
Article
Biophysical properties of tear film lipid layer II.
Polymorphism of FAHFA
Xiaojie Xu,1 Christopher Kang,2 Rui Sun,2 and Yi Y. Zuo1,3,*
1Department of Mechanical Engineering, University of Hawaii at Manoa, Honolulu, Hawaii; 2Department of Chemistry, University of Hawaii at
Manoa, Honolulu, Hawaii; and 3Department of Pediatrics, John A. Burns School of Medicine, University of Hawaii, Honolulu, Hawaii
ABSTRACT Fatty acid esters of hydroxy fatty acids (FAHFAs) are a newly discovered class of endogenous lipids that consist
of two acyl chains connected through a single ester bond. Being a unique species of FAHFAs, (O-acyl)-u-hydroxy fatty acids
(OAHFAs) differ from other FAHFAs in that their hydroxy fatty acid backbones are ultralong and their hydroxy esterification is
believed to be solely at the terminal (u-) position. Only in recent years with technological advances in lipidomics have OAHFAs
been identified as an important component of the tear film lipid layer (TFLL). It was found that OAHFAs account for approxi-
mately 4 mol% of the total lipids and 20 mol% of the polar lipids in the TFLL. However, their biophysical function and contribution
to the TFLL is still poorly understood. Here we studied the molecular biophysical mechanisms of OAHFAs using palmitic-acid-9-
hydroxy-stearic-acid (PAHSA) as a model. PAHSA and OAHFAs share key structural similarities that could result in comparable
biophysical properties and molecular mechanisms. With combined biophysical experiments, atomic force microscopy observa-
tions, and all-atom molecular dynamics simulations, we found that the biophysical properties of a dynamic PAHSA monolayer
under physiologically relevant conditions depend on a balance between kinetics and thermal relaxation. PAHSA molecules at
the air-water surface demonstrate unique polymorphic behaviors, which can be explained by configurational transitions of the
molecules under various lateral pressures. These findings could have novel implications in understanding biophysical functions
that FAHFAs, in general, or OAHFAs, specifically, play in the TFLL.
SIGNIFICANCE Recent lipidomic advances have led to the discovery of a unique species of fatty acid esters of hydroxy
fatty acids, i.e., (O-acyl)-u-hydroxy fatty acids, in the tear film lipid layer. However, the biophysical function of these lipids
and their contribution to the tear film lipid layer are still poorly understood. Here we studied the molecular biophysical
mechanisms of (O-acyl)-u-hydroxy fatty acids using palmitic-acid-9-hydroxy-stearic-acid (PAHSA) as a model. With
combined biophysical and atomic force microscopy experiments, we have explored the unique lipid polymorphism and
collapse mechanisms of the PAHSA monolayer under various kinetic and temperature conditions. All-atom molecular
dynamics simulations have revealed the molecular mechanisms of PAHSA polymorphism under lateral compression.
INTRODUCTION

Fatty acid esters of hydroxy fatty acids (FAHFAs) are mol-
ecules that contain a hydroxy fatty acid esterified by a fatty
acid (1). Being a newly discovered class of endogenous
lipids with potent antidiabetic and antiinflammatory activ-
ities (2,3), FAHFAs exist in an extremely low abundance
in natural sources, including humans, animals, plants, and
foods (4–6). Being a unique species of FAHFAs, (O-acyl)-
u-hydroxy fatty acids (OAHFAs) differ from other FAHFAs
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in that their hydroxy fatty acid backbones are ultralong,
typically around 26–34 carbons in length, and their hydroxy
esterification is believed to be solely at the terminal (u-)
position (7).

Only in recent years with technological advances in lipi-
domics have OAHFAs been identified as an important
component of the meibomian lipids (8–12). Being the
only polar lipid class other than phospholipids in the tear
film lipid layer (TFLL), OAHFAs account for approxi-
mately 4 mol% of the total lipids and 20 mol% of the polar
lipids (10,12). OAHFAs appear to play a significant physio-
logical and biophysical role in eye health since it is the only
class of lipids found to decrease in dry eye (13,14). Direct
contribution of OAHFA deficiency to dry eye disease was
recently established with Cyp4f39-knockout mice that
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exhibited damaged corneal epithelium and shortening of
tear film break-up time (15). The latest human study sug-
gested that OAHFAs might be used as a biomarker for dry
eye disease (16). However, compared to other lipids, bio-
physical study of OAHFAs is still scarce, likely in part
due to technical difficulties in purifying large quantities of
these lipids from complex meibomian gland secretions.
The biophysical function of OAHFAs and their contribution
to the TFLL are still poorly understood (15,17,18).

