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ABSTRACT

Lung surfactant (LS) is a mixture of lipids and proteins that forms a thin film at the gas-exchange surfaces of the alveoli. The components and ultrastructure of LS
contribute to its biophysical and biochemical functions in the respiratory system, most notably the lowering of surface tension to facilitate breathing mechanics. LS
inhibition can be caused by metabolic deficiencies or the intrusion of endogenous or exogenous substances. While LS has been sourced from animals or synthesized
for clinical therapeutics, the biofluid mixture has also gained recent interest as a biophysical model for inhalation toxicity. Various methods can be used to evaluate
LS function quantitatively or qualitatively after exposure to potential toxicants. A narrative review of the recent literature was conducted. Studies focused whether LS
was inhibited by various environmental contaminants, nanoparticles, or manufactured products. A review is also conducted on synthetic lung surfactants (SLS),
which have emerged as a promising alternative to conventional animal-sourced LS. The intrinsic advantages and recent advances of SLS make a strong case for more

widespread usage in LS-based toxicological assays.

Introduction to lung surfactant
Discovery of lung surfactant

Lung surfactant (LS) is a mixture that coats the surface of the distal
regions of the lung where gas exchange occurs. It was first reported on in
1929 by von Neergaard, who noted that surface tension was a critical
property of the lung’s ability to expand and contract. (Neergaard, 1929)
However, it was not until much later that the importance of LS became
more recognized, starting with a report by Pattle in 1955 and early
connections between surfactant dysfunction and adverse conditions
such as atelectasis (partial or total collapse of the lung) and respiratory
distress syndrome (RDS). (Pattle, 1955; Avery and Mead, 1959) Various
studies followed that elucidated the composition of LS and investigated
its biophysical properties. (Scarpelli, 1995). Table 7.1.

Composition and properties

LS lines the surface of alveoli in the lungs (Fig. 3.1) and is typically
found to consist of approximately 79 % phospholipids, 13 % neutral
lipids, and 8 % proteins. (Parra and Perez-Gil, 2015).
Lipids

Phospholipids. Zwitterionic dipalmitoyl phosphatidylcholine (DPPC)
and other phosphatidylcholines (PC) account for the majority of LS by

mass. Anionic phosphatidylglycerols (PG) are another significant phos-
pholipid component. Films of DPPC pack in a more ordered fashion in
response to compression compared to other phospholipids, indicating an
important role achieving low surface tension. The other phospholipid
components are thought to contribute fluidity, surface adsorption, and
other important properties of LS. (Goerke, 1998; Veldhuizen et al.,
1998).

The composition of LS varies across different species. In addition to
phosphatidylcholine and phosphatidylglycerol, LS may contain phos-
phatidylinositol, phosphatidylserine, phosphatidylethanolamine, and
phospholipid derivatives such as lysophosphatidylcholine and lyso-
phosphatidic acid. The phosphatidylcholine content is reported to be
fairly well conserved across human, bovine, ovine, leporine, and murine
samples, while the content of other components fluctuates widely.
(Veldhuizen et al., 1998).

Neutral lipids. Neutral lipids, predominantly cholesterol, are the next
largest component of LS by mass. Experimental evidence indicates that
neutral lipids also contribute to fluidity and adsorption, but not lowered
surface tension. There has generally been less research interest on the
function of neutral lipids in LS compared to phospholipids or proteins.
(Goerke, 1998; Veldhuizen et al., 1998).

Proteins

Surfactant protein A. Surfactant protein A (SP-A) is a collectin (collagen-
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containing C-type lectin) encoded by two genes with 96 % identical
amino acid sequences. SP-A forms trimers which further arrange into an
octadecamer “bouquet” structure. SP-A is important to the formation of
tubular myelin, an ordered surfactant structure in the alveolar space,
and the regulation of surfactant homeostasis. SP-A is suspected to defend
against lung injury by preventing surfactant inactivation and assisting
innate immune response to pathogens. (Khubchandani and Snyder,
2001; Mason et al., 1998; Kingma and Whitsett, 2006).

Surfactant protein B. Surfactant protein B (SP-B) is a 79-residue member
of the amphipathic saposin-like protein family. Its genetic sequence is
first transcribed as a 42 kDa precursor before being cleaved into an 18
kDa mature form. Its tertiary structure has a “saposin fold” consisting of
4-5 a-helices linked by disulfide bonds. While the complete 3D structure
is not known, a combination of NMR, X-ray crystallography, and ho-
mology modelling have indicated that SP-B likely folds into a “closed”
conformation with two “leaves” of a-helices. This structure is hypothe-
sized to promote surfactant activity. SP-B forms homodimers and is
known to play roles in surfactant spreading, phospholipid recycling,
membrane permeability, respiratory cell gene expression, and the
structure of tubular myelin. (Hawgood et al., 1998; Walther et al., 2016;
Whitsett et al., 1995; Martinez-Calle et al., 2021; Young et al., 1992).

Surfactant protein C. Surfactant protein C (SP-C) is a highly hydrophobic
35-residue protein expressed exclusively by type II alveolar cells. SP-C is
first transcribed as a 21 kDa precursor before being cleaved to a 4 kDa
secretory protein with an a-helical domain. SP-C is regulated by
inflammation and shares many similar surface tension lowering prop-
erties as SP-B. Whereas SP-B is primarily found to act at the surface of
membranes, SP-C exhibits transmembrane action. SP-C disrupts lipid
packing, promoting lipid migration between membrane sheets. SP-C
deficiency is associated with RDS and other diseases. (Mulugeta and
Beers, 2006; Johansson, 1998; Beers and Fisher, 1992).

Surfactant protein D. Surfactant protein D (SP-D) is an immune system
collectin, much like SP-A. SP-D has a native cross-shaped arrangement of
four homotrimeric units with long triple-helical arms. SP-D binds to
carbohydrates and lipids, playing respective roles in lung defense by
binding to viral, bacterial, and fungal glycoconjugates as well as lipid
recycling. SP-D is also indicated in the modulation of allergic responses.
The differences in properties and function of SP-D compared to the other
surfactant proteins may warrant conceptualization as distinct from the
surfactant system. SP-D lipid binding is more restricted, and it can be
easily separated from LS. SP-D is found in the endoplasmic reticulum of
type Il cells and in the secretory granules of nonciliated bronchiolar cells
but not in LS lamellar bodies or tubular myelin. (Mason et al., 1998;

Table 7.1
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Crouch, 1998; Crouch, 2000; Hartl and Griese, 2006).

Surfactant microstructure

Microstructures in LS primarily consist of lamellar bodies, tubular
myelin, and small vesicles. Lamellar bodies range from 1 to 2 pym in size
and store phospholipids (primarily PC and PG) as tightly packed,
concentric sheets. Tubular myelin structures are lipid-rich, about 2 to 3
um in size, and consist of ordered lattices of square tubules. (Young
et al., 1992; Castillo-Sanchez et al., 2021; Weaver et al., 2002; Poulain
et al., 1992).

