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ABSTRACT

Understanding the interaction of ions with fatty acids is important to identify their roles in various bioprocesses
and to build novel biomimetic systems. In this study, the molecular organization of palmitic acid (PA) films on
alkaline buffer solutions (pH 7.4) with and without divalent Ca?* was measured at a constant surface area using
Langmuir troughs coupled with microscopy and X-ray interfacial techniques. Without Ca®*, PA molecules re-
mained a monolayer organization; however, with Ca®*, formation of the inverted bilayers of PA-Ca®* super-
structures caused a spontaneous 2D to 3D transformation under no compression due to the strong interaction
between PA and the divalent cation. Self-assembly of this highly-organized inverted bilayer superstructure in-
volved a two-step process of nucleation and nuclei growth. During nucleation, densely packed PA and Ca®*
monolayer firstly corrugated and some of PA and Ca®* molecules ejected out from the monolayer; the ejected
molecules then reorganized and formed the inverted bilayer nuclei. Nucleation was followed by nuclei growth,
during which PA and Ca®" in the monolayer kept integrating into the inverted bilayer structure through mo-

lecule migration and PA rotation around Ca®™.

1. Introduction

Fatty acids are an important energy source and a major component
of dietary fats and cell membranes. [1] The interaction between fatty
acids and ions is central to many biological processes such as ion
transport through membranes and mineralization of biological assem-
blies [2-4]. Langmuir monolayers of fatty acids and lipids as model
systems have been used to study membrane behaviors. The electrostatic
interactions of saturated fatty acids (SFA) with cations, particularly
divalent or multivalent cations, are responsible for the formation of
highly organized superstructures [5-7]. We therefore investigated the
spontaneous film reorganization of palmitic acid (PA), one of the most
common fatty acids in the daily diet, with Ca>* at a constant surface
area with a very low surface pressure. The superstructure of palmitic
acid and cations contributes significantly to lipid rafts, which are the
microdomains of plasma membranes that act as cell signaling platform
and have been reported to be essential for modulating cholesterol, ion
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transport, and lipoprotein assembly, secretion, and clearance, etc.

Without cations, the films of fatty acids generally undergo a col-
lapsing process at a constant compression pressure when the surface
pressure goes beyond the critical pressures. However, when the inter-
actions of fatty acids and cations in the subphase are sufficiently strong,
the film collapse could happen at a low surface pressure. For example,
cation-induced stearic acid monolayer collapse has been observed at a
low pressure, [8,9] and the spontaneous formation of the Cd2 ™" -behenic
acid (BA) superlattice structures has been reported. [10]

The molecular processes of SFA film collapse on buffers containing
divalent cations depend on the electrostatic interaction between the
cations and the acidic head groups of SFAs and the lipophilic interac-
tions between the alkyl tails, which can be varied by changing the ex-
perimental parameters, such as fatty acid tail length, buffer pH value,
cation concentration, and types of divalent cations involved. [11] In
general, when the electrostatic interaction of the cations with the SFAs
is weak, the cations only condense the packing of the SFA molecules,
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and a high surface pressure is required for the film to collapse
[4,12-14]. In this case, two possible results may follow the film col-
lapse: a rigid film breaks up into multiple-layer fragments in four suc-
cessive steps of weakening, folding, bending, and breaking [15], while
the collapse of a fluid film causes loss of material from the film into the
subphase through either molecular dissolution or formation of lipid
aggregates such as vesicles or micelles [16,17]. In contrast, when the
electrostatic interaction of the cations with the SFAs is strong, such as in
conditions of high pH [18], abundant divalent cations [19], low tem-
perature [3,20], or high ionic strength [21], formation of SFA-divalent
cation superstructures (in which cations generate ordered layers) might
happen at a low constant compressing pressure [7,19,22]. A nucleation-
growth collision theory has been proposed to describe the growth ki-
netics of 3-D structures from supersaturated monolayers under a low
continuous compression [23,24]. However, for the spontaneous col-
lapse of an SFA film in the presence of divalent cations at a constant
area without compression, the mechanism remains unclear. Here, we
propose that the nucleation is caused by surface corrugation and PA
ejection and the growth is mainly contributed by molecular transport of
PA and Ca®* from the monolayer phase to the inverted bilayer phase
and PA rotation around Ca®*.

