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Abstract: In this review, we delve into the topic of the pulmonary surfactant (PS) system, which is
present in the respiratory system. The total composition of the PS has been presented and explored,
from the types of cells involved in its synthesis and secretion, down to the specific building blocks
used, such as the various lipid and protein components. The lipid and protein composition varies
across species and between individuals, but ultimately produces a PS monolayer with the same role.
As such, the composition has been investigated for the ways in which it imposes function and confers
peculiar biophysical characteristics to the system as a whole. Moreover, a couple of theories/models
that are associated with the functions of PS have been addressed. Finally, molecular dynamic (MD)
simulations of pulmonary surfactant have been emphasized to not only showcase various group’s
findings, but also to demonstrate the validity and importance that MD simulations can have in future
research exploring the PS monolayer system.

Keywords: pulmonary surfactant; surface tension; adsorption; phospholipids; proteins; monolayer;
respiration; air-liquid interface; squeeze-out; molecular dynamics

1. Introduction

Often unheralded, lipids play an integral role in many aspects of life, specifically
in physiology. For example, they make up the enclosing bilayers of cells, separating
the internal content from the exterior environment and making possible the countless
reactions that define life. However, not all lipid structures come in the form of a bilayer.
Nature offers countless examples of physiologically active lipid monolayers that are key
to biological functions such as lipid circulation and respiration. In fact, perhaps the most
crucial physiological monolayers is pulmonary surfactant.

Pulmonary surfactant (PS) is a critical lipid-protein complex within the respiratory
system [1]. It is involved in many different functions, such as increasing lung compliance,
preventing alveolar collapse, and even as an initial immunological defense. PS is secreted
in the alveoli and lines the luminal alveolar surface, the primary site of gas exchange within
the human lungs in the respiratory system [2,3].

Alveoli are formed by two types of surface epithelial cells, also referred to as pneu-
mocytes. Type I pneumocytes make up most of the alveolar structure, constituting the
alveolar wall, while Type II pneumocytes are secretory in nature: producing and secreting
pulmonary surfactant [4,5]. The Type II epithelial cells create all the necessary compo-
nents of the PS, followed by packaging and storage as lamellar bodies (LB) until ready for
use [4,6]. Exocytosis of the LB from the Type II cells is followed by unravelling of lamellae
into multilayer tubular networks called tubular myelin, which can be used to create a
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functional surfactant film or provide necessary lipid building blocks for an already pre-
existing layer [6,7]. The variable incorporation of tubular myelin lipids into a pre-existing
PS monolayer likely further adds asymmetry to an already highly randomized and variable
distribution of PS components. The film is a monolayer system in the alveolar cavity that
forms an air-liquid interface, with the hydrophobic fatty acid tails facing the air, and the
hydrophilic heads with an orientation towards the aqueous subphase. This system can be
visualized in Figure 1.

Figure 1. Schematic of the pulmonary surfactant system in the setting of an alveolus. The pulmonary
surfactant lipid monolayer (grey) is maintained at the air-liquid interface by the action of Type II
pneumocytes. Figure recreated from Hawgood et al. [8].

2. Surfactant Composition

The majority, almost 80–90%, of pulmonary surfactant is made up of different types
of lipids, with the rest of the composition mainly being the surfactant proteins (SP) SP-A,
SP-B, SP-C, and SP-D [4,9]. This overall compliment of biomolecules gives PS a delicate
balance of biophysical properties that allows it to function and play such a vital role in our
everyday lives. The most notable properties exhibited are rapid adsorption to the air-liquid
interface, efficient compression (during expiration) and expansion (during inhalation) of
the film during a breathing cycle, as well as immunological protection [2,10].

The lipid composition can slightly vary between individuals; however, pulmonary
surfactant is mainly composed of phosphatidylcholines (PC) and phosphatidylglycerols
(PG) [1,11] with trace amounts of phosphatidylethanolamine (PE), phosphatidylinositol (PI),
phosphatidylserine (PS) and sphingomyelin (SM) [11,12]. Although the exact compositions
of PS in mammals are typically dynamic and vary, an overall trend can still be seen in most
PS systems. Remarkably, the individualized composition forms biophysically symmetric
monolayers across individuals and even species. Table 1 offers a summary of the relative
amounts of lipids present in the pulmonary surfactant. Cholesterol, a neutral sterol-type
lipid, is also present at approximately 5–10% of the total lipid composition [13]. Though
it has been theorized that cholesterol’s original purpose in “air breathers” was to serve
as an antioxidant [14], it has evidently evolved a more expansive function. This overall
molecular composition helps PS to perform its main tasks of preventing lung collapse and
stabilizing alveoli, largely through reducing surface tension at the air-liquid interface.

Lipids, containing a polar head and non-polar tails, are amphipathic and thus able
to form films in alveoli at the air-liquid interface [10]. Dipalmitoylphosphatidylcholine
(DPPC), a saturated lipid component that is the most abundant species in PS, helps the film
in reducing surface tension to near-zero values [15]. This is likely because the two saturated
chains permit tight lateral packing of the monolayer, which can reach the aforementioned
low surface tensions without collapsing [16,17].
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However, this saturated component alone would not be able to form a functional
PS film. The film requires an unsaturated component, such as 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphoglycerol (POPG), which lends fluidity to the film [10,18]. A combination
of saturated and unsaturated lipids are necessary for a properly functioning PS. As already
stated, DPPC allows for low surface tensions upon compression; however, overcompression
of the monolayer can lead to some DPPC being displaced from the interface, affecting the
ability of the film to respread [16].

Other acidic phospholipids have also been shown to have a role in increasing the
efficacy of PS, specifically PG, and particularly in the process of adsorption [19,20]. Flu-
orescence studies have shown that SP-B can interact with PG, improving its biophysical
activity compared to a system lacking SP-B [21]. The interaction leads to a more ordered
lipid organization, which could attribute more efficiency, yet further work in the area is
necessary. Healthwise, many acute respiratory distress syndrome (ARDS) patients have
shown lower than normal amounts of PG in their PS, further cementing its importance in
the biophysical and physiological properties of PS [16].

Table 1. Average Lipid Proportions in Pulmonary Surfactant. Note: 0% does not indicate an absence
of lipid, but rather a presence in trace amounts [5,22,23].