In a companion paper, we have studied the composition-
function correlations of a recombinant artificial TFLL, under
physiologically relevant conditions (19). Our artificial TFLL
was composed of 40% behenyl oleate and 40% cholesteryl
oleate that represent two nonpolar lipid classes, i.e., wax
ester and cholesteryl ester in the natural TFLL, and 15%
phosphatidylcholine and 5% palmitic-acid-9-hydroxy-stea-
ric-acid (PAHSA) that represent the two predominant polar
lipid classes in the natural TFLL (20). It should be noted
that human meibomian lipids are composed of a complex
mixture of different lipid classes, and each lipid class consists
of numerous homologous lipid species varying in lengths, de-
grees of unsaturation, and branching (10,18,20). The major
wax esters and cholesteryl esters found in human meibum
are much longer than behenyl oleate and cholesteryl oleate
used in our artificial TFLL (11,21,22). Moreover, PAHSA
used in our artificial TFLL is only a remote model of OAH-
FAs. Due to its function in metabolic regulation and potential
in glucose control, PAHSA has become the most extensively
studied FAHFA (1,23), and it is readily available from com-
mercial sources. We used PAHSA as an analog of OAHFAs
to study the biophysics of TFLL since they share critical
structural similarity that predominates their surface activities.
Namely, both PAHSA and OAHFAs maintain their amphi-
philicity through two hydrophilic moieties favoring contact
with water, i.e., a relatively strong contact point through
the negatively charged carboxyl group and a relatively
weak contact point via the polar ester group. On the other
hand, it is also important to understand the structural differ-
ences between these two FAHFAs. First, the hydroxy fatty
acid backbone of PAHSA (C18) is much shorter than that
of OAHFAs (C26–34). Second, PAHSA lacks the acyl chain
unsaturation in OAHFAs since oleic acid (C18:1) has been
identified as the most abundant acyl chain in OAHFAs
(17). Third, with the ester group located at either the 9- or
5-position, PAHSA has a branched structure, whereas
OAHFA should have a linear structure since its ester group
is located at the u-position (1).

In line with findings by other workers (24,25), our bio-
physical study suggested that the primary function of FAH-
FAs in the TFLL is not to reduce the surface tension (19).
Rather, our study suggested that the main biophysical func-
tion of FAHFAs is to optimize the rheological properties of
the TFLL (19). To further scrutinize the molecular mecha-
nism by which the FAHFAs regulate and optimize the bio-
physical function of the TFLL, here we studied the
452 Biophysical Journal 121, 451–458, February 1, 2022
detailed phase behavior of PAHSA molecules at the air-wa-
ter surface, using combined in vitro biophysical simulations
with constrained drop surfactometry (CDS), direct film im-
aging with atomic force microscopy (AFM), and in silico
all-atom molecular dynamics (MD) simulations. We found
that the biophysical properties of a dynamic PAHSA mono-
layer under physiologically relevant conditions depend on a
balance between kinetics and thermal relaxation. Owing to
their unique molecular structures of dual hydrophilic moi-
eties, PAHSA molecules at the air-water surface demon-
strate unique polymorphic behaviors and various collapse
mechanisms. These findings could have novel implications
in understanding the biophysical functions that FAHFAs,
in general, or OAHFAs, specifically, play in the TFLL.
MATERIALS AND METHODS

Materials

Palmitic-acid-9-hydroxy-stearic-acid (PAHSA,C:18:0-C16:0)was purchased

from Sigma-Aldrich and used without further purification. PAHSAwas dis-

solved in chloroform as 1 mM stock solutions. Water used was Milli-Q ultra-

pure water with a resistivity greater than 18 MU,cm at room temperature.
Constrained drop surfactometry