It has been reported that divalent cations such as Ca®* are unable to
form superstructures with SFAs; [8,25] however, we observed forma-
tion of PA-Ca®>* superstructures on a pH 7.4 buffer with 5mM Ca®*
[5,6]. As Ca®™ is one of the most important and abundant divalent ions
involved in diverse biological signaling processes and assemblies, ex-
amination of its interaction with SFAs is necessary to advance our un-
derstanding of the biological roles of Ca®*. Moreover, the spontaneous
reorganization phenomenon and the associated mechanism may be
used to design biomimetic systems.

In this study, we performed in situ measurements of the spontaneous
collapse kinetics of PA films over time at a constant surface area on a
buffer containing 5mM Ca®* with a physiological pH value of 7.4. The
area-pressure isotherms and topographies of PA films were monitored
using a Langmuir trough integrated with fluorescence microscopy. The
film molecular packing structures in both horizontal and perpendicular
directions were quantified by combining the results of X-ray reflectivity
(XR) and grazing incidence X-ray diffraction (GIXD). The interfacial
organization of PA films on the same alkaline buffer without Ca®* was
also measured as a comparison. Finally, to reveal the critical steps that
lead to the reorganization of the PA-Ca®* films, molecular dynamics
(MD) simulations were conducted.

2. Experimental
2.1. Materials and reagents

PA, tris-base, calcium chloride dihydrate, and hydrochloric acid as
well as all organic solvents, including methanol, ethanol, and chloro-
form, were purchased from Sigma-Aldrich. A lipid conjugated with a
fluorescent dye, 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-
(lissamine rhodamine B sulfonyl) (DPPE-Rhod, Ex/Em 560 nm/583 nm)
was purchased from Avanti Polar Lipids. Two types of subphase buffer
solutions with and without Ca®>* were used in the study. The Ca buffer
contained 5 mM CaCl, and 8 mM tris, while the Ca-free buffer consisted
of 8 mM tris only. The pH of both buffers was adjusted to 7.4 by adding
diluted hydrochloric acid. The solutions were degassed under vacuum
for 3h before the measurements to reduce oxygen, during which the
volume change by evaporation was negligible and the change in Ca®*
concentration was less than 1%. Water used in all experiments was
deionized to 18.2 MQ2 (MILLIPORE). All chemicals were purchased at
standard grades and were used as received.

2.2. Isotherm and topography measurement

A Langmuir trough (51 x 155mm? Biolin Scientific) mounted
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under an inverted fluorescence microscope (Observer D1-AX10, Zeiss)
was used to monitor the topography and surface pressure changes of the
PA films at the gas-liquid interface while the films were maintained at a
constant surface area. The fluorescence microscope was equipped with
a 20 x objective (LD Plan-NEOFLUAR, Zeiss), and the incident light was
provided by an X-Cite series 120 Q bulb with a TEXAS RED filter (Ex
565 nm/Em620 nm). The surface pressure was monitored using a pla-
tinum Wilhelmy plate attached to an electronic balance.

Before each experiment, the trough was cleaned thoroughly, which
was confirmed by a surface pressure variation of less than 0.2 mN/m
when the barrier was moved to its entire extent over the gas-liquid
interface. The trough was then filled with 55 mL subphase buffer. To
provide a fluorescence contrast, 0.5mol% DPPE-Rhod was premixed
with PA in chloroform. With the position of the barriers being fixed, the
sample was deposited dropwise on the subphase until the average area
per molecule reached 20.6 + 0.1 A% Recording of surface pressure and
topography change of the film began immediately and continued for
2h. During the measurements, the temperature of the subphase was
maintained at 23 * 0.5°C by a water circulation system (Anova
Scientific).

