
group of peptides was evident. These results suggest that folding by nucleation about

a defect is not confined to small systems only.

Figure 3.12: Folding in monolayers containing pre-aggregated peptides. In monolay-
ers containing 2304 DPPC and 32 SP-B1−25 molecules each, 4 peptides
were removed and replaced with a pre-formed peptide aggregate consist-
ing of 4 peptides (purple), after 20ns of simulation under a small negative
surface tension. This snapshot was obtained after the aggregate contain-
ing monolayers were simulated for 25ns under a small negative surface
tension. Simulations were also performed where the peptide aggregate
was inserted after 0ns of simulation (not shown). For both replacement
times we got the same result: fold nucleation about a defect occurred in
one of the monolayers and the other monolayer folded by amplification
of undulations.

It has been previously proposed that variations or defects in the monolayer could

act as nucleation sites for collapse. For instance, small height differences existing at

domain boundaries between coexisting condensed and expanded phase domains have

been suggested as nucleation sites for the formation of macroscopic folds [159, 206,
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223]. Packing defects have also been suggested as inducers of pre-collapse instabilities

[171, 218]. The surfactant proteins could act as impurities or defects in the monolayer,

which lower the activation barrier for collapse. Hydrophobic surfactant proteins have

been proposed to have a destabilizing effect on monolayers that assists collapse [189,

220]. SP-C mutants containing only 13 residues (with smaller α-helices) were also

reported to act as defects in the monolayer, which were squeezed-out of the monolayer

instead of more tightly packed lipids [171].

The behaviors of the surfactant peptides and their roles as nuclei in the folding

process observed in our simulations are in broad agreement with inferences from

several other experimental observations. Serrano and Pérez-Gil [224] suggest that

SP-B associates preferentially at the monolayer interface, binding to surfactant lipids

with high affinity, inducing perturbations in packing, and promoting the transfer of

lipids between the interfacial film and adjacent bilayers. Krol et al. [166] suggest that

SP-B localizes at the edge of bilayer protrusions, reducing line-tension and functioning

like a zipper, enabling disc-like bilayers to squeeze-out of the monolayer and respread

rapidly during the breathing cycle.

It has been suggested that SP-B could undergo some combination of conforma-

tional, orientational, or aggregational change induced by compression to high surface

pressures [158, 160]. After observing the formation of SP-B clusters at domain bound-

aries in DPPC films, Cruz et al. [209] suggested that aggregation could occur after

the solubility limit of the peptide in the lipid monolayer is reached. Experiments have

also shown that aggregation of SP-B in phospholipid membranes leads to membrane

destabilization [225], and when present at high concentration, SP-B perturbs DPPC

bilayers and induces large amplitude lipid reorientation, likely leading to significant

bilayer curvature [201].

We propose that the size of the protein affects its surface activity and that the

aggregation of SP-B1−25 could be a mechanism for replicating the activity of the
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full-length protein. Experimentally, SP-B1−25 can mimic the effects of the full-length

protein, but only at higher concentrations. SP-B exists as a homo-dimer, which

increases the contact area available for interaction with lipids in the monolayer and

associated reservoir. One can envision how the aggregation of SP-B1−25 could lead to

the formation of a cluster of peptides with positively charged regions facing outward

toward the water sub-phase and hydrophobic regions facing in, available for lipid

interaction. In fact, experimental studies have shown that fragments of SP-B show

decreased fusogenic, lytic, and surface-tension-lowering abilities relative to the full-

length SP-B, but that these properties are improved when the fragments are present

at higher concentrations [226, 227]. Another important study suggested that homo-

dimerization of SP-B is primarily related to surface tension reduction [228]. In this

study, SP-B monomer restored surfactant function in SP-B deficient mice, but was not

as effective as dimerized SP-B at surface tension reduction. However, a significant

increase in SP-B monomer resulted in a surface tension reduction similar to that

produced by lower concentrations of dimeric SP-B.

The peptide aggregation observed in our simulations occurred for SP-B1−25, SP-C,

and all mutant peptides tested, suggesting that the observed aggregation does not

result from specific protein-protein interactions. Furthermore, peptide aggregation

occurred in monolayers containing a single phase and a single lipid component, sug-

gesting that the observed aggregation is not due to phase separation or specific lipid-

peptide interactions. Instead the observed aggregation occurred by a lipid-mediated

mechanism. These local lipid-mediated interactions hold the peptides together in

a fold-inducing aggregate, analogous to the way local interactions hold peptides to-

gether to form a pore. The undulatory modes of the monolayer, which produce

curvature in the surface, act as sinks for monolayer impurities. Our observations are

in agreement with a universal mode of curvature-induced aggregation proposed by

Reynwar et al. [229]. Utilizing CG-MD simulations, Reynwar et al. [229] modeled
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curvature-inducing proteins as caps in a bilayer membrane, with a hydrophilic at-

traction to the lipid headgroups of the bilayer, but no attraction to other caps. The

overlap of the bilayer deformations formed by curvature-inducing proteins leads to

an indirect attractive force between the proteins, since overlap helps to minimize the

elastic energy of the membrane. This attraction results in aggregation of the caps

and subsequent vesiculation of the cap rich region. The peptides in our simulations

are relatively small and are not associated with sizeable curvature induction; however

the undulations that arise from the compression of the monolayer provide substantial

curvature to drive the aggregation of peptides.

3.4.4 Mutants

Ryan and co-workers [224, 227] used synthetic peptides to map the fusogenic

and lytic domains of SP-B and determine how these fusogenic and lytic capabilities

influence surface activity. They determined that the N-terminal half of the protein

(residues 1-37) was mostly responsible for the fusogenic, lytic and surface-active prop-

erties of the full-length protein, with helix 1 (residues 7-22) being highly lytic and

mainly responsible for perturbing lipid packing [224, 227]. Moreover, amino acid sub-

stitutions that impaired fusogenic or lytic activities of SP-B also impaired surface

tension reduction, which suggests that SP-B fusion and lysis likely play an important

role in the formation and maintenance of the alveolar surface film [227].

Ryan and co-workers further concluded that the N-terminal tail (residues 1-9) is

required to insert into and perturb compressed interfacial films [224, 227] and appears

to have a crucial role in surface tension reduction [227]. An amino acid substitution of

alanines for prolines at positions 2,4, and 6 (resulting in the extension of helix 1 and

elimination of the tail motif, but no significant change in hydrophobicity) restricts

the ability of the peptide to perturb the packing in the interfacial film and promote

lipid insertion [224]. Paired substitution of hydrophobic residues on the nonpolar face
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of helix 1 or substitution of multiple positively charges residues lead to an increase

in minimum surface tension [227]. In accord with these results, atomistic molecular

dynamics simulations have suggested that the N-terminal tail motif is important for

anchoring SP-B1−25 to the monolayer and charged amino acids are important for

positioning the peptide in the monolayer [35].

The results of our mutant peptide simulations can be compared with those of Ryan

and co-workers only qualitatively. In the MARTINI model, the secondary structure

of the peptides is held fixed by the angle and dihedral potentials, so any change

in the secondary structure of the peptides is not captured. Although the secondary

structure is not altered in our simulations, removal of the highly hydrophobic insertion

sequence has a similar effect as the substitutions made by Ryan and coworkers to the

N-terminal tail motif, namely it causes the peptides to penetrate less deeply into in

the monolayer resulting in less perturbation. In general, we find that altering the

hydrophobicity of the peptides affects the perturbation of the monolayer and thus

the propensity for collapse.

A BLAST alignment for SP-B in human, pig, sheep, dog, mouse, rat, and xenopus

species reveals some modest variation in the amino acid sequence with some key ele-

ments that are conserved [51]. Most notably the 7 cysteine residues that form dimers

(three intramolecular and one intermolecular) are strictly conserved across all species

for which the sequence is known. The conservation of the cysteine residues suggests

that the dimerized structure of SP-B has physiological significance. As mentioned

previously, SP-B1−25, dSP-B1−25 and monomeric SP-B are capable of mimicking the

effects of the full-length protein, but are less effective and require higher concentra-

tions. In addition, the hydrophobic insertion sequence is well conserved across species

with tryptophan (residue 9) perfectly conserved. The highly hydrophobic insertion

sequence (especially tryptophan) is thought to be important for rapid adsorption to

the interface.
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The alignment of SP-C in several species also reveals modest variation in the

amino acid sequence with some key features that are well preserved.Key features

include a valine-rich stretch of hydrophobic residues proceeded by two positively

charged residues, and near the N-terminus the presence of either two side-by-side

palmitoylated cysteine residues or a palmitoylated cysteine beside a phenylalanine

residue [51]. These features provide the correct placement of SP-C in the monolayer,

with the N-terminal region displaying an affinity for membrane interfaces and the

highly hydrophobic valine-rich stretch forming a transmembrane α-helix. Current

evidence suggests that the secondary structure of SP-C is more important than the

exact amino acid sequence, see [51] for review. Unfortunately the MARTINI model

does not account for changes in the secondary structure, preventing the assessment

of structural determinants and limiting analysis regarding amino acid substitution.

Although current peptide mimics have shown some success, they are less than

optimal. For example KL4, the first SP-B-inspired synthetic peptide to reach clinical

trials, has shown some success in removing lung inactivation and treating patients

with ARDS, but disproportionately large amounts of palmitic acid are required to

allow the surfactant preparation to reach low surface tensions [51]. Our simulations

show that small peptides can destabilize the monolayer leading to the formation of

collapse structures. The addition of PA appears to stabilize the monolayer against

the formation of these collapse structures, and likely alters the mode of collapse. The

dimeric structure of SP-B could be important for stabilizing collapse, thereby allowing

LS to reach near-zero surface tensions.

3.4.5 Squeeze-out and Supercompression

At pressures above πe, the disordered LE phase collapses at rates that are finite, in

contrast to condensed phases that have been shown to sustain surface pressures well

above πe [186]. At physiological temperature (37◦C) DPPC is the only component
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that can form a condensed phase at surface pressures below πe [186]. This observation

led to classical squeeze out theory, which holds that in order to reach a near-zero

surface tension the monolayer must be refined by the selective squeeze-out of non-

DPPC components from the interface, leaving behind a monolayer that is highly

enriched in DPPC.

There are recent experimental findings that suggest that the collapse structures

formed from model surfactant mixtures are enriched in non-DPPC components. How-

ever, enrichment does not necessarily imply that the monolayer left behind is almost

pure DPPC as held by classical squeeze-out theory. Mao et al. [230] studied the col-

lapse of perdeuterated DPPC (DPPC-d62)/DPPG/SP-C/cholesterol films at 20◦C.

They determined that all three components with identifiable IR signatures (DPPC-

d62, DPPG, and SP-C) were present in the multilayers, but fluorescence and IR data

suggested that both SP-C and DPPG were enriched in the multilayer phase [230]. Sev-

eral other experimental studies have reported protein enrichment in collapse struc-

tures, in model surfactant mixtures containing SP-B or SP-C [166–169, 172, 175].

Additionally, the atomistic simulations of Rose et al. [27] show that the addition

of unsaturated phospholipids influences the response of DPPC monolayers to com-

pression, resulting in some of the unsaturated lipids begin ejected from or partially

forced out of the monolayer. Rose et al. suggest that this constitutes evidence for

the selective squeeze-out of POPG. However, they admit that their simulations are

limited both by system size and simulation time, which could affect the observed

collapse behavior. In contrast, some experimental studies report little or no differ-

ence in composition between the monolayer and the collapse phase. For example, Yu

and Possmayer [184] found no significant differences in lipid composition between the

multilayer and the adsorbed interfacial monolayer, in films spread from dispersions

containing BLES.

It has been suggested that since the monolayer flows continuously into the col-
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lapsed phase, the collapse structure should have the same composition as the phase

from which it is formed [164]. The coexistence of DPPC-rich LC phase and non-DPPC

rich LE phase could therefore lead to enrichment of collapse structure (formed from

the LE phase) in non-DPPC components. However, in extracted surfactant at 37◦C

the LC phase occupies only 4-6% of the interface when collapse from the LE phase

begins [188]. Therefore compositional refinement by selective exclusion is thought

to be limited [164]. Moreover, to attain a film of only LC phase would require an

unphysiologically large area reduction [188, 192], providing a strong argument against

classical squeeze-out.

An alternate hypothesis to explain the ability of lung surfactant to maintain sta-

bility at near zero surface tensions has been proposed by Hall and co-workers. Ac-

cording to this hypothesis, when compressed quickly enough, fluid monolayers can

transform into metastable films capable of maintaining high surface pressures. This

supercompression likely results in amorphous solids that exhibit resistance to flow

[186, 188, 192], and references therein. Supercompression has been demonstrated in

CLSE and in monolayers composed entirely of the unsaturated phospholipid POPC,

verifying that the observed metastability does not result from a change in composi-

tion [186]. As collapse occurs material is removed from the interface thereby lowering

the surface pressure; therefore to attain high surface pressures the monolayer must be

compressed faster than the rate of collapse [188, 192]. Although the compression rate

during normal breathing exceeds the rate required for supercompression, in excised

lungs much slower compressions produce functional films [188, 192]. This stability is

unexplained by supercompression.

In agreement with recent experimental results suggesting no differences in lipid

composition between the monolayer and surfactant reservoir [184], no significant dif-

ferences in lipid composition between the monolayer and fold are observed in our

collapsed LE-phase monolayers. Our simulations do however suggest that the col-
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lapse structures can be enriched in surfactant peptides, when folding occurs by nu-

cleation around a peptide aggregate. Our simulations do not display any evidence of

supercompression.

3.4.6 Reversibility and Bicelle Formation

Our results suggest that the peptides promote the formation of the collapse phase,

and show that the folds can be reversibly reincorporated upon expansion, if the con-

nectivity between the fold and the monolayer remains. Our simulations provide no

evidence suggesting the peptides are required to provide reversibility. Lung surfac-

tant proteins SP-B and SP-C could, however, have an anchoring effect, which would

attach the collapse phase to the monolayer interface providing reversibility. In one

of our DPPC monolayers containing SP-C, with the α-helix of the SP-C molecules

placed initially embedded in the tail region, we do observe the anchoring of a bicelle

fold to the interface by a SP-C aggregate that remains partially embedded in the

monolayer interface (Figure 3.4).

It has been suggested that SP-C stabilizes the collapse structures by anchoring the

multilayer collapse structure to the surface monolayer, with its palmitoyl chains in-

serted into one layer and its α-helix inserted into the adjacent layer [30, 168–172, 174].

It has also been proposed that portions of SP-B may remain associated with the in-

terface at high surface pressures, facilitating lipid transfer to and from the interface

[224, 226, 227]. Additionally, films containing dSP-B1−25 exhibit better respreadabil-

ity than films containing SP-B1−25, possibly because dimerization in native SP-B or in

dSP-B1−25 could maintain the lipid reservoir by creating a bridge with one monomer

attached the reservoir and the other attached to the interface [226]. The role of SP-B

in maintaining the collapse structure could be similar to the proposed role of SP-B

in the crosslinking of vesicles [231], in which charged regions of SP-B interact with

the head-groups of the two vesicles and the central parts of SP-B present a nonpolar
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surface across which lipid transfer occurs.

The molecular dynamics simulations of Baoukina et al. [29], which used the

MARTINI CG model to simulate 4:1 and 1:1 DPPC:POPG monolayers, report the

transformation of the folds into “flat circular bilayers” and in some cases into vesicles.

The fold-to-vesicle transition was favorable for larger and softer aggregates (having

a lower bending modulus) and was driven by the line tension at the edge of the

bilayer fold. Low line tension (resulting in a longer monolayer-bilayer connection)

at the monolayer-fold junction is important to the reversibility of collapse, because

the line tension regulates the connectivity, which is necessary for the transfer of

lipids to and from the collapse structure [29]. Our folds take on the shape of flat

circular bilayers, but we did not observe vesicle or semi-vesicle formation as seen in

the simulations of Baoukina et al. [29], which employed constant interfacial area to

investigate the evolution of the collapse structures. Instead, our simulations employ

continuous compression, under which the folds continue to grow and the connection

between the folds and the monolayer is reduced, making the folds more circular in

shape, and at last, in most cases, they desorb from the monolayers, becoming bicelles.