CDS is a new-generation of droplet-based surface tensiometry technique

developed in our laboratory (26). Detailed description of CDS can be found

in the companion paper (19). Briefly, a trace amount of PAHSAwas spread

onto the air-water surface of a 10-mL droplet. The spread film was left un-

disturbed for 1 min to allow evaporation of solvent. The droplet was then

slowly expanded to decrease the surface pressure to around zero (i.e.,

increasing the surface tension to around 70 mN/m). Subsequently, the

spread lipid film was compressed at two extreme rates, i.e., 0.15 and 15

relative area per second (A%/s), and at two different environmental temper-

atures, i.e., 20�C and 34�C, with the latter representing the physiologically

relevant temperature of the ocular surface. The low compression rate of

0.15 A%/s was used in our experiments to represents a quasi-static process,

whereas the high compression rate of 15 A%/s was used to introduce suf-

ficient kinematic effects into the study of the TFLL.
Atomic force microscopy

Lateral structure and topography of the PAHSA film were studied with the

combination of in situ Langmuir-Blodgett (LB) transfer from the CDS and

AFM (27). The lipid film was first LB transferred from the droplet by lifting

a small piece of freshly peeled mica sheet at a speed of 1 mm/min. During

the LB transfer process, the surface pressure of the lipid film was main-

tained at a constant value using closed-loop axisymmetric drop shape anal-

ysis (CL-ADSA) (28). Topographical images of the lipid film were obtained

with an Innova AFM (Bruker, Santa Barbara, CA). Samples were scanned

in air in contact mode using a silicon nitride cantilever with a spring con-

stant of 0.12 N/m and a tip radius of 2 nm. Relative height differences be-

tween domains were determined with bearing analysis using Nanoscope

Analysis (version 1.5).
Molecular dynamics simulations

All-atom MD simulations were performed to study the molecular organiza-

tion of PAHSA molecules at the air-water surface. The force field
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parameterization of PAHSAwas carried out using existing molecules in the

CHARMM lipid force field (29). The detailed force field parameters are

provided in the Supporting Material. The simulation box contained two

symmetric PAHSA monolayers separated by a layer of TIP3 water of at

least 4 nm thick. Periodic boundary conditions were enforced in all three

directions. The system was generated using the PACKMOL software

(30,31) and contained a total of 162 PAHSA molecules, i.e., 81 PAHSA

per monolayer, 6186 TIP3 water molecules, and 17 ions of both Naþ and

Cl� that mimic the physiological ionic concentration of 0.15 M. An illus-

tration of the MD simulation system is depicted in Fig. 3 a. Steepest descent

energy minimization was carried out, followed by 100 ns of equilibration.

The axial, i.e., direction perpendicular to the monolayer, dimension of the

system was �25 nm after equilibrium, and the lateral dimension of the sys-

tem was controlled at 5.2 nm ✕ 5.2 nm, 6.2 nm ✕ 6.2 nm, and 7.2 nm ✕

7.2 nm. The large axial dimension eliminates any possible interaction be-

tween the two PAHSA monolayers across the periodic boundaries. By vary-

ing the lateral dimension of the simulation box, the average area per lipid

molecule and the corresponding surface tension were systematically

controlled (32–35). Systems of each lateral dimension were simulated for

400 ns after the equilibrium. All simulations were conducted under NVT

conditions and at a constant temperature of 34�C using the Nose-Hoover

thermostat (36) in the GROMACS 2020.4 software package (37).
RESULTS

Compression isotherms of the PAHSA film

Fig. 1 shows the compression isotherms of the PAHSA
monolayer at different temperatures (20�C and 34�C) and
compression rates (0.15 and 15 A%/s), respectively. It is
found that the compression isotherms of the PAHSA mono-
layer, at different temperatures and compression rates, are
largely superimposed at the surface pressure lower than
25 mN/m. However, the collapse pressure (pc) of the
PAHSA monolayer differs under various experimental con-
ditions. At 20�C and slow compression, the PAHSA mono-
layer collapses at 25 mN/m. Increasing temperature to 34�C,
FIGURE 1 Compression isotherms of the PAHSA monolayer under four

experimental conditions, i.e., 20�C and a low compression rate of 0.15 A

%/s, 20�C and a high compression rate of 15 A%/s, 34�C and 0.15 A%/s,

and 34�C and 15 A%/s.
while maintaining the low compression rate, increases the
pc to 38 mN/m. The pc of the PAHSA monolayer com-
pressed at a high rate is found to be below 30 mN/m, at
both 20�C and 34�C.