Function, dysfunction, and applications of lung surfactant
Biophysical function of surfactant

The alveolus of the mammalian lungs is a fragile structure, with a
high surface area to facilitate gas exchange. At the air-liquid interface,
surface water molecules experience a high cohesive force due to a large
difference between interactions with the bulk liquid phase and the vapor
phase. This is the basis for surface tension, which must be overcome to
create new exposed surface area when the alveolus expands. The main
function of LS is to reduce this surface tension, allowing respiratory
mechanics to occur without collapse of the alveoli. At the end of expi-
ration, pressure is typically assumed to reach a maximum while surface
tension is near zero. Amphiphilic molecules such as phospholipids form
a thin film and displace surface water molecules, reducing surface ten-
sion. The various surfactant proteins organize and stabilize the LS
structure, facilitate recycling, and promote rapid adsorption. (Parra and
Perez-Gil, 2015; Goerke, 1998; Autilio and Perez-Gil, 2019).

Fluctuating surface tension gradients in LS induce asymmetric Mar-
angoni flows. These oscillating motions in thin liquid layers can result in
convective mass transfer, pushing inhaled particles out of the alveolus.
Displacing deposited particles up into ciliated airways is an important
mechanism for clearance. This displacement is affected by particle size
and surface chemistry. (Gradon and Podgorski, 1989; Sosnowski, 2018).

Biochemical function of surfactant

When nanoparticles enter the bloodstream, plasma proteins bind to
the surface to form a structure known as the protein corona. The protein
corona plays a critical role in the recognition and clearance of the par-
ticles by the immune system. When particles are inhaled, components of
the lung surfactant also form a corona, though the composition differs
from that formed by plasma. (Rampado et al., 2020; Kapralov et al.,
2012).

Proteomic analysis of LS coronas bound to nanoparticles (separated

Synthetic lung surfactant formulations. Each ingredient is categorized into a general class and listed by both abbreviated and full name. Columns under “Synthetic Lung
Surfactant Formulation” represent different individual commercial or experimental formulations. Acronyms include artificial lung expanding compound (ALEC);
Chiesi Farmaceutici 5633 (CHF5633), Forbes group of King’s College London (F-KCL).

Class Ingredient Formula Full Name
ALEC Exosurf Surfaxin Venticute CHF5633 Minisurf F-KCL
Lipid DPPC C40HgoNOgP dipalmitoyl phosphatidylcholine 4 v v v v v v
DPPG C3gH74Na0OoP dipalmitoyl phosphatidylglycerol v
POPC C42HgoNOgP palmitoyloleoyl phosphatidylcholine v
POPG C40H77010P palmitoyloleoyl phosphatidylglycerol 4 v v v v
Cho. Co7H460 cholesterol v
Fatty Acid Pal. Aci. C16H320, palmitic acid v v
Fatty Alcohol Cet. Alc. C16H340 1-hexadecanol v
Polymer Tyl. Cy7H2503 tyloxapol v
Protein 1gG immunoglobulin G v
Alb. albumin v
Tra. transferrin v
aSP-B surfactant protein B analog v
aSP-C surfactant protein C analog v
rSP-C recombinant surfactant protein C v
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magnetically) detected and quantified numerous proteins. The five most
abundant were SP-A, serum albumin, sodium-dependent phosphate
transport protein 2B, tubulin alpha-4A chain, and fibronectin.
Comparing protein coronas formed by LS and crude plasma, only 4 of the
top 20 abundant proteins are shared. LS corona also contains a major
lipid component, the most abundant of which are phosphatidylcholine
and phosphatidylinositol. The protein:lipid ratio of the LS corona is
estimated to be 1:10. From a molecular function standpoint, LS corona
has enhanced catalytic and structural activity, plasma corona has
enhanced antioxidant and enzyme regulation activity, and both have a
strong emphasis on binding. (Raesch et al., 2015).

Coarse-grained molecular dynamics simulations found that the
structure of LS corona varied with particle surface chemistry. Lipids
arranged in a monolayer conformation on hydrophobic polystyrene
nanoparticles but arranged in a bilayer on hydrophilic silver nano-
particles. Surfactant proteins B and C are found to interact with the
corona lipid layers in parallel and transmembrane orientations respec-
tively, in agreement with their behavior in bulk LS. SP-A is found to bind
to nanoparticle surfaces via the carbohydrate recognition domain
exclusively. Once the corona is formed, the subsequent pharmacoki-
netics of inhaled nanoparticles are altered. The LS corona increases the
size of nanoparticles, reduces hydrophobicity, and increases the density
of surface phosphate groups. These changes mitigate inflammatory po-
tential and promote recognition and clearance of inhaled nanoparticles.
(Hu et al., 2017).

In addition to biotransformation, LS plays a role in innate immune
function. Lung collectins SP-A and SP-D have been shown to bind
directly to the surface oligosaccharides, glycoproteins, or lipid moieties
of various microorganisms including gram-negative bacteria, gram-
positive bacteria, fungi, and viruses. SP-A and SP-D stimulate the
phagocytosis of bacteria, viruses, and damaged lung cells by alveolar
macrophages. They also have been shown to independently inhibit the
growth of bacteria and fungi by increasing microbial membrane
permeability. SP-A and SP-D have also been shown to modulate both
pro-inflammatory and anti-inflammatory responses to pathogens.
(Wright, 1997; Eggleton and Reid, 1999; Takahashi et al., 2006).

Surfactant inhibition

LS function may be diminished when it interacts with endogenous
substances such as serum proteins (leaked into the alveolar space during
respiratory distress syndrome) or exogenous substances such as nano-
particles or other inhaled pollutants. This decrease in LS function is
known in the literature as “inhibition” or “inactivation”. Inhibited LS
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may fail to reach low surface tension under compression or fail to re-
spread during expansion. Under this paradigm, surfactant inhibition is
typically recognized as an elevated minimum surface tension after LS is
exposed to agents of concern and compression cycles. The underlying
mechanisms behind inhibition are not fully understood but progress is
ongoing using microscopy, spectroscopy, proteomics, and other classes
of techniques. (Zuo et al., 2008; Ravera et al., 2021).

Serum proteins

In RDS and related pathologies, the alveolar-capillary barrier may
become compromised, allowing proteins from blood serum to leak into
the internal space and interact with LS. Extensive study has shown the
inhibition of surfactant by albumin, fibrinogen, and hemoglobin. These
proteins compete with phospholipids for surface presence, disrupting
monolayers and therefore inhibiting the LS. (Holm et al., 1988; Warriner
et al., 2002).

Lipids

Various lipids such as unsaturated phospholipids, lysophospholipids,
bile acids, and cholesterol have been implicated as LS inhibitors. These
lipids are found to disrupt LS function by fluidizing phospholipid
monolayers or generating DPPC-rich condensed domains, decreasing
film stability. These lipids may be introduced by cell secretions during
RDS or as a component of meconium aspirated by neonates during de-
livery. (Clark et al., 1987; Hite et al., 2005; Malcharek et al., 2005).

Meconium

Meconium is early stool defecated by infants that may be passed into
the amniotic fluid. Aspiration of meconium during delivery is a widely
implicated cause of neonatal RDS. Meconium has a complex and vari-
able composition and is known to inhibit LS. (Rubin et al., 1996; Sun
et al., 1993).