2.3. X-ray measurements

XR and GIXD measurements on the films were conducted at the
National Science Foundation’s (NSF) ChemMatCARS (15-ID-C) of
Advanced Photon Source at Argonne National Laboratory. The X-ray
wavelength used in the study was 1.24 A. All experiments were con-
ducted at about 22.7 °C. A customized Teflon trough (78 x 177.6 mm?)
with a one-side barrier was placed in a box that was integrated within
the path of the X-ray beamline. Surface pressure was monitored using a
Wilhelmy paper plate hung on an electronic balance. Details of the
experimental setup were described in our previous study. [5,6,26]

PA film preparation at the gas-lipid interface was similar to the
process described in the previous section. With the position of the
barrier being fixed, the PA sample was slowly deposed at the interface
until the average area per PA molecule reached 20.6 + 0.1 A2 which is
consistent with the microscopy experiments. The box containing the
trough was then sealed and purged with helium for 20 min to allow
solvent evaporation and reduce oxygen level below 2%.

2.4. XR and GIXD data fitting

XR provides information on molecular organization of the film
across the interface. As the incident angle was varied, the X-ray re-
flectivity intensity (R) was recorded by an area detector (Pilatus 100 K)
at the reflected angles, which was normalized by the Fresnel reflectivity
(Rp). The normalized reflectivity (R/Ry) was fitted using a box model.
For PA films on the Ca-free buffer, a single-phase box model was used;
for PA films on the Ca buffer, a multi-phase box model was used with
incoherent addition of reflectivity from different phases as follows, [27]

RIncoherent=Z Cj*Rj (@D)]

where C; is the surface coverage of the jth phase, as X C; = 1, and R; is
the reflectivity intensity of the jth phase.

The electron density (ED) profile for each phase was a sum of error
functions,

1N P,
p@ =22, erf ( g

S X6 = pu) + .
where N is the number of slabs; z; is the position of the ith slab; p; is the
ED of the ith slab; p is the ED of the subphase; and o is the roughness of
the interface. In accordance with the Parratt formalism, [28] para-
meters were obtained by fitting the experimental results of XR based on
nonlinear least-squares analysis.

GIXD measurements probe the crystal structures of the films at the
interface. By varying the horizontal wave vector Q,, (horizontal to the
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interface) and vertical wave vector Q, (perpendicular to the interface),
the scattered X-ray intensities were recorded. Bragg peaks and Bragg
rods were obtained by integrating the GIXD intensities over Q, and Qx,
respectively. The Bragg peaks were fitted using Gaussian functions,
while the Bragg rods were fitted using the distorted wave Born ap-
proximation (DWBA). [13]

2.5. MD simulation

MD simulation were performed using Nanoscale Molecular
Dynamics (NAMD), [29] with the Chemistry at Harvard Macro-
molecular Mechanics27 (CHARMM) force field for PA, [30,31] the
TIP3P model for water [32], and the CHARMMS36 force field for mo-
lecular interactions [33,34]. Nonbonded van der Waals interactions
were modeled using the Lennard-Jones potential, and the electrostatic
interactions were described by a Coulomb potential. The switching
distance for interatomic contacts was 10 A. The cutoff distance between
pairs of atoms for electrostatic and van der Waals interactions was 12 A.
The time step was 1 fs. A Langevin dynamics damping coefficient of 5
ps~! was applied to the first nanosecond of equilibration and a
damping coefficient of 1 ps ! was applied to the rest. The Particle Mesh
Ewald algorithm [35] with a grid spacing of 1 A accounting for the full
electrostatic interactions was employed to reduce computational com-
plexity. A canonical constant-temperature and constant-volume en-
semble (NVT, T =300 K) was used with periodic boundary conditions
in all directions. The periodic boundary in the z direction, which is
normal to the interface, was lengthened beyond the boundaries of the
lipid-water system in order to simulate the liquid-gas boundary while
providing x- and y-direction surface-tension-like control.

3. Results and discussion

3.1. Topographies and molecular organization of PA films on Ca and Ca-
free buffers

After the PA films were deposited on the Ca and Ca-free buffers, the
surface pressure quickly decreased to about 5mN/m within the first
20 min and then slowly decreased to about 2mN/m in the following
100 min (Figure sl in Supplemental Information). During the entire
two-hour experimental observation, the interfacial topography of the
PA film on the Ca-free buffer remained similar. Specifically, the PA film
on the Ca-free buffer consistently contained uniformly distributed,
rounded bright domains and a black surrounding phase (Fig. 1A). The
brightness was provided by the accumulated DPPE-Rhod molecules.