It should be noted that these results are rather surprising
since the experimental temperature of 34�C is very close
to the melting temperature of PAHSA, i.e., 33.5�C. Hence,
the PAHSA monolayer at 34�C is expected to be signifi-
cantly more disordered than that at 20�C, whereas a lipid
monolayer with a high fluidity usually instantaneously col-
lapses upon quasi-static lateral compression without sus-
taining high surface pressures (38,39). However, here we
found that the pc of the PAHSA monolayer at 34�C, under
quasi-static compression, is significantly higher than that
at 20�C (38 versus 25 mN/m). A similar finding of the tem-
perature dependence has been reported for the OAHFA
monolayer (24), as will be discussed later.
Lateral structure and topography of the PAHSA
film

Fig. 2 shows the lateral structure and topography of the
PAHSA monolayer at three characteristic surface pressures,
10, 20, and 25 mN/m, respectively, at different tempera-
tures (20�C and 34�C) and compression rates (0.15 and
15 A%/s), matching the experimental conditions used in
Fig. 1. Reproducibility of the AFM experiments can be
found in Fig. S1.

As shown in Fig. 2 a, at 20�C and slow compression, the
PAHSA monolayer at 10 mN/m shows irregular flake-
shaped domains about 1 nm higher than the surroundings.
When the monolayer is compressed to 20 mN/m, these do-
mains are further packed with relatively unchanged height
differences. At 25 mN/m, i.e., the pc under this experi-
mental condition, the PAHSA monolayer collapses to
form isolated multilayered collapse structures up to 14 nm
higher than the surroundings.

In comparison, at 34�C and slow compression (Fig. 2 c),
the PAHSA monolayer at 10 mN/m shows a network of
ramified, fiber-like domains about 1 nm higher than the sur-
roundings. When the monolayer is compressed to 20 mN/m,
these higher domains form a denser network that covers
most of the monolayer. At 25 mN/m, the fiber-like domains
are compressed into larger pieces with a similar height as
those at lower surface pressures, thus a large portion of
the monolayer is covered with the higher domain. No
collapse structure is found at 25 mN/m, which is consistent
with the compression isotherm, i.e., pc close to 38 mN/m
under this experimental condition.

At 20�C and fast compression (Fig. 2 b), the PAHSA
monolayer shows flake-shaped domains, similar to those
shown in Fig. 2 a. However, in comparison to the slow
compression shown in Fig. 2 a, all higher domains in
Fig. 2 b are rapidly compacted into a fully packed mono-
layer without height contrasts at 20 mN/m. At 25 mN/m,
Biophysical Journal 121, 451–458, February 1, 2022 453



FIGURE 2 Lateral structure and topography of

the PAHSA film at three characteristic surface pres-

sures, i.e., 10, 20, and 25 mN/m, each under four

experimental conditions. (a) 20�C and a low

compression rate of 0.15 A%/s, (b) 20�C and a

high compression rate of 15 A%/s, (c) 34�C and

0.15 A%/s, and (d) 34�C and 15 A%/s. All AFM

images have the same scanning area of 20 mm �
20 mm and the same z range of 5 nm. Images in

the first and last columns show the 3D rendering

of the film indicated by black squares. The average

height differences are shown as mean 5 standard

deviation. Arrows point to the height of specific

features on the film. The bar represents 5 mm.

Xu et al.
liquid-crystalline collapse, revealed as large-piece folding,
initiates in the fully packed PAHSA monolayer, which is
in contrast to the localized film collapse shown as individual
protrusions at the same surface pressure shown in Fig. 2 a.