Air pollutants

Air in both outdoor and indoor environments contains a variety of
gases, particles, and biological pathogens that can cause adverse health
effects when inhaled. Nanoparticles that deposit in the lungs may alter
Marangoni flows or cause oxidative stress and the subsequent genera-
tion of reactive oxygen species (ROS). LS phospholipids and proteins
have shown decreased function after oxidation. Hydrophobic particles
may also disrupt tight packing by becoming trapped in the hydrophobic
phases of LS. Adsorption of LS components to particle surfaces is thought
to play a role in clearance from the lungs, but particle morphology or
surface properties may hinder proper clearance. (Parra and Perez-Gil,

Neutral
Lipids
‘ 13%
Phospholipids Surfactant
79% Proteins
8%

Fig. 3.1. Location and composition of lung surfactant. Left: illustration of the human lungs and trachea; upper middle: illustration of alveolar cluster; lower middle:
illustration of individual alveolus with lung surfactant lining the surface; right: circle chart with composition of lung surfactant by percentage.
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2015; Guzman, 2022).

Pathogens

Substances produced by pathogens (e.g. bacteria, fungi) may also
interfere with LS. For example, bacterial membrane lipopolysaccharide
(LPS) may biophysically inhibit LS by decreasing lipid layer stability.
(Canadas et al., 2011).

Surfactant metabolism

After approximately 24-34 weeks of gestation, type II alveolar
epithelial cells undergo differentiation regulated by transforming
growth factor beta (TGF-p) signaling and glucocorticoid levels. During
gestation, a fully functioning pulmonary system is not needed as oxygen
is supplied by the umbilical cord. The first breath after birth stimulates
the release of lamellar bodies into the hypophase layer covering the
alveolar epithelium. (Nkadi et al., 2009; King and Chen, 2020).

Dysfunction in surfactant metabolism can result in the underpro-
duction of overproduction of LS components. Underproduction of sur-
factant can result from premature birth, genetic deficiency, or diseases
such as cystic fibrosis. (Chakraborty and Kotecha, 2013; Postle et al.,
1999).

The overproduction of surfactant proteins has been observed in the
pathogenesis of pulmonary fibrosis, silicosis, and secondary pulmonary
alveolar proteinosis after infection by the fungus Pneumocystis jirovecii.
(Fasske and Morgenroth, 1983; Lesur et al., 1993; Shibasaki et al.,
2009).

Surfactant in clinical settings

A variety of commercial formulations for clinical surfactants have
been developed and used to treat RDS, acute lung injury (ALI), and
related conditions (Fig. 4.1). Preparations are typically categorized as
either animal sourced (ex vivo) or synthetic in origin.

Neonatal RDS is the most common cause for neonatal intensive care
and the leading cause for complications and mortality in preterm in-
fants. Surfactant protein produced by cuboidal type II alveolar epithelial
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Fig. 4.1. Commercial surfactant brands and their presence in the literature.
Brands are divided into two categories, ex vivo and synthetic. Results are pre-
sented on a log scale from four scientific literature search engines. Acronyms:
bovine lipid extract surfactant (BLES); Chiesi Farmaceutici 5633 (CHF5633);
artificial lung expanding compound (ALEC).
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cells is first detected at around 24 weeks of gestation. Preterm infants
lack mature surfactant metabolism, leading to a gradient of neonatal
RDS incidence dependent on gestational age. RDS occurs in approxi-
mately 98 % of babies born at 24 weeks. Surfactant deficiency can also
be caused by genetic mutations, typically in genes encoding for SP-B, SP-
C, thyroid transcription factor-1 (TTF-1), and ATP-binding cassette sub-
family A member 3 (ABCA3). An additional pathway involves genes
encoding for granulocyte-macrophage colony stimulation factor (GM-
SCF), which is important to the maturation of alveolar macrophages.
Surfactant metabolism maturity is also tied to phospholipid turnover
and composition. (Chakraborty and Kotecha, 2013; Ainsworth, 2005;
Pioselli et al., 2022; Smith et al., 2012; Bernhard, 2016).

Early attempts in the 1960s to nebulize DPPC for RDS treatment were
unsuccessful. It was not until the 1980s that trials with Surfactant-TA,
ALEC, Curosurf, and other preparations showed promising results. As
of 2017, only three surfactant preparations were licensed for use in
Europe (Survanta, Alveofact, and Curosurf), all derived from animals.
The United States licenses four preparations (Survanta, Infasurf, Cur-
osurf, and Surfaxin), of which only one (Surfaxin) is synthetic. Modern
surfactant replacement therapies aim to employ delivery methods that
are less invasive and more effective. In addition to RDS, trials are
expanding to other pathologies such as emphysema and pneumothorax.
(Halliday, 2017; Han and Mallampalli, 2015).

Methods to measure lung surfactant function

As the research investigating LS gains momentum, methods to
measure LS function have increased in number and improved, contrib-
uting to advances in clinical and toxicological contexts. The common
concept behind these methods is to simulate an alveolus and empirically
determine the surface tension of LS at initial adsorption, minimum, and
maximum values. (Ravera et al., 2021).

Langmuir-Blodgett trough

First reported by Langmuir and Blodgett in the early 20th century,
the Langmuir-Blodgett trough (LBT) laterally compresses an oil film on
the surface of water which is centrally drawn by lifting a submerged
vertical plate. Surface pressure can then be measured using a Wilhelmy
plate or Langmuir balance configuration. The method has evolved over
time with varying materials used for construction and improvements in
the measurement apparatus. In the context of LS, design limitations of
the LBT restrict it to compression experiments and so it is typically used
for phospholipid monolayers rather than complete surfactant experi-
ments. (Langmuir, 2002; Blodgett, 2002; Oliveira et al., 2022).

Pulsating bubble

First reported in 1977 by Enhorning, the pulsating bubble surfac-
tometer (PBS) generates an air bubble at the end of a capillary sub-
merged in a chamber of liquid sample. The bubble is oscillated between
fixed radii and surface tension is estimated by the pressure differential
across the bubble assuming the Laplace relation for a spherical surface.
The PBS provides better simulation of breathing dynamics than the LBT
with higher throughput but is limited by inaccuracies at minimum
bubble size, film leakage, and fluid opacity. Inhibitory components must
also be pre-mixed with the sample, which is not realistic in the context of
environmental aerosol exposure. (Enhorning, 1977; Enhorning, 2001).

Captive bubble

First reported by Schurch in 1989, the captive bubble surfactometer
(CBS) uses an air bubble inside a glass flow-through cell with a concave
hydrophilic ceiling. Internal stirring is used and the bubble is oscillated
by hydraulic pressure using a piston from above. The bubble shape is
analyzed using the classic Laplace capillary relation. CBS results are
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typically presented as isotherms between surface tension and relative
area. Due to similar design, the CBS carries many of the same limitations
at the PBS. (Schurch et al., 1989; Schiirch et al., 1998).

Constrained drop

First reported in 2015 by the Zuo group at the University of Hawalii,
the constrained drop Surfactometer (CDS) was developed to study LS
inhibition by aerosols. LS is adsorbed to the surface of a pedestal with
sufficiently small surface area to minimize the effect of gravity and
sufficiently sharp edges to prevent film leakage. Cycling is achieved
through a small channel in the center of the pedestal and a motorized
syringe setup. The configuration is encased in a clear, sealed chamber
heated from the bottom. Droplet shape is monitored by a high-definition
camera and aerodynamic particle size is measured by laser diffraction
spectroscopy. Whereas the CBS and PBS simulate the alveolus as a
bubble of air inside LS, the CDS uses a bubble of LS inside air, allowing
closer mimicry of exposure to aerosols. Compression cycles measured by
the CDS most resemble those obtained by the CBS. (Valle et al., 2015;
Sorli et al., 2016).

