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ABSTRACT: In healthy eyes, the tear film lipid layer (TFLL) is 0O-acyl-w-hydroxy
Wax ester fatty acid Mixture

considered to act as an evaporation resistant barrier, which prevents
eyes from drying. Seeking to understand the mechanisms behind the
evaporation resistance of the TFLL, we studied mixtures of lipid layer
wax esters and O-acyl-w-hydroxy fatty acids. Analyzing their self-
assembly and biophysical properties led to new discoveries concerning
the structure and function of the TFLL. We discovered how these
lipids self-assemble at the air—water interface and form an efficient |
antievaporative barrier, demonstrating for the first time how the | . .
interaction of different tear film lipid species can improve the
evaporation resistance compared with individual lipid classes on their own. These results provide a potential mechanism for the
evaporation resistance of the lipid layer. In addition, the results serve as a base for the future development of improved dry eye
treatments and other applications where the evaporation of water represents a significant challenge.
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ry eye disease (DED) is a prevalent ocular surface solutions for dry eye patients, we set out to study the molecular

disease that constitutes a significant public health level structure of films composed of OAHFAs and WEs and its
concern and a considerable societal economic burden.' correlation to evaporation resistance. As part of our
While prevalent, the incidence of DED is expected to increase experimental design, Langmuir monolayer techniques were
further in the future due to the connection between dry eye used to study the self-assembly and evaporation resistance of
risk factors' and current global trends such as the aging OAHFAs and WEs on the aqueous interface, and wide-angle
population and the modern multiscreen lifestyle. The search X-ray scattering (WAXS) was used to address their molecular
for improved tools to combat the main pathological packing in more detail. Instead of using the complex TFLL
mechanisms of DED is ongoing. A major contributor to lipid species, which are expensive to produce due to the
DED is the excessive evaporation of aqueous tear fluid, which multistep synthetic routes and therefore not well suited for
causes tear film instability.”’ However, currently, effective treatment applications, we opted to use model compounds that
evaporation resistant treatments are limited. In healthy eyes, are either commercially available or can be prepared on an
the thin tear film lipid layer (TFLL) secreted by the industrial scale by efficient and short processes. The following
Meibomian glands on the tear film surface stabilizes the entire molecules were used: 20-oleoyloxy-eicosanoic acid (20-
tear film by suppressing the evaporation of water from the OAHFA), as a representative of a polar TFLL lipid,"® and

underlying aqueous tear fluid. This ability is compromised in arachidyl oleate (AO) and behenyl oleate (BO), as
dry eye patients, although the underlying factors are poorly representatives of nonpolar WEs (Figure 1).

understood.”> The reasons for these shortcomings are related We have previously studied the behavior and evaporation
to the complex composition of the TFLL, which features 200— resistance of the 20-OAHFA alone,'® and the WEs were
500 different lipid species from a variety of lipid classes.””® chosen based on their melting points (33 °C for AO, 38 °C for

o . . . 9-12
Nev.ertheless, lip 1dor.mcl 3s)t_ulc5hes on DED patients, trans- BO),"® which are slightly below and above the temperature of
genic mouse studies, and characterization of the

: : - o° e e the ocular surface. Pure WEs have been found to resist
biophysical properties of individual TFLL lipid species
have implicated that O-acyl-w-hydroxy fatty acids (OAHFAs) ]
and wax esters (WEs) may be central lipid classes with respect Rec.ewed: June 24, 2021
to evaporation resistance. However, the interactions between Rev‘?ed‘ August 26, 2021
OAHFAs and WEs and their significance for tear film Published:  September 1, 2021
evaporation resistance have not been previously addressed.

To improve the mechanistic understanding of the TFLL
function and to provide the first step toward improved
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Evaporation resistance

Figure 1. Langmuir trough setup used to study the organization and evaporation resistance of lipid mixtures is presented on the right. The
relationship to dry eye is represented on the right. Molecular structures: O-acyl-w-hydroxy fatty acid carbon chains are shown in orange, wax ester
carbon chains are shown in yellow, and oxygen atoms are depicted in red. Hydrogen atoms are not shown.
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Figure 2. (A) Surface pressure and (B) surface potential isotherms of 20-OAHFA:AO mixtures, with (C) corresponding BAM images. The results
are shown with respect to the total number of molecules (left) and the number of OAHFA molecules (right). The scale bar depicts 500 ym.(D)
Schematic representation of the molecular organization of the films. Selected images correspond to the following conditions: (i) Mixed liquid
monolayer of 20-OAHFA and AO, (ii) collapse of AO on the monolayer surface, (iii) coexistence of gas and liquid monolayer phases, and (iv)

formation of solid monolayer domains by 20-OAHFA with overlying AO.

evaporation at temperatures close to their melting point,'® but
it is not known if the evaporation resistance of the tear film
lipid mixtures has similar temperature dependency.