The domain structures at 34�C and fast compression
(Fig. 2 d) are similar to those at 34�C and slow compression
(Fig. 2 c). The PAHSA monolayer shows a network of rami-
fied, fiber-like domains at 10 mN/m. These domains are
compacted into a denser network at 20 mN/m, and then
into a fully packed monolayer without height variations at
25 mN/m. At this surface pressure, numerous protrusions
4 nm higher than the compacted monolayer appear, indi-
cating localized film collapse.
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Molecular dynamics simulations of the PAHSA
film

Fig. 3 shows the all-atom MD simulations of the PAHSA
film at the air-water surface. Fig. 3 a shows the MD simu-
lation model in which the two hydrophilic moieties of
PAHSA are highlighted, with the more hydrophilic
carboxyl group in blue and the less hydrophilic ester group
in red. Fig. 3 b shows the density profiles of these two hy-
drophilic groups relative to the location of the air-water
surface (defined by the density of water molecules). It
can be seen that at a low surface pressure both the carboxyl
group and the ester are solvated in water, with the carboxyl
groups �0.3 nm into the water while the esters reside at the



FIGURE 3 All-atom molecular dynamics simu-

lations of the PAHSA monolayer at the air-water

surface. (a) Demonstration of the simulation box.

The carboxyl oxygen is represented by blue beads

and the ester oxygen is represented by red beads.

Hydrocarbon chains are represented by gray sticks.

(b) Density profiles of the carboxyl group (in blue)

and ester group (in red) of the PAHSA relative to

the air-water surface (in light blue, measured by

the density of water molecules) at increasing sur-

face pressures. (c) Transition of the PAHSA mole-

cule from a configuration ‘‘parallel’’ to the air-

water surface, to a ‘‘tilted’’ configuration relative

to the air-water surface, upon increasing surface

pressure. The carbon atoms of the carboxyl oxygen

are shown in blue, the ester oxygen is shown in red,

and the rest of the carbon atoms are shown in gray.

(d) Histograms of the average tilting angle of the

vector connecting the carboxyl oxygen and the

ester oxygen.
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surface. When increasing surface pressure upon film
compression, i.e., reducing the lateral dimension of the
system, the esters are squeezed out of the bulk water.
Fig. S2 shows the agreement between the MD-simulated
compression isotherm and the experimentally determined
compression isotherm at 34�C. Fig. 3 c is a cartoon repre-
sentation of the molecular conformation of PAHSA at the
air-water surface with increasing surface pressure. At a low
surface pressure, the vector connecting the carboxyl and
ester groups of the PAHSA molecule assumes a configura-
tion parallel to the air-water surface, with both the
carboxyl and ester groups lying inside water. With
increasing surface pressure, the PAHSA molecule assumes
a more and more tilted configuration, with the more hydro-
philic carboxyl group remaining in water while the less hy-
drophilic ester is squeezed out. Fig. 3 d shows the
quantified tilting angle measure at various surface pres-
sures. It can be seen that the most probable tilting angle in-
creases from approximately 120� to 180� with increasing
surface pressure, indicating a transition of the PAHSA
molecule from a parallel to a titled configuration (see an
animation Video S1 of compressing a PAHSA monolayer
in Supporting Material). This surface pressure-dependent
change in the molecular tilting angle is consistent with
the density profile (Fig. 3 b), collectively suggesting that
the ester groups are squeezed out from the water as the sur-
face pressure increases.
DISCUSSION

To date, most biophysical studies of artificial TFLL have
ignored the effects of FAHFAs, in general, or OAHFAs, spe-
cifically. To the best of our knowledge, there are only a few
available biophysical studies of OAHFAs in artificial TFLL
(24,25,40,41). The OAHFAs used in all of these studies
were synthetic and contained only short hydroxy fatty
acid backbones up to 20 carbons. In the past two years, Paa-
nanen and co-workers have developed a series of synthetic,
oleic acid (C18:1)-based OAHFAs with the hydroxy fatty
acid backbone of various lengths, i.e., C12:0, C15:0, and
C20:0 (25,40), and different chain saturation, e.g., C20:1
(41). They have studied extensively the biophysical proper-
ties of these synthetic OAHFAs using Langmuir trough. In
general, they found that the pc of OAHFAs at 35

�C ranges
from 35 mN/m for C20:1 (41) to 40 mN/m for OAHFAs
with fully saturated backbones (25,40). These findings are
in good agreement with the pc of PAHSA found here at
34�C and slow compression (Fig. 1).