Other methods

Fluorescence anisotropy is a technique used to investigate biomole-
cular motion and kinetics, such as protein-membrane interactions and
lipid vesicle fusion or separation. Biomolecules are labeled with fluo-
rescent probes and the change in polarization and resulting decay of
fluorescently emitted signal is measured. Fluorescence anisotropy has
been applied to the study of LS, including SP-C aggregation and mem-
brane fluidization. (Steiner, 2002; Horowitz et al., 1993; Saenz et al.,
2007).

Differential scanning calorimetry (DSC) is a technique used to
investigate phase transitions in lipid membranes and other assemblies of
biomacromolecules. A sample and reference cell are shielded in an
enclosure, each in contact with an individual heater. Temperature sen-
sors and a controller are used to maintain the temperature difference at
near zero, with the required heat flow in or out recorded as the calori-
metric signal. DSC can be used to probe perturbations in LS membranes.
(Spink, 2008; Demetzos, 2008; Canadas et al., 2022).

Viscosimetry is the measurement of viscosity in fluids. Viscometers
involve either a stationary sample and mobile object or the inverse, with
some method of measuring applied force to calculate dynamic modulus.
Viscosimetry has been used to investigate LS lipid layer transitions, the
effect of polymer additives to clinical surfactants, and the effect of
nanoparticles on LS fluidization. (Alonso et al., 2005; Lu et al., 2009;
Thai et al., 2020).

Atomic force microscopy (AFM) scans across a sample using an ul-
trafine tip mounted on a cantilever. A laser is used to measure the force
signal as the tip drags or oscillates across the material surface. For LS,
films generated using the LBT technique are transferred to mica sheets
for imaging of structural features. (Zhao et al., 2019b; Yang et al., 2018;
Wu et al., 2022).

Brewster’s angle microscopy (BAM) is used to study the surface layer
of liquids. The Brewster’s angle of a liquid allows perfect transmission of
polarized light. This allows the imaging of structures in the layer near
the surface. BAM is typically paired with the LBT technique to study
Langmuir films. BAM can capture structural transitions in LS related to
biophysical function. (Fang et al., 2020; Hu et al., 2020; Bykov et al.,
2022).

Cryogenic transmission electron microscopy (Cryo-TEM) can be used
to investigate cross sections of the 3D structure of soft materials. Rapidly
frozen samples are sectioned and placed on a grid. An electron beam is
focused onto the sample and different operating modes are used to
obtain images. Cryo-TEM can capture small structures in LS such as
micelles and vesicles. Changes in LS microstructure can infer altered
function. (Tchoreloff et al., 1991; Waisman et al., 2007; Braun et al.,
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2007).

X-ray diffraction (XRD) scatters X-rays through a sample to investi-
gate crystallinity via electron density. For studies on LS, X-ray diffrac-
tion has been most used to investigate interactions with serum albumin.
(Braun et al., 2007; Larsson et al., 2006; Stenger et al., 2009).

Molecular dynamics use potential functions or force fields to build
computer simulations of the physical movements of molecules. Coarse-
grained models may be used to reduce computational intensity by
grouping atoms or molecules together. Molecular dynamics can study
the interactions of particles with LS components (e.g., corona formation)
and bilayers (e.g. translocation). (Hossain et al., 2019; Yue et al., 2017;
Li et al., 2022).

Molecular docking uses shape, flexibility, and affinity to predict the
favorability of different orientations for the binding between ligand and
target molecules. Molecular docking can indicate binding potential be-
tween toxicants and LS proteins. (Li et al., 2021; Rajak et al., 2021).

Narrative review of lung surfactant as a toxicological model

Toxicology aims to determine the potential harmful effects of sub-
stances. Toxicity tests are employed to quantify toxic effects in response
to exposure conditions (e.g., frequency, duration, route) and dose
(amount of substance absorbed) in some model receptor. Advancements
in the late 19th and early 20th centuries led to the synthesis of many new
chemicals that needed pharmacological testing. This precipitated with
the formation of various pharmacology institutions and the systematic
breeding of laboratory test animals. New regulations in the mid-20th
century further propelled the importance of animal testing in the
United States to obtain approval for pharmaceuticals, chemicals, and
consumer products. USDA data shows that usage of many animal species
peaked in the 1980 s and has declined by over 50 % since. This reflects a
major paradigm shift towards rodent models and in vitro models. (Kha-
bib et al., 2022; Kinter et al., 2021).

Rodents are the dominant animal model for both toxicological and
biomedical research. The Hannover Wistar and Sprague Dawley strains
of rat are the most notable competing standards for animal toxicity
testing. Due to the cost and labor involved in mammalian models, as
well as increasing interest in ecological health (as opposed to human
health), a variety of alternative animal models have been explored.
Notable examples include zebrafish, roundworms, molluscs, and
daphnia. (Khabib et al., 2022; Weber et al., 2011; Ellenbroek and Youn,
2016).

In vitro models for toxicity testing have gained momentum over the
past years due to cost, time, complexity, and ethical considerations.
Various levels of sophistication are available including monolayers,
cocultures, 3D cocultures, and ex vivo tissue. The major limitation of in
vitro systems is poor translation to in vivo results. This is due to the
absence of immune function, transporters, ligands, extracellular matrix
interactions, or other components that affect the behavior of in vivo
systems. Research using in vitro toxicity testing has thus shifted away
from monolayers and towards organ explants or organ mimicry. (Jain
et al., 2018:; Zucco et al., 1998; Astashkina et al., 2012).

Lung surfactant plays a key role in the development of adverse out-
comes following the inhalation of toxic substances. LS-based models
introduce physiological aspects that are absent from rudimentary
monolayers of pulmonary cells. Hazard identification can be conducted
by measuring changes in LS inhibition after direct mixture or aerosol
exposure to substances. Preliminary results show that the LS model may
be able to predict in vivo results for respiratory toxicity. As animal
models are now considered a last resort, LS bioassays are a promising
toxicological model for inhalation exposure with potential for high-
throughput screening. (Guzman, 2022; Da Silva et al., 2021a; Dwivedi
et al., 2014; Sorli et al., 2022).
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Review criteria and results

A literature search was performed to identify all relevant studies on
the inhibition of lung surfactant by exogenous toxicants. Literature from
the past 20 years was sampled by Google Scholar using the query: [ “lung
surfactant” AND “inhibition” AND “surface tension” AND (“toxicology”
OR “toxicity” OR “pollutant™)]. A total of 1350 results were returned, of
which 303 reviews were discarded. The first 160 results returned were
then manually reviewed for relevance, yielding a sample of 50 peer-
reviewed research articles. Articles focused on the clinical enhance-
ment of surfactant, therapeutic design, or other non-toxicological
studies were excluded. Duplicate results and non-English-language ar-
ticles were also discarded. All of the following analysis is based on the
sample of 50, for which the distribution by publication year is shown in
Fig. 6.1.

The techniques utilized across the papers in the sample were
analyzed (Fig. 6.2). All papers in the sample employed a quantitative
method for studying LS function, with a majority focusing on in vitro
surface tension (most often using a Langmuir-Blodgett trough or LBT)
and a minority focusing on in silico methods (namely molecular dy-
namics and molecular docking). Many in vitro studies paired surface
tension measurement with a qualitative microscopy technique, with
atomic force microscopy (AFM) being the most popular.