Disordered
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The migration of domains was slow, indicating that the entire interface
was covered by the PA film. Therefore, the phase that appeared dark
was more likely a condensed phase of ordered PA molecules that ex-
cluded DPPE-Rhod molecules rather than a gaseous phase. The bright
domains were disorderedly packed PA molecules where DPPE-Rhod
molecules tend to be present. Therefore, throughout the entire experi-
ment, the PA film on the Ca-free buffer remained as a mixture of dis-
ordered and ordered phases (Fig. 1A).

The topography evolution of the PA film on the Ca buffer was more
complicated. Over time, three phases with different levels of fluorescent
intensities were observed (Fig. 1B): (1) the initial small bright spots
grew into bigger domains, which had the highest fluorescent intensity
(marked as 1 in Fig. 1B); (2) the initial continuous dark mottled phase
dispersed into domains, which had the intermediate fluorescent in-
tensity (marked as 2 in Fig. 1B); and (3) a uniformly dark surrounding
black phase emerged (marked as 3 in Fig. 1B). The brightest domains
were likely the inverted bilayer structures of PA-Ca®>* complexes. [5]
The enrichment of DPPE-Rhod molecules in these domains may be due
to the electrostatic interactions between the negatively charged fluor-
escent dye and the accumulated Ca®™ in the inverted bilayer domains.
These domains formed quickly after PA was spread on the Ca buffer and
kept growing. Domain migration was much faster than that on the Ca-
free buffer, indicating that the continuous dark phase (marked as 3 in
Fig. 1B) was the gaseous phase. The domains marked as 2 in Fig. 1B
might possess a monolayer structure.

While fluorescence microscopy provides direct observations of the
film topography evolutions, it is difficult to quantitatively analyze the
kinetics of the monolayer, inverted bilayer and gaseous phase transition
by using microscopy because of the limited and fixed observation area,
and fast drifting of the domains. Therefore, XR and GIXD measurements
were carried out to reveal the molecular packing structures of the films
and phase transition kinetics.

GIXD measurements reveal the lateral molecular packing structures.
For the PA film on the Ca-free buffer, the Bragg peaks (Fig. 2A frame a
and Fig. 2B curve a) indicate a nearest-neighbor (NN) packing structure
similar to that of the PA film on pure water (at 15mN/m and 30 °C)
[36] with a unit area of 22.6 A2 and a tilt angle of 25.2° (Fig. 2C,
schematic a). Throughout the entire experiment, the GIXD Bragg peaks
remained unchanged, indicating an unchanged packing structure over
time. For the PA film on the Ca buffer, the GIXD patterns changed
significantly overtime. After 20 min of PA deposition, a dominant in-
plane GIXD peak appeared at 1.514 At along with two very weak
peaks at about 1.41 and 1.84 A~ (Fig. 2A frame b and Fig. 2B curve b).
The strong in-plane Bragg peak at 1.514 A~ indicates a hexagonal

Fig. 1. Topography changes and schematics of

the PA films over time on Ca and Ca-free buf-
Ordered fers at a constant surface area. (A)
\ ) Representative topographies of the film at 10
and 120 min after PA was deposited on the Ca-
free buffer at the gas-liquid interface. The
fluorescent contrast indicated the mixture of
disordered (bright) and ordered (dark) do-
mains. (B) Representative topographies of the
film at 10 and 120 min after PA was deposited
on the Ca buffer at the gas-liquid interface.
Three distinct phases with different fluorescent
intensities were observed: (1) inverted bilayer
domains with the highest fluorescent intensity,
(2) a mottled monolayer phases with the in-
termediate fluorescent intensity, and (3) a
uniformly dark gaseous phase as the black
surrounding region. The schematics show the
possible molecular packing structures of PA
molecules on the two buffers. The red dots