Lipid Relative Lipid Content

Phosphatidylcholine (PC) 70–85%
DPPC (≈40–55%)
Palmitoyl-myristoyl PC (≈9–12%)
Palmitoyl-palmitoleoyl PC (≈8%)
Palmitoyl-oleoyl PC (≈10%)
Palmitoyl-linoleoyl PC (≈6%)

Phosphatidylglycerol (PG) 5–10%

Phosphatidylethanolamine (PE) 0–5%

Phosphatidylinositol (PI) 0–3%

Cholesterol 5–10%

2.1. Cholesterol

Although cholesterol is not the majority constituent of PS, it does have a vital purpose
in the monolayer system. One property the neutral lipid bestows is the ability to aid in
lowering the phase transition temperature of lipids, which affects the physical state of the
present milieu [24]. The transition temperature is the temperature where lipids shift from a
rigid-solid gel phase into a more fluid liquid phase, or vice versa. Through lowering the
transition temperature of the lipid monolayer, PS can exist in a fluid state over a broader
temperature range and at a transition temperature lower than physiological [25].

Uniquely, cholesterol has been shown to have a differing effect on lipids depending
on whether they are above or below the aforementioned transition temperature. If the lipid
is above the transition temperature (fluid), cholesterol molecules pack themselves with
the fatty acid chains, increasing van der Waals forces, and giving an overall condensing
effect [25]. In contrast, if below the transition temperature (gel), the addition of cholesterol
has seemingly the opposite effect, as van der Waals forces are decreased between adjacent
fatty acids, giving the membrane more fluidity [26].

Cholesterol has also been shown to play a role in adsorption of DPPC films during the
respreading and adsorption process. Results show that in two systems (DPPC/SP-B and
DPPC/SP-C), the addition of cholesterol was detrimental to the processes [27]. Interestingly,
the effects were counteracted when the protein concentration increased, although to levels
above that seen in natural PS.

Regardless, there are other significant aspects to cholesterol. It allows for a greater
inclusion of proteins, specifically SP-C within the monolayer, leading to a greater fraction
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of protein remaining in the system at a low surface tension of 0 mN/m, whereas in a
similar system missing cholesterol SP-C would be excluded from the interface at roughly
20 mN/m [27].

Additional studies indication that cholesterol’s effect on surface viscosity is paramount
to respiration [25,28]. Findings showed that even at a 1 mole percent addition of cholesterol
there was a 6-fold decrease on the viscosity of the monolayer, therefore giving rise to a
theory connecting spreadability to cholesterol content. As Orgeig and Daniels stated, the
surface viscosity should be high enough to withstand high surface tension and prevent
surfactant from leaving alveoli, while on the other hand low enough to respread after
compression is complete [25].

2.2. Surfactant Proteins

Pulmonary surfactant contains four different types of surfactant proteins (SP): SP-
A, SP-B, SP-C, and SP-D. SP-A and SP-D being hydrophilic and SP-B and SP-C being
hydrophobic. The proteins are briefly outlined in Table 2.

Table 2. Structural and Functional Characteristics of the Four Surfactant Proteins [8,23,29–45].

Protein Size (kDa) Formations Nature Possible Interactions Primary Functions

SP-A 32–38
monomer
trimer
octadecameric complex

hydrophilic
SP-B, SP-B/PG, DPPC,
Cholesterol,
Phospholipase A2

innate immune activation,
structuring tubular myelin,
enables lipid spreading,
homeostasis of lipid recycling

SP-B 8.7 oligomerize into
ring-shaped channels hydrophobic SP-B, SP-C, PG,

cholesterol
supports stability of lipids,
enhance respreading capabilities

SP-C 3.7–4 oligomerize into
supramolecular complexes hydrophobic PG, Cholesterol supports stability of lipids

SP-D 43

monomer
trimer
hexamer
X-shaped dodecamer

hydrophilic
PI
G-protein-coupled
receptor 116

innate immune activation,
support type 2 pneumocytes

2.2.1. Hydrophilic Proteins

SP-A is the most abundant protein in the PS system, which plays an immunological
role, and exists as two isoforms SP-A1 and SP-A2 [4,46,47]. Overall, SP-A is part of the
protein family known as the collectins, which are characterized by an N-terminal collagen-
like region, as well as a lectin domain in the C-terminus [48]. This type of protein is
known for having immunological behavior. SP-A can act as an opsinin, binding to specific
carbohydrates or lipid moieties of lung pathogens, therefore activating macrophages to
undergo phagocytosis of the foreign microbes, such as bacteria, fungi, and viruses, leading
to eventual clearance [4,46].This action is quite pivotal as PS is exposed to most inhaled
contaminants. SP-A also factors in the biophysical properties, mainly through cooperating
with proteins SP-B and SP-C in increasing surface adsorption [49].

SP-A is involved in the maintenance of Ps and surfactant homeostasis as a mediator
of the formation of tubular myelin [49]. SP-A typically resides in the corners of the tubular
myelin lattice, assisting in the adsorption of a functional film at the air-liquid interface [30].
SP-A knockout mice have been shown to be lacking tubular myelin networks, leading to
a lower-density PS film [49]. Although some structural and functional differences were
evident, the PS film was still able to function relatively normally. However, the mice
did experience some drawbacks as they were more compromised by specific respiratory
pathogens [49]. Another homeostatic role that SP-A actuates is binding to receptors of Type
II pneumocytes to signal re-uptake and initiate lipid recycling. This action also inhibits
secretion of further phospholipids, suggesting it acts as a regulator in a negative feedback
loop [30,50].
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This ability to contain both an immunological and biophysical function may have
something to do with SP-A’s isoforms. Regarding the two isoforms, SP-A1 and SP-A2,
contain minimal sequential differences; however, studies show that the few amino acid
difference may cause the contrasting functions. SP-A2 has been shown to be more bio-
logically active in innate immunity than its counterpart, including greater resistance to
certain bacterial infections such as Pseudomonas aeruginosa. One study showed that rats
with higher amounts of SP-A2 stimulated a greater number of alveolar macrophages re-
sulting in greater phagocytosis of the pathogen [47,51]. On the other hand, SP-A1 has
been shown to contribute more biophysically than SP-A2, specifically in terms of efficient
pulmonary surfactant reorganization [52]. Surfactant systems containing SP-A1 were able
to achieve lower surface tension values in comparison to systems with SP-A2 or com-
pletely devoid of SP-A [52]. Thus, the ability to diversify function may be attributed to its
complimentary isoforms.