Butovich et al. first synthesized a model OAHFA,
(O-oleyl)-u-hydroxy palmitic acid (OOHPA), i.e., the
C16:0-C18:1 OAHFA, in 2009 (11). Schuett and Millar
have studied the surface activity of OOHPA (24). The
compression isotherms obtained with OOHPA are in general
agreement with those obtained here for PAHSA under
slow compression (Fig. 1). Interestingly, they found that
increasing temperature from 20�C to 35�C significantly
Biophysical Journal 121, 451–458, February 1, 2022 455



FIGURE 4 Cartoons of the compressed PAHSA monolayer at three char-

acteristic surface pressures, i.e., 10, 20, and 25 mN/m, each under four

experimental conditions. (a) 20�C and a low compression rate of 0.15 A

%/s, where the PAHSA monolayer collapses as isolated large protrusions

up to three bilayer stacks. (b) 20�C and a high compression rate of 15 A

%/s, where the PAHSA monolayer collapses as large liquid-crystalline

folds. (c) 34�C and 0.15 A%/s, where the PAHSA monolayer does not

collapse at the surface pressure of 25 mN/m. (d) 34�C and 15 A%/s, where

the PAHSA monolayer collapses as multiple, uniform-distributed, single

bilayer budding. The carboxyl groups are represented by blue beads and

the ester groups are represented by red beads.

Xu et al.
increased the pc of OOHPA from less than 10 to 45 mN/m.
They were unable to explain this ‘‘unexpected’’ surface ac-
tivity of OOHPA (24). A similar temperature dependence of
the pc is also found here with PAHSA (Fig. 1). We have
further shown that with a high compression rate, the PAHSA
film reaches the same pc of 29 mN/m at both 20�C and
34�C. These results indicate that the biophysical properties
of a dynamic PAHSAmonolayer under physiologically rele-
vant conditions must depend on a balance between kinetics
(mostly controlled by the speed of film compression) and
thermal relaxation (mostly controlled by temperature).

The different biophysical properties of the PAHSA mono-
layer under various temperatures and compression rates can
be fully explained by the molecular organization and lateral
structure of the monolayer revealed by AFM (Fig. 2). It is
clear that the lateral domain structures of the PAHSA mono-
layer are predominantly affected by temperature, which de-
termines the mobility and fluidity of the molecules, whereas
the compression rate mostly affects the kinetic compactness
of the monolayer. At 20�C, molecules in the PAHSA mono-
layer self-assemble into large flake-shaped crystalline do-
mains. Such a loosely organized molecular structure can
poorly absorb the kinetic energy of film compression, thus
leading to film collapse at a low pc (i.e., <30 mN/m). At
34�C, however, molecules in the PAHSA monolayer self-
assemble into a more flexible and uniform, fiber-like
network. Compared to the isolated flake-shaped domains
formed at 20�C, this fiber-like network is more efficient in
adsorbing the kinetic energy of film compression, especially
at the low compression rate, thus maintaining a much higher
pc (i.e., 38 mN/m for slow compressions). It should be noted
that this fiber-like network was also observed in the C20-
OAHFA monolayer at 35�C using fluorescence microscopy
(40), and in the human meibomian lipid film at 34�C and
surface pressures lower than 10 mN/m using Brewster angle
microscopy (42).

The unique phase behavior of PAHSA molecules at the
air-water surface can be better understood with MD simula-
tions (Fig. 3). It is well-known that both the time and length
scales of all-atom MD simulations are too small to directly
observe the phase behavior of biomembranes (43,44). How-
ever, all-atom MD simulations shed light on molecular
orientation and rotation, which are of vital importance for
understanding molecular mismatch and phase separation
in lipid monolayers and membranes. A distinct difference
in the molecular structure between phospholipids and
PAHSA, as well as OAHFAs, is that instead of having
only one hydrophilic headgroup as in phospholipids,
PAHSA has two individual hydrophilic moieties, i.e., the
more hydrophilic carboxyl group and the relatively less hy-
drophilic ester group. Both moieties are capable of interact-
ing with water, albeit to different degrees. Consequently, the
PAHSA monolayer at the air-water surface is expected to
exhibit more complicated polymorphic behaviors than phos-
pholipid monolayers. Our MD simulations have found that
456 Biophysical Journal 121, 451–458, February 1, 2022
upon film compression, phase separations in the PAHSA
monolayer are caused by a configurational transition from
a parallel to a tilted configuration (Fig. 3 c). It is important
to note that our MD simulations further show that the
average distance between the carboxyl group and the ester
group is �1 nm (see Fig. S3). This distance is expected to
be the mismatch in height between the parallel position
and titled position of the PAHSA molecules, which is in
good agreement with the height variations between phases
determined with AFM (Fig. 2). The findings from our MD
simulations are consistent with the molecular model of
OAHFAs proposed by Butovich who predicted the amphi-
philicity of these molecules from their unique chemical
structures (18). In general, OAHFAs have two hydrophilic
moieties, the strongly hydrophilic carboxyl headgroup,
which is ionized at the physiological pH, and the mildly hy-
drophilic ester bond in the middle of the molecules since es-
ters are capable of forming hydrogen bonds with water (18).
The unique molecular structure of OAHFAs thus facilities