We began our investigations on OAHFA:WE mixtures by
studying their behavior using Langmuir monolayer techniques.
In our experimental setup, phosphate-buffered saline (PBS)
was employed as a model for the aqueous tear fluid and
maintained at physiological temperature (35 °C).*” The lipid
species and mixtures were administered onto the aqueous
layer, and the properties of the films were analyzed by
measuring the surface pressure and surface potential isotherms
over compression/expansion cycles with further imaging by
Brewster angle microscopy (BAM). This experimental setup
mimics the conditions residing at the ocular surface and
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provides a good model for the lipid layer residing on the
surface of the tear film. It can also simulate the changes
occurring during a blink of the eye, although the dynamics of
the compression and expansion are slower than those during
natural blinking, and potential effects related to the flow of
aqueous tear fluid are not accounted for.

Initially mixed films of 20-OAHFA and AO were studied. In
their pure form, both the 20-OAHFA and AO formed liquid
monolayers, with surface pressure lift-off areas occurring at 140
and 70 A*/molecule, respectively (Figure 2A). The difference
in the mean molecular area reflects the distinct organization of
these molecules at the aqueous interface. At low surface
pressures, the amphiphilic 20-OAHFA lies flat on the aqueous
surface, presumably through anchoring eftects caused by both

https://doi.org/10.1021/acs.nanolett.1c02475
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Figure 3. (A) Surface pressure and (B) surface potential isotherms of 20-OAHFA:BO mixtures, with (C) corresponding BAM images of the
mixtures. The scale bar depicts S00 ym. (D) Schematic representation of the molecular organization of the 20-OAHFA:BO mixed films during
compression. Selected images correspond to the following conditions: (j,ii) Formation of mixed solid monolayer domains of 20-OAHFA:BO, (iii)
excess BO not mixed in the monolayer remains as solid aggregates, and (iv) solid mixed monolayer with excess BO aggregates collapsed on the
monolayer surface.

the carboxylic acid and the carbonyl groups.'® AO, on the that the 20-OAHFA and AO were ideally miscible in the liquid

contrary, lacks the carboxylic acid headgroup and is, as a result, monolayer phase (Figure 2A,B, Supporting Figure 2). Upon
only weakly oriented toward the aqueous interface under compression of the mixed films, the AO collapsed as droplets
similar conditions.'”””** Upon compression, the 20-OAHFA on top of the monolayer at low surface pressures (3—S mN/
underwent a phase transition to a solid monolayer at 2 mN/m m), as verified by the appearance of bright droplets in the BAM
surface pressure. This shift in physical properties stemmed images (Figure 2C, iii) and plateaus in the surface pressure
from a change in the organization of the molecules at the and potential isotherms (Figure 2A,B). Upon film expansion,
aqueous interface. At 2 mN/m the 20-OAHFA adopted a however, the collapsed AO reintegrated into the monolayer.
perpendicular “upright” orientation (Figure 2D, iv), presum- 20-OAHFA remained in the monolayer, shown by the surface
ably with the carboxylic acid headgroup anchored in the pressure isotherms relative to the surface area/OAHFA
aqueous layer, as indicated by the plateau in the surface approaching that of pure 20-OAHFA upon compression. A
pressure isotherm and a decrease in the surface potential."® In decrease in surface potential similar to that of pure 20-OAHFA
contrast, the lack of a strong anchoring group in AO led to film was also observed, with a plateau at an area of 20 A>/OAHFA.
collapse at a similar surface pressure, observed as plateaus in At further compression, approaching the surface pressure
the surface pressure and surface potential isotherms, similar to values of the tear film (27—31 mN/m),” the 20-OAHFA
the ﬁndings reported in previous reports on WE mono- residing in the monolayer formed a solid monolayer phase,
layers.'”>% observed as bright domains with a crystalline appearance in the
In the exploration of the properties of 20-OAHFA:AO BAM images (Figure 2C, iv). These results were in line with
mixtures, the natural composition of tear film lipids was our recent findings on OAHFA:cholesteryl ester (CE)
accounted for. In the TFLL, the proportion of OAHFAs and mixtures.”’ In more detail, the formation of the solid
WEs is approximately 1:9.”** To address the behavior that monolayer phase was unaffected by the presence of the
takes place in the natural TFLL, and in states substantially varying amounts of AO. Moreover, measuring the evaporation
deviating from it, mixtures with increasing proportions of AO resistance of 20-OAHFA:AO mixtures (Supporting Figure 3)
(20-OAHFA:AO-ratios: 1:1, 1:3, and 1:9) were investigated. showed that the evaporation resistance was solely governed by
In mixed films of 20-OAHFA and AO, the mean molecular the 20-OAHFA. This was evident because the mixtures resisted
area and the mean molecular dipole moment calculated from evaporation only when the surface area/OAHFA was 20—25
the surface potential at surface pressure lift-off were directly A% or smaller, that is, when 20-OAHFA adopted a solid
proportional to the ratio of the two components, indicating monolayer phase. In addition, the maximum evaporation
7678 https://doi.org/10.1021/acs.nanolett.1c02475
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Figure 4. Wide-angle X-ray scattering results of bulk 20-OAHFA and BO samples. Left: Smaller scattering angles with diffraction peak orders from
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resistance reached similar levels as those for the pure 20-
OAHFA (3—6 s/cm)."*