SP-D, the other hydrophilic protein in the PS system, appears at almost 10-fold less
the amount in comparison to SP-A [53]. The protein, also part of the collectin family,
mainly exhibits a role in host defense. Although this protein appears at such low quantities
comparatively, its deficiency can have serious adverse health effects. Studies done with SP-
D knockout mice, show survival after birth, but experience problems with cell morphology
and pulmonary surfactant homeostasis, specifically in terms of hyperplasia of Type II
pneumocytes, larger than usual intercellular lamellar bodies, and secretion of abnormally
large amount of hydrogen peroxide from macrophages [46].

2.2.2. Hydrophobic Proteins

SP-B and SP-C, both of which begin as proproteins, are both hydrophobic in nature [54].
SP-B is modified into a smaller 79-amino acid lipid-associated peptide via proteolytic cleav-
age of the proprotein, while SP-C is cleaved into its mature form of 35 amino acids [8,55,56].
Both proteins play a significant role in the biophysical function of PS.

SP-B is perhaps the most critical surfactant protein, as it enhances the adsorption
process of phospholipids to the film at the air-liquid interface, and aids the film in with-
standing high surface pressures upon compression [8,57]. These functions could be because
SP-B prefers to interact with anionic phospholipids, such as PG, which allowed for greater
co-incorporation of PG to the interface along with SP-B. This is further supported by find-
ings that SP-B knockout mice contain less PG in the monolayer film, leading to a less fluid
and less functional film [57]. SP-B enhances the respreading capabilities after experiencing
collapse during a breath cycle [8].

SP-C receives a lot of its functional ability from its structure, which is evident from its
amino acid sequence that produces a tightly packed C-terminal alpha helix to anchor the
interface-active N-terminal region. Interestingly, SP-C can exist with or without a palmitoyl
modification. Work has shown that palmitoylation can promote respreading of DPPC/PG
films over its non-palmitoylated counterpart [58]. The positive residues on the SP-C protein
also help it in binding to the negatively charged phospholipids prior to insertion of its
hydrophobic alpha helix [12].

Without a doubt, surfactant proteins contribute to the biophysical functions of sur-
factant, with the hydrophobic SP-B and SP-C at the forefront [54]. Both proteins act in a
way that disrupts order in the lipid layer, which helps in processes such as the preferential
exclusion of non-DPPC molecules [59].

Deficiency studies in mice demonstrate the relation of these two proteins to survival.
Deficient SP-B mice died quickly after being born, compared to deficient SP-C mice that
lived; though with a less stable surfactant [60,61]. Similar results were shown in young
rabbits with induced frameshift mutation preventing production of SP-B [62]. SP-A knock-
out mice seem to live comparatively normal lives, whereas knockout SP-D mice do exhibit
abnormal surfactant homeostasis and alveolar cell morphology [46].



Symmetry 2021, 13, 1259 6 of 19

2.3. Surfactant Function

As previously stated, the main function of PS is to coat the cavity of the lung’s alveoli,
forming the air-liquid interface to lower the surface tension and prevent collapsing of the
alveoli (atelectasis). This single monolayer is vital to the respiration process. Through
lowering the surface tension, the energy required to inflate the lungs during inhalation
is decreased, which in turn boosts pulmonary compliance. Additionally, lower surface
tension reduces the force of elastic recoil during inspiration, therefore preventing collapse
of the alveoli. These seemingly paradoxical functions are a collective balance of properties
emanating from its constituent lipids and proteins. Several theories have been conceived
to understand the activity of the monolayer, and concurrently, molecular dynamics studies
offer a valuable medium to decipher the intricacies of the system in its entirety.

Of the various properties that PS owns, conceivably the most important are its ability to
rapidly adsorb, achieve near-zero surface tension, and specifically incorporate biomolecules
into the film [63]. Rapid adsorption refers to PS being able to quickly form its functional
film at the air-liquid interface in the respiratory system. Surfactant building blocks must
diffuse near the air-liquid interface and spread at a relatively fast rate. This means that
lipid vesicles, with the purpose of becoming a part of the PS film, must overcome an
energy barrier to unravel and be introduced into the functional monolayer. Therefore,
incorporation of fluid lipids would aid in this process, as the added fluidity can be thought
to be synonymous to added mobility [63]. Addition of surfactant proteins offer greater
electrostatic interactions and promotes reinsertion of lipids by stabilizing a “neck structure”
to facilitate lipid diffusion. As illustrated in Figure 2, the neck structures are proposed to
form with a multilayer reservoir during the compression-expansion cycles [63].

Figure 2. Representation of the squeeze-out and folding of the pulmonary surfactant monolayer into
a multilayered surfactant reservoir during expiration-induced compression, including proteins SP-B
and SP-C. Figure recreated from Zuo et al. [63].

Although fluid lipids play a large part in the rapid adsorption of the monolayer, its
ability to achieve near-zero surface tensions relies heavily on the opposite, requiring more
rigid lipids to form an order-condensed film [63]. It is particularly believed that saturated
DPPC lipids are the main engine behind this biophysical property. Contradictorily, DPPC
alone undergoes a very slow adsorption process, and a film with fluid lipids is not able to
reach the low surface tensions of respiration. Therefore, this suggests that the interfacial
system is highly dynamic and never concrete in its composition. Fluid lipids, and more
importantly surfactant proteins, play a large role in adsorption at the air-liquid interface;
however, fluid molecules impede the packing at low surface tensions and would be expelled
from the interface as the alveoli compress. This is the basis of the to-be-discussed “squeeze-
out” hypothesis. The fluid molecules are expelled to a multilayer system associated with
the interfacial film, which is largely under the control of surfactant proteins. Excluded
lipids can be reintroduced to the interface as the monolayer expands.

2.4. Role of Oxidative Stress

One factor that greatly influences the function of PS is oxidative stress. Exposure to
reactive oxygen species (ROS) in forms such as air pollution, ground level ozone, cigarette
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smoke, or byproducts of leukocytes and macrophages can be detrimental to the function of
PS. For example, oxidation of unsaturated lipids and surfactant proteins can compromise
the biophysical balance of the system and fuel severe pathogenesis [64]. Studies show
that substituting oxidized version of lipids and proteins can alter surface activity, such
as not achieving low surface tensions or affecting adsorption in comparison to a healthy
PS system.