3.4.7 Fusion and Surface Refining

The fusogenic and lytic properties of SP-B may be important to a number of

processes occurring within the lung surfactant life cycle including the transfer of

lipids to and from the interface, processing of the SP-C proprotein in the multivesic-

ular body, the organization of lamellar bodies, and the formation of tubular myelin

[224, 226, 227]. In our simulations, the ability of the surfactant peptides to destabilize

(especially after aggregation) the monolayer, promoting collapse, reflects the lytic ca-

pabilities of the peptides. We further observed the interaction of peptides (SP-B1−25

and mutant) from two separate monolayer folds, leading to the fusion of the folds and

the formation of a lipid bridge. Ultimately this process was observed to result in sur-
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face refining (a change in the interfacial composition by the addition and/or removal of

surfactant material to or from the interface). The observed peptide-mediated fusion,

is in good agreement with recent experimental findings [220] that suggest protein-

protein interactions could be important to facilitate membrane-membrane apposition

during fusion. Several experimental studies [232–235] have proposed that the ability

of surfactant proteins to promote adsorption may be attributed to the fluidization

of the monolayer and the destabilization of the adsorbing vesicles by the surfactant

proteins. The proteins may also act as docking sites [232] or stabilize a structural in-

termediate formed during the adsorption process [234]. However, a systematic study

of fusion and adsorption is beyond the scope of this work and would require a different

set up allowing for more consistency between simulations (the fusion between folds

seen here can only occur if the folds from each monolayer come close to each other).

3.4.8 Effects of System Size and Time-Scale

When comparing simulation results to experimental or physiological systems, it

is important to take account of the limits of the simulations, which could lead to

artifacts or inherent differences in behavior between the simulated membranes and

their experimental counterparts.

Due to the use of periodic boundary conditions, imposing a small box size leads

to artificial membrane rigidity and suppressed undulations [7, 58, 80, 84, 92, 147].

Previous coarse-grained molecular dynamics simulations of DPPC monolayers have

shown a decrease in area compressibility modulus (i.e., an increase in compressibility)

as system size is increased, due to the ability of the larger system to undulate [28, 58].

Both CG and atomistic simulations of lipid monolayers or bilayers yield compressibil-

ity moduli that are significantly larger than experimental estimates [28, 29, 58, 146].

Applying a surface tension will also decrease undulations and thereby reduce the un-

dulatory contribution to the compressibility and the magnitude of finite-size effects
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[147]. Size differences between our simulated folds and experimental collapse struc-

tures could result in differences in line tension at the monolayer fold connection (λc

) and at the fold perimeter. For instance, the experimental line tensions at the edge

of a bilayer fold are smaller than those calculated from a CG bilayer slab in water

(5-30pN vs. 50pN) [29]. As the fluidity of the monolayer is increased, the line tension

at the monolayer-fold connection (λc ) is decreased, favoring the formation of collapse

structures. For instance, an increase in unsaturated phospholipids decreases the ener-

getic penalty for lipid deformations at the monolayer-fold parameter and results in a

decrease in λc [29]. Imposing a small box size leads to artificial membrane rigidity, and

therefore increases λc . Consequently, the simulated line tension at the monolayer-fold

connection (λc ) is likely larger than that which exists experimentally. To the best of

our knowledge no experimental values of λc are available for comparison.

The system size affects the magnitude of the energy barrier that must be overcome

for buckling to occur [32]. The system size restriction also affects collapse by reducing

the probability of monolayer defects. Although 1:1 DPPC:POPG monolayers do not

exhibit folding at the smallest system size simulated, even under a small negative

surface tension, when we increase the system size by a factor of 4 or 9, folding is

observed. In contrast, the pure DPPC monolayers do not display folding even at

the largest system size and lowest surface tension tested. By decreasing the surface

tension, simulated monolayers can be induced to buckle, but this occurs at lower

surface tensions than for real monolayers due to the smaller system size [29]. In

agreement with the observations of Baoukina et al. [29], our simulations display an

increase in undulations with decreasing surface tension, with buckling occurring at

negative or near-zero surface tensions, for all system sizes studied.

Simulated compression occurs much faster than experimental compression rates.

Previous simulations [29] utilized intermittent compressions separated by constant

area simulations, performed at selected surface densities, to allow time for equilibra-
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tion. However, the results of these simulations differ from those of our constant-

pressure simulations only in that in the former, vesicles form when the compression

is halted and the interfacial area is held fixed. Although an increase in compression

rate was associated with larger buckling amplitudes and lower surface tensions ob-

tained before folding, the collapse pathway was independent of compression rate and

method [29]. However, the compression rate is likely to affect whether folding occurs

by amplification of undulations or by nucleation about a defect.

3.5 Summary

Utilizing coarse-grained molecular dynamics simulations of model surfactant mix-

tures, we have identified two mechanisms by which monolayer folding can occur,

namely (1) through the growth of undulations and (2) by nucleation around a de-

fect. The occurrence of folding depends on monolayer fluidity and can be correlated

directly with the carbon deuterium order parameter of the lipid tails. We find in

our simulations, under small negative surface tension, that folding occurs when the

average order parameter is less than 0.331. Unsaturated phospholipids (POPG) and

surfactant proteins (SP-B and SP-C) fluidize the monolayer, while palmitic acid (PA)

displays a charge-dependent condensing affect. The extent to which the peptides flu-

idize the monolayer, and thus enable folding, depends on the hydrophobic character

of the peptides. The peptides appear to provide a larger driving force for folding

than does POPG, allowing fold formation to occur for peptide containing monolayers

under conditions for which it does not occur in the presence of POPG alone. The

formation of a lipid bridge by peptide-mediated fusion and the ensuing redistribution

between monolayers upon re-expansion demonstrate the fusogenic abilities of the pep-

tides and their role in surface refining. Despite limitations resulting from potential

system-size and time-scale effects, CG simulation is a valuable tool for studying the

structural transitions of lipid/peptide films and can be used to identify pertinent
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interactions that may act as driving forces for these transitions. Our results show

that the MARTINI model can capture qualitatively the effects of lipid and protein

components on the fluidity and collapse behavior of the monolayer in good agreement

with experimental observations.
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CHAPTER IV

Preliminary Study of LC-LE Phase Transitions in

Lipid and Lipid-Peptide Monolayers.

4.1 Introduction

Lung surfactant (LS) is a mixture of phospholipids, fatty acids, neutral lipids, and

surfactant proteins that forms the surface-active lining in the lungs and decreases the

work of breathing by reducing and regulating the surface tension in the alveoli. Lung

surfactant consists of approximately 90% lipids and 10% proteins by weight [45].

Of the surfactant lipids, about 80% are phosphatidylcholines, about half of which

is dipalmitoylphosphatidylcholine (DPPC) [45]. Infants born prematurely lack func-

tional lung surfactant and develop respiratory distress syndrome (RDS). Surfactant

replacements have greatly reduced the mortality rate of RDS, but are not optimal

[46]. Another form of RDS known as acute respiratory distress syndrome (ARDS)

can develop in adults and has proven difficult to treat due to complications associ-

ated with underlying lung injury [47]. ARDS is often associated with the leakage

of plasma proteins and other molecules into the lungs, resulting in inhibited lung

surfactant function, which can be attributed to a variety of factors such as competi-

tive adsorption. It is well known that in order to be effective, lung surfactant must

display rapid adsorption, the ability to compress to near-zero surface tension upon

end-expiration, and rapid respreading upon film expansion [53]. However, further

research is needed to understand the mechanisms involved and the roles of individual
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surfactant components in the respiratory process, in order to aid the development of

more efficient surfactant replacements to treat both neonatal and adult RDS.

The surfactant film undergoes constant changes in surface pressure under the

dynamic cycling occurring with each breath. Maintaining proper surfactant func-

tionality under these demanding conditions requires a number of components. The

primary component, dipalmitoylphosphatidylcholine (DPPC) has a high transforma-

tion temperature of 41◦C [48], and therefore exists in the liquid condensed (LC) phase

at body temperature. In the condensed phase DPPC is tightly packed and can be

compressed to surface pressures well above the equilibrium spreading pressure (πe)

without collapse. For this reason DPPC is thought to be primarily responsible for the

ability of lung surfactant to reach near-zero surface tension (high surface pressure).

However, due to its rigidity at physiological temperature, DPPC exhibits poor re-

spreadibility [152]. Additional surfactant components enhance the surface activity of

LS. Unsaturated phospholipids, such as palmitoyloleoylphosphatidylcholine (POPC),

fluidize lung surfactant surface films increasing adsorption to the interface and are

thought to enhance respreading [45]. Neutral lipids and fatty acids are also present,

such as cholesterol (5-10wt% of native surfactant); an important component of lung

surfactant, which is systematically removed from most surfactant replacements [54].

Lung surfactant also contains surface-associated surfactant proteins SP-B and SP-

C, which are essential to modulate the physical properties of the surface film and

to promote the rapid formation of surface films capable of reaching near-zero sur-

face tensions under repetitive cycling [156]. Both peptides are highly hydrophobic

and amphipathic. SP-B contains seven cysteines, which form three intramolecular

disulfide bridges and an intermolecular one leading to the formation of a homodimer

[154]. SP-B contains more polar and hydrophilic residues than SP-C and is therefore

less hydrophobic. SP-C contains palmitoyl chains on cysteine residues 5 and 6 [155].

The tertiary structure of SP-B is unknown; however the structure is known for the
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25-residue N-terminal fragment (SP-B1−25), which is thought to retain most of the

functionality of the full-length protein.

As the monolayer is compressed from a high molecular area to a low molecular area

(low surface pressure to high surface pressure) it passes through distinct regions of the

pressure area isotherm (see Figure 2.1(a)) : G, LE+G, LE, LC+LE, LC. In the gas (G)

phase the lipids are very sparse and behave like a 2D gas [88]. The liquid-expanded

(LE) phase is characterized by a fluid-like structure, where the molecules are in close

contact with one another, but the lipid tails are conformationally disordered and

contain a significant number of gauche configurations [88]. The liquid-condensed (LC)

phase is a 2D semi-crystalline phase, which is characterized by hexagonal packing,

lipid tails in the all-trans conformation with a substantial drop in the number of

gauche defects, and decreased lateral mobility [88]. Upon compression the monolayer

passes through two regions of phase coexistence (LE-G and LC-LE). In this chapter

we will focus on LC-LE phase transitions. Several experimental studies have provided

clear microscopic evidence of the coexistence of LC and LE phase in model surfactant

monolayers, proving the existence of both micro-scale and nano-scale domains [53,

176, 177, 208, 209, 236].

It is not fully understood how monolayers respond to the large changes in surface

area, which occur during breathing [44]. Neither the structural transitions involved

nor the roles of each surfactant component are entirely clear. For example, the mech-

anism by which lung surfactant is able to avoid irreversible collapse under near-zero

surface tensions remains a matter of great debate. The ability of lung surfactant to

be rigid enough to sustain near-zero surface tension and yet fluid enough to respread

rapidly, seems contradictory, This dichotomy, has lead to classical “squeeze-out” the-

ory [119, 179, 180], which suggests that as the monolayer undergoes compression the

surface is refined by the selective squeeze-out of non-DPPC components leaving be-

hind a monolayer highly enriched in DPPC. Recently, alternative theories have been
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proposed, such as the theory of supercompression [186, 188, 189, 237].

To reach the near-zero surface tensions existing in the lungs the alveolar lining

must compress past the equilibrium spreading pressure, and is thus by definition

meta-stable. The effective viscosity of the alveolar film controls the rate at which the

film flows into the bulk phase in response to the thermodynamic driving force [237]. It

is therefore thought that to avoid collapse the monolayer must undergo a transition to

become a highly viscous material. According to Hall and coworkers [186, 188, 189, 237]

this can be achieved by the transformation of the monolayer into either a solid-like

LC phase, as suggested by classical “squeeze-out” theory, or into a super-compressed

fluid phase. Hall and co-workers have shown that both CLSE and the unsaturated

phospholipid POPC can reach near-zero surface tensions if compressed quickly enough

(super-compression) [186, 188, 189, 237]. Such a super-compressed fluid maintains the

high disorder of the fluid phase, but attains the resistance to flow that characterizes

a solid.

In order to begin to address these fundamental uncertainties, an understanding

of the interfacial structure of model surfactant mixtures is necessary. It is important

to understand the phase transitions occurring in lipid and lipid-peptide monolayers,

because the phase state of a surfactant monolayer will determine its surface-active

properties. As discussed in chapter 3, the mechanism of collapse depends on the phase

morphology, which is determined by the temperature, surface pressure, composition,

and compression rate. For example, Gopal and Lee [206] showed that for a 7:3

DPPC/POPG monolayer at low temperatures (below 28◦C) the monolayer is biphasic

and collapses by forming reversible large-scale folds (up to millimeters in length),

while at high temperatures (above 33.5◦C) the monolayer is homogenous and collapses

by forming micron-scale vesicular structures, and at intermediate temperatures (28-

33.5◦C) collapse occurs by forming both folds and vesicles. Lee and co-workers [158,

163, 190] suggest that coexistence of LC and LE phase is an essential feature required
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for reversible collapse via the macroscopic folding transition. They propose that the

coexistence of LC and LE phases provides the monolayer enough flexibility to bend

and enough cohesiveness to prevent loss of material to the subphase.

Because the phase (or phase coexistence) of the monolayer determines the prop-

erties of the monolayer such as minimum surface tension, collapse mechanism, rate of

collapse, and reversibility of collapse, an understanding of how lung surfactant com-

ponents affect phase behavior at high surface pressures is important to the rational

design of surfactant replacements. To this end, here we study LC-LE phase transitions

for DPPC monolayers and monolayers of DPPC with additional LS components.

Historically, lipid phase transitions have proven difficult to simulate, requiring

length and time scales not attainable by atomistic simulation. However, recent papers

[23, 34] have shown that it is possible to simulate the formation of small LC nuclei

via atomistic simulation. However, such simulations are computational expensive.

Therefore, these simulations have been limited to pure DPPC monolayers and to

relatively short time scales, preventing the study of the phase transformation process

in much detail. In recent years, the development of coarse-grained models has allowed

the simulation of longer length and time scale events. Utilizing an early version of

their MARTINI force field [58], Marrink et al. [7] applied CG-MD to the study of

gel-liquid crystalline phase transformations in DPPC bilayers. This work showed

that the MARTINI model could be successfully applied to the study of lipid phase

transformations. To the best of our knowledge, MD simulation has yet to be applied

to the study of phase transitions in multicomponent lipid monolayers. Here we apply

the MARTINI coarse-grained model [56, 57] to the study of LE-LC phase transitions

in DPPC monolayers, and phase transitions in mixed monolayers containing DPPC

with additional lipid and peptide components.

In the LC phase DPPC molecules tilt at an angle of 25◦ with respect to the normal

[88]. This tilt is due to a mismatch between the minimum cross-sectional area of 50Å2
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for the head group and 38Å2 total for both of the phospholipid tails [88]. For this

reason the term tilted condensed (TC) is often used to describe the liquid condensed

phase of monolayers containing DPPC. Although the tilted condensed phase is of-

ten discussed experimentally, all results reported here are for the untilted condensed

phase. Because the MARTINI model implicitly incorporates some of the tail entropy

of the lipid tails into the volume of the CG interaction sites, the DPPC molecules

do not form the tilted condensed phase [7]. However, the formation of the tilted

condensed phase can be simulated by decreasing the size of the tail beads by 10% [7].

Furthermore, the terminology phase transition is typically used in the experimental

literature regarding lung surfactant. Therefore, we will keep this terminology. How-

ever, it is important to note that the phase transitions observed here are distinctly

non-equilibrium.

4.2 Simulation Methods

The MARTINI CG model [56, 57] was used in all simulations reported here. The

CG mapping of DPPC, cholesterol, sodium ions, chloride ions, and water molecules

is the same as that provided in the topology files on the MARTINI website [79]. The

Perl script seq2cgtop martini v2.1tryout.pl [79] was used to generate the topology for

coarse-grained SP-B1−25 and SP-C. The structure files for SP-B1−25 and SP-C were

created by coarse-graining structure files for SP-B1−25 [197] and SP-C [198] that were

obtained by FTIR and NMR spectroscopy. The MARTINI model is parameterized

based on thermodynamic data, and has successfully reproduced membrane properties

such as area per lipid [56, 58], pressure-area isotherms [28], gel - liquid-crystalline

phase transitions in bilayers [7], phase transitions between lamellar and non-lamellar

phases [199, 200], self assembly of bilayers, and structural and dynamic features of

protein-lipid interactions [57]. Furthermore, the MARTINI model yields profiles of

lateral pressure versus vertical position in the monolayer that are qualitatively similar
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to those obtained from atomistic simulations, suggesting that the MARTINI model

captures the essential lipid/solvent properties [24].