Across the sample, a diverse array of toxicants was studied (Fig. 6.3).
The two dominant areas of study were environmental contaminants
(often complex mixtures) and nanoparticles (often homogenous and
well defined). The remainder focused on manufactured products (spe-
cific formulations used in industrial, consumer, and medical applica-
tions).Fig 7.1-7.3.

Lung surfactant toxicology and environmental contaminants

Combustion products

The combustion of fossil fuels is ubiquitous across human activities,
most notably in transportation, electricity generation, and industrial
processes. The products of combustion typically include respirable
particle aerosols that humans are regularly exposed to in environmental,
occupational, and behavioral contexts. Inhalation exposure to combus-
tion products is associated with numerous adverse respiratory health
effects and is considered a major global health problem.

The main constituent of combustion residues is carbon. A study with
just carbon nanoparticles also observed changes in surface pressure
isotherms, compressibility, and phase transitions in LS (Hu et al., 2020).
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Fig. 6.2. Number of papers utilizing (above) quantitative and (below) quali-
tative methods to measure surfactant function in response to toxicological
exposure across the sample. Quantitative methods consisted of surfactometers,
computational modeling, and other techniques. Qualitative methods consisted
of microscopy techniques. Acronyms: Langmuir-Blodgett trough (LBT), con-
strained drop surfactometer (CDS), pulsating bubble surfactometer (PBS),
captive bubble surfactometer (CBS), molecular dynamics (Mol. Dyn.), molec-
ular docking (Mol. Doc.), atomic force microscopy (AFM), Brewster’s angle
microscopy (BAM), fluorescence microscopy (FM), transmission electron mi-
croscopy (TEM), scanning electron microscopy (SEM).
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Another study looked at three different types of carbonaceous soot
particles (Guzman et al., 2022). Insertion of the particles into LS films in
an LBT was observed to modify interfacial cohesion and packing,
resulting in inhibited surface tension. Another study exposed LS to a
standard diesel particulate matter (DPM) in an LBT (Wu et al., 2022). LS
function was assessed by surface pressure isotherms, BAM, AFM, and X-
ray photoelectron spectroscopy. Binding with DPPC was studied using
calorimetry. The DPM induced expansion at low pressure and conden-
sation at high pressure, with aggregation at the interface between phases
and heterogenous fast binding.

Polycyclic aromatic hydrocarbons (PAHs) are often formed during
incomplete combustion, and exposure is implicated in serious human
health risks such as cancer and cardiovascular disease. An example is the
formation of benzo[a]pyrene (BaP) from diesel engines. LS was exposed
to DPM and BaP in a PBS, showing significant inhibition of surface ac-
tivity (Sosnowski et al., 2011). Molecular dynamics simulations were
used to elucidate the mechanism, indicating the insertion of BaP into the
lipid layer. Another study on BaP corroborated the alteration of surface
tension, phase behavior, and interfacial structure in LS (Cao et al.,
2021). Solubilization of BaP was found to enhance the consumption of
hydroxyl radicals. Anthracene is another PAH and a component of coal
tar. LS was exposed to carbon nanoparticles and anthracene (Zhao et al.,
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Fig. 7.3. Proportion of LS research mentioning SLS. Results for literature
mentioning synthetic lung surfactant are obtained from Google Scholar, filtered
by year and inclusion of contextual terms related to clinical or toxicological
contexts. These are then divided by the same results for lung surfactant
in general.

2019a). LBT and BAM techniques showed that surface tension, phase
behavior, and foaming ability of the LS were altered. The solubilization
of anthracene was found to play a key role in the inhibitory effects.

A variety of combustion processes can generate carbonaceous par-
ticles that contain metals or other contaminants. Soot particles from
industrial smelting are often heavy metal rich. LS was exposed to these
soot particles in an LBT, finding that heavy metal solubilization by
bovine serum albumin exacerbated LS inhibition (Fang et al., 2020).
Residual oil fly ash (ROFA) is emitted by the burning of low-grade oil,
containing metal salts as well as nitrogenous compounds. Viscosimetry
of LS via an interfacial stress rheometer showed decreased elasticity and
viscosity (indicative of gelation) after exposure to ROFA (Anseth et al.,
2005). Biofuel combustion is commonly used for household cooking in
rural India. LS in an LBT was exposed to the dried particulates from this
combustion, resulting in increased minimum surface tension (Kanishtha
et al., 2006).

Pollutant gases

Ozone is a ubiquitous pollutant gas known to increase respiratory
disease and mortality. Using an LBT and neutron reflectivity, ozone was
observed to damage unsaturated phospholipid tails, causing them to
reverse orientation and increase LS surface pressure at the air-liquid
interface (Thompson et al., 2013).

Volatile organic compounds (VOCs) are widely encountered envi-
ronmental pollutants that are tied to a variety of adverse respiratory
health effects. An LBT and AFM were used to evaluate the effects of
VOCs on LS (Zhao et al., 2019b). Various VOCs were found to affect
surface tension, surface pressure isotherms, and structural transitions in
DPPC monolayers. Similar results were observed in animal sourced
surfactant (Zhao et al., 2019c).

Smoking and vaping products

Environmental tobacco smoke (ETS) is inhaled by bystanders and has
been linked t cancer and asthma in nonsmoking adults. It has also been
linked to infections, asthma, and chronic respiratory symptoms in
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children. Isotherms and morphological information from LBT and AFM
show decreases in LS function after ETS exposure (Stenger et al., 2009),
likely due to the oxidation of SP-B and diacylation of SP-C.

Vitamin E acetate (VEA) was heavily implicated in an outbreak of
thousands of cases of electronic cigarette/vaping associated lung injury.
Upon introduction of VEA, LS bilayers were found to have decreased
elasticity and increased compressibility, as observed via neutron spin
echo spectroscopy and small-angle neutron scattering (DiPasquale et al.,
2020). This indicates LS may be inhibited after “softening” induced by
VEA.

E-cigarettes have increased in popularity and are often promoted as a
safer alternative to conventional smoking. However, increasing evi-
dence has linked e-cigarettes to a variety of diseases and raised concerns
over toxic components in their aerosols. E-cigarette aerosols (ECAs) of
three different flavors all showed deleterious impacts on LS function, as
observed via CDS and AFM (Xu et al., 2022). Nicotine alone had a
moderate effect, while flavoring chemicals were observed to have
stronger effects. Menthol, a common flavoring agent in ECAs,
completely inhibited the monolayer to multilayer transition in LS.

Pathogens

Myecolic acid is associated with pulmonary tuberculosis caused by
Mycobacterium tuberculosis. Using an LBT, mycolic acid was found to
inhibit a variety of phospholipid monolayers by increasing minimum
surface tension (Chimote and Banerjee, 2008). AFM was used to observe
surface topology changes.

Bacterial lipopolysaccharide (LPS), also called endotoxin, is present
in the cell walls of Gram-negative bacteria and is known to cause local
inflammation and system toxicity. LPS was observed by microscopy and
compressibility to fluidize phospholipid monolayers (Canadas et al.,
2011). Structural collapse at high surface tension was observed via LBT.
SP-A was implicated as a scavenger of LPS.