One group has quantified conjugated diene formation by exposing bovine lipid extract
surfactant (BLES) to reactions producing ROS [64]. In comparison to a non-treated system,
there was significant levels of conjugated dienes detected when exposed to hypochlorous
acid or the Fenton reaction, two methods of inducing oxidative stress. After treatment,
Rodríguez-Capote et al. quantified a decrease of approximately 20% PC lipids and 40% PG
lipids, the two main components of PS [64]. The loss of unsaturated lipids, such as PG,
could affect the biophysical activity of PS, as unsaturated lipids have an integral role in
adsorption of PS [64]. In turn, this change could further lead to a lack of liquid-expanded
(LE) phase in the PS film. Later investigations using isotherm data from a Langmuir trough
demonstrate that when the oxidized lipid species Paze-PC (1-palmitoyl-2-azelaoyl-sn-
glycero-3-phosphocholine) and Poxno-PC (1-palmitoyl-2-(9-oxo-nonanoyl)-sn-glycero-3-
phosphocholine) are introduced to DPPC monolayers, film compression results in ejection
of oxidized lipids into the aqueous subphase, resulting in a loss of fluidity [65,66].

The effect of ROS has also been observed on surfactant proteins. SP-B when extracted
from the treated BLES samples, was shown to experience a structural change, as observed
by a Western blot with a lower antibody affinity for the oxidized protein [64]. An ELISA
test detecting protein carbonyl products of SP-B oxidation also confirmed that SP-B is prone
to oxidation [64]. SP-C was also shown to be impaired by oxidative stress. In particular,
oxidizing SP-C cleaves the thioester-linked palmitoyl group, reducing SP-C function, as
previously discussed. Alternative oxidized SP-C behaviors are attributed to destabilizing
modifications of amino acids [64]. Overall, the work identified oxidized surfactant proteins
attribute a detrimental influence on the surface activity of PS. Interestingly, levels of
native SP-B was able to recover some of the surface activity in oxidized SP-C samples,
but the reciprocal results was no true. This further justifies the importance of SP-B in
respiration [64].

2.5. Proposed Mechanism of Function
2.5.1. Squeeze-Out Theory

The primary theory that is used to describe functionality of pulmonary surfactant
is the “squeeze-out” model. The basis of this model is that during compression of the
surfactant film, molecules of greater fluidity must be expelled from the monolayer to
decrease the surface area and stabilize the compressed state [67]. The unsaturated lipids
expelled from the interface produces a saturated-rich monolayer and yields an asymmetric
distribution of lipids across the PS system. This selective exclusion permits a greater
proportion of the monolayer to be in a liquid-condensed (LC) phases enriched in DPPC,
the main lipid responsible for achieving very low surface tensions. The selectivity of
the lipids to be squeezed out is influenced by surfactant proteins. Since both SP-B and
SP-C localize near fluid lipid domains, as seen in Figure 2, the proteins can help with the
selection of fluid lipids to be squeezed out [67]. Studies have been able to lend a greater
insight on the protein behaviors during this process. For example, SP-B promotes DPPC
adsorption to the interface, and SP-C plays a greater role in the reinsertion of the displaced
non-DPPC lipids [67]. Upon compression, SP-B is necessary for monolayer folding into a
multilamellar surfactant reservoir, with these folds being reversible upon expansion, as they
reincorporate into the film [68,69]. SP-C has been thought to play a large role in keeping the
associated reservoirs close to the PS film. It has been suggested that during squeeze-out,
the N-terminal palmitate groups of SP-C can remain anchored in the interfacial monolayer,
while the transmembrane helical domain is expelled with a group of associated lipids,
forming the multilayer reservoirs. This feature allows for a decrease in film surface area, as
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well as for the aforementioned multilayer reservoirs to remain closely associated with the
film for reincorporation after compression. The squeeze-out ideally removes mainly fluid
lipids with the goal of lowering the surface area of the surfactant film to reach near-zero
values of surface tension.

2.5.2. Supercompression Model

The alternative model that has been proposed is called the supercompression model,
where alveolar films behave as supercompressed fluid monolayers. The premise of this
theory is that the surfactant film compresses at such a rapid rate that it transforms into an
amorphous structure that is capable of withstanding significantly high surface pressure.
This unique metastable state can fulfill the requirements to lower surface tension [70–72].
Supercompressed monolayers exhibit unorthodox behavior; rather than recoiling back to
an equilibrium after compression, a supercompressed monolayer sustains a low surface
tension well below equilibrium and therefore maintains its supercompressed qualities [70].
In phospholipid-only films, maintained supercompression of the surfactant film can prevent
alveolar collapse, even if surface tension is above equilibrium [70]. It is important to note
that the two previously mentioned schools of thought are not mutually exclusive. It is
feasible to believe that a metastable supercompressed film may be able to form after some
lipids are excluded into the associated reservoir.

3. Molecular Dynamics

Molecular dynamics (MD) simulations are of great impact on molecular biology
and biochemistry, which has been emphasized in recent years [73]. These simulations
“snapshot” the behavior of biomolecules, such as proteins, in full atomic detail and at a very
fine temporal resolution [73]. Due to major improvements in simulation speed, accuracy,
and accessibility, together with the proliferation of experimental structural data, the appeal
of biomolecular simulations to experimentalists is of ever-growing interest. Simulations
have proven valuable in a vast array of cases, such as predicting functional mechanisms
and interactions of proteins and other biomolecules. This allows for revelations in areas
such as the structural basis for various diseases, or in designing and optimizing novel small
molecules and therapeutics [74–77].

MD is a simulation technique that has become more relevant and advantageous in
the field of biomolecules. Simulations of individual and collections of molecules can
enhance knowledge of countless biochemical systems, processes, or interactions through
the computational analysis of their collective chemical and physical properties. In the case
of PS, groups have examined diverse aspects of the monolayer. Studies approach the role
of lipid composition, protein presence, and cholesterol abundance on the surface tension,
pressure, and free energy of the surfactant system as a whole.