Each configuration was constructed from two disordered lipid monolayers (each

composed of 256 DPPC molecules) placed with heads facing each other across a layer

of water, and tails separated by vacuum, in a periodic box, as described previously

(chapter 1 and [28]). The z-dimension, normal to the layers, was adjusted to 100nm,

which allows more than enough space to prevent the tail regions of the two monolayers

interacting. The SP-B1−25 molecules were then placed in each monolayer, oriented

normal to the interface with the insertion sequence, which is the last eight residues

on the N-terminus side, placed close to the head group region. Four peptides were

inserted into each monolayer in three initial configurations: 1) with the peptides

clustered together (not in contact, but with each peptide 1.7nm from the center of

the box), 2) in a line (separated by 3.3nm), and 3) in a square (with each peptide

placed 4.5nm from the center of the box). CG chloride ions were then added to make

the system electroneutral. The system was then energy minimized. SP-C was placed

in the monolayer in the same manner as SP-B1−25 in the line configuration as de-

scribed above, but with the α-helix placed initially embedded in the lipid tail region

and tilted with respect to the interface. The SP-C molecules were initially placed

differently that the SP-B1−25 molecules to account for differences in the experimental

orientation of the two peptides in DPPC monolayers. SP-B is thought to reside near

the headgroup region with its α-helix parallel to the interface [203]. However, SP-C

is highly hydrophobic and infrared reflection-adsorption spectroscopy has revealed

that SP-C adopts a tilted orientation, embedded within DPPC monolayers [204]. Al-

though the simulated peptide concentrations are larger that the average physiological

concentrations, as noted previously [201], local concentrations of physiological lung

surfactant components could be much higher than the physiological average, partic-

ularly if interactions between components result in non-uniform distributions.

118



The CG topology and structure files for POPC were adapted from the lipid topol-

ogy file and a palmitoyloleoylphosphatidylethanolamine (POPE) bilayer CG structure

file taken from the MARTINI website [79], by replacing the ethanolamine head group

bead (Qd) with a choline head group bead (Q0). A system containing two POPC

monolayers was constructed in the same way as described for the DPPC monolayers.

To create 1:1 DPPC:POPC monolayers, POPC molecules were randomly replaced

with DPPC molecules to obtain a 1:1 mixture and the system was then energy mini-

mized. In the DPPC/cholesterol monolayers, 50 cholesterol molecules were randomly

inserted into each DPPC monolayer and the system was then energy minimized.

The topology used for cholesterol is the same as that reported on the MARTINI

website[79]. The structure file for cholesterol was created by coarse-graining the first

of eight atomistic structures for cholesterol (molecule A) reported by Shieh et al.

[238], which were obtained by x-ray diffraction.

For all simulations, temperature was maintained by coupling to a Berendsen ther-

mostat [67] with a 1ps time constant. Berendsen pressure coupling was used with a

1ps time constant and all compressibilities set to 5E-6bar−1. Pressure was coupled

anisotropically to 0bar in all directions (zero surface tension). The surface tension

is calculated from Equation 3.1. As mention in chapter 3, due to pressure fluctua-

tions the actual time-average surface tension differs slightly from this set point. For

more details on each coupling mechanism the reader is referred to the GROMACS

User Manual [70] and relevant simulation papers [41, 43, 75, 76, 78]. For all simu-

lations, a timestep of 0.02ps was used, and periodic boundary conditions employed.

All simulations were performed using GROMACS simulation software [68, 69, 202].

The following parameters were taken from the MARTINI website [79] and have been

optimized for the coarse grained model: short-range electrostatic and van der Waals

cutoffs of 1.2nm, with van der Waals interaction shifting smoothly to Lennard Jones

interaction at 0.9nm, and with the Lennard Jones cutoff set to 1.2nm. The neighbor
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list was updated every 10 steps using a grid with a 1.2nm cutoff distance. In addi-

tion to the large computational speed-up, the molecular diffusivities of CG water and

lipid molecules are around four times higher than for atomistic ones. As a result, the

effective time of a simulation is roughly four times longer than the physical time [56].

However, all times reported here are physical times, as reported by the simulation.

After energy minimization the initial configurations (described above) were equi-

librated for 1µs at high temperature (338K for all peptide-free monolayers, and 333K

for peptide-containing monolayers). The final configurations from these runs were

used as starting states for runs at low temperature (283K for all systems), to allow

each monolayer to order. The final configurations of the high and low temperature

runs were used as initially disordered and initially ordered starting configurations for

subsequent runs, which were performed between 283K and 338K in 5K increments.

The trajectories of these runs were saved for packing analysis every 1ns. Shorter

(100ns) runs are also reported for DPPC monolayers to assess artifacts attributed to

simulation time. To allow more data points for packing analysis, the trajectories of

these runs were saved for packing analysis every 0.2ns. The percentage of hexagonal

packing was averaged between 500ns and 1µs for the 1µs runs and between 50 and

100ns for the shorter runs. For the longer time-scale runs there are a couple of cases

where the transition from disordered to ordered phase or vice-versa occurs late in

the simulation (after 500ns), for these runs the hexagonal packing was averaged after

the transition was complete, between 900ns and 1µs. The error bars reported on the

hysteresis loops represent the standard deviation.

The simulations of DPPC monolayers yielded a large hysteresis loop with respect

to temperature. In order to estimate the true transition temperature and study

the growth of the ordered and disordered phases, the final configurations resulting

from 1µs simulations of initially ordered and initially disordered DPPC monolayers

at 308K were merged together. As the monolayers condense the lateral dimensions
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of the monolayer decrease and the thickness increases. This transformation results

in a thicker (larger in the z-dimension) water subphase in the system containing or-

dered monolayers. Therefore, to allow the ordered and disordered monolayer to align

the disordered system was spliced and a small water box containing 993 CG water

molecules was inserted between the top monolayer and the original water subphase.

The disordered and ordered boxes were then placed side by side in the x-dimension.

A small 0.7nm mismatch between the monolayers in the y-dimension remained. To

account for this mismatch two different systems were constructed, which we will call

Merge1 and Merge2. In Merge1 the dimensions of the disordered box were shrunk

by 0.7nm, effectively compressing the disordered box slightly. Another configuration

(Merge2) was generated where the larger y-dimension was kept, effectively disrupting

the packing in the ordered system along the edge of the box where 0.7nm of empty

space is added. These systems containing side by side ordered and disordered re-

gions were energy minimized and run at temperatures falling within the region of

hysteresis (between 303K and 323K) for 100ns. The coordinates were output to the

trajectory every 10ps to allow the growth or disappearance of the condensed phase

to be captured in greater detail.

A program called Triangle was used to perform a Delaunay refinement on the

simulation trajectories [239]. From the Triangle output files condensed phase lipids

can be identified. The output files from Triangle were converted into an index file

containing only the C2 tail sites that are considered to be in the liquid condensed

phase. Marrink et al. developed the following criteria: in order to be in the condensed

phase (gel phase for bilayers) the C2 tail sites of a lipid must be six coordinated,

corresponding to hexagonal packing, and must have five of its six neighboring C2 sites

less than 0.75nm away [7]. The second criterion is used to eliminate lipids that are six

coordinated, but deviate considerably from hexagonal packing [7]. We used the same

criteria in our analysis, except we tightened the second restraint to require that all
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six C2 sites be within 0.75nm. This was done to eliminate noise in our data, which

appeared as a few isolated C2 sites. In monolayers containing DPPC and POPC,

the C2 sites of both phospholipids were used in the calculation of the percentage

of hexagonally packing. In monolayers containing cholesterol, the R3 beads of the

cholesterol molecules are treated as neighboring C2 sites in order to determine the

the extent of hexagonal packing for DPPC. However, the reported percentage of

hexagonal packing is only calculated for the C2 sites of the phospholipids. The

R3 beads of cholesterol were chosen as neighboring sites for the hexagonal packing

analysis, because they lie in the roughly the same xy-plane as the C2 sites of DPPC.

4.3 Results and Discussion

4.3.1 LC-LE Phase Transitions in Pure DPPC Monolayers

To obtain disordered monolayers of DPPC, the system containing two DPPC

monolayers separated by vacuum (described in the simulation methods section) was

equilibrated at 338K for 1µs. The final configuration from this simulation was then

used as the starting state for a 1µs simulation at 283K. The ordered (LC) and dis-

ordered (LE) configurations resulting from the simulations at 283K and 333K were

used as the starting states for subsequent runs. It should be noted that within the

simulation time the monolayer does not become fully ordered. There are small defects

in the packing (disclinations) even after 1µs at 283K (Figure 4.1(a)). Likewise, even

the most disordered monolayer (338K) contains a few isolated sites and small patches

(<20 C2 sites), which meet the criteria of being hexagonally packed (Figure 4.1(b)).

Simulations were then run between 283K and 338K in increments of 5K from both

disordered and ordered starting configurations. As the temperature is decreased from

338K to 313K (Figure 4.2(a)) the monolayer remains disordered but small patches

of LC phase are evident. As the temperature is further decreased to 303K (Fig-
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(a) (b)

Figure 4.1: Ordered and disordered initial configurations. (a) The ordered initial
configuration obtained after a 1µs simulation at 283K. (b) The disordered
initial configuration obtained after a 1µs simulation at 338K. In this and
subsequent figures only the C2 sites from a single monolayer are shown
for clarity. Within a given simulation, the top and bottom monolayer
monolayers tend to show the same behavior. Some periodicity is also
shown for clarity. The same color scheme is used throughout this chapter.
The green C2 sites are in the liquid condensed (LC) phase and the blue
C2 sites are in the liquid expanded (LE) phase.

ure 4.2(b)), the monolayer undergoes a transition to the LC phase, and only small

patches of LE phase remain. As the temperature is increased from 283K to 318K

(Figure 4.2(c)) the monolayer remains ordered but small patches of LE phase are evi-

dent. As the temperature is further increased to 323K (Figure 4.2(d)), the monolayer

undergoes a transition to the LE phase, and only small patches of LC phase remain.

Hysteresis is evident from these snapshots; an initially disordered monolayer remains

disordered after a 1µs simulation at 313K (Figure 4.2(a)), however an initially ordered

monolayer remains ordered after a 1µs simulation at 318K (Figure 4.2(c)). We will

further investigate this hysteresis later in this chapter.
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(a) (b) (c) (d)

Figure 4.2: LC-LE phase transitions in DPPC monolayers. An initially disordered
monolayer (338K) is quenched to (a) 313K and (b) 303K. An initially
ordered monolayer (283K) is heated to (c) 318K and (d) 323K. The snap-
shots were taken after 1µs of simulation time.

4.3.2 LC-LE Phase Transitions in DPPC Monolayers Containing Pep-
tides

To study the effect of surfactant peptides on the phase behavior of DPPC mono-

layers 4 SP-B1−25 molecules were added to each DPPC monolayer. The peptides

were initially placed perpendicular to the interface, however they quickly reorient

(with the first few nanoseconds) and adopt an orientation that is roughly parallel

with the interface and embedded superficially into the monolayer, in agreement with

the experimental observations [203]. The system was then equilibrated at 333K for

1µs. The final configuration from the 1µs run at 333K was used as the starting state

for a 1µs simulation at 283K. The ordered and disordered configurations resulting

form the simulations at 283K and 333K were used as the starting states for runs

between 283K and 333K in increments of 5K . In Figure 4.3, snapshots are shown for

DPPC monolayers containing SP-B1−25 after being quenched from 333K to (a) 308K

and (b) 303K and after being heated from 283K to (c) 303K and (d) 308K. Regardless

of starting state (initially ordered or disordered) the monolayers are ordered at 303K

and disordered at 308K. The disordered monolayers at 308K contain small patches of

LC phase lipids. At 303K the peptides loosely aggregate and localize within a single

LE phase domain, while away from the peptides the monolayer is in the LC phase
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(a) (b) (c) (d)

Figure 4.3: LC-LE phase transitions in DPPC monolayers containing SP-B1−25. An
initially disordered monolayer (333K) is quenched to (a) 308K and (b)
303K. An initially ordered monolayer (283K) is heated to (c) 303K and
(d) 308K. All snapshots correspond to the line initial configuration. The
snapshots were taken after 1µs of simulation time, and show a single
monolayer. In this figure and subsequent figures the peptides are shown
in yellow.

with a few small defects.

Our observations agree well with experimental observations of the influence of

surfactant peptides on lipid packing. SP-B, SP-B1−25 and SP-C are known to localize

within the fluid phase [158, 160, 161, 163, 166–170, 172, 173, 208, 209]. and have been

found to perturb monolayers of DPPC, DPPC/DPPG, and PA, increasing the overall

fluidity of the monolayers and producing smaller and more numerous condensed phase

domains [158–160, 166, 167, 208, 209]. Fluorescence and scanning force microscopy

report that SP-B affected the distribution of LE and LC regions of DPPC at both the

microscopic and nanoscopic level causing and overall reduction in the total amount

of LC phase present and an increase in the LC-LE interface [209]. It has therefore

been hypothesized that SP-B promotes the formation of a fine nanoscopic framework

of lipid and lipid-protein nano-domains that lends the film a substantial mechanical

resistance to deformation and rupture. SP-B has also been observed to segregate

and form clusters at phase boundaries [209]. Our simulations show that SP-B1−25

perturbs the packing of the neighboring lipids. Also, the peptides tend to localize

within a single LE phase domain. This localization could lead to the aggregation of

the peptides.
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To further evaluate the affect of the peptides on the monolayer, a larger system

was generated from the disordered starting state by copying the box laterally to create

a system containing four times as many molecules as the original system. After 1µs

of simulation at 303K, these larger monolayers show a large amount of LC phase with

some LE phase centered around the peptides. The peptides disrupt the crystallinity

of the ordered phase and act as defects in the monolayer. In order to propagate

the LC phase must grow into peptide-free regions of the monolayer, this growth

essentially pushes the peptides together uniting them within the small fraction of

disordered phase (Figure 4.4). This type of behavior may explain why SP-B has been

observed to aggregate experimentally. Furthermore, the fact that the peptide impedes

the spread of ordered domain may explain, at least in part why the peptides have

been observed at domain boundaries. Simulations containing larger LE domains in

coexistence with the LC phase, would help to provide more definitive results regarding

the localization of the peptides at domain boundaries. However, such simulations

would be computationally expensive and are not yet practical. From Figure 4.4, it

is apparent that the peptide filled LE phase breaks up the condensed phase. This

behavior is in consensus with the proposed role of SP-B1−25 in the formation of a fine

nanoscopic framework.

(a) (b) (c)

Figure 4.4: Packing in larger monolayers composed of DPPC with SP-B1−25. An
initially disordered monolayer (333K) is quenched to 303K. The snapshots
shown were taken after (a) 10ns, (b) 100ns, and (c) 1µs of simulation time.

126



To test the dependence of the domain formation on the initial position of the

peptides three different initial configurations were used. As described in the simula-

tion methods section four peptides were placed partially inserted in each monolayer

so that they formed a square, a line, and a cluster, with respect to each other. All

snapshots in Figures 4.3 and 4.4 correspond to the line initial configuration. In Figure

4.5 the monolayers with the line (left) initial configuration are reproduced alongside

corresponding simulations with the square (center) and cluster (right) initial config-

urations. The snapshots shown were taken after 1µs of simulation for the line and

square initial configurations and after 100ns of simulation time for the cluster initial

configuration. Note that the simulations involving the cluster initial configuration

were limited to 100ns due to the onset of fold nucleation around the peptide ag-

gregate (as discussed in chapter 3) limiting access to longer simulation times. The

snapshots shown were taken at 303K after quenching from a disordered state (top)

and heating from an ordered state (bottom). The simulations with the square initial

configuration result in similar amounts of LC and LE phase lipids as the line initial

configuration. However, the amount of LC phase is slightly greater in the monolayer

were the peptides were initially clustered together. These simulations show that con-

densed phase formation is perturbed by the insertion of peptides, and the extent of

perturbation depends on the position of the peptides relative to one another. The

peptides perturb the surrounding lipids, and therefore if the peptides are clustered

together, the LC phase is only perturbed in the immediate vicinity of the peptide

cluster and most of the LC phase is left unaffected. In fact the total amount of LE

phase lipids at 303K, is roughly the same in the cluster configuration (Figures 4.5(c)

and 4.5(f)) as for the pure lipid system (Figure 4.2(b)). However, if the peptides

are spread-out (as is the case for the line and square starting states), the LE phase

surrounds the peptides, covering more area and decreasing the total amount of LC

phase present in the monolayer. Therefore, the growth of the LC phase favors the
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aggregation of the peptides.

(a) (b) (c)

(d) (e) (f)

Figure 4.5: The influence of peptide orientation on the LC-LE phase coexistence.
Three peptide initial orientations were studied: Line (left), square (cen-
ter), and cluster (right). The snapshots were taken after 1µs of simulation
at 303K, with the exception of cluster, which was taken after 100ns of sim-
ulation time. The monolayers on the top were quenched from a disordered
state and the monolayers on bottom were heated from an ordered state.

A limited number of simulations were also performed for monolayers containing

SP-C. To correspond with experimental observations, SP-C was placed initially tilted

and embedded in the DPPC monolayer [204]. Using the “line” initial configuration,

disordered and ordered starting states for DPPC/SP-C monolayers were generated

in the same manner as the starting states for the DPPC/SP-B1−25 monolayers. Sim-

ulations were performed at 303K and 308K using both starting states. Both the

initially ordered and initially disordered monolayers are ordered after a 1µs simula-

tion at 303K (not shown). However, hysteresis is evident at 308K. After 1µs at 308K,

the initially disordered monolayer remains disordered (Figure 4.6(a)) and the initially
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ordered monolayer remains ordered (Figure 4.6(b)).