Glucans are structural components of the cell walls of many patho-
genic fungi and bacteria. Humans may be exposed to p-p-glucan through
the inhalation of organic dusts. p-p-glucan was found to inhibit LS
spreading, fluidize LS, and extract lipids from LS as observed by LBT,
fluorescence anisotropy, and DSC (Canadas et al., 2022). p-p-glucan was
also observed to bind with SP-A.

Plastic particles

Microplastics are widespread global pollutants resulting from the
degradation of waste plastic in the environment by various processes.
Adsorption of LS phospholipids and proteins onto the surface of
microplastic particles was observed by spectroscopy and SEM. Surface
pressure changes were investigated with respect to dose. Microplastics
were found to promote the production of hydroxyl radical in LS (Shi
et al., 2022).

Molecular dynamics simulations have been used to study the in-
teractions 5 types of nanoplastic particles with LS (Li et al., 2022). The
time-resolved adsorption of an LS corona was observed for all nano-
plastics. Polypropylene and polyvinyl chloride nanoplastics were found
to immediately dissolve upon LS adsorption. The effects of aging prop-
erties were investigated as well as the leaching of additive bisphenol A.
Nanoplastics were observed to perturb LS film stability and cause
collapse at high surface tension.

Other

LS function was evaluated after exposure to four representative
pollutant nanoparticles: calcium sulfate (CaSO4), carbon (C), silicon
dioxide (SiO»), and hexanediol (CgH1405) (Yue et al., 2019). Molecular
dynamics simulations were used to study the translocation of each
nanoparticle across an LS monolayer during compression (exhalation)
and expansion (inhalation) states, as well as order parameter, area per
lipid, and surface pressure. Variations with particle size, particle shape,
and cholesterol content were also explored. C nanoparticles demon-
strated an inability to translocate in either state, as well as stronger
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interactions with the monolayer resulting in decreased lipid order and
increased surface pressure. CaSO, interaction was condition dependent
and the other two nanoparticle types showed negligible effects.

Per- and polyfluoroalkyl substances (PFAS) are widely used in
polymerization processes to produce polishes, paints, and coatings. They
are also well-known persistent organic pollutants that bioaccumulate
and can cause adverse health effects including thyroid disease, kidney
cancer, testicular cancer, liver damage, and various developmental ef-
fects. Four salts of PFAS were shown to inhibit LS function (in native
porcine LS as measured by a CDS) and induce pro-inflammatory
response (in human bronchial epithelial cells) (Sorli et al., 2020).

Lung surfactant toxicology and nanoparticles

Metal based nanoparticles

Airborne nanoparticles composed of metals and metal oxides may be
generated from a variety of sources, including manufacturing processes,
contamination in the combustion of fossil fuels, activities such as min-
ing, and the weathering of metallic materials.

Engineered gold nanoparticles have been extensively studied for
various applications in diagnostics, therapeutics, catalysts, and imaging
agents. Gold nanoparticles were found to inhibit LS as observed by CBS
(Bakshi et al., 2008), likely due to interactions with LS phospholipids.
Alkylated gold nanoparticles were observed via LBT, AFM, and BAM to
affect the nucleation, growth, and morphology of condensed domains in
DPPC monolayers but not LS monolayers (Bakshi et al., 2008). Coarse-
grained molecular dynamics simulations showed the inhibition of LS
by gold nanoparticles due to deformation of the monolayer, the for-
mation of pores, and alterations to surface activity (Hossain et al., 2019).

Titanium dioxide is found ubiquitously in pigments, coatings, con-
sumer products, and other applications. A study with micro and nano
sized titanium dioxide found that only the nanoparticles inhibited LS
function in a PBS (Schleh et al., 2009). In addition, titanium dioxide
nanoparticles induced aberrations in LS ultrastructure, e.g, deformed
and shrunken lamellar bodies.

Cerium oxide nanoparticles are manufactured for various applica-
tions including coatings, polishing agents, and diesel additives. Aerosols
of cerium oxide nanoparticles were deposited on LS in an LBT and films
were imaged with TEM and SEM (Miguel Diez et al., 2019). The particles
showed different effects on surface tension based on delivery method,
due to differences in aggregation state.

Zinc oxide nanoparticles are used in industrial applications include
paints and sunscreens. Exposure of LS to zinc oxide nanoparticles in a
CDS showed inhibition of LS function, whereas zinc ions did not (Larsen
et al., 2020). Inhalation of zinc nanoparticles caused shallow breathing
in macrophage depleted mice shortly after exposure, validating that
inhalation toxicity is related to the interactions with LS.

One study aimed to broadly survey metal-based nanoparticles using
the CDS, LBT, and AFM techniques (Yang et al., 2018). Six nanoparticle
types were studied, with the potential to inhibit LS ranking as follows:
cerium oxide, zinc oxide, titanium dioxide, silver, iron (IL, III) oxide, and
78 % zirconium oxide doped cerium oxide. The ranking observed was
consistent with previous results in vitro and in vivo. Imaging implicated
that inhibition was driven by aggregation state at the LS film, which in
turn was related to physiochemical properties of the nanoparticles.

Mineral nanoparticles

Hydroxyapatite is a form of calcium apatite mineral that is found in
geological as well as biological contexts (such as bone and tooth
enamel). Hydroxyapatite nanoparticles were found to inhibit LS by
protein adsorption onto the particles, as observed by LBT, AFM, and
TEM (Fan et al., 2011). Protein depletion led to transitions from large to
small phospholipid vesicles, decreasing surface activity.

Aluminosilicate minerals are a large component of many clays and
are also used in manufacturing specialty glass as well as fillers for
polymer nanocomposites. LS was exposed to halloysite, bentonite and a
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series of montmorillonite varieties of aluminosilicate nanoparticles in a
PBS (Kondej and Sosnowski, 2013). Higher doses were capable of
inhibiting LS surface tension and hysteresis, potentially due to the
adsorption of LS components. Further study with these materials eluci-
dated the role of hydrophilicity/hydrophobicity (Kondej and Sosnowski,
2016).

Colloidal silica nanoparticles have a variety of applications in in-
dustrial and consumer products. Microscopy showed that cellular up-
take of silica nanoparticles was inhibited by LS due to nanoparticle-LS
interactions (Radiom et al., 2020). Fumed (pyrogenic) silica is another
variety of silica used in various applications due to its low density, high
surface area, and high viscosity. Fumed silica nanoparticles were found
to incorporate into LS monolayers in an LBT and disrupt structure at the
interface, inhibiting the function of LS (Guzman et al., 2022).

Polymeric nanoparticles

Polysiloxanes (silicones) are widely used as sealants, adhesives, lu-
bricants, and additives in various industries. AmorSil20 is a hydrophobic
nanoparticle with a polyorganosiloxane shell around a poly-
dimethylsiloxane core. LBT and AFM showed AmorSil20 incorporation
into LS monolayers, disrupting structure through expansion and fluid-
ization (Harishchandra et al., 2010).