Based on a general model defined by the physics governing interatomic interactions,
MD simulations can predict how every atom in a lipid system will behave over time.
These simulations can capture a wide variety of important biomolecular processes and
reveal the positions of all the atoms at femtosecond temporal resolution, including the
conformational change of monolayers. Importantly, such simulations can also predict how
biomolecules will respond—at an atomic level—to a defined perturbation. To name a
few: the addition/removal of a ligand, a change in a system parameter such as bilayer
thickness, the number of lipids per layer, or a temperature change. Fortunately, the basic
idea behind MD and performing a simulation is quite straightforward. Given the positions
of all the atoms in a biomolecular system (e.g., a lipid monolayer surrounded by water
and vacuum, occasionally with a ligand), a researcher can calculate the force exerted on
each atom by all the other atoms. One can thus use Newton’s laws of motion to predict the
spatial position of each atom as a function of time. In particular, by knowing information
about the trajectory of an atom through time, a researcher can calculate the forces on other
atoms, then—using those forces—the position and velocity of each atom in the system
can be predicted. The resulting trajectory is in essence a three-dimensional movie that
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describes the atomic-level configuration of the system at every point during the simulated
time interval.

Statistical learning techniques and docking methods for predicting monolayer and
bilayer lipid properties cannot quantitatively estimate binding free energies, pressure,
and surface tension [78]. Full atomistic molecular simulation methods are required, yet
are understandably difficult for large systems considering the substantial computational
cost. Alternatively, a system can be investigated using a coarse grain (CG) model, which
considers the most important atoms within the system while neglecting others; for instance,
hydrogen atoms. In a study published in November 2013, the free energy barrier calculated
using molecular dynamics techniques for both full atomistic and CG models, showed that
the values from the CG simulations are of similar accuracy as those from the full atomistic
model, while achieving so with over a 500-fold decrease in computational demand [78].
The results also find that extensive sampling is extremely important to obtain accurate free
energy barriers, which is only within reach for the CG models.

4. Molecular Dynamics of Pulmonary Surfactant
4.1. Choosing Lipids to Build a Monolayer

The primary building block of PS are lipids; therefore, many groups investigate the
effects of varying lipid types on the biophysical properties of PS. Rose et al. focused on how
the PS monolayer, such as pure DPPC or 7:3 DPPC/POPG systems, would react to a change
in lipid composition and density [79]. It was observed that with a lipid density of 0.50,
0.55, 0.60, 0.70, and 0.80 nm2/lipid, the headgroup-to-water interface was planar for all
compositions of PS. However, two compositions, specifically 0.45 or 0.40 nm2/lipid, started
to exhibit deformations which varied depending on the lipid composition. Simulations
further determined that the deformation mainly constituted a vertical movement of lipids
beyond the plane, with no evidence of any lipid movement laterally [79]. One noteworthy
observation was that DPPC monolayers would begin to buckle at 0.45 nm2/lipid, and
showed a bigger deformation at 0.40 nm2/lipid. However, during this deformation no
lipids exit the monolayer system. The tails of the DPPC lipids also exhibit a higher degree of
ordering with increased lipid density. At these higher densities (0.40 and 0.45 nm2/lipid),
it seemed that the deformation relieved orientational constraint on the chains during
compression. In comparison to DPPC, pure POPG monolayers do not exhibit a planar
structure until compressed to 0.40 nm2/lipid, most likely due to the smaller head group
size [79]. This fueled the simulation of 7:3 DPPC/POPG monolayers, which was planar at
0.45 nm2/lipid, showing that this small amount of doping was able to influence a DPPC-
rich monolayer. This mixed system also showed a lower lipid chain order at 0.40 nm2/lipid
than at 0.45 nm2/lipid, which gave the monolayer chains more conformational freedom
and could explain the fluidity that PS can attain at low surface tensions [79]. Overall,
this mixed composition is shown to be more similar to physiological state of PS, and may
explain some of its behavior.

The DPPC/POPG system also showed evidence of some POPG molecules leaving into
the aqueous layer at high lipid densities. This gives relevance for the previously mentioned,
squeeze-out model, which causes the monolayer to become enriched in DPPC during the
expiration process through selective squeeze-out of fluid lipids [79].

Although the simulations performed by Rose et al., prove to have some reassuring
results to previous knowledge of PS, further simulations would need to be conducted for
longer periods of time and on larger systems, as the initial studies are too limiting to exhibit
large-scale phenomenon such as phase coexistence. Organization of lipids into distinct
phases can factor into functionality, as well as the inclusion of proteins and cholesterol,
which were omitted and could act as important variables to the system.

4.2. Tuning the Phase Transition

Lipid composition is a major factor for the biophysical characteristics of the PS, but
composition complexity also dictates ordering and disordering in the PS system. One
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group, Duncan et al., looked at how this transition was altered by the various components
of endogenous PS. Simulations were conducted by increasing or decreasing temperature,
depending on whether the system started in an ordered liquid-condensed (LC) or disor-
dered liquid-expanded (LE) state [80]. It was evident when the temperature was lowered
that there was an emergence in a more ordered condensed phase, or LC phase [80]. The
overall examination of the phase transition temperature, defined as the point of coexisting
ordered and disordered phases, was further investigated to see how they were affected by
addition of other molecules.

In a monolayer system of 1:1 DPPC/POPC, the addition of POPC, an unsaturated lipid
led to fluidization of the monolayer while also decreasing the hysteresis loop. Counter-
productively, a threshold was reached where the amount of POPC throughout the mem-
brane was high enough to prevented DPPC from nucleating a condensed region. This
occurs even at a temperature greater than where POPC can make a condensed phase,
producing a system with a lower LC-LE transition temperature than true DPPC. Evidence
shows a disordered monolayer persist at a temperature as low as 293 K [80]. Overall, the
simulations demonstrated one of the purposes and caveats of unsaturated lipids in PS, that
being adding capricious fluidity to the monolayer.

When cholesterol was added into the monolayer at physiological proportions, the
transition temperature was reduced to 313 K, where ordering would occur with the remain-
ing LE phase. It was also evident that the cholesterol preferred to localize at the boundary
interface of disordered and ordered lipids [80]. This behavior of cholesterol seems to be
consistent regardless of amount of LE or LC phase present. The removal of cholesterol
could have large consequences on the structure and spreading of PS, although, due to con-
tradicting reports, there is a lot of uncertainty on how severe. Though it is thought that this
behavior is largely affected by alternative variables, it is generally accepted that cholesterol
plays a role in disordering the LC phase and ordering the LE phase, thus forming the more
traditional liquid-ordered (Lo) and liquid-disordered (Ld) phases [80].