It is unclear why at 308K, initially ordered DPPC/SP-C (Figure 4.6(b)) mono-

layers remain ordered, but initially ordered DPPC/SP-B1−25 (Figure 4.3(b)) mono-

layers disorder. To further elucidate this difference in phase behavior at 308K, the

DPPC/SP-C (Figure 4.6(c)) and DPPC/SP-B1−25 (Figure 4.6(d)) monolayers are

visualized from the side. Here SP-C penetrates deeper into the monolayer than SP-

B1−25. However, the SP-B1−25 containing monolayer shows substantial deformation

around the SP-B1−25 aggregate, resembling a pre-collapse instability. These results

suggest that the observed phase behavior in the peptide containing monolayers may

be linked to the curvature of the monolayer near the peptide, and require further

investigation. It is also interesting to note that in Figure 4.6(d), the palmitoyl

chains of SP-C (shown in red) remain firmly embedded within the monolayer. It

has been proposed that at high surface pressures (low surface tension) SP-C is par-

tially squeezed-out of the monolayer with associated lipids, but remains anchored to

the monolayer interface by it’s palmitoyl chains, which remain embedded within the

monolayer [30, 168–172, 174].

4.3.3 LC-LE Phase Transitions in Binary Lipid Monolayers Containing
DPPC

In addition to DPPC, lung surfactant contains many other important lipid com-

ponents including unsaturated phospholipids and cholesterol. Due to chain unsatura-

tion, phospholipids such as POPC have low transition temperatures and are thus in

the LE phase at physiological temperature. To study the effects of POPC on the LC-

LE phase transition, monolayers were constructed containing a 1:1 mixture of DPPC

and POPC. The majority of the 1:1 DPPC:POPC simulations contained 256 lipids

per monolayer. A simulation was also performed on monolayers four times larger, to

study the system size effects on the phase distribution.
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(a) (b)

(c) (d)

Figure 4.6: The phase behavior of monolayers containing SP-C. After 1µs of sim-
ulation at 308K, the initially disordered DPPC/SP-C monolayers re-
main disordered (a) and the initially ordered DPPC/SP-C monolayers
remain ordered (b). In contrast to the DPPC/SP-C monolayers (b),
initially ordered DPPC/SP-B1−25 monolayers disorder at 308K (Figure
4.3(b)). To elucidate this difference, side views of the DPPC/SP-C (c)
and DPPC/SP-B1−25 (d) monolayers are given. All snapshot were taken
after 1µs of simulation at 308K. In (c) and (d) the peptides are shown in
yellow, the palmitoyl chains of SP-C are shown in red, and the CG water
molecules are shown as small white dots. The DPPC tails, headgroups,
and glycerol linkages are shown in turquoise, dark blue, and green, respec-
tively. The C2 sites of the phospholipid tails are enlarged with respect to
the rest of the phospholipid sites.

Cholesterol is another important component of lung surfactant composing about

5-10 wt% of natural surfactant [54]. The effect of cholesterol of lipid bilayers has

been studied extensively. Studies of monolayers containing cholesterol are much less

prevalent. It has been suggested that cholesterol modulates the phase behavior of
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surfactant membranes by disordering phospholipids in the LC phase and ordering

phospholipids in the LE phase, resulting in the formation of the liquid-ordered (Lo)

and liquid-disordered (Ld) phases, respectively [54]. To study the effects of cholesterol

on the LC-LE phase transition, cholesterols were added to each DPPC monolayer to

create a system containing 256 DPPC and 50 cholesterol molecules per monolayer.

Both the cholesterol and POPC containing monolayers were run at 338K for 1µs

to obtain initially disordered starting states and the final configurations of these runs

were than used as the initial configurations for 1µs runs at 283K to obtain initially

disordered starting states.

4.3.3.1 Monolayers Containing Cholesterol

The DPPC/Cholesterol monolayers are quenched and heated from the disordered

and ordered starting states to temperatures between 338K and 283K, in 5K inter-

vals. In Figure 4.7 snapshots are shown at selected temperatures with corresponding

radial distribution functions (RDFs) showing the distribution between cholesterol

molecules and disordered C2 sites (blue), ordered C2 sites (green), and other choles-

terol molecules (red). After the monolayer is quenched to 323K (Figure 4.7(a) and

4.7(b)) the monolayer remains mostly disordered, with small patches on LC phase. If

the temperature is reduced to 303K (Figure 4.7(c) and 4.7(d)) the monolayer orders,

but small patches of LE phase remain. After the monolayer is heated from an or-

dered starting state to 303K (Figure 4.7(e) and 4.7(f)) the monolayer remains mostly

ordered with only a small patch of LE phase and some scattered disordered sites. At

328K (Figure 4.7(g) and 4.7(h)) the monolayer disorders, but patches of LC phase

remain. Our simulations show that cholesterol packs well within the LC phase, and

does not perturb the packing of the surrounding lipids (Figure 4.7(c) and 4.7(e)).

Cholesterol also prefers to reside either in the LC phase, or at the interface between

the LC and LE phase. Even when there is a larger amount of LE phase present,

cholesterol is rarely surrounded entirely by disordered lipids, but instead tends to
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reside at the interface between ordered and disordered lipids. Cholesterol’s apparent

preference for the ordered phase could be an artifact of the instantaneous cooling and

the short time-scale of simulation, which could cause cholesterol to become trapped

in the ordered phase. However, cholesterol shows a clear preference for the interface

over the disordered phase.

The RDFs reinforce the observed preference of cholesterol to reside at the inter-

face. The RDFs obtained from the disordered monolayers (Figure 4.7(b) and 4.7(h))

demonstrate a stronger association of cholesterol with the ordered sites than with

the disordered sites, as evident from the magnitude of the first peaks in the radial

distribution functions. In contrast the RDFs corresponding to ordered monolayers

(Figure 4.7(d) and 4.7(f)) demonstrate a stronger association of cholesterol with the

disordered sites than with the ordered sites, as evident from the magnitude of the

first peaks. The stronger association of cholesterol with disordered sites in a mostly

ordered monolayer and with ordered sites in a mostly disordered monolayer reflects

cholesterol’s preference for the interface. In the disordered monolayers (Figure 4.7(b)

and 4.7(h)) the first peak in the cholesterol-cholesterol distribution is very weak,

showing that cholesterol does not associate strongly with itself. In the ordered mono-

layers (Figure 4.7(d) and 4.7(f)) the self-association increases, but remains relatively

weak. The RDFs also show little structural difference between the two disordered

monolayers (Figure 4.7(b) and 4.7(h)). Likewise, little structural difference is seen

between the order monolayers (Figure 4.7(d) and 4.7(f)). The RDFs of the ordered

monolayers show long-range order. The RDFs for the disordered monolayers show a

few well-defined peaks indicating some short-range order resulting from small patches

of condensed phase.
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Figure 4.7: LC-LE phase transitions in DPPC monolayers containing cholesterol. An
initially disordered monolayer (338K) is quenched to 323K (a and b) and
303K (c and d) . An initially ordered monolayer (288K) is heated to
303K (e and f) and 328K (g and h). In the snapshots (a,c,e,g) ordered
sites are green, disordered sites are blue, and cholesterol is red. In the
radial distribution functions (b,d,f,h) the cholesterol-ordered, cholesterol-
disordered, and cholesterol-cholesterol distributions are shown in green,
blue, and red, respectively.

4.3.3.2 Monolayers Containing POPC

The LC-LE phase transition was also studied for 1:1 DPPC:POPC monolayers.

Each C2 site (from either DPPC or POPC) was included in the packing analysis.

The 1:1 DPPC:POPC monolayers are quenched and heated from the disordered and

ordered starting states to temperatures between 338K and 283K, in 5K intervals.
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After the initially disordered monolayer is quenched from 338K to 293K (Figure

4.8(a)), the monolayer remains mostly disordered with small patches on LC phase.

When the ordered monolayer is quenched further to 288K (Figure 4.8(b)), the mono-

layer orders and only a single patch of LE phase remains. The LC phase consists

of both DPPC and POPC, in similar proportions. We do not observe substantial

enrichment of either component in the LE (or conversely LC) phase. After the ini-

tially ordered monolayer is heated from 283K to 293K (Figure 4.8(c)), the monolayer

remains mostly ordered there are still substantial patches of LE phase present. If the

temperature is increased to 298K (Figure 4.8(d)), the monolayer disorders and only

small patches of LC phase (containing both DPPC and POPC) remain.

From the snapshots in Figure 4.8 it is clear that the 1:1DPPC-POPC monolayers

undergo the LC-LE phase transition at much lower temperatures than the pure DPPC

monolayers, with the monolayer remaining disordered at temperatures as low as 293K.

We did not observe any segregation of the DPPC and POPC within the LE phase. It

appears that in monolayers of 1:1 DPPC:POPC there are too many POPC molecules

spread evenly throughout the monolayer to allow the DPPC molecules to nucleate a

condensed phase region at temperatures above the point where POPC is also able to

form a condensed phase.

Within the LC phase some separation between the two components is evident,

the saturated (green) and unsaturated (red) components cluster together, but do not

completely demix (Figures 4.8(b) and 4.8(c)). In contrast the LE always remains

well mixed (not shown). In Figure 4.8(e-g) RDFs are given for an initially ordered

monolayer quenched to 283K (corresponding to the system shown in Figure 4.8(b)).

The DPPC-DPPC (e), POPC-POPC (f), and DPPC-POPC (g) RDFs are presented.

The height of the first peak is bigger in the DPPC-DPPC and POPC-POPC RDFs

then in the DPPC-POPC RDF, indicating a closer association of DPPC and POPC

with themselves than with each other. The RDFs are averaged over five time intervals:
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Figure 4.8: LC-LE phase transitions in 1:1 DPPC:POPC monolayers. An initially
disordered monolayer (338K) is quenched to (a) 293K and (b) 283K. An
initially ordered monolayer (283K) is heated to (c) 293K and (d) 298K.
In the LC phase the C2 sites of DPPC molecules are shown in green,
and the C2 sites of the POPC molecules are shown in red. The entire
(both POPC and DPPC) LE phase is shown in blue. Radial distribution
functions are also shown for DPPC-DPPC (e), POPC-POPC (f), and
DPPC-POPC (g). The RDFs are averaged from 0-10ns (blue), 10-50ns
(green), 50-100ns (yellow), 150-200ns (red), and 900-1000ns (black).

0-10ns (blue), 10-50ns (green), 50-100ns (yellow), 150-200ns (red), and 900-1000ns

(black). In all of the RDFs, there is a clear increase in order and in the height of

the first peak at later times compared to the first time interval (0-10ns). However,

there is a negligible difference between the RDFs at later times. Therefore after the
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first 10ns, the DPPC and POPC domains do not show significant coarsening over the

length of the simulation.

A larger system size simulation containing 1024 lipids per monolayer was run

at 283K to see if coarsening can be seen in segregated DPPC and POPC domains

within the LC phase. However, after 1µs of simulation significant coarsening is not

evident. Longer simulation times will be required to see if coarsening can be observed.

However, once the condense phase forms the lipids are relatively immobile; it is

therefore unclear if coarsening will be seen.

4.3.4 Hysteresis Loops

For each simulation, the percentage of hexagonal packing was averaged between

500ns and 1µs and graphed versus temperature in order to obtain hysteresis loops.

The hysteresis loop obtained for the DPPC monolayer is compared to the hysteresis

loops obtained for DPPC/cholesterol (a), DPPC/POPC (b), and DPPC/SP-B1−25

(c) monolayers.

In the pure DPPC monolayers we observe phase transitons between 303K and

323K. This range of temperatures, which agrees well with the experimental main

phase transition temperature for DPPC bilayers of 314K [48]. In the pure DPPC

monolayers the originally disordered system orders between 308-303K and the orig-

inally ordered system becomes disordered between 318-323K. This hysteresis is not

surprising since the formation of liquid condensed domains is very similar to crys-

tallization, and involves a nucleation process [7]. Furthermore the kinetics of the

order-disorder phase transition are known to have strong dependence on cooling and

heating rates. Marrink et al. also observed significant hysteresis between melting and

freezing transition temperatures for coarse-grained DPPC bilayers [7]. They suggest

that the condensed phase can remain stable well past its transition temperature due

to kinetic trapping.
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Figure 4.9: Hysteresis loops. Hysteresis loops showing the change in the percent-
age of hexagonally packed phospholipid C2 tail sites versus temperature
for monolayers composed of DPPC (black circles) and monolayers com-
posed binary mixtures of DPPC with another lipid or peptide component
(red squares). The binary mixtures consist of: DPPC/cholesterol (a),
DPPC/POPC (b), and DPPC/SP-B1−25 (c).The error bars shown rep-
resent the standard deviation in the percentage of hexagonal packing at
each point.

In Figure 4.9(a) the disordered region of the hysteresis loop becomes more or-

dered upon the addition of cholesterol, leading to a shift in the disordered side of

the hysteresis loop. This suggests that the DPPC-cholesterol mixture is displaying a

phase of intermediate order, which could be the liquid-disordered (Ld) phase. There

is no significant difference between the ordered side of the hysteresis loops for DPPC

and DPPC/cholesterol. In addition, the hysteresis loop has shifted up slightly, sug-

gesting that the addition of cholesterol has resulted in an increase in the transition

temperature, and stabilization of the ordered phase.

In Figure 4.9(b) the addition of POPC to DPPC monolayers to create a ran-

domly mixed 1:1 monolayer, leads to a substantial drop in the hysteresis loop to

lower temperatures. This is to be expected, because unsaturated phospholipids have

low transition temperatures in comparison to saturated phospholipids. The presence

of POPC spread throughout the monolayer prohibits the DPPC condensed phase

domains from nucleating at higher temperatures on the length and time scales of

the simulations reported here. Also, once the ordered phase forms, there is a larger
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amount of LE phase remaining in the 1:1 DPPC:POPC monolayers than in the pure

DPPC monolayers as evident by the shift in the ordered side of the hysteresis loop to

lower percentages of hexagonal packing. Yet, the disordered phase was not observed

to be substantially enriched in either component.

From Figure 4.9(b), it is evident that the DPPC monolayers display a substantial

amount of hysteresis, which is decreased by the addition of a second component.

While the addition of cholesterol or POPC decreases the hysteresis loop, the addition

of SP-B1−25 abolishes the hysteresis loop altogether. SP-B1−25 nucleates disorder

causing the disappearance of the ordered side of the hysteresis loop (Figure 4.9(c)).

4.3.5 Nucleation and Growth and Fluctuations in Packing

The 1µs simulations of DPPC monolayers lead to a large amount of hysteresis,

with the LC-LE phase transition occurring between 303K and 323K. To obtain a

better approximation of the true transition temperature of our DPPC monolayers,

several simulations were run where ordered and disordered monolayers were merged

together as described in the discussion methods section. In short, two systems were

constructed, Merge1 and Merge2. To attain the proper alignment between the ordered

and disordered systems, the disordered monolayer was condensed by 0.7nm in the y-

direction in Merge1 and in Merge2 the width of ordered box was increased by 0.7nm in

the y-direction. The starting configuration for Merge2 is shown in Figure 4.10(a). The

starting configuration for Merge1 (not shown) is visually similar to the configuration

shown for Merge2. The extra space along the edge of the box in Merge2 leads to the

disordering of the lipids along the edge of the box, which causes the size of the LC

domain to shrink, (see Figure 4.10(b)).

The construction of Merge1 and Merge2 established two systems with a well-

defined front between the ordered and disordered phases, making them ideal systems

for the study of the nucleation and growth of LC phase and also the melting of the
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LC phase. Our simulations show a nucleation and growth mechanism similar to that

reported by Marrink and co-workers in their simulations of DPPC bilayers [7]. The

LC phase domains are observed to fluctuate, shrinking and growing in size. At some

point a critical nucleus is obtained and the ordered phase continues to spread. After

the ordered phase propagates some disordered lipids become entrapped. Further

ordering is slow and defects are long lived. Defect free monolayers are not observed

over the coarse of our 1µs simulations.

For example, the simulation of Merge2 at 310K is shown in Figure 4.10 (a-f).

Once the simulation is started, the size of the LC phase domain quickly shrinks

(Figure 4.10(b)) due to disordering of the lipids along the edge of the box where

extra space was introduced. The ordered phase then begins to re-grow, and after

40ns (Figure 4.10(d)) the ordered box has reordered and the ordered phase begins to

spread into the initially disordered box. After 60ns (Figure 4.10(e)) the ordered phase

has propagated across the entire box and an LE phase domain becomes entrapped.

