film com-
pressibility compared with the other surfactants. The subop-
timal surface activity of Alveofact is found to be correlated
with its distinctive monolayer-predominant lateral film
structure, whereas other adsorbed surfactant films assume
multilayer structures. Regarding resistance to biophysical

CDS STUDY OF CLINICAL SURFACTANTS

AJP-Lung Cell Mol Physiol � doi:10.1152/ajplung.00058.2024 � www.ajplung.org L543
Downloaded from journals.physiology.org/journal/ajplung at University of Hawaii at Manoa Library (128.171.057.189) on October 16, 2024.

http://www.ajplung.org


inhibition by meconium, it becomes evident that Curosurf
outperforms other preparations.

Despite the distinct in vitro biophysical properties of the
clinical surfactants studied here, all these animal-derived
preparations prove efficacious in treating RDS when admin-
istrated in similar doses (51–53). This study specifically
focused on animal-derived clinical surfactant preparations
authorized for use in the United States and Europe. Among
these, Survanta, Infasurf, and Curosurf are approved by the
U.S. Food and Drug Administration (FDA) (53), whereas
Survanta, Curosurf, and Alveofact are licensed for use in
Europe (3). Other animal-derived surfactant preparations,
not covered in this study, include bovine lipid extract surfac-
tant (BLES®; BLES Biochemicals, London, ON, Canada) (54),
Calsurf (Kelisu; Shuanghe Pharmaceuticals, Beijing, China)
(55), Surfacen (Centro Nacional de Sanidad Agropecuaria,
Cuba) (56), and goat lung surfactant extract (Cadisurf; Cadila
Pharmaceuticals, Ahmedabad, India) (57). In a recent study
comparing the clinical and economic efficiency of animal-
derived clinical surfactants, including Curosurf, Survanta,
Alveofact and BLES, various parameters were analyzed (58).
These included the redosing rate, average length of stay,
direct medical cost of treatment, medical referral rate, sur-
vival at discharge, disability-adjusted life years, and the
number of newborns requiring invasive mechanical ventila-
tion. The findings suggested that Alveofact is the least effec-
tive surfactant for treating RDS. BLES and Survanta, on the
other hand, are the best options for infants with gestation
ages above and below 32 wk, respectively (58).

Understanding the differential biophysical behaviors of var-
ious clinical surfactants can provide valuable insights into the
precision and personalized design of surfactant preparations
for the treatment of respiratory diseases beyond RDS. Despite
the success of clinical surfactants in treating RDS, their benefi-
cial effects in addressing complications related to surfactant
inhibition in neonatal and adult cases, such as MAS (59, 60),
acute respiratory distress syndrome (ARDS) (61), and COVID-19
(62, 63), are still under investigation. Moreover, recent studies
suggest that clinical surfactants can serve as effective carriers
to deliver hydrophobic drugs deep into the lungs (64). For
example, clinical surfactants have been explored as a vehicle
for delivering corticosteroids to very premature infants with
or at a high risk for bronchopulmonary dysplasia (BPD) (65).
In vitro biophysical studies indicate that Curosurf, the choles-
terol-free preparation, can carry more budesonide than
Infasurf, the cholesterol-containing preparation, without sig-
nificant biophysical inhibition (66, 67).

Experimental Limitations

It is important to acknowledge the experimental limita-
tions involved in this study, as these limitations may
cause deviations between the in vitro biophysical proper-
ties and the in vivo clinical performance of the clinical
surfactants. First, all four clinical surfactant preparations
studied here are recommended to be stored between 2�C
and 8�C and are intended for single-time use only. It is
well known that storing clinical surfactants at room tem-
perature or higher can cause significant biophysical inhi-
bition (68). In our study, we dispensed the surfactant
samples and stored them at their original concentrations
at �20�C. Consequently, we did not conduct experiments

using surfactant samples from freshly opened, original,
nonfrozen vials. Second, the original phospholipid con-
centrations of Infasurf, Curosurf, Survanta, and Alveofact
used in clinical practice are 35, 80, 25, and 45 mg/mL,
respectively, which are much higher than the surfactant
concentrations (up to 10 mg/mL) studied here. Using
CDS, we have studied the biophysical properties of
Infasurf at physiologically relevant high surfactant con-
centrations up to 35 mg/mL (16). It was found that the in
vitro dynamic surface activity of Infasurf does not change
significantly at phospholipid concentrations beyond 10
mg/mL (16). Third, we did not include a comparative
group with unprocessed natural pulmonary surfactants.
All animal-derived clinical surfactant preparations differ
from natural surfactant in the lack of hydrophilic surfac-
tant proteins (mainly SP-A), significantly reduced levels
of hydrophobic proteins (SP-B/C), and variations in cer-
tain lipid compositions (e.g., removal of cholesterol from
Curosurf and Survanta). It has been found that the quasi-
static biophysical properties of bovine natural surfactant
at room temperature are indeed superior to those of ani-
mal-derived clinical surfactant preparations (24).

In summary, our study involved a thorough investiga-
tion into the biophysical properties of four animal-derived
clinical surfactant preparations under physiologically rel-
evant conditions, using constrained drop surfactometry.
These properties examined included the adsorption rate,
quasi-static and dynamic surface activity, resistance to
surfactant inhibition by meconium, and the morphology
of the adsorbed surfactant films. Through this compara-
tive analysis, we unveiled distinctive in vitro biophysical
properties of these clinical surfactants, establishing corre-
lations among their chemical composition, lateral film
structure, and biophysical functionality. This understand-
ing of the differential biophysical behaviors of various
clinical surfactants provides vital insights for the precision
and personalized design of surfactant preparations for the
treatment of RDS and beyond. The findings from this
study contribute valuable perspectives for the develop-
ment of more efficacious and fully synthetic surfactant
preparations.
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