4.3. Looking beyond the Interface

Simulations have proven to be a valuable tool to probe the relationship between
the physiological monolayer and the associated bilayer reservoir systems. For example,
surface tension is a key modulator of monolayer stability. As lower and lower surface
tensions are achieved, the monolayer approaches a threshold where it becomes unstable
and presents signs of collapse [81]. The process of monolayer collapse is a prime example
of an interaction between the monolayer and bilayer systems. Typically, induced bends
or undulations in the monolayer prefaces the collapse of a section of the monolayer away
from the interface and into the reservoir system [81,82]. Simulations have corroborated
this process, showing lipid “leaving groups” moving from the interfacial monolayer to a
reservoir in the hydrophilic subphase, rather than the air subphase [81,83]. This seemingly
counter-intuitive action is justified considering that the direction of folding into the liquid
subphase permits the hydrophilic headgroups to shelter the tails, reducing the free energy
associated with exposing the hydrocarbon chains to air [81]. This recent example endorses
the presence of a reservoir system where lipids may be intermittently accommodated away
from, but still adjacent to, the interface.

4.4. Supercompression through the In Silico Lens

The supercompression model was briefly outlined to also be a possible explanation of
the functionality of PS, specifically that if a film is rapidly compressed it can form an amor-
phous state that is able to withstand high surface pressures [70,81]. Unfortunately, simula-
tions have trouble recreating supportive evidence of this theory as the length of the systems
is significantly smaller than in an experimental or physiological setting. Baoukina et al.
attempted to investigate this phenomenon; however, they found that during simulations
the compression rate was not able to supersede the rate of collapse, and hence an amor-
phous state was not able to be visualized [84]. It is important to note that though the
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supercompression model could not be validated by simulation, this should currently be
considered a computational limitation, rather than outright counterevidence.

4.5. Adding Surfactant Proteins

The inclusion of SP-B1−25 into a monolayer of DPPC demonstrates unique behavior.
Simulations of the peptide-monolayer system showed an ordering transition at 303 K. The
peptide would bunch up in an LE domain, whereas away from the area localized by the
protein, the monolayer would greatly exhibit LC phase qualities with little defects. The
disordering transition was exhibited at 308K, showing mainly LE phase with minimal LC
phase, this shows that as the area became more disordered, it comes at a loss of the ordered
LC domain. Hysteresis, measured as a percentage of hexagonal packing versus temperature,
was also studied by Duncan et al. In this case, the addition of the peptide eradicated the
ordering transition, which can act as potential evidence that SP-B1−25 nucleated disorder
into the monolayer [80].

According to Duncan et al., the main function of the surfactant proteins is the influence
they have on lipid packing. It is mostly seen that the proteins SP-B and SP-C tend to localize
in the fluid phase on the membrane. According to several microscopy techniques there is
evidence that SP-B effects the distribution of LE and LC in DPPC layers. This discovery led
to the belief that SP-B may promote the creation of a nanoscopic framework of lipid and
lipid-protein nano-domains [80]. According to the simulations done by Duncan et al., the
protein prefers to reside in an LE phase domain and to cluster at domain boundaries [80].

Further simulations were executed with the introduction of a greater number of
proteins at 303 K. The system formed a large LC domain with several LE phase around the
SP-B peptides. Here, the peptide acts as a defect within the monolayer. For the monolayer
to become more ordered, it would need to propagate where peptide is absent. This process
would force peptide-laden disordered areas to be driven towards other similar domains,
and promote these disordered blocks to coalesce and cause protein aggregation [80]. Further
simulations show how the position of the protein plays into these effects. Duncan et al.
positioned SP-B peptides in a line, a square, and a cluster orientation. The line and square
configuration require a greater overall surface area, therefore less LC phase was visualized
as there was a greater distribution of LE phases phase to accommodate the protein. In
contrast, with the cluster configuration the proteins were more condensed, allowing for
more LC phase to exist and showing LC phase is more favorably formed when SP-B
occupies minimal membrane surface area [80].

The other most common peptide found in PS is SP-C. Similar simulations were done
where SP-C was inserted into initially ordered and disordered DPPC monolayers at initial
temperatures of 303 K and 308 K. At 308 K, the disordered membrane remained disordered,
and the ordered membrane stayed ordered, whereas in the SP-B1−25 system there would be
disordering in the initially ordered monolayer [80]. It was also seen that the SP-C protein
inserts itself deeper into the membrane. The SP-C systems also do not show as much
deformation in the vicinity of the protein as compared to SP-B1−25, where deformations
can be visualized. These deformations can be seen to give membrane instability prior
to possible collapse. Interestingly, SP-C palmitoyl chains seem to remain embedded in
the monolayer even at high surface pressures, where it is believed the protein begins to
squeeze-out, along with some of its associated lipids.

Simulations of SP-C suggests the importance of palmitoylation to the peptide. Other
researchers have extended these studies on the effect of palmitoylation on SP-C. According
to Johansson and Curstedt, SP-C loses much of its important functionality when it is not
palmitoylated. This directly hinders adsorption/respreading, mechanical stability, and the
surface tension lowering properties of the PS [85].

The addition of SP-B has a greater fluidizing effect than SP-C; however, SP-C does
contain more hydrophobic character. Simulations have shown that SP-B has a decreasing
effect on the order of local fatty acids in a PS monolayer, with this effect being progressively
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nullified for fatty acids further away from the peptide. This localized fluidization makes
the monolayer more prone to collapse in these regions [80].

Recent simulations of SP-B oligomers, specifically the hexamer, have showed some
interesting results regarding the movement of PS-involved lipids. The hexamer forms
in a way that gives rise to a central pore, which is depicted in Figure 3. Simulations by
Liekkinen et al. have shown that the central pore of the SP-B ring is able to perturb lipids,
suggesting a new possible mechanism for lipid transfer [40]. This behavior leads the central
cavity to fill with lipids regardless of monolayer composition. The effect of POPG was also
investigated by the group, and was achieved by positioning the hexamer in the vicinity of
the membrane in a parallel orientation. Simulations with different membrane compositions,
such as one in the absence of POPG, were used as a control. Results showed that POPG
has an influence on the adsorption, affinity, and orientation of the SP-B hexamer [40]. The
binding process of a physiologically relevant mixture with POPG (versus one with no
POPG) showed an increase in binding speed by approximately a factor of 4 [40]. There also
seems to be more partial unbinding of protein dimers, of the hexamer, to the monolayer in
the absence of POPG in the film. This is evidence of stronger electrostatic interactions of
the SP-B in the presence of POPG. Additional simulations with the monolayer showed that
the hexamer has high-affinity sites for both POPG and cholesterol, contrasting DPPC and
POPC [40]. Notwithstanding, the affinity for the different lipids was found to be highly
dependent on the overall composition of the membrane. As previously stated, the hexamer
also promoted protrusions and perturbation in the monolayer, with the extent of which
depended on the composition of the monolayer. In total, the group concludes that SP-B
hexamers cause perturbation in the PS monolayer via the aforementioned central cavity.