After 100ns (Figure 4.10(f)) of simulation a small LE phase domain is still entrapped

within the condensed phase and additional defects are also present in the LC phase

packing.

Simulations were also run at 308K, 313K, and 318K for both Merge1 and Merge2

monolayers and at 315K for Merge1 monolayers. At 308K the monolayers in both

Merge1 and Merge2 order, at 318K the monolayers in both Merge1 and Merge2 dis-

order, and at 313K the monolayers in Merge1 order but the monolayers in Merge2

disorder. The fact that Merge1 orders at 313K and Merge2 does not suggests that

the critical nucleus is attained in Merge1 and not in Merge2. The disruption of the

packing along the edge of the box in Merge2 likely causes the LC domain size to

shrink below the critical nucleus size.

At 315K the ordered region of Merge1 began to grow into the disordered box

(Figure 4.10(g)), but then shifted so that roughly half of the disordered box became
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ordered and roughly half of the ordered box disordered (Figure 4.10(h)). Packing

fluctuations were evident, but the relative amount of LE and LC phase did not change

significantly for the remainder of the simulation (Figure 4.10(i)) suggesting that the

coexistence of the condensed and expanded phase is stable on the time-scale of this

simulation. These results suggest that the true transition temperature lies between

310K and 318K. Furthermore, the behavior observed at 313K and 315K suggests that

these simulations are in close proximity to the actual transition temperature.

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure 4.10: Nucleation and growth of the LC phase. The C2 tail beads of the ordered
lipids are shown in green and the C2 tail beads of the disordered lipids
are shown in blue. The starting configuration for Merge2 simulations is
shown (a). Snapshots from the simulation of Merge2 at 310K are shown
after 0ns (a), 2ns (b), 20ns (c), 40ns (d), 60ns (e), and 100ns (f) of
simulation time. Snapshots from the simulation of Merge1 at 315K are
shown after 14ns (g), 60ns (h), and 100ns (i) of simulation time.
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In the reverse process disorder originates from a defect in the monolayer such as a

disordered patch of lipids around a peptide or near the edge of the box, where extra

space was inserted into Merge2. The LE phase grows at the cost of the LC phase

domain, which shrinks and eventually disappears. As shown in Figure 4.9(c), the

SP-B1−25 molecules are observed to nucleate disorder in the monolayer leading to the

collapse of the hysteresis onto the disordered side of the hysteresis loop. This behavior

may result from the high concentration of SP-B1−25 in our simulations, which could

prevent the formation of a critical nucleus.

To quantify the persistent changes in packing caused by instantaneous domain

patterns, we graphed the percentage of hexagonally packed sites versus simulation

time (Figure 4.11). Both the top (red) and bottom (black) monolayers are shown.

The fluctuations in hexagonal packing typically fall in the range of ±2-5%. The error

bars reported in Figure 4.9 give the standard deviation in the percentage of hexagonal

packing for DPPC, DPPC/cholesterol, DPPC/POPC, and DPPC/SP-B1−25 mono-

layers. These error bars thus reflect the magnitude of the fluctuations. From the size

of the error bars and from Figure 4.11 it is apparent that the fluctuations are a little

bit larger in the disordered monolayers than in the ordered monolayers. Also, the

fluctuations seen in the monolayers of pure DPPC do not differ greatly from those

seen in monolayers composed of DPPC with cholesterol, POPC, or SP-B1−25. How-

ever, the addition of a second component does result in slightly larger fluctuations in

the LC phase monolayers. The magnitude of the fluctuations also increases slightly as

the temperatures approach the transition temperature on either side of the hysteresis

loop.

In most of our simulations, phase transitions occur within the first 500ns of simu-

lation. However, the monolayers are meta-stable, and long simulation times increase

the probability of the development of a critical nucleus. Therefore, the size of the

hysteresis loop is a function of simulation time. For DPPC monolayers at 323K the
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transition from LC to LE phase occurs after 700ns of simulation time, as shown in

Figure 4.11. Both the top and bottom monolayers undergo the transition at the same

time.
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Figure 4.11: Packing fluctuations. Characteristic packing fluctuations are shown here
for pure DPPC monolayers heated from an initially ordered state (283K)
to 323K. Both the top (red) and bottom (black) monolayers are shown.
The fluctuations shown here are similar to those seen in all of our simula-
tions, which vary slightly in magnitude. Most of our simulations, which
are observed to undergo a phase transition, undergo the transition be-
fore 500ns of simulation time. However, phase transitions can occur at
later times as shown here.

The fluctuations observed in our simulations are analogous to hetero-phase fluc-

tuations in lipid bilayers near the main transition temperature, which are discussed

elsewhere [7]. Using multi-state computer models, Mouritsen et al. [5, 240] found

that thermally induced density fluctuations led to inhomogeneous micro-states and

instantaneous lipid domain patterns in monolayers. Mouritsen et al. [240] attribute

the slow relaxation process to stabilization of the domain interfaces by intermedi-

ate conformational states, which lower the interfacial tension, analogous to softening

observed in lipid bilayers.
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4.3.6 System Size Effects and Simulation Time

As discussed in chapters 1 and 2, system size and simulation time artifacts should

be carefully considered. This is especially true when phase transitions are involved.

Simulating a biphasic system raises additional concerns about artifacts. When the box

is split between phases each domain is further limited in size. Also short simulation

time-scales will be associated with kinetic effects. Kinetic effects are also present in

experiment (although to a lesser degree) as discussed in chapter 1 and the appendix.

When simulating dynamic events the results are subject to kinetic factors. It is

unclear what effect system size and simulation time may have on the evolution of

the phase distribution. For instance, given long enough simulation times domain

coarsening may occur with in LC phase of the CG 1:1 DPPC:POPC monolayer.

Hysteresis is expected to decrease substantially given much longer simulation times or

a much larger system size. Previous CG-MD simulations of the gel to liquid-crystalline

phase transitions in DPPC bilayers have shown that the hysteresis observed in the

freezing and melting transitions depends on both system size and time-scale [7]. In

chapter 1, we have shown that increasing the system size decreases the hysteresis

loop slightly. Furthermore, a comparison of hysteresis loops obtained from 1µs and

100ns simulations of DPPC monolayers reveal a substantial change in the amount of

hysteresis.

The system size and time scales required to attain an equilibrium distribution

of LC and LE phase are much larger than that currently accessible by molecular

simulation. Although CG simulation is still limited by system size and simulation

time effects, it allows observation of dynamic phase transitions on time and length

scales not accessible by atomistic simulation.
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Figure 4.12: Longer simulation times lead to decreased hysteresis in pure DPPC
monolayers.

4.4 Summary

Using the MARTINI model, we were able to successfully simulate LC-LE phase

transitions in monolayers containing DPPC and additional lipid or peptide compo-

nents. Our analysis of DPPC monolayers suggests that the LC phase forms via a

nucleation and growth mechanism analogous to that observed in lipid bilayers. In

the reverse process, the melting of the LC phase is observed to originate at defects

in the monolayer. In addition, our snapshots of the phase distributions, hysteresis

loops, and radial distribution functions have lead to a number of interesting obser-

vations about the phase behavior of binary mixtures containing DPPC. Both POPC

and SP-B1−25 are found to fluidize the monolayer. In correlation with experiment

observations SP-B1−25 is found to reside in the LE phase of the monolayer. SP-

B1−25 is also observed to perturb the packing of the surrounding lipids leading to

local fluidization of the monolayer. The presence of POPC spread throughout the

monolayer prohibits the DPPC condensed phase domains from nucleating at higher

temperatures. At low temperatures both POPC and DPPC condense. The segrega-
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tion of the two lipids is observed in the condensed phase, but not in the expanded

phase. The DPPC-cholesterol monolayers are found to displaying a phase of interme-

diate order, which could be the liquid-disordered (Ld) phase. The hysteresis loop for

DPPC-cholesterol monolayers is shifted up slightly compared to the hysteresis loop

for pure DPPC, suggesting that the addition of cholesterol has resulted in an increase

in the transition temperature and stabilization of the condensed phase. Cholesterol

is also observed to show a preference for the interface between the ordered and disor-

dered lipids, in agreement with experimental observations. It is evident that DPPC

displays a substantial amount of hysteresis, which is decreased by the addition of a

second component. While the addition of cholesterol or POPC decreases the hystere-

sis loop, the addition of SP-B1−25 abolishes the hysteresis loop altogether. SP-B1−25

nucleates disorder causing the disappearance of the ordered side of the hysteresis loop.

These results suggest that the presence of impurities in the monolayer (such as SP-

B1−25) may prevent the formation of a critical nucleus. These results illustrate that

coarse-grained molecular dynamics simulation is a powerful tool for making qualita-

tive observations of the dynamic phase behavior of lipid and lipid-peptide monolayers

on a length-scales not accessible by experimental methods or atomistic simulation.
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CHAPTER V

Summary and Future Work

In this doctoral work we have applied CG-MD simulation to the study of model

lung surfactant mixtures consisting of DPPC and other lipid and peptide compo-

nents. We utilize the MARTINI coarse-grained force field to simulate monolayers con-

taining pure dipalmitoylphosphatidylcholine (DPPC) and DPPC mixed with palmi-

toyloleoylphosphatidylglycerol (POPG), palmitoyloleoylphosphatidylcholine (POPC)

palmitic acid (PA), cholesterol, or peptides. The peptides considered include the 25-

residue N-terminal fragment of SP-B (SP-B1−25), SP-C, and several SP-B1−25 mu-

tants.

The study of experimental and simulated pure DPPC pressure-area isotherms

revealed a large amount of variability between experimental isotherms, and a reason-

able reproduction of basic features of experimental isotherms by molecular dynamics

simulation. Both coarse grained (CG) and an atomistic models yield results that

are in rough agreement with some of the experimental isotherms, but with a steeper

slope in the liquid-condensed (LC) region than seen experimentally and shifted to

larger areas. The use of the MARTINI CG lipid model leads to a great increase

in computational efficency and predicts pressure-area isotherm that are impressively

close to those of atomistic simulations. There is much more variation among exper-

imental isotherms than between isotherms obtained from CG simulations and from
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the most refined simulation available. Both atomistic and CG simulations yield LC

and liquid-expanded (LE) phase area compressibility moduli that are significantly

larger than those typically measured experimentally, but compare well with some

experimental values obtained under rapid compression. We find that the dynamic

area compressibility modulus increases as the compression rate increases. PO4-PO4,

PO4-NC3, and NC3-NC3 radial distribution functions (RDFs) show little difference

between the LC and LE phases, while C2-C2 distributions show a significant decrease

in tail order as the monolayer is expanded, indicating that the structure of the DPPC

headgroups is affected much less by the phase transition than is the structure of the

DPPC tails. Furthermore, P-N tilt angle distributions obtained from our atomistic

and coarse grained simulations give an average P-N orientation that is parallel to

the interface and is not significantly affected by the LC-LE phase transition. In ac-

cord with experimental observations, this provides further evidence that the DPPC

headgroup region is not strongly affected by the transition from LC to LE phase.

To explore the role of lung surfactant proteins SP-B and SP-C in storing and

redelivering lipid from lipid monolayers during the compression and re-expansion oc-

curring in lungs during breathing, we simulated the folding of lipid monolayers with

and without these proteins. We have identified two mechanisms by which monolayer

folding can occur, namely (1) through the growth of undulations and (2) by nucle-

ation around a defect. The first mechanism is observed in monolayers containing

either POPG or peptides, while the second mechanism is observed only with peptides

present, and involves the lipid-mediated aggregation of the peptides into a defect,

from which the fold can nucleate. The occurrence of folding depends on monolayer

fluidity and can be correlated directly with the carbon deuterium order parameter

of the lipid tails. We find in our simulations, under small negative surface tension,

that folding occurs when the average order parameter is less than 0.331. Unsaturated

phospholipids (POPG) and surfactant proteins (SP-B and SP-C) fluidize the mono-
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layer, while palmitic acid (PA) displays a charge-dependent condensing affect. The

extent to which the peptides fluidize the monolayer, and thus enable folding, depends

on the hydrophobic character of the peptides. The peptides appear to provide a larger

driving force for folding than does POPG, allowing fold formation to occur for peptide

containing monolayers under conditions for which it does not occur in the presence of

POPG alone. In addition, the formation of a lipid bridge by peptide-mediated fusion

and the ensuing redistribution between monolayers upon re-expansion demonstrate

the fusogenic abilities of the peptides and their role in surface refining.

To explore the effects of lipid on protein components on the phase behavior of the

monolayer (and thus the mechanical properties of the monolayer) we obtained hys-

teresis loops for monolayers composed of DPPC, DPPC/POPC, DPPC/Cholesterol,

and DPPC/SP-B1−25. The study of LC-LE phase transitions revealed that POPC

significantly lowers the phase transition temperature. At low temperatures, 1:1

DPPC:POPC are observed to form a LC phase containing segregated domains of

DPPC and POPC. However, segregation of the two components is not observed in

the LE phase, which prevents the formation of LC phase domains at temperatures at

or above 298K, well below the hysteresis loop (303K-323K) of our simulated DPPC

monolayers. Cholesterol packs at the interface between ordered and disordered lipids

and has an ordering effect on the disordered side of the hysteresis loop leading to

a region of intermediate order. These observations are in agreement with experi-

mental observations and theories regarding the phase behavior of multicomponent

lipid mixtures. Unsaturated lipids such as POPC are known to have a lower transi-

tion temperature than saturated lipids such as DPPC. The addition of cholesterol to

phospholipid monolayers has been proposed to lead to the formation of intermediate

liquid ordered (Lo) and liquid disordered (Ld) phases. We also find that SP-B1−25

nucleates disorder in the monolayer leading to the disappearance of the ordered side

of the hysteresis loop. This observation suggests that this peptide could act as a de-
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fect in the monolayer overcoming kinetic barriers to phase and structural transitions.

The formation of the LC phase was observed to occur by a nucleation and growth

mechanism similar to that reported for phospholipid bilayers. The addition of SP-

B1−25 to the monolayer could prevent the development of a critical nucleus leading

to the disappearance of the ordered side of the hysteresis loop.

This work also illustrates some of the limitations associated with use of the MAR-

TINI coarse-grained model to simulate phopholipid membranes. Although in general

the MARTINI model does do an excellent job of reproducing the behavior of the

molecules, it is not able to capture some details due to its coarse-grained nature. For

instance some of the changes apparent in atomistic RDF functions, are not apparent

in the CG counterparts. Furthermore, the MARTINI model allows long simulation

times and larger system sizes to be obtained, but is still subject to system size and

simulation time artifacts. For instance, values of area compressibility modulus ob-

tained for both coarse grained and atomistic simulations overestimate those typically

obtained from experiments, although the disagreement diminishes somewhat as sim-

ulation box size increases. Thus, it is conceivable that a simulation of a macroscopic

system size could produce moduli within the range of typical experimental values.

Furthermore, experimental isotherms tend to show higher moduli when obtained by

more rapid compression, which might also help explain the relatively high moduli ob-

tained from simulations, which are obtained under very rapid compressions compared

to typical experiments. We also find that although CG and atomistic isotherms for

DPPC agree very well with one another, both are shifted to higher areas/lipid than

experimental ones and do not exhibit the correct shape.

Despite limitations, the MARTINI coarse-grained model can be used to answer a

number of physiologically relevant questions about the behavior of lipid and lipid/peptide

membranes. Simple coarse grained models, such as the MARTINI model, are pow-

erful tools for studying such systems, on length and time scales that are difficult or
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impossible to obtain using atomistic simulation. CG simulation is a valuable tool for

studying the structural transitions of lipid/peptide films and can be used to identify

pertinent interactions that may act as driving forces for these transitions. Our re-

sults show that the MARTINI model can capture qualitatively the effects of lipid and

protein components on the fluidity and collapse behavior of the monolayer in good

agreement with experimental observations. Additionally, the phase behavior observed

in binary mixtures of DPPC with additional lipid and peptide components is in qual-

itative agreement with experimental observations and theoretical predictions. Using

the MARTINI model, we were also able to quickly obtain compression and expansion

isotherms for DPPC at five different temperatures and visualize the changes in pack-

ing from hexagonal to disordered as the DPPC monolayer underwent a phase change

from the liquid-condensed (LC) to the liquid-expanded (LE) state. These fast and

simple simulations provide a tool that can be used in conjunction with experimental

observations, in order to better understand the complex mechanisms involved in lung

surfactant function and other biological phenomena occurring at the membrane level.