represent Ca®* ions. The scale bars in all the frames represent 50 pm. The intensity contrast between phases were automatically adjusted to the best contrast. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).
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Fig. 2. Molecular organization of the PA films
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on Ca-free and Ca buffers at a constant surface
area. (A) GIXD patterns of the films for (a)
20 min after PA was deposited on the Ca-free
buffer, (b) 20 min after PA was deposited on
the Ca buffer, and (c) 200 min after PA was
deposited on the Ca buffer. (B) Bragg peaks of
the films corresponding to Fig. 2A (a) — (c). The
vertical dashed lines represent the Bragg peak
positions observed 200 min after PA was de-
posited on the Ca buffer. (C) Schematics of PA
molecular packing corresponding to the three
conditions of Fig. 2A (a) — (c). The top view is
shown in the top row and the side view in the
bottom row. (For interpretation of the refer-
ences to colour in this figure legend, the reader
is referred to the web version of this article).
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packing structure with a unit area of 19.9 A? (Fig. 2C, schematic b),
which is smaller than the unit area of PA molecules on the Ca-free
buffer. This is due to the condensing effect of Ca*>* on the packing of PA
molecules through electrostatic interactions, which was also observed
when BA was deposited on buffers containing Cd** [10].

After 200 min, the Bragg peaks at about 1.41 and 1.84 A~! became
dominant, and three new sharp peaks appeared at 1.074, 1.529, and
1.614 A~1, while the in-plane peak at 1.514 A was barely discernable
(Fig. 2A frame c and Fig. 2B curve c). This new GIXD pattern is similar
to that of the highly organized PA-Ca®* superstructures observed at a
constant surface pressure. [5,6,26] More speciﬁcally, the slow decay
along Q; of the first peak at Q,y, = 1.074 A was from the ordered Ca%*
layer. The following three Bragg peaks at 1.414A~!, 1.520 A", and
1.614 A~ were scattered from the same organization of PA alkyl talls
with an oblique packing structures (Fig. 2C, schematic c), whose unit
area was 19.9 A2, The last Bragg peak at 1.845 A™ probably combined
the scattering from the ordered Ca layer and alkyl tails, whose orga-
nization needs further study. More detailed analysis of the GIXD peaks
was described in our previous study. [5]

3.2. Growth kinetics of the inverted bilayer domains

The GIXD measurements indicated that the hexagonal packing of PA
molecules was gradually replaced by the PA-Ca®* superstructures at a
constant area without any compression of the barrier. The kinetics of
this spontaneous transformation into superstructures of PA and Ca®™*
was further quantified by seven continuous XR measurements over
about three hours.

XR results for PA films on the Ca-free buffer again indicated a stable
monolayer structure (Fig. 3A). The ED profile obtained from fitting the
XR data using a four-box model is displayed in the middle frame of
Fig. 3B and the corresponding structural parameters are listed in Table
s1. The additional layer below the head group region may represent the

accumulated tris molecules around the deprotonated carboxyl groups of
the PA molecules.

Different from the stable monolayer organization of the PA film on
the Ca-free buffer, a spontaneous collapse of the PA film was observed
on the Ca buffer at a constant area. All seven sets of XR data exhibited
less intensity decay along the Q, direction compared to the XR data for
the PA film on the Ca-free buffer. This phenomenon became more
pronounced over time. In addition, for the last three measurements, the
XR curves showed a dip just above the critical angle (Q, = 0.0217
A™1). These characteristics suggested an inverted bilayer organization.
[37,38] The best fits for the XR data were achieved by using three-
phase box models, containing an inverted bilayer, a monolayer, and a
gaseous phase. The resulted ED profile and surface coverage are re-
spectively displayed in Figs. 3B and C and the structural parameters are
listed in Table s2. The ED profiles of the inverted bilayer were similar
for all seven measurements, except that the thickness of the deficit
layers (regions where the ED was close to 0) between the inverted bi-
layer and the subphase increased over time. Self-assembly of the in-
verted bilayer packing structures is driven by electrostatic interactions
of the deprotonated PA with Ca®* and the hydrophobic interactions of
the alkyl tails that overcome the entropy decrease. Consequently, the
inverted bilayer domains are very rigid, which is consistent with the
low roughness obtained from fitting the XR data. Over time, the
roughness of the monolayer also decreased, suggesting a more rigid
packing structure. Compared to the PA monolayer on the Ca-free buffer,
the monolayer domains of the PA film on the Ca buffer were denser and
thicker, demonstrating the condensing effect of Ca>* on PA molecular
packing.