The TFLL is typically depicted as a thin, liquid, or liquid-
crystalline layer of nonpolar lipids, with a monolayer of
amphiphilic lipids at the aqueous tear film surface. 20-
OAHFA:AO mixtures formed a similar structure when
compressed, but the AO that collapsed on top of the polar
20-OAHFA monolayer did not provide evaporation resistance,
even though the fully compressed films contained enough
lipids to reach a total thickness of ~40 nm, which is close to
the estimated TFLL thickness.””>” Taken together with the
similar results on OAHFA:CE mixtures,21 these results suggest
that it is unlikely that a liquid or liquid-crystalline layer of
nonpolar lipids provides significant evaporation resistance in
the TFLL. In other words, it seemed likely in this stage that the
origin of TFLL evaporation resistance, one of the main factors
contributing to tear film stability, would stem single-handedly
from the condensed layer of polar lipids residing at the
aqueous interface. Therefore, we wanted to address the
interplay and properties arising from a combination of our
model OAHFA and nonpolar lipids that adopt a solid phase
under physiological conditions.

On the basis of previous studies on WEs,'** BO was
deemed to be a good lipid to represent tear film WEs with
higher melting points. It is structurally similar to AO (slight
increase in chain length) and has similar overall properties,
with the exception of its slightly higher melting/boiling points.
However, these differences are considerable when viewed from
a biophysical perspective. The slight increase in the melting
point entails that BO exists in the solid state under
physiological conditions, in contrast with AO, which exists in
the liquid state. Because of this, pure BO did not spread on the
aqueous surface at 35 °C but instead formed solid aggregates;
therefore, reproducible isotherms could not be obtained with
pure BO. However, to determine how the surface organization
of BO was affected by 20-OAHFA, a number of 20-
OAHFA:BO mixtures (3:1, 2:1, 3:2, 1:1, 1:3, 1:9) were
prepared, and their properties were assessed.

In the 1:1 20-OAHFA:BO mixture, a homogeneous liquid
monolayer was initially observed at low surface pressures,
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indicating that the surfactant properties of the 20-OAHFA
induced the spreading of BO. During compression, a liquid-to-
solid phase transition (Figure 3C, i)ii) occurred, similar to that
for pure 20-OAHFA, accompanied by a plateau in the surface
pressure at 2 to 3 mN/m and followed by a steep increase in
the surface pressure to >50 mN/m and a collapse at a mean
molecular area of ~20 A*/molecule (Figure 3A). Also, surface
potential isotherms exhibited a plateau at the same molecular
area but a higher surface potential than pure 20-OAHFA
(Figure 3B). This contrasts with 20-OAHFA:AO mixtures and
other nonpolar lipids studied previously,”’ where the mean
molecular area of the film decreased compared with that of
pure 20-OAHFA at high surface pressures due to the collapse
of the nonpolar component from the film. In the 1:1 20-
OAHFA:BO mixture, the mean molecular area was close to
pure 20-OAHFA, even at high surface pressures, indicating
that BO occupied a similar area per molecule in the film as 20-
OAHFA. This suggests that BO did not collapse on top of the
polar lipid layer but was instead integrated into the solid
monolayer, even at high surface pressures corresponding to the
natural tear fluid (Figure 3D, ijii).”