There is a lot more that can be done to study the phase behavior of model lung

surfactant mixtures. A few consideration should be taken into account in the design of

future simulations. First, the model used in the current work does not account for the

tilt seen in the phospholipid tails in the tilted condensed (TC) phase. Since, DPPC is

observed to form the TC phase, a through analysis of the phase behavior of this system

should also consider lipid tail tilt. By altering the relative head to tail group bead

size, the tilted phase of DPPC can be simulated. Therefore, simulations containing

this modified CG model of DPPC could address TC-LE phase behavior in mixed

lipid and lipid-protein monolayers. Furthermore, as computational power increases,

the simulation of larger systems becomes more cost effective. Future work should

focus on larger system sizes, to reduce the system size effects. Biphasic systems are

especially prone to system size artifacts. Therefore, additional measures to assess the
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limitations of our CG simulations, would also add value. For example, the calculation

of line tension between the LC and LE phases would help to assess the finite size effects

in biphasic systems. Also, the hysteresis loops reported here show changes in packing

with respect to temperature. Hysteresis loops could also be obtained with respect to

pressure, which would allow more direct comparison with experimental pressure-area

isotherms. Keeping this in mind, there are few particularly interesting ideas that

could be addressed.

The study of ternary mixtures containing peptides is of great interest since the full

functionality of lipid and fatty acid components is not realized in the absence of LS

proteins, and surfactant proteins are thought to interact selectively with some lipid

components. For example, electrostatic interactions between SP-B/C and anionic

lipids have been suggested to dominate the association of the peptides with the lipid

monolayer [241]. The effect of SP-B on phospholipids films is also more pronounced in

films containing DPPG than those of pure DPPC [209]. Several experimental papers

including [48] suggest that SP-B interacts preferentially with anionic phospholipids

leading to the higher localized concentrations of anionic phospholipids. This has

substantial consequences for monolayer collapse and the preferential interaction be-

tween SP-B and anionic phospholipids is commonly used as an argument in support

of squeeze-out theory, which suggests that at high surface pressures the surface film

becomes enriched in DPPC by the selective squeeze-out of other components, such as

anionic phospholipids. Therefore, the simulation of anionic phospholipid/DPPC/SP-

B monolayers is of particular interest. Preliminary simulations of CG DPPC/DPPG

mixed monolayers containing SP-B1−25 accurately show stronger interaction between

SP-B1−25 and the head groups of DPPG over those of DPPC (unpublished work).

Several experimental studies including [177] have shown that the addition of calcium

to the subphase, leads to electrostatic interactions, which support the phase segre-

gation of acidic lipids. One might consider adding cations such as calcium to the
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subphase in mixed lipid simulations containing neutral and anionic lipids, to promote

phase separation between each component. Additionally, the study of phase behavior

in tertiary mixtures containing SP-C would provide an interesting contrast to mix-

tures containing SP-B, and could offer some insight into the specific roles of each

peptide.

Another component of particular interest is PA. Although, PA is not a signifi-

cant fraction of natural lung surfactant and is commonly added to lung surfactant

replacements to enhance stability. Palmitic acid and DPPC form stable crystalline

monolayer phases a lower temperatures than pure DPPC monolayers [176]. Addi-

tionally, mixtures of SP-B and PA display interesting phase behavior. A low line

tension between fluid and condensed phases in PA/SP-B mixtures results in the for-

mation of stripe phases. The formation of stripe phases is suspected to involve protein

conformational changes induced by pressure and lipid environment [158].

The concentration dependence of the phase behavior should be tested. For ex-

ample, our 1:1 DPPC:POPC monolayers do not show the independent nucleation of

DPPC LC domains, however such behavior is conceivable for lower concentrations of

POPC. Binary mixtures containing cholesterol are also known to display concentra-

tion dependent phase behavior. Additionally, our simulations suggest that peptide

may preventing the formation of the critical nucleus. Therefore, it would be interest-

ing to see if a critical nucleus can form at lower peptide concentrations. Furthermore,

a more detailed study of the nucleation and growth of the condensed phase would be

of great value. In particular the temperature dependence of the critical nucleus can

be examined to determine the line tension, as done previously for CG DPPC bilayers

[7].

Packing analysis and visual observation of mixed lipid and lipid/peptide mono-

layers provide great qualitative insight, however additional modes of comparison add

value to the study of the component effects in the LC-LE coexistence region. For in-

152



stance, SP-B and SP-C have also been found to reduce the mobility of phospholipids

chains especially in the fluid phase [156]. Measurements of lateral mobility could

show whether CG simulations reproduce this experimental trend. Measurements of

viscosity could also provide further insight. Alonso et al. [176] discuss the calculation

of critical solid phase fraction (Ac). The critical solid phase fraction is the fraction of

condensed domains at which solid domains jam into each other and viscosity diverges.

Near Ac small changes in fluid/solid ratio can lead to large changes in viscosity [176].

It is unclear of such a critical solid phase fractions can be identified through CG-MD

simulations, especially because of kinetic artifacts attributed largely to system size

limitations.

In addition to the above-mentioned ideas for further study of phase behavior,

collapse transitions are compelling and remain ill understood. Further work in the

simulation of these transitions could provide better insight into the mechanics of

these transitions. Collapse transitions are a multi-scale phenomena, and therefore a

multi-scale simulation approach would be ideal. Our work on the study of collapse

transitions has been largely qualitative. A look at more of the nitty-gritty details

involved would certainly add depth. For example, radial distribution functions could

reveal favored associations between lipid and peptide components and between the

peptides themselves, during the folding process.
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APPENDIX A

A Review of the Factors Leading to Variability

Among Experimental Pressure-Area Isotherms.

A.1 Overview

It is evident that the phase behavior of DPPC (dipalmitoylphoshatidylcholine) is a

complex matter that is not well understood and that, furthermore, interpretations of

phase behavior drawn from the features of experimental isotherms vary and sometimes

contradict each other. This illustrates the need for a better understanding of the

factors affecting the shape of experimental isotherms. Trends in the pressure-area

isotherms caused by compression rate, pH, ionic strength, spreading solvent, and

geometry and type of apparatus are addressed in some detail below. First, however,

a discussion of monolayer collapse is presented.

A.1.1 Monolayer Collapse

DPPC isotherms compressed to high dynamic surface pressure, but not to the

point of collapse, exhibit a small degree of hysteresis, with a slight increase in hystere-

sis occurring with an increase in maximum surface pressure [96, 242]. This hysteresis

can be attributed to a relaxation process associated with surface rearrangement and

possibly partial ejection of DPPC from the monolayer. On the other hand, DPPC
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isotherms compressed past collapse exhibit much greater hysteresis due to the poor

respreadibility of DPPC [96, 133, 242]. The irreversible loss of material from the

surface film causes subsequent isotherms to be displaced to the left (lower areas) due

to substantial material loss upon collapse, with DPPC respreading more poorly at

body temp (310.15K) than at room temp (296.15K) [243]. Gladston and Shah [133]

observed an increase in hysteresis for DPPC monolayers compressed beyond their lim-

iting area, due to material loss from the film and possible entrance of the subphase

solution into gaps in the monolayer left by the ejection of lipids into the collapse

phase. Taneva and Keough [242] found that films spread from low initial concen-

trations exhibited a greater degree of respreadibilty than those spread from surface

excess conditions. The reason for this is unknown; however they have proposed that

the different initial conditions could result in differences in the three dimensional

collapse phase structures.

X-ray diffraction studies have indicated that in a crystalline state 18.5Å2 is the

minimum area that a single palmitoyl tail can occupy, giving a limiting area of

37Å2/molecule for the two-tailed DPPC lipid [244]. However, the limiting area of

a monolayer film is expected to be larger than that of the crystalline state [245], and

the results of Hauser [89] suggest a limiting area of 39Å2/molecule. Furthermore,

the space required by the head group of phosphatidylcholine (50Å2) is substantially

larger than that required by the acyl chains [86] so that in the lamellar gel phase, the

chains tilt to accommodate the larger head group area and in crystals the headgroups

are displaced in an overlapping fashion to accommodate even lower areas [86, 89].

According to Keough [246] in DPPC monolayers no solid states can be formed

above the main transition temperature for DPPC bilayers (314.15-315.15K). Monolay-

ers below this temperature can be compressed into meta-stable high-pressure states.

However, for monolayers above this temperature the highest surface pressure that can

be reached is around 60mN/m. Therefore the main phase transition temperature for

156



the bilayer is taken to be the critical temperature above which no solid state can be

formed [247].

In their x-ray diffraction and fluorescence microscopy study, Kjaer et al. [248]

report decoupling of translational and orientational ordering in phospholipid mono-

layers, and the appearance of a kink in the isotherm, representing the transition from

the liquid-condensed phase to the solid phase. Watkins [119] observed an inflection

point at around 46Å2/molecule in the pressure-area isotherm of DPPC at 298.15K.

They suggested that this inflection point corresponds to a conformational change of

the polar head group from a co-planer form to a fully extended co-axial form, which is

neutralized by the penetration of subphase counter-ions (Na+ and Cl-) into the zwit-

terionic head group region. In contrast, many other authors interpret the observed

inflection at high surface pressures not as a phase transition from a condensed to a

solid phase, but as the onset of partial film collapse [111, 115, 133, 236, 249]. Using

a Wilhelmy surface balance, Gladston and Shah [133] obtained an isotherm with an

inflection point at 44mN/m, with a corresponding area of 42.5Å2/molecule. They

suggest that the inflection point represents the point of monomolecular collapse, and

that DPPC films compressed past surface pressures of 44mN/m have been compressed

beyond their limiting area, and are therefore not monomolecular. Instead these films

are unstable and collapsing, with some molecules displaced from the surface film.

Clements and Tierney [250] observed a small collapse area, with a collapse plateau

at 65mN/m and 35 Å2/molecule. They observed no inflection point, and the plateau

at 65mN/m was considered the true point of collapse. In addition to the inflec-

tion point at 44mN/m, Gladston and Shah [133] observed a plateau at 67mN/m and

30Å2/molecule. They suggested that such a small area indicates that DPPC films cant

be monomolecular at high surface pressures. However, the minimum areas, before a

collapse plateau, of most dynamic DPPC isotherms are greater than limiting molec-

ular area of DPPC, suggesting that the meta-stable high-pressure states are in fact
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monomolecular. The findings of Gladston and Shah [133] and of Clements and Tierney

[250] are open to question, because they reported minimum areas of 30Å2/molecule

and 35Å2/molecule, respectively, which are lower than the crystallographic areas.

Such small areas could be experimental artifacts caused by film leakage, which could

lead to misinterpretation of the actual point of collapse and the film stability.

The results of Wüstneck et al. [121] also exhibit a collapse plateau at areas

significantly less than the limiting geometrical surface area of the alkyl chains. They

suggest that in order to reach the highest surface pressure (near-zero surface tension),

the monolayer undergoes over-compression (area < limiting area). They propose that

under normal collapse the surface pressure remains constant; however under over-

compression a drastic change in slope is not observed, but instead the monolayer

undergoes rearrangement that starts before the limiting area is reached, with part of

the monolayer remaining intact. The structures formed under over-compression are

thought to be complex and are not well characterized. Wüstneck et al. [121] propose

monolayer folding as a possible mechanism of over-compression, and also propose

monolayer folding as the precursor to the formation of lamellar bodies. In contrast

to collapsed domains, folding could lead to gradual changes in surface pressure, and

thus explain the absence of a horizontal collapse plateau upon over-compression.

Wüstneck et al. [121] further suggest that over-compressed monolayers can also be

further compressed to the point of full collapse, leading some monolayer folds to

pinch off and form lamellar structures. Wüstneck et al. [121] also suggest that a

clicking sound reported by several authors using the captive bubble apparatus could

be explained by a sudden folding and refolding of the lipid layer leading to an abrupt

change in surface pressure. Keough [246] has also referred to high-pressure DPPC

states as over-compressed, and attributed the ability of DPPC films to reach near-zero

surface tension to the existence of such states.
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A.2 Kinetics

Domain formation is a kinetic nucleation process and therefore the domain den-

sity and size, and thus the shape of the pressure-area isotherm, depend not only on

temperature but also on the rate of compression and expansion [251]. The LC-LE

(liquid-condensed/liquid-expanded) phase transition is believed to be pseudo-critical

and long-lived due to the kinetic stabilization of domain interfaces by intermediate

conformational states at domain boundaries. These intermediate states lower inter-

facial tension. The consequence of this softening is an apparent continuous phase

transition [240], in which ordering appears as a continuous process with decreasing

temperature and increasing domain size [252]. Using multi-state computer models,

Mouritsen et al. [240] found that thermally induced density fluctuations led to inho-

mogeneous microstates and instantaneous lipid domain patterns in monolayers. These

domain patterns are subject to persistent changes in size and distribution [5, 240].

Fluctuation effects at the phase transition have not fully been explored theoretically

or experimentally [44]. There are varying explanations for these effects. Using Brew-

ster Angle Microscopy to visualize DPPC monolayers, Li et al. [109] have found that

domain structure depends significantly on compression rate. Using fluorescence mi-

croscopy, Klopfer and Vanderlick [120] and Nag et al. [99] have shown that domain

shape and size distribution varies with the rate of monolayer compression. The aver-

age domain size displays a clear time dependency, although the total amount of solid

and fluid lipid remains essentially constant [99].

DPPC is responsible for the ability of lung surfactant to reach near zero surface

tensions during dynamic cycling of interfacial area [96]. The rigidity of DPPC enables

the monolayer to compress to very low surface tensions (<1mN/m) in the lungs.

This rigidity also results in long relaxation times and a significant reduction of the

physiological surface tension, relative to the equilibrium value [111]. Equilibrium

pressure-area studies do not have direct physiological relevance, because respiration
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is dynamic, but equilibrium properties do allow the effects of individual components

of a surfactant mixture to be compared in a well-defined way [59]. In addition,

some conventional methods of isotherm measurement, such as those using a Langmuir

trough, have difficulty measuring dynamic isotherms accurately, leading early studies

to focus on quasi-static isotherms [97].

Many studies have evaluated the surface pressure relaxation rates of DPPC mono-

layers [98, 107, 108, 115, 119, 236, 243, 247, 249, 253–257]. Several experiments per-

formed by Notter, Tabak and others, using a modified Wilhelmy balance, with a

ribbon barrier to eliminate film leakage, show large differences between dynamic and

equilibrium surface pressures as well as long relaxation times [98, 107, 108, 243, 257].

Tabak et al. [98] measured the time required for the dynamic pressure-area isotherm

to relax to the static surface pressures found from equilibrium spreading in a beaker.

They found that at 68, 49, 44, and 40Å2/molecule, relaxation took 50s, 100s, 300s,

and 850s respectively. At areas lower than 40Å2/molecule (post-collapse) only a few

mN/m of pressure relaxation were observed after 12,000s. Other studies have also

shown similar differences between dynamic and equilibrium surface pressures and

similar relaxation times [107, 243]. Watkins [119] also observed very slow relaxation

rates, with a rate of change of only 0.1-0.3 mN/m/h, at a maximum surface pressure

of 71mN/m. Schürch et al. [108] found that the extent of monolayer metastability at

low surface tensions was dependent on the compression-expansion history and initial

surface tension, with increasing stability for surface tensions further from equilibrium.

In contrast to results mentioned above, which found moderately long relaxation times

for DPPC films compressed to large surface pressures (70-72mN/m), Cruz et al. [236]

found the attainment of an equilibrium value within only 15min. Cruz et al. suggest

this difference in relaxation time could be attributed to differences in compression

rates, extent of compression, or experimental apparatus.

There are varying explanations for the large relaxation times observed at near-zero
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surface tensions (large surface pressures). Film relaxation could involve reorganiza-

tion in two dimensions, or more likely, the formation of a three-dimensional collapse

phase [246]. According to Tabak et al. [98], relatively small pre-collapse relaxation

times are likely associated with the rearrangement of molecular structure and ori-

entation inside the monolayer, whereas large post-collapse relaxation times can be

attributed to either the inhibited ejection of molecules from the monolayer due to

the crowded multilayer structure or the gradual recruitment of molecules from the

collapsed multilayered reservoir structure. After collapse, molecular movement is con-

strained between the collapse phase and the remaining monolayer, leading to poor

respreading and very long post-collapse relaxation times [59, 243]. Despite uncer-

tainty over the exact mechanism, these results show that formation of multilayers

imparts even greater film stability as evident from the large increase in post-collapse

relaxation times [98]. In contrast to the inferences of Tabak et al. [98], Goerke and

Gonzales [115] suggest that the monolayer collapse rate is dependent on the phys-

ical state of the monolayer, and a small kink present in the DPPC pressure-area

isotherm that they observed at around 12mN/m indicates a phase transition, which

would cause an increase in compressibility thereby facilitating more rapid monolayer

collapse. Goerke and Gonzales [115] also found the collapse rate to be dependent

on temperature, with collapse rates becoming much faster at temperatures above the

bulk lipid-water phase transition temperature of 314.55K.