The spontaneous transition from 2-D to 3-D structures was quanti-
fied by analyzing the surface coverage of the three different domains
(Fig. 3C). The surface coverage of the inverted bilayer domains slowly
increased over time, accompanied by a gaseous phase that emerged and
grew to more than 20 % of the surface coverage. At the same time, the
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Fig. 3. Reorganization kinetics of the PA film on the Ca buffer at a constant surface area. (A) Normalized XR data obtained from seven continuous measurements on
the PA films on the Ca buffer. The solid lines show best fits of the data. The data are offset for clarity. Time was counted from the instant PA was deposited on the
buffers. The normalized XR data and their best fit for the PA film on the Ca-free buffer are also included for comparison and displayed as gray dots and a gray solid
line, respectively. (B) ED profiles for the inverted bilayer, monolayer, and gaseous phases obtained from fitting the XR data. Same color scales were used as Fig. 3A.
The vertical dashed line at the zero depth of the ED profiles indicates the aqueous surface position. The red schematic molecules represent PA packing structures
across the interface. (C) Surface coverage of the inverted bilayer, monolayer, and gaseous phases and mass balance of PA molecules overtime. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article).

surface coverage of the monolayer domains decreased by about 42 %.
Mass balance of PA molecules over time was analyzed and presented in
Fig. 3C (the red dotted line). This was calculated by assuming that the
amounts of PA in the bilayer doubled those in the monolayer at the
same surface coverage and the amount of PA in the gaseous phase was
negligible. More specifically, the average area per molecule is about
20 A2 for the monolayer domain from the initial isotherm measure-
ments and 10 A2 for the bilayer domain by assumption. Mass balance of
PA molecules approximately maintained throughout the XR measure-
ments.

Electrostatic interactions between the deprotonated COO~ of PA
and the Ca®*, together with the hydrophobic interactions of the alkyl
tails, overcome the entropy lose and play a key role in stabilizing the PA
bilayers on the aqueous phase. The pKa value of monomeric PA in the
bulk is about 4.8, but the pKa values for fatty acid aggregates scatter
widely in literature, ranging from about 6-9. [39-41] Gershevitz and
Sukenik observed two pKa values at about 4.9 and 9.3 for the siloxane
anchored fatty acid monolayers in water [41]. At a near-neutral pH, PA
deprotonation and strong binding of COO- with Ca®** were character-
ized by Tang et al. using vibrational sum frequency generation spec-
troscopy (VSFGS). [42] Therefore, it is reasonable to consider that a
significant amount of PA in the films were deprotonated with the pre-
sence of Ca®* at pH 7.4 under our experimental conditions.

The non-linear growth kinetics may have been resulted from com-
plicated coupling effects of domain merging and molecular transport
from the monolayer to the bilayer domains. Data with a higher tem-
poral resolution may be necessary for developing the theory. In this
study, we employed MD simulations to reveal a few important steps of
the nucleation and growth processes. To simulate the initial nucleation,
an MD run was conducted on a densely packed monolayer of PA with
Ca®* at a unit area of 12.6 A2, which is oversaturated at the interface.
When the damping coefficient was lowered to 1 ps ! after equilibration
for 1ns at a high damping coefficient of 5 ps™, the monolayer im-
mediately became corrugated (at ~0.05ns). Prior to full corrugation,
small bundles of PA molecules were ejected above and below the
monolayer simultaneously (Fig. 4A and Video in Supplemental In-
formation 2). This ejection preceding corrugation was similar to the
finding of a previous study on the monolayer collapse of deprotonated
arachidonic acid (AA) on a Ca?* buffer under a constant pressure. [43]

Following the corrugation, the ejected PA molecules and Ca®* then
reorganized and formed the inverted bilayer nuclei of PA-Ca®>* com-
plexes at the interface (Fig. 4A). Due to computational limitations, the
initial density of the PA molecules in the MD simulation was set higher
than that in the experimental conditions in order to accelerate the
nucleation process without losing physical insights. Nonetheless, the
MD results suggest that spontaneous nucleation of PA-Ca®* inverted
bilayers probably occurs in densely packed PA molecules at the inter-
face during or shortly after their deposition through this “corrugatio-
n-ejection—complex formation” mechanism.