Poly(p,L-lactide-co-glycolide) or PLGA is a copolymer approved in
various U.S. Food & Drug Administration (FDA) therapeutics due to
biodegradability and biocompatibility. Polystyrene (PST) is a thermo-
plastic used in a wide range of applications. Two varieties of PLGA, PO2A
and P103E, and PST nanoparticles were studied for their effects on LS
via LBT, AFM, and CDS (Valle et al., 2014). Increasing nanoparticle
hydrophobicity was associated with increased retention at the LS
monolayer and increased inhibition. Another study applied aerosols of
carboxyl modified PST nanoparticles to LS in an LBT (Farnoud and
Fiegel, 2016), finding that LS function was restored after cycling post-
inhibition. Yet another study examined anionic PST with sulfate
groups (PSA) and cationic PST with amidine groups (PSC) (Bykov et al.,
2022). Despite differences in charge, PSA and PSC had similarly minor
effects on LS monolayers as observed via LBT and BAM.

Carbonaceous nanoparticles

A wide variety of carbonaceous nanoparticles have been developed
for applications in composite materials, energy storage, semiconductors
devices, and other areas. LS was exposed to carbon nanotubes (CNT) and
graphite nanoplatelets (GNP) in a CDS (Valle et al., 2015). Dose-
dependent inhibition of the LS was observed, as well as perturbation
of the structure by adsorbed aggregates using LBT and AFM. Mesoporous
carbon nanomaterials were also shown to inhibit LS using CDS (Chen
et al., 2017).

Molecular dynamics simulations were used to study the interactions
of carbon nanotubes with LS (Yue et al., 2017; Yue et al., 2017). Ul-
trashort single-walled CNTs were able to rapidly internalize into LS
monolayers by self-rotation. Free energy calculations indicate that the
CNTs may be difficult to remove and prone to accumulation. Pores were
found to open in the LS monolayer due to segregation of lipid compo-
nents by the CNTs. The translocation of single-walled CNTs across LS
membranes was found to be dependent on size and surface patterning.

Lung surfactant toxicology and manufactured products

Industrial products

Polyhexamethylene guanidine (PHMG) is an ingredient that was
used in humidifier disinfectant and was implicated in an outbreak of
lung injuries with pulmonary fibrosis. CDS, mice, and molecular docking
were used to investigate the mechanisms by which PHMG caused
fibrosis (Li et al., 2021). PHMG was found to increase LS surface tension
and inhibit the expression of SP-B and SP-C while blocking active sites.

Rotenone is a broad-spectrum pesticide used globally in agriculture.
Rotenone was found to interact with all LS proteins (SP-A, SP-B, SP-C,
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SP-D) at multiple sites via molecular docking simulations (Rajak et al.,
2021). Rotenone could potentially impair respiratory function and
pathogen defense via the inhibition of LS proteins.

Three industrial chemicals (used in coatings, solvents, and fra-
grances) known to have acute inhalation toxicity were evaluated for
potential LS toxicity. An array of techniques was utilized including CDS,
CBS, LBT, Cryo-TEM, and DSC (Da Silva et al., 2021b). Inhibition of LS
was related to partial fluidization of condensed phases by insertion be-
tween phospholipids, resulting in reduced stability and cohesion. Inhi-
bition was also observed in surface pressure changes and visual
transitions.

A series of 26 chemicals which had already been tested for acute
inhalation toxicity were investigated for potential effects on LS function
(Da Silva et al., 2021c). CDS data was compared to GHS (Globally
Harmonized System of Classification and Labeling of Chemicals) and
acute toxicity data. The LS bioassay was shown to have 81 % sensitivity
and 80 % specificity relative to in vivo data. Correlations were not
observed with GHS classification.

Consumer products

Nanofilm spray products (NFPs) are typically used for waterproofing
of materials by consumers and professionals. After application to a
surface, chemical reaction forms a durable and thin hydrophobic film. A
particular NFP was withdrawn from the market after showing acute
lethality in mice with an unusually steep dose-response relationship.
Products with similar structure are still widely available. A capillary
surfactometer and mice were used to elucidate the mode of toxic action
for an NFP based on a perfluorinated siloxane (Larsen et al., 2014). The
NFP inhibited LS function and formed non-covalent interactions with
SP-B.

Impregnation products are widely used on materials to seal, repel
stains, and improve surface durability. A CDS and mice were used to
investigate potential correlation between in vitro LS inhibition and in
vivo inhalation toxicity for a series of 21 impregnation products (Sorli
et al., 2018). Correlation was observed in 18 of the 21 products (of
which 4 showed no inhibition and no toxicity) while the remaining three
products showed false positives for LS inhibition.

A wide variety of consumer products are applied as sprays. A series of
21 spray products, of which eight were cleaning products and 13 were
impregnation products, were evaluated for LS toxicity by CDS (Sorli
etal., 2022). LS inhibition was observed for two of the cleaning products
and 11 of the impregnation products. This may indicate the need for
updated regulations surrounding impregnation products.

Medical products

Several inhaled medications were found to have no evidence for
inhibition of LS using a CDS (Sorli et al., 2016). This result held even at
doses that were orders of magnitude higher than prescribed clinical use.

Synthetic lung surfactant

Early surfactant preparations were sourced from animals either by
extracting LS complex with an instilled bronchoalveolar lavage solution,
or by directly mincing the removed lungs and washing with saline.
Surfactant has also been formulated and prepared using synthetic in-
gredients. The terminology for this type of surfactant is inconsistent in
the literature (Fig. 5.1); hereon we will use the term “synthetic lung
surfactant” (SLS) as it appears to be the most widely accepted.

Regardless of origin, LS preparations for both commercial and
research purposes have similar equilibrium (adsorption) surface tension
values by design (Fig. 5.2). Values generally fall in the 20-25 mN m™!
range, as compared to the native human LS at 22-25 mN m™'. (Zuo
et al., 2008).
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Design and formulation of synthetic surfactants

There are a variety of SLS formulations reported in the literature,
each with a different composition of lipid and protein ingredients
(Table 5.1). These formulations are designed with the goal of emulating
the biophysical properties of animal surfactants while remaining
feasible to manufacture.

Non-protein ingredients in synthetic lung surfactant

DPPC is the most abundant phospholipid in native mammalian LS. Its
saturated chains allow optimal close packing at maximum compression.
DPPC undergoes a melt transition above 41 °C, though this point is
increased in dehydrated states (e.g, during lamellar body formation).
POPC is another example of a phosphatidylcholine used in SLS. Anionic
phosphatidylglycerols (e.g., DPPG, POPG) are also found in LS and are
thought to establish interactions with cationic proteins SP-B and SP-C.
SLS formulations that include surfactant proteins include some PG to
ensure that the proteins adopt proper conformations. Palmitic acid,
which has a saturated chain, is present in some formulations to provide
additional stability to close packing states. PA and higher amounts of
DPPC may promote SLS structure in formulations that lack SP-B. (Perez-
Gil, 2022).

While cholesterol and other neutral lipids are present in native LS,
the necessity of cholesterol in SLS is still debated. While cholesterol
provides fluidity to cell membranes and native LS, cholesterol is shown
to inhibit surface activity in simple lipid systems and elevated choles-
terol levels are found in the deteriorated LS of RDS patients. Cholesterol
is absent from most SLS formulations or deliberately removed from ex
vivo preparations. Some recent work challenges this view, and some
formulations choose to include cholesterol, such as the Forbes group of
King’s College London (F-KCL in Table 5.1). (Perez-Gil, 2022; Hassoun
et al., 2018; Mingarro et al., 2008).