Using the pendant drop technique and a Langmuir trough Wüstneck et al. [247]

performed relaxation experiments on DPPC monolayers. They argue that that the

irregular relaxation curves obtained in their experiments at 293.15K for pressures

>25mN/m result from the formation of rupturing, brittle structures in DPPC mono-

layers at surface pressures greater than 25mN/m DPPC. However, at higher temper-

atures the monolayer appeared to be more fluid. According to Wüstneck et al. [247],

the observed long time dependence of the surface pressure is likely the result of a
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molecular rearrangement process that begins in the LC-LE coexistence region of the

isotherm, well below the equilibrium spreading pressure. Wüstneck et al. [247] also

suggest that the irregular relaxation of the DPPC isotherm at 293.15K involves both

a short (50-100ns) and a long (>2h) relaxation process. Furthermore, Wüstneck et

al. [247] suggest that experiments that were not carried out slowly enough to encom-

pass this longer relaxation time might have led other authors to observe the absence

of a pronounced LC-LE coexistence plateau and also to conclude that isotherms are

independent of compression rate.

Bangham et al. [178, 180] and Gaines [258] have suggested that the force at the

interface is comprised of both thermodynamic and kinetic components. In order to

remain stable, the surface tension at the alveolar air-water interface must be able

not only to reach low surface tensions, but also to maintain them for a sufficiently

long time at fixed lung volume [259]. Using a Langmuir-Wilhelmy surface balance at

310.15K Hildebran et al. [259] found that DPPC monolayers reach minimum surface

tensions of 1-2mN/m with first-order kinetic collapse rates that reflect their meta-

stability and long relaxation times at low surface tensions. Chen et al. [249] found

that the surface pressure relaxation of dynamic DPPC monolayers followed a two-

stage nucleation and growth process dictated by Prout-Tompkins and second order

kinetics. Using fluorescence microscopy, Chen et al. [249] found that 5min after

collapse the monolayer was nearly homogenous, but that after 1h of relaxation bright

domains appeared and after 2h of relaxation a network of sharp boundaries between

dark and light domains appeared. According to Chen et al. this behavior signifies

the continuous growth of 3D condensed DPPC structures. Other studies also suggest

that monolayer relaxation is a nucleation and growth process [254, 260, 261].

Longo et al. [93] stated that differences in the experimental results can likely

be attributed to kinetic effects caused by rates of compression, among other factors.

Nag et al. [99] showed that although the rate of compression affected the size and
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distribution of domains, no influence on the isotherm shape was evident. Thus it

is thought that even though the shape and size of domains are rate dependent, the

molecules arrange themselves to fit into the available space and the flexibility of do-

main shape, leading to an isotherm that does not vary with compression rate [97].

Although there is a notable difference between dynamic and equilibrium pressure-

area isotherms, many studies suggest that varying dynamic compression rate leads

to little or no change in the pressure-area isotherm. For example, Tabak et al. [98]

found that dynamic compression rates in the range of 19.2-96Å2/molecule/min gave

essentially the same isotherm with negligible variation. However, the relaxation re-

sults of Wüstneck et al. [247] indicate that there is some dependence of isotherms on

compression rate, at least for surface pressures above 10 to 15mN/m. Using both the

pendant drop technique and the Langmuir-Wilhelmy film balance, Jyoti et al. [97]

found that varying surface compression between 1.6-371Å2/molecule/min, led to only

a slight shift in the isotherms of DPPC at 293.15K and 296.15K, with no effect on

the characteristic shape.

A.3 Experimental Apparatus

There are a number of inconsistencies between experimental results of cycled lung

surfactant extract and the behavior of surfactant in vivo. Langmuir-Wilhelmy surface

balances display large hysteresis, whereas hysteresis is substantially less in the lungs

[108, 114]. Additionally, the observed relaxation rates and degree of creep (spreading

of the surface film along wall-liquid interfaces) are greater in vitro, surface balances

display greater sensitivity than seen physiologically, and less compression is required

in the lungs (25-30% decrease in area) to decrease the surface tension to near zero val-

ues than required in a surface balance (50-80% decrease) [108, 114]. These differences

between in vitro and in vivo studies may be attributed to experimental artifacts such

as surface leaks and the type and geometry of the apparatus used [93, 108]. There
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are a variety of common methods for measuring pressure-area isotherms, including

the Wilhelmy surface balance, Langmuir-Blodgett deposition, the pendant drop tech-

nique, the pulsating bubble, and the captive bubble. The two most widely used

methods for measuring dynamic surface pressure are the Wilhelmy surface balance

and the oscillating bubble method (also known as the pulsating bubble method) [59].

A.3.1 Langmuir-Wilhelmy Surface Balance

A Langmuir film balance is composed of a trough filled with an aqueous subphase,

upon which a surface film is spread, with one or more moveable barriers to compress

and expand the surface. In a conventional Langmuir trough a floating barrier is at-

tached to a torsion balance enabling the determination of surface pressure [262]. In

the Langmuir-Wilhelmy surface balance, a Wilhelmy slide is used as a forcesensing

mechanism that determines pressure from the wetting of the plate. Complete wet-

ting is important, in order to accurately measure pressure using a Wilhelmy plate

[111]. The Langmuir-Wilhelmy balance has a design advantage over the traditional

Langmuir balance. At low surface tension the subphase overflows the walls of the

conventional Langmuir trough and as the water level drops, film leakage occurs under

the barrier [111]. A typical Wilhelmy balance avoids overflow of the subphase and has

a recessed dam-type barrier; however continues ribbon barriers can also be used [111].

A Langmuir-Blodgett surface balance is similar to a Langmuir balance; however it

can be used not only to compress a monolayer to obtain an isotherm, but is also used

as a device to deposit monolayers on a solid substrate by immersion of a solid surface

into a liquid consisting of lipids in an organic solvent.

Material loss could be a factor in the Langmuir film balance, especially at high

temperatures [251]. Surface relaxation studies are extremely sensitive to leakage

effects in the Wilhelmy trough, especially for DPPC films, which have very large dy-

namic collapse pressures [98, 118]. Two common types of Wilhelmy balance designs
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are those with a submerged dam-type barrier and those with a continuous ribbon-

type barrier [107]. Tabak, Notter, and co-workers [98, 107, 263] found that whereas

surface balances equipped with a continuous Teflon ribbon barrier avoided the prob-

lem of film leakage, those equipped with a recessed trough type barrier did not.

Significant leakage was observed under continuous compression at 310.15K [107]. Al-

though DPPC film leakage at 298.15K was found to be negligible during continuous

compression with a recessed trough, major leakage was observed during relaxation

experiments especially when barrier movement was halted [98]. This leakage led to

problems with reproducibility of pressure-time data. Sources of experimental error

such as film leakage tend to shift isotherms to lower surface pressures [263]. Leakage

effects are typically observed as a decrease in the slope of pressure-area isotherms at

large surface pressures, and can be mistaken as premature monolayer collapse [107].

Teflon ribbon barriers eliminate leakage between the barrier and the trough walls,

but do not prevent creep. Creep can be exacerbated by the large perimeter of the

Langmuir-Wilhelmy balance, along which monolayer creep can occur. The problem of

film containment is much more substantial for lung surfactant extracts and other fluid

films than for DPPC, which is relatively rigid [114]. Additionally, as surface pressure

decreases the contact angle on the Wilhelmy slide can decrease, leading to contact

angle hysteresis and erroneous surface pressure readings [118]. Problems with contact

angle can lead to erroneously low surface tension values during film compression [112].

Also, the surface compression (∼80%) and cycling rates (1-3min/cycle) used in most

Wilhelmy balance studies are very different than those present physiologically [95].

Furthermore, the type and geometry of the experimental apparatus are known to

have an effect on the shape of pressure-area isotherms. The geometry of a Langmuir

trough should be considered, because lipids near the walls may disorder, due to the

excluded volume effect, thereby skewing the measurement of area per lipid [110].

The Wilhelmy balance method has several other drawbacks including the large
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fluid volume 50mL used, which requires the diluting or solvation of the sample in

organic solvent, tedious cleaning of balance components to ensure proper wetting and

avoid contamination, a flat surface area which does not reproduce the curvature in

the alveoli, and compression and expansion rates which are much slower than the rate

of breathing [113].

A.3.2 Pulsating Bubble

The pulsating bubble technique involves the formation of a small air bubble, in-

side a small sample chamber (20µL), where the bubble volume is made to pulsate by

a precision pulsator that moves liquid in and out of the sample chamber through a

capillary [59, 264]. The pressure difference between the ambient air and the liquid

subphase is continuously monitored with a pressure transducer, the size of the bub-

ble is monitored through a microscope, and the surface tension is calculated from the

pressure gradient across the bubble and the bubble radius, using the Laplace equation

for a sphere [59, 264]. The pulsating bubble technique avoids many of the drawbacks

listed for the Wilhemy balance above. In addition, for the pulsating bubble, tem-

perature control is relatively easy, and it is straightforward to maintain experimental

conditions that mimic in vivo respiration [59]. Also, the pulsating bubble surfac-

tometer (PBS) requires only a small sample making its use in clinical studies more

feasible [59]. The pulsating bubble method mimics the physical and geometric condi-

tions present in the alveoli [264] better than the Wilhelmy balance does, because the

former involves not only compression of the monolayer but also adsorption from the

subphase [59].

The pulsating bubble method also has its weaknesses, including the difficulty of

analysis of multi-component systems due to uncertainties about the extent of adsorp-

tion of each component to the interface [59]. Furthermore, it is cumbersome to extract

complete pressure-area isotherms from the data generated during the rapid cycling
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utilized by this technique [59]. Also, surface tension is measured directly with the

Wilhelmy balance, but for a pulsating bubble it must be calculated using the Young-

Laplace equation, and the surface tension at small bubble size will tend to be falsely

high due to volume displacement in the pressure transducer [113]. Furthermore, the

pulsating bubble surfactometer does not avoid the problem of film leakage, which can

occur through the inlet tube connected to the bubbles and possibly along the walls of

the chamber. Thus, low tensions are typically only attainable in the pulsating bubble

surfactometer at high cycling rates (20cycles/min) [114]. The PBS technique also

suffers problems with creep. When the surfactant film reaches a lower surface tension

than the surface free energy of the plastic walls of the chamber, then the film creeps

up the plastic surface [108, 114]. Because PBS also includes adsorption of surfactant

to the expanding interface, the relative rates of adsorption and expansion must also

be considered. If the rate of adsorption is slower than the rate of expansion, the

surface tension at maximum area will be greater than the equilibrium value. The

opposite will occur during compression, if the rate of desorption is slower than the

compression rate.

Inaccuracies in PBS surface tension inferred from the Young-Laplace equation can

result from two inherent approximations, namely a simplified spherical bubble shape

and a static surface viscosity. Hall et al. [264] studied the effects of bubble deforma-

tion and surface dilatational viscosity on the surface tension measurements using the

oscillating bubble method. They found that the effects of bubble deformation were

limited to extremely low surface tensions and the absolute error from the spherical

approximation is minimal (<0.5mN/m), making corrections for bubble shape unnec-

essary. On the other hand, the surface dilatational viscosities of lung surfactant,

DPPC, and palmitic acid were large enough to give substantial errors if neglected

in the pressure drop calculations. Viscous effects vanish at the maximum and min-

imum surface tensions, but are significant in between, even for moderate values of
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surface dilatational viscosity. According to Hall et al. [264], if corrections are made

for viscous effects, the maximum surface pressure shifts toward end compression and

decreases substantially in magnitude.

Two modifications have been introduced into the PBS to greatly improve the abil-

ity of the pulsating bubble surfactometer to reach near-zero surface tensions [117].

The first modification keeps the capillary dry, thereby correcting continuity between

the bubble and the capillary and thus improving performance by allowing a larger

degree of film compression. The second modification allows more material to be ad-

sorbed to the surface. The large surface area occupied by the film in the unmodified

PBS leads to problems with the attainment of low surface tension on the first compres-

sion for some surfactant films, and slow adsorption at minimum bubble area makes

achievement of near-zero surface tensions difficult for any surfactant. However, low

surface tensions can be reached using the unmodified surfactometer through repetitive

cycling, which however leads to changes in wetting and surface film composition.

A.3.3 Captive Bubble

The captive bubble apparatus is composed of an air-tight 10mL syringe containing

a stirred suspension of surfactant, into which air is sucked, forming a bubble [265].

The bubble size is varied using a plunger while the bubble shape is captured on

camera and used for the calculation of surface area and surface tension using an

automated image analyzer [265]. Recall that leakage in the Wilhelmy balance often

occurs at the contact area between the barrier and the side walls and at the side walls

themselves [115], and in the pulsating bubble surfactometer as a result of contact

between the bubble and the outside air through the air-filled wet capillary of the

sample chamber [116]. Monolayer leakage prevents surfactant films from reaching

near-zero surface tensions, which leads to underestimation of monolayer stability and

can explain the requirement of repetitive cycling to reach near zero surface tension in
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many PBS studies [116]. On the other hand, in the captive bubble (CB) method, the

absence of gaps or tubes perforating the bubble surface eliminates leakage pathways,

allowing films adsorbed from natural lung surfactant to readily reach near-zero surface

tensions [50, 114]. Very low surface tensions (high surface pressures) can thus be

easily obtained using the captive bubble method. The captive bubble method has

some other advantages over the pulsating bubble method, including the ability to

expand bubbles more rapidly, thus aiding the study of the effect of adsorption rates,

and also the reduction of surface tension upon film compression and the minimum

value of surface tension can be measured with greater accuracy using the CB method

[117]. Furthermore, because it avoids film leakage, the captive bubble method is more

advantageous than the pulsating bubble method and the Wilhelmy surface balance

in the study of film stability and hysteresis [114]. Although calculations are more

time consuming and a larger fluid volume (1ml vs. 20µl) is required for the captive

bubble method than for the pulsating bubble method, near zero surface tensions can

be obtained upon the first compression at quasi-static rates [108, 114]. Furthermore,

according to Schürch et al. [108] the Langmuir-Wilhelmy balance and the pulsating

bubble surfactometer are not able to reproduce the stability of lung surfactant films

observed in the captive bubble apparatus.

However, the captive bubble method also has disadvantages such as high cost,

time inefficiency and complexity [117]. Potential problems that could arise in the

captive bubble apparatus that may interfere with the measurement of bubble diam-

eter, include satellite bubble formation, bubble distortion due to asymmetry in the

surface (which is more severe at high surface pressures), and poor visibility at large

suspension concentrations [116]. Contamination from the experimental apparatus

itself is more problematic in the captive bubble apparatus than in the Wilhelmy sur-

face balance, because the release of surface-active agents from the parts of the captive

bubble surfactometer cannot be eliminated by repeated barrier sweeps [116]. Putz et
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al. [116] have identified the silicone rubber gasket and the agar gel as possible sources

of contamination in their captive bubble apparatus.

If the surface tension in the captive bubble apparatus increases suddenly, the

resulting mechanical vibration produces a clicking noise, which can be mistaken as

a sign of film leakage, but is likely associated with the squeeze-out of non-DPPC

components and does not occur in pure DPPC films [108, 114]. Using the captive

bubble apparatus to study rat pulmonary surfactant, Schürch et al. [114] found that

after collapse, the material displaced from the film was no longer available for film

formation upon expansion.

Using the captive bubble method, Wüstneck et al. [255] found that isotherms

could be reproduced with repetitive cycling. Wüstneck et al. [121] also found that

DPPC could be repeatedly and reversibly compressed to low surface tensions, with

only a slight hysteresis. Putz et al. [116] found that a captive bubble surfactometer

and a Wilhelmy balance gave very similar pressure-area isotherms, for DPPC mono-

layers at 310.15K. However, the captive bubble method, utilizing adsorbed films,

yielded isotherms in which the phase transition occurred at slightly higher surface

pressures than using solvent-spread films in a Wilhelmy balance. Schürch et al. [108]

also found that their pure DPPC isotherms at 310.15K obtained with the captive

bubble method closely matched those obtained on a Wilhelmy balance.

A.3.4 Pendant Drop

The pendant drop is an image-based instrument, utilizing axisymmetrical drop

shape analysis (ADSA) of a liquid droplet hanging from the end of a capillary. Then

drop volume is changed through the use of a syringe connected to a step motor, while

photographs of the drop profiles are taken, and the Laplace equation is used to cal-

culate surface tension [266]. The pendant drop method is typically used for dynamic

cycling, and has an accuracy that is comparable to that of the other methods [267].
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The pendant drop technique is advantageous with respect to its homogeneity of tem-

perature, surface pressure, concentration, and the symmetry of area changes [109].