To simulate the nuclei growth, an MD run was conducted using a
model containing a monolayer domain adjacent to an inverted bilayer
domain at the gas-liquid interface (Fig. 4B). The initial PA densities in
the simulation were set to be similar to the experimental conditions.
During 55.2 ns of equilibration, the PA and Ca®™ in the inverted bilayer
became more tightly packed and organized than those in the mono-
layer. Moreover, PA and Ca®>* in the monolayer continuously migrated
into the inverted bilayer (Video in Supplemental Information 3). During
this migration, PA had a strong interaction with Ca>* and rotated
around it. By this way, the PA-Ca®* complex kept integrating into the
inverted bilayer structure. In addition, exchanges of PA molecules oc-
curred between the top and bottom leaflets in the inverted bilayer
domain (Video in Supplemental Information 3), which further supports
the possibility of frequent rotation and migration of the PA-Ca®*
complexes. The molecular transport of PA and Ca?*, named as “bon-
ding-migration-rotation”, may be the main mechanism for the changes
in surface coverage of the three phases as observed in the experiments.

4. Conclusions

To the best of our knowledge, the present study is the first to report
the spontaneous collapse (2D to 3D transition) of an SFA film at a
constant surface area. The study examined the interfacial reorganiza-
tion of PA films on a weak alkaline buffer with and without Ca®™.
Results showed that Ca>* played an essential role in the reorganization.
PA molecules formed a stable monolayer with an NN- tilted lateral
packing structure on the Ca-free buffer. In contrast, due to the strong
electrostatic interaction of deprotonated PA head groups with Ca®* and
the hydrophobic effects of alkyl tails, the PA molecules and Ca**
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A Nucleation process of the inverted bilayer
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cations spontaneously transformed from a primary monolayer structure
to a highly heterogeneous mixture of monolayer, inverted bilayer, and
gaseous phases. This spontaneous collapse of the PA-Ca®* film occurred
through a two-step mechanism involving nucleation and nuclei growth
of the inverted bilayer domains. Bilayer domain nucleation may pro-
ceed through “corrugation-ejection—complex formation,” and the
growth of the bilayer domain is contributed by the continuous mole-
cular transport of PA and Ca2* from the monolayer domain to the in-
verted bilayer domains. The study of the spontaneous collapse of SFA
films with divalent cations sheds light on their roles in bioprocesses and
provides a foundation for designing related biomimetic systems.
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Fig. 4. MD simulations and schematics of the
nucleation and growth processes of the in-
verted bilayer superstructures of PA and Ca®*
at a constant surface area at the gas-liquid in-
terface. (A) Corrugation and ejection of the PA
molecules indicated by the MD simulation,
which may be the main mechanism involved in
the formation of inverted bilayer nuclei.
Ejection was observed after 2ns of equilibra-
tion. (B) Molecular transport of PA and Ca®*
from the monolayer domain to the co-existing
inverted bilayer domain. For all the frames, a
consistent color code was used: light blue is for
the initial PA monolayer; yellow is for the in-
itial top leaflet of the PA inverted bilayer; dark
blue is for the initial bottom leaflet of the PA
inverted bilayer; purple spheres are Ca®* ions
initially placed in solution beneath the PA
monolayer; red spheres are Ca®" ions initially
placed between the top and bottom PA leaflets
of the inverted bilayer; and small red dots un-
derneath are water molecules. (For interpreta-
tion of the references to colour in this figure
legend, the reader is referred to the web ver-
sion of this article).

Appendix A. Supplementary data

Supplementary material related to this article can be found, in the
online version, at doi:https://doi.org/10.1016/j.colsurfb.2020.111100.
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