Tear Film FAHFA Polymorphism
their polymorphism at the air-water surface and their inter-
actions with other polar and nonpolar lipids.

Taking together the results obtained from CDS, AFM, and
MD simulations, Fig. 4 shows cartoons that describe the mo-
lecular organization of the PAHSA molecules at the air-wa-
ter surface with increasing surface pressures of 10, 20, and
25 mN/m, under the four experimental conditions matching
those studied in Figs. 1 and 2. Most importantly, Fig. 4 dem-
onstrates the molecular mechanisms that are responsible for
the collapse of the PAHSA monolayer under various kinetic
and temperature conditions. At 20�C and slow compression
(Fig. 4 a), the PAHSA monolayer collapses with isolated
protrusions up to the thickness of three bilayer stacks
(�14 nm). At 20�C and fast compression (Fig. 4 b), the
PAHSA monolayer collapses as large liquid-crystalline
folds since the monolayer is kinetically fully packed before
the folding. At 34�C and slow compression (Fig. 4 c), the
PAHSA monolayer does not collapse at the surface pressure
of 25 mN/m. At 34�C and fast compression (Fig. 4 d), the
PAHSA monolayer collapses with multiple, uniform-
distributed, small protrusions of only one bilayer in thick-
ness (�4 nm).

OAHFAs are the second most abundant amphiphilic lipid
class found in meibum, accounting for�4 mol% of the total
meibomian lipids (13,45). Hence, OAHFAs have been
considered as a main surfactant in TFLL (13). However,
our study showed that the primary biophysical function of
OAHFAs may not be surface tension reduction but opti-
mizing rheological properties of the TFLL (19). OAHFAs
optimize the surface rheological properties of the TFLL
by maintaining a highly elastic film across a range of oscil-
lation frequencies (19). This finding is consistent with the
clinical evidence that OAHFAs decrease with dry eye
(14). Such compositional changes have been linked to the
biophysical malfunction of increasing TFLL viscosity for
patients with meibomian gland dysfunction (46–48). The
optimal viscoelastic properties of OAHFAs are most likely
related to their unique polymorphic behaviors at the air-wa-
ter surface. Compared to phospholipid molecules, which
have only one hydrophilic moiety, the dual hydrophilic
groups of PAHSA molecules give them a new degree of
rotational freedom when the lipid film is compressed.
Consequently, the PAHSA monolayer may collapse with
various molecular mechanisms (49,50), depending on the
balance of kinetic compression and thermal relaxation.
CONCLUSIONS

Using combined biophysical experiments, AFM observa-
tions, and all-atom MD simulations, we have studied the
detailed biophysical properties of FAHFAs using PAHSA
as a model. It is concluded that the biophysical properties
of a dynamic PAHSAmonolayer under physiologically rele-
vant conditions depend on a balance between kinetics
(mostly controlled by the speed of film compression) and
thermal relaxation (mostly controlled by temperature). We
have revealed the unique lipid polymorphism and collapse
mechanisms of the PAHSA monolayer at the air-water sur-
face, under various kinetic and temperature conditions. Due
to their structural similarities, the biophysical molecular
mechanisms of PAHSA found here may be also applicable
to OAHFAs. These findings could have novel implications
in understanding biophysical functions that FAHFAs, in
general, or OAHFAs, specifically, play in the TFLL.
SUPPORTING MATERIAL

Supporting Material can be found online at https://doi.org/10.1016/j.bpj.
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