Although the small sample size used in the pendant drop method is beneficial in cases

where the surfactant is difficult to obtain or is expensive, the main limitation of this

method is the possibility of a large relative error, due to the relatively small amount

of material used [89]. As a result of the small area utilized in the pendant drop, the

calculation of molecular area can be error-prone, resulting in a shift of the isotherm

along the x-axis, and errors in the calculation of limiting area [89, 109]. Further

limitations include the possible inequivalence between constant decrease in the drop

volume and constant decrease in surface area, the effects of surface curvature, which

may lead to a limiting area that is too small, and distortions or inaccuracies pro-

duced by camera imaging. On the other hand, the pendant drop provides a relatively

straightforward means of environmental control involving the use of a temperature

pressure cell that protects the drop from contamination from air currents [97]. The

pendant drop method is also the preferred method for calculating rheological prop-

erties, because Marangoni effects are absent, allowing the lateral transport of film

components to be neglected. [121, 247]. Other methods involving the analysis of

drop shape can be used, such as the sessile drop, however this method requires a sur-

face that is perfectly smooth and homogeneous, to maintain axisymmetrical growth

[60].

Like the captive bubble, the pendant drop has the advantage of a small volume

requirement and isolation from environmental influences, but solvent effects can be

problematic. The pendant drop allows for gas exchange, whereas the captive bubble

does not [121]. One notable difference between the two methods is the increase

over time of the partial vapor pressure in the captive bubble, versus the constant

vapor pressure in the pendant drop [121]. Even using small amounts of spreading

solvent (<1µl), Wüstneck et al. found that the pendant drop and captive bubble
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techniques only agreed with each other for DPPC monolayers for pressures less than

40mN/m. There are also differences between isotherms obtained with a pendant

drop and those obtained using a Langmuir film balance. Wüstneck et al. [247]

found that pressure-area isotherms obtained for DPPC using these methods showed

significant differences that remain unresolved. In the Langmuir film balance, the

plateau was more pronounced and the film pressures during compression were much

higher. Difficulty in obtaining high surface pressure in the pendant drop might be

attributed to the surface film creeping over the capillary. Other potential factors

that might lead to differences in the isotherms obtained with each method were also

considered. Wüstneck et al. [247] considered, and discounted, the possible presence

of evaporated solvent as a factor and suggested that the effect of drop curvature on

surface domains could be a cause. It has been further suggested that differences

in the conditions inherent to each type of apparatus, such as spreading conditions

and relative compression rate, could lead to the differences in domain structures,

and the surface rearrangement process, thereby affecting the characteristic shape of

the isotherm [247]. Jyoti et al. found significantly different characteristic shapes of

DPPC isotherms obtained with the pendant drop and Langmuir-Blodgett balance,

with isotherms in the Langmuir-Blodgett balance displaying a more distinct plateau

representing the LC-LE phase transition [97]. In contrast, Wege et al. [268] found that

the use of the pendant drop with two different deposition methods yielded isotherms

for DPPC at 293.15K that were very close to those measured with a conventional

film balance by Hunt et al. [100]. Li et al. [109] found good agreement in DPPC

isotherms at 293.15K obtained with a pendant drop and with a Langmuir-Blodgett

film balance, except in the coexistence region, which is less pronounced and shifted

to higher surface pressures in the Langmuir-Blodgett balance than for the pendant

drop isotherm. There are a variety of possible causes for a shift in the coexistence

region, such as differences in interface curvature, higher compression rates used in the
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pendant drop method, and the presence of impurities, the effect of which is amplified

in the pendant drop technique due to the small volume involved. Furthermore it

has been suggested that diffusion limits the aggregation process on a curved surface,

which may lead to limited domain growth [269].

A.4 pH

Surface pH values, in the alveoli, have been reported to be between 6.9 and 6.4

[270]. Changes in pH and the presence of ions can induce changes in head group

interactions, which can produce changes in the transition temperature on the order

of 10K [110]. Using differential scanning calorimetry Liu et al. [106] found that

varying pH from 2.6 to 11.5 shifts the main transition temperature of DPPC bilayers

from 323.55 to 315.15K. Liu et al. [106] found that as pH was varied from 2.6 to 5.6 to

11.5 the respreading ratio (the amount of surfactant that remains in the surface film

upon expansion relative to the total amount before compression) for the second cycle

was changed from 0.26 to 0.37 to 0.35, and the maximum surface pressure attained

was decreased from 72.0 to 71.6 to 71.1mN/m. Note that the phosphate group of

DPPC is protonated (P-OH) at 2.6 and in a deprotonated oxyanionic state (P-O-)

at pH 5.6 and 11.5 [271]. This leads to a net positive ionization state at pH 2.6

and a zwitterionic state at pH 5.6 and 11.5. Liu et al. [104] concluded that the

net positive ionization state at pH 2.6 decreased intermolecular hydrogen bonding

and was detrimental to respreading, leading to a large difference in respreadibility

between pH 2.6 and pH 5.6 and only a small difference between pH 5.6 and pH 11.5.

Decreased intermolecular hydrogen bonding at pH 2.6 also presumably leads to the

observed small increase in the maximum surface pressure. Furthermore, an increase in

alkalinity leads to a higher degree of solvation, while an acidic medium likely hinders

the degree of solvation. Gong et al. [105] suggest that phophatidylcholines are not

sensitive to pH over the range of 3-8. They also note that pH and ionic strength are
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interrelated, and it is possible to misinterpret the influence of ionic strength as an

effect of pH. The presence of ions can promote a higher degree of solvation of the

PC head groups leading to head groups that are effectively bulkier and require more

surface area.

A.5 Ionic Strength

Many studies have shown that the presence of ions in the subphase causes little

to no shift in the pressure-area isotherms of DPPC and other phosphatidylcholines

[100–103, 272]. Zaitsev et al. [102] found that varying the subphase from pure wa-

ter, to 1.0M NaCl, and to 1.0M KCl caused the shape of the isotherm to change

slightly in the plateau region and led to a slight increase in the average area per

molecule. Shah and Schulman [272] found that the pressure-area isotherms of phos-

phatidylcholine were identical on 0.02M NaCl, 0.01M Na2SO4, and 0.02M NaNO3

sub-solutions. They also found that the presence of metal ions Na+, K+, Li+, Mg2+,

Ca2+, Sr2+, Ba2+, Al3+ had no effect. The NMR results of Akutsu and Seelig [273]

showed that the addition of metal ions led to a small structural change in DPPC

bilayers, which affected the polar head group while leaving the glycerol backbone and

the fatty acyl chains unmodified. They also found that the strength of interaction

increased with the charge of the metal ion (i.e. Na+<Ca2+<La3+). In a study us-

ing external reflection-adsorption IR spectroscopy, Hunt et al. [100] observed changes

in the phosphate vibrations of DPPC monolayers in the presence of Ca2+ ions and

Pr3+ ions and suggested that the ions interact with the lipid monolayer by displacing

the phosphates hydration sphere, with Pr3+ having a larger effect due to its higher

charge density. This relatively weak interaction is not thought to alter the DPPC

isotherm significantly. Hunt found that adding 50mM Ca2+ or 30mM Pr3+ shifted

the isotherm only slightly with the most noticeable difference in the phase transition

plateau region.
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In contrast, other in-depth studies have shown that the subphase ions can have

a significant effect on the phase behavior of DPPC. Simon et al. [274] preformed

a calometric study on the effect of various ions on the main transition temperature

of DPPC monolayers. The main transition temperature (Tm, the temperature at

which the lipid tails undergo a transition from ordered to disordered) was found to

be 315.25K on pure water. In the presence of 1M monovalent salts, Tm varied from

313.15K for KI to 316.75K for KCl, whereas In the presence of 1M divalent salts

Tm varied from 311.65K for CdI2 to 330.15K for CdCl2, and in the presence of 1M

trivalent salts Tm was 315.15K for LaCl3 and 321.95K FeCl2. These data suggest that

1M ions (especially divalent ions) can have a significant affect on the phase behavior

of DPPC monolayers.

Aston et al. [275] studied the effect of NH4NO3 at concentrations between 0

and 8.75mol/dm3 (70%w/v) and found that the addition of very high concentrations

of NH4NO3 leads to a large shift in the isotherm to a more expanded state, the

disappearance of the horizontal coexistence region and an increase in the collapse

pressure by 4mN/m. However, such high ionic concentrations are not typical of those

found in the subphase of most pressure-area isotherm experiments. The shift in

the isotherm produced by 1%w/v NH4NO3 was smaller, yet still significant with an

expansion of 8Å2/molecule at the transition point. Aston et al. [275] suggest that

anions are more surface active than cations; thus the presence of excess nitrate anions

at the surface should lead to a charged surface layer that is more expanded due to

ionic repulsion. Ross et al. [276] found that although the phase transition plateau

was not affected, the limiting areas of the DPPC isotherms at 293.15K were shifted

slightly in the presence of 0.1mM CaCl2 and 1mM EGTA. For instance, at a surface

pressure of 20mN/m the area/lipid was 46Å2 on pure water, 47Å2 on 0.1mM CaCl2

and 48Å2 on 1mM EGTA. These results are in accordance with the NMR results

of Akutsu and Seelig [273], who found that the addition of metal ions led to a small
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structural change in DPPC bilayers, which affected the polar head group while leaving

the glycerol backbone and the fatty acyl chains unmodified.

Aroti et al. [277] applied pressure-area isotherm studies, Brewster-angle mi-

croscopy, grazing incidence x-ray diffraction and infrared reflection-adsorption spec-

troscopy to examine in detail the effect of the Hofmeister series of anions on DPPC

monolayers. They found that the presence of anions can have a significant affect

on the isotherm, increasing the surface pressure at a given area per molecule (most

notably at higher areas), shifting the transition region to larger surface pressures

and smaller molecular areas, and decreasing the plateau length, with the effects be-

coming more pronounced with increasing salt concentration. The effect varies in

magnitude depending on the anion present, increasing in the order Cl-<Br-<NO3-

<I-<BF4-<ClO4-<SCN-. Aroti et al. [277] concluded that salts in the subphase have

a stabilizing effect on the LE phase. Although the exact mechanism is still in ques-

tion, they concluded that the salts adsorb at the DPPC monolayer surface in some

way. Although the ions penetrate into the LE phase, the LC phase appears to remain

insensitive to the presence of the ions. Two possible mechanisms are proposed, one

involving preferential adsorption of anions and the other the expulsion of anions from

the subphase due to positive free energy gain for the subphase water. Aroti et al.

[277] further propose that the convergence of pressure-area isotherms at high pressure

for various ion types and concentrations, implies that the ions are squeezed out at

high pressures, indicating that strong local binding of anions to the lipid head groups

is unlikely. Recent all-atom molecular dynamic simulations performed by Sachs and

Woolf [278] show the penetration of ions Cl- and Na+ and large anions into POPC

bilayers. They found that large anions penetrated more deeply into the bilayer than

do Cl- and Na+. In contrast to the mechanism proposed by Aston et al. [275],

Na+ was found to penetrate more deeply than Cl- presumably due to a more loose

hydration shell around Na+.
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Although experimental data suggests that at rather high concentration, ions can

have a significant affect on the phase behavior of DPPC monolayers, most pressure-

area isotherm studies involve concentrations significantly lower than 1M. As shown

by Simon [274] and Shah and Schulman [272], with a few exceptions (i.e. Simon

found Tm to be shifted to 327.65K for 0.1 M CdI2), dynamic pressure-area behav-

ior of zwitterionic lipids is not greatly affected by salt in physiologically relevant

ranges (≤0.1M). In many cases the presence of ions will lead little or no change in

the isotherm of zwitterionic monolayers; however it should be noted that one must

be careful to maintain an uncontaminated subphase and must give thoughtful con-

sideration to how the addition of ions could potentially affect the thermodynamic

properties of the monolayer. It has been shown that the presence of minerals [103]

and hydrophobic ions [101] can cause significant changes in pressure-area isotherms

of DPPC.

A.6 Impurities

Impurities can arise from many sources, including the experimental apparatus it-

self, and lead to isotherms that do not have a well defined phase transition region,

are shifted, or do not reach near zero surface tensions upon end compression. Klopfer

and Vanderlick [120] attributed a shift in their DPPC pressure-area isotherm to accu-

mulation of environmental impurities, with the influence of the impurities increasing

with exposure time and surface pressure. They attributed the shift to the presence

of air-borne impurities, possibly from a plexiglass box incasing the surface balance.

Watkins [119] found that traces of heavy metal ions and sealing substances, which

arose from parts used in the trough, caused instability at high surface pressures. It

has also been suggested that fluorescent probes behave like impurities [131]. Fluo-

rescent probes have also been shown to cause a shift in the isotherm of DPPC films,

increasing the molecular area by as much as 5.5Å2/molecule [279]. Other sources
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of inaccuracies can include incomplete solvation, decomposition of solutions that are

left too long, and impurities in commercial samples that have not been adequately

purified [64].

A.7 Spreading Agent

Munden and Swarbrick [94] found that the choice of spreading solvent had a

large effect on the displacement of isotherms along the area axis. They determined

that the ratio of polar and nonpolar components in the spreading solvent was of

critical importance, with 3:2(v/v) mixtures of methanol-hexane and ethanol-hexane

mixtures causing a displacement of the isotherm to very low areas (20Å2/molecule),

due to loss of DPPC from the interface, because of its solubility in the spreading

solution. Munden and Swarbrick also presented isotherms obtained with 1:1 hex-

ane/chloroform, 1:3 chloroform/benzene, and pure chloroform as spreading solvents,

which were all shifted to areas of 33Å2/molecule, significantly less than the limiting

area. As addressed in the paper corresponding to this supplementary material, chlo-

roform has been shown to display surface active behavior, which can greatly affect

the shape of DPPC isotherms [116, 121].

Solvent effects are more substantial for the captive bubble method and for micro-

film balances such as the pendant drop method than they are for the Langmuir-

Wilhelmy balance. Conventional troughs have the advantage of fast solvent evapora-

tion and the large volume of the gas phase above the trough eliminates the influence of

evaporated solvent [267]. This is not so for closed systems such as micro-film balances

and the captive bubble apparatus. In these systems, the presence of organic solvents

in the gas phase and in the liquid phase can both lead to a substantial increase in the

surface pressure. However the influence of solvent vapor is though to be eliminated

through the proper atmosphere-exchange procedures [267].
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[87] H. Möhwald. Phospholipid and phospholipid-protein monolayers at the
air/water interface. Annu. Rev. Phys. Chem., 41:441–476, 1990.

[88] G. Ma and H.C. Allen. DPPC Langmuir monolayer at the air-water inter-
face: Probing the tail and headgroups by vibrational sum frequency generation
spectroscopy. Langmuir, 22:5341–5349, 2006.

[89] H. Hauser, I. Pascher, R.H. Pearson, and S. Sundell. Preferred conformation
and molecular packing of phosphatidylethanolamine and phosphatidylcholine.
Biochim. Biophys. Acta, 650:21–51, 1981.

[90] M. Pasenkiewicz-Gierula, Y. Takaoka, H. Miyagawa, K. Kitamura, and
A. Kusumi. Charge pairing of headgroups in phosphatidylcholine membranes:
a molecular dynamics simulation study. Biophys. J., 76:1228–1240, 1999.

[91] M Lösche, E. Sackmann, and H. Möhwald. A fluorescence microscopic study
concerning the phase-diagram of phospholipids. Ber. Bunsenges. Phys. Chem.,
87:848–852, 1983.

[92] S.O. Nielsen, C.F. Lopez, P.B. Moore, J.C. Shelly, and M.L. Klein. Molecu-
lar dynamics investigations of lipid Langmuir monolayers using a coarse-grain
model. J. Phys. Chem. B, 107:13911–13917, 2003.

186



[93] M.L. Longo, A.M. Bisagno, J.A. Zasadzinski, R. Bruni, and AJ Waring. A
function of lung surfactant protein SP-B. Science, 261:453–456, 1993.

[94] J.W. Munden and J. Swarbrick. Effect of spreading solvent on monolayer char-
acteristics of dipalmitoyl lecithin. J. Colloid Interface Sci., 42:657–659, 1973.

[95] B. Robertson and L.M.G. van Golde. Postscript: Surfactant research; Current
concepts and perspectives for the future. In B. Robertson, L.M.G. van Golde,
and J.J. Batenburg, editors, Pulmonary Surfactant, pages 549–564. Elsevier
Science Publishers, Amsterdam, The Netherlands, 1984.

[96] R.H. Notter, R. Taubold, and R.D. Mavis. Hysteresis in saturated phospholipid
films and its potential relevance for lung surfactant function in vivo. Exp. Lung
Res., 3:109–127, 1982.

[97] A. Jyoti, R.M. Prokop, J. Li, D. Vollhardt, D.Y. Kwok, R. Miller, H. Möhwald,
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[125] L. Dubreil, V. Vié, S. Beaufils, D. Marion, and A. Renault. Aggregation of
puroindoline in phospholipid monolayers spread at the air-liquid interface. Bio-
phys. J., 85:2650–2660, 2003.
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[241] P. Krüger, M. Schalke, Z. Wang, R.H. Notter, R.A. Dluhy, and M. Lösche. Ef-
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