Figure 3. A simplified schematic of how SP-B homodimers can interact to create a hexameric structure.
The structure can peripherally orient either parallel or perpdenicular to the lipid layer, depending
on composition. In the parallel orientation all subunits are engaged in a lipid-protein interaction,
while in the perpendicular orientation only a few are engaged [40]. This image was recreated from
Liekkinen et al. [40].

There are also MD simulations that observe specific interactions rather than the
complete PS system. Freites et al. investigated the relationship of SP-B, specifically the
functional portion SP-B1−25, and how it interacts with anionic phospholipids. Simulations,
where 20 wt% of the peptide was supplemented into a monolayer of palmitic acid (PA),
were undergone to examine the interactions. Freites et al., performed the experiment at
289 K, for the monolayer to be below its gas-liquid-tilted condense phase triple point. The
addition of the peptide showed evidence causing the formation of a disordered phase,
which was experimentally validated through fluorescent microscopy experiments [86,87].
Electron density profiles of the simulations were able to show that cationic residues on the
peptide (Arg and Lys) were located all near the anionic phospholipid headgroups, showing
that electrostatic interactions are likely similar to that of the protein seen in a DPPC/DPPG
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monolayer [88]. The electron density profile also showed that aromatic amino acids were
positioned away from the hydrophilic aqueous region closer to the phospholipid tails. One
final piece of information evident was that as the monolayer was more compressed, the
α-helical region was seen to lose some helical character, becoming more elongated and
allowing the peptide more elongated, which allowed the peptide to stay in the monolayer
as it compressed and decreased in volume [88]. Overall, the simulations highlighted
electrostatic interactions seen between SP-B and anionic phospholipids.

4.6. SP-D in Immunology

Many groups focus on SP-B and SP-C in MD simulations as they have a great bio-
physical effects on the system, yet there are very few in silico studies investigating the
hydrophilic immunological proteins. One protein with immunological effects, SP-D, was
simulated to highlight its role in the body’s immune system. SP-D shows interactions
with N-linked glycans of hemagglutinin—an envelope protein of influenza A virus [89].
Hemagglutinin contains a sialic acid receptor which allows for viral entry via attachment
to sialyated glycoproteins of host cells, and therefore virulence has been correlated with
avoidance of SP-D. Simulations were able to show and make evident this interaction, as
well as also show that the peptide inhibits the sialic acid binding site on the viral protein.
Goh et al. ran simulations on two forms of SP-D, a wild-type and a gain-of-function
double mutant, D325A + R343V. This allowed for comparison of the protein actions and the
mechanism by which they may respond to and clear the virus [89]. Simulations studying
the exposed surface area of the sialic acid binding site were done with they, where both
peptides eventually cause full blockage of the site over the duration of the simulation.
Although it was seen that both proteins block the sialic acid binding site, simulations indi-
cated that the double mutant protein product interacted with a greater affinity, potentially
attributed to greater hydrogen bonding and the presence of hydrophobic interactions that
the WT does not exhibit [89]. Simulations also showed different spatial orientations of the
WT and D325A + R343V peptides, which may have an impact on viral clearance [89]. This
higher affinity and particular orientation could suggest that that the D325A + R343V strain
can be further investigated for its greater potential for viral neutralization, for example Goh
et al. suggests looking at other similar systems where hemagglutinin is in a close vicinity
to the sialic acid binding site, such as in different strains of H1N1 [89]. Further research in
this area is required.

This work by Goh et al. is a choice example to put into perspective the immense
amount of knowledge that can be gained through simulation studies. Beyond a detailed
perception of the biophysical aspects of the pulmonary surfactant system, computation
yields a wealth of trajectories including the immunological effects of PS proteins and host
defense interactions. Respiratory illnesses, such as influenza A virus subtype H1N1 or
SARS-CoV-2, are modern examples of serious diseases where simulations, though perhaps
not with PS, could potentially be of use to investigate viral interactions and inform more
directed investigations into fundamental therapeutics.

4.7. Impact of Foreign Nanoparticles

One final area where simulations have been of considerable impact and interest is in
inhaled nanoparticles (NPs), which may enter the PS monolayer and affect the system. The
field of NPs is quite expansive, encompassing an array of classes which should be investi-
gated and of interest to pulmonary physiology. A lot of focus is on toxic foreign pollutants,
though in contrast NPs may be studied as possible drug delivery carriers [90]. In one exam-
ple, insertion of less than 1 wt% gold nanoparticles into a PS mimic of DPPC/POPG/SP-B
(70:30:1) showed that the gold NPs compromised the surface activity of PS [91]. The gold
NPs devastated the ability of PS to both achieve low surface tensions and adsorb to the
interface. Studies such as this can greatly be augmented by molecular dynamics studies to
define the specific interactions driving failure of the PS by airborne particulates.
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Hydrophobicity or hydrophilicity of a NP is a major characteristic that can dictate
the behavior of PS films when exposed to NPs. Yue et al. delved into this area using
MD simulations. The group looked at the following range of NPs: hydrophilic SiO2 and
C6H14O2, semi-hydrophilic CaSO4, and hydrophobic elemental carbon (C-NP). These NPs
were particularly of interest due to their prevalence in exhaust emissions and wind-blown
soil as routes of inhalation exposure. The two hydrophilic NPs were showed to have similar
effects on the monolayer system (DPPC with added SP-B, SP-C and cholesterol) as both
have comparable hydrophilic character. Both NPs were able to freely cross the monolayer
system during inhalation/exhalation cycles and hence did not have a great impact on
the biophysical function of PS. Rapid diffusion through the monolayer was due to the
attractive forces of the hydrophilic head groups for the NP, as well as the attraction to the
liquid phases across the monolayer. Simulations identified that these attractive forces are
sufficiently strong to overcome the energy barrier, and thus permits minimal perturbation
upon crossing [92]. CaSO4 was shown to have a minimal effect during the inhalation state;
however, it was possible to become lodged in the monolayer during exhalation affecting
the surface pressure. The NP with the greatest evident impact was that of the hydrophobic
C-NP. C-NP was not able to cross the monolayer, but instead was adsorbed to the interface
causing structural disturbances as it appeared to be enveloped by the monolayer, resulting
in noticeable bulges protruding into the liquid subphase [92]. The hydrophobic nature of
C-NPs embedded into the hydrophobic acyl chains of DPPC, affecting the overall ordering
of the lipids. This perturbation in acyl chain packing prevents the film from attaining low
surface tensions, which is the benchmark of functional surfactant.