While not a common ingredient in SLS formulations, cetyl alcohol (a
fatty alcohol) and tylaxopol (a liquid polymer alcohol) are notably
included in Exosurf. They act as spreading agents, as Exosurf does not
contain any surfactant proteins or protein analogs. Both cetyl alcohol
and tylaxopol have been used as surfactants in other medical treatments
and consumer products. (Mingarro et al., 2008).

Protein ingredients in synthetic lung surfactant

The major bottleneck in LS production for clinical or research use is
obtaining adequate amounts of functional surfactant protein. Resource
constraints and concerns such as product consistency or pathogens have
incentivized the synthesis of alternatives to ex vivo SP-B and SP-C. The
two dominant approaches are recombinant protein and protein analogs.
(Perez-Gil, 2022).

Recombinant processes use a vector and host system (typically
mammalian or bacterial cells) to produce large quantities of a desired
protein. Genes are inserted into the host DNA to form recombinant DNA,
which are then expressed to produce the desire protein. Methods have
been developed for recombinant SP-B and SP-C production, and some
SLS formulations have included recombinant protein (e.g., Venticute).
(Rosano and Ceccarelli, 2014; Chu and Robinson, 2001; Korst et al.,
1995; Lukovic et al., 2006).

Full-length SP-B synthesis has been accomplished, but the tertiary
structure and behaviors characteristic to native SP-B was not replicated
successfully. Due to these challenges, efforts have focused on developing
simpler analogs to SP-B. These include Mini-B (a 34-residue peptide
corresponding to the first and last helices of SP-B), Super Mini-B (Mini-B
with an added 7-residue hydrophobic segment), and sinapultide or KL4
(a 21-residue peptide inspired by the C-terminal portion of SP-B). Full-
length SP-C has been synthesized but the replicates tend to aggregate
and show poor surface activity. This has led to the replacement of seg-
ments to create hybrid peptides and more extensive modifications as
seen in SP-CLeu and SP-CLKS. Optimization of SP-C analog properties is
ongoing with a wide variety of specific insertions or deletions under
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consideration. (Johansson and Curstedt, 2019; Walther et al., 2019).
Recent advances for synthetic surfactants

Two clinical trials have been conducted for a synthetic lung surfac-
tant in the past decade, both for CHF5633. Developed by Chiesi Farm-
aceutici in Italy, CHF5633 contains 0.2 % Mini-B (SP-B analog) and 1.5
% SP-C33Leu (SP-C analog) in a 1:1 mixture of DPPC:POPG. The 2017
trial showed promising efficacy at two well-tolerated doses. The 2020
multicenter, double-blind, randomized, controlled trial showed similar
efficacy and safety of CHF5633 as compared to Curosurf. Minisurf,
developed by Molecular Express Inc in the USA, is another new SLS
formulation with 3 % Super Mini-B in a 5:3:2 mixture of DPPC:POPC:
POPG. Minisurf is currently in a preclinical stage. Very recent work has
led to the synthesis of a “combo peptide” that mimics features of both
SP-B and SP-C, promoting both intermembrane and intramembrane
activity. (Walther et al., 2019; Sweet et al., 2017; Ramanathan et al.,
2020; Basabe-Burgos et al., 2021).

In addition to synthetic peptides, synthetic lipids have been devel-
oped and investigated for use in SLS. DEPN-8 and PG-1 are example
analogs for DPPC and POPG, respectively. Both are designed to be
resistant to phospholipase degradation. Phospholipase activity is
elevated during inflammatory conditions associated with acute lung
injury (ALI) and adult RDS. The subsequent loss of glycerophospholipids
and generation of reaction products lysophosphatidylcholine.

(LPC) and free fatty acids lead to the inhibition of LS activity. SLS
formulations that include both synthetic proteins and synthetic lipids
can deliver exceptional surface activity while resisting inactivation.
(Notter et al., 2007; Notter et al., 2016).

Advantages and prospects of synthetic surfactants

Synthetic lung surfactants have many potential advantages over
traditional ex vivo surfactants:

e Supply: With the development and scale-up of recombinant or analog
protein production, SLS will face fewer supply constraints than ex
vivo surfactant.

Time: As supply chain infrastructure develops, SLS production can
provide faster turnaround than ex vivo surfactant (which requires
animals to gestate and mature).

Cost: The synthesis and assembly of select components can be value
engineered to reduce cost beyond what is possible with sourcing
from animals.

Quality: Native LS composition can vary at both species and indi-
vidual levels. Engineering controls can ensure SLS product consis-
tency to a degree that may not be feasible with ex vivo surfactant.
Safety: With ex vivo surfactant, the risk for pathogen transfer from
the animal is difficult to eliminate. The use of synthetic ingredients
eliminates this risk.

Ethics: Transition to SLS production would decrease dependence on
animals, with benefits for both animal welfare and environmental
footprint.

Customization: SLS formulations can be tailored to treat specific
conditions or to adapt to specific patient characteristics.

While there are challenges facing SLS development including market
incumbents, high development cost, and barriers to approval, the po-
tential advantages make a strong case for shifting to SLS in clinical and
research settings. (Perez-Gil, 2022; Mingarro et al., 2008; Willson and
Notter, 2011; Kim and Won, 2018).

Despite these advantages, the fraction of LS related research that
mentions SLS remains low (Fig. 5.3). While the proportion has gone up
slightly in recent years and the total body of LS research is growing, we
make the case that synthetic lung surfactants have the potential to
outcompete their animal-derived counterparts. SLS also has a relatively
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unexplored potential as an inhalation toxicology model. Inhibition of
SLS may become an endpoint for hazard identification in risk assess-
ment, predictive toxicology, or the screening of chemicals and
pharmaceuticals.

The major bottleneck for SLS remains the development and manu-
facture of humanized surfactant protein analogs. Market incentive may
be found in the treatment of adult RDS, which is larger in scale than
neonatal RDS. Improvement of aerosolized delivery techniques and
possible efficacy in early-stage prevention may further incentivize SLS
development. (Perez-Gil, 2022; Kim and Won, 2018).

Conclusions

Lung surfactant (LS) is a mixture of lipids and proteins in the distal
airspaces that plays important roles in biophysical and biochemical
functions of the lung. These include facilitating gas exchange, stabilizing
alveolar structure, particle biotransformation, particle clearance, and
innate immunity. The phospholipids, neutral lipids, surfactant proteins,
and microstructures (lamellar bodies, tubular myelin, and small vesi-
cles) of LS drive these functions. Dysfunction in surfactant metabolism
or inhibition of surfactant by various endogenous or exogenous sub-
stances can result in impaired lung function and numerous pathologies.

Research on LS has conventionally focused on surfactant replace-
ment therapy in clinical settings to treat respiratory distress syndrome
and other conditions. More recent research has explored LS as a toxi-
cological model to investigate potentially harmful substances. A narra-
tive review was conducted of these studies, analyzing the methods used
and the categories of toxicants studied. The trajectory of this area of
research demonstrates the utility and feasibility of LS as a biophysical
assay for inhalation toxicology.

Synthetic lung surfactants have been developed and evaluated as an
alternative to animal derived surfactant. Synthetic lung surfactants have
seen several recent advances and pose numerous advantages related to
production, utility, and ethics of use. More research is needed to
improve component synthesis, formulations, and manufacturing
methods. These improvements would empower the wider use of syn-
thetic lung surfactants in clinical and toxicological contexts.
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