As such an example, studies focusing on different foreign molecules’ impacts on the PS
can be greatly benefited using molecular dynamic studies. MD can provide atomistic-scale
interactions that may be driving a macroscopic behavior in systems as complex as PS. As
a platform, molecular dynamics can guide deeper investigation of potentially harmful
NP pollutants to offer insight into the origin of respiratory disease states, and provide
trajectories for anything from safer NP design to novel therapeutic approaches.

4.8. Oxidative Stress Impact on PS Lipids

Oxidative stress is one variable that can bring large variance and detrimental effects
into a PS system. As previously mentioned, oxidation of lipids by ROS can lead to oxi-
dized lipids such as Poxno-PC, which have a terminal CHO group on the sn-2 chain of the
lipid [66]. Simulations investigating how Poxno-PC behaves and effects the PS monolayers
have been completed. Initially looking at a simplified, DPPC:POPC (1:1) system, POPC
molecules were replaced with Poxno-PC until a composition of DPPC:POPC:Poxno-PC
(0.5:0.4:0.1) was achieved [66]. Stachowicz-Ku’snierz et al. investigated the effect through
surface pressure isotherms, with a focus on the area per lipid range of 1.0, 0.9, 0.8, 0.7, 0.6,
and 0.5 nm2/lipid. At 1.0 nm2/lipid and 0.9 nm2/lipid behavior is similar. Both conditions
start with the headgroup in the hydrophilic subphase, and the lipid tails directed in the
opposite direction; however, in the case of the oxidized chain, it is seen that within the
initial nanosecond the CHO group is attracted into the hydrophilic region of the system.
The tails rarely extend back out over the course of the simulation [66]. The 0.8 nm2/lipid
condition is also similar, although with some thickening in the monolayer. Once com-
pressed to 0.7 nm2/lipid there is less CHO observed interacting with the hydrophilic phase,
as more chain straightening is observed [66]. At 0.6 nm2/lipid, the pressure begins to
induce undulations in the monolayer and the CHO groups are no longer able to reach
the hydrophilic region. The oxidized sn-2 chains are forced to an all-trans configuration
enforcing that membrane order is increasing [66]. At 0.5 nm2/lipid, the system experiences
a metastable state with large undulations stabilized by lateral separation of DPPC into
condensed troughs and POPC-rich crests [66]. All the Poxno-PC sn-2 chains are locked
into the trans confirmation and does not enter the hydrophilic region, as this would lead
to monolayer collapse. An important caveat, as simulations were conducted at a fixed
volume, the system was not permitted to experience collapse [66]. Overall, these MD
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simulations compliment experimental data demonstrating that inclusion of oxidized lipid
drives monolayer collapse at lower surface pressure and higher area per lipid compared to
the non-oxidized system [66].

Further experiments have also been done with a lipid composition more comparable
to natural PS. Olzy’nska et al. investigated a system of DPPC:POPC:POPG:cholesterol
(0.50:0.25:0.15:0.1) using both experimental and simulation-based data [93]. With the
replacement of 10% POPC by Poxno-PC, there was an expansion of the film as the oxidized
tails reorientate to associate with the hydrophilic region, consistent with the work by
Stachowicz- Ku’snierz et al. Contrarily, the addition of cholesterol leads to a condensation
of fluid lipid films, and can buffer the influence of oxidized lipids by incorporating itself
into the void created by the truncated tails [93]. This unique behavior of cholesterol to limit
oxidative stress is a prime example of the value that molecular dynamics offers to explore
the interworking of PS.

5. Putting It Together

In summary, the significance of pulmonary surfactant in human physiology has been
highlighted within this review. PS can be regarded as one of the most relevant monolayer
systems—playing an active role in every breath that keeps us alive. Consequently, research
into this system is vitally important, whether it be physical experimentation or in silico
simulation. Every investigation on PS bridges the application of biophysical laws to physio-
logical states. Studies thus far begin to describe the biophysical characteristics of the system
by isolating and observing the many different interacting components. From lipid compo-
sition to the presence of cholesterol, to the role of each individual protein, investigations
continue to fuel our understanding of this uniquely complex monolayer system.

One of the most important lipids in the PS system is DPPC, as it is the most abundant
of any lipid in the monolayer and is mainly responsible for lowering surface tensions upon
compression. The addition of unsaturated lipids complements this behavior by promoting
fluidity within the system, while cholesterol tweaks and buffers the order of the monolayer.
These variously ordered lipid phases host surfactant proteins, each with a critical role
in maintaining the monolayer and its biophysical properties. Together, the convoluted
interplay of molecules yields a perfectly balanced system that is rigid, yet responsive
enough for the compression and expansion of every breath.

Molecular dynamics has become increasingly popular in the field of biochemistry,
owing in part to the flexible, expansive, and informative data offerings. Though powerful,
this tool also has its limitations. Although some systems can be represented with similar
compositions, the size is not always comparable. Most groups tend toward smaller systems
to run simulations more efficiently. For MD simulations, time will always be a factor. Ideally,
systems should be run for longer periods of time to confirm larger scale behavior; however,
few simulations warrant the computational demand associated with long trajectories. One
final limitation with current work is that many case studies focus on a simplified system,
choosing the addition of a single component, rather than a full complement. Although
valuable for understanding, oversimplification can dilute important contributions from
synergistic or antagonistic factors. It is important to be mindful of the weight of simulated
studies. It is increasingly evident that molecular simulations provide an unparalleled
atomic level of resolution of mimetic pulmonary surfactant systems. As the complexity
of these systems increase, a fine line must balance the efficiency of the simulation with
attention to detail.
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