At lower 20-OAHFA:BO ratios (1:3 to 1:9), the BAM
images showed that solid aggregates, likely consisting of excess
BO not mixed into the monolayer phase, formed already at low
surface pressures (Figure 3C, iii). Upon compression, BO and
20-OAHFA self-assembled to a solid monolayer at the aqueous
interface, and the solid BO aggregates were pushed on top of
the monolayer (Figure 3C, iv). The collapse of excess BO from
the surface was accompanied by a second plateau in the surface
pressure isotherms at 14—22 mN/m. This indicated that there
is a limit for BO integration in the amphiphilic monolayer, and
after the threshold is reached, the remaining BO molecules
display a similar behavior as BO in its pure form. To explore
the boundaries of the behavior from a TFLL perspective, we
performed compression—expansion cycles to simulate the
changes occurring during an eye blink. The solid aggregates
formed by superfluous BO did not respread as the film was
expanded, as seen from the surface pressure isotherm
expansion cycles (Supporting Figure 4). Altogether, we arrived
at the conclusion that coassembly of 20-OAHFA and BO in
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the amphiphilic sublayer at the aqueous interface occurs at a
ratio of approximately 1:1 of both components.

These results demonstrate the joint self-assembly of a
nonpolar WE and a polar OAHFA into a mixed solid
monolayer at the aqueous interface. In the context of the
TFLL, this suggests that WEs can integrate into the organized
amphiphilic sublayer at the aqueous interface. Whereas such
experimental evidence has been lacking up until now, a
preliminary simulation study had predicted that the
amphiphilic sublayer of the TFLL may contain up to 30% of
nonpolar WEs and CEs.”® However, it appears that specific
interactions are required for a mixture of nonpolar and polar
lipids to form a stable condensed layer at the aqueous
interface; therefore, it is unlikely that the majority of nonpolar
lipid species present in the TFLL would integrate into the
polar sublayer. The 20-OAHFA:BO mixture is an example of
this and provides a sound platform for identifying other lipid
species with similar properties in the TFLL.

Realizing that BO and 20-OAHFA appeared to form a mixed
condensed monolayer at the aqueous interface, we investigated
the molecular packing of 20-OAHFA and BO in more detail
using WAXS (Figure 4). On the basis of the reflections in the
WAXS patterns, 20-OAHFA and BO were found to exhibit
very similar crystalline structures in bulk form at room
temperature. The long spacing values observed (84.6 and
90.5 A for 20-OAHFA and BO, respectively, with a 0.3 A error
limit) were significantly larger than those previously reported
for saturated WEs,””*® suggesting bilayer-type packing for both
lipids in their bulk form. In the case of 20-OAHFA, the bilayer-
type packing likely includes hydrogen bonding between the
carboxylic acid head groups of adjacent lamellae. The
reflections arising from the short spacing suggested that the
methylene subcell packing of 20-OAHFA and BO is markedly
different from the previously reported results for both
saturated WEs***° and unsaturated jojoba WEs,”" thus
indicating a distinct lateral packing. The short spacing
reflections were very similar for both 20-OAHFA and BO,
which is supportive of the idea that these lipids may form a
mixed solid phase at the aqueous interface. That being said, it
is simultaneously important to note that differences may occur

7680

between the packing in bulk states and the ones residing at the
aqueous interface.

With a detailed understanding of the organization and
behavior of these mixtures uncovered, we continued by
studying the effects of intercalating WEs on the evaporation
resistance, an essential factor related to tear film stability. The
solid monolayer formed by the coassembly of BO and 20-
OAHFA species had a drastic effect on the evaporation
resistance, with the evaporation resistance increasing signifi-
cantly when 50—90% of BO was included in the film (Figure
5). The evaporation resistance for these mixtures was found to
be as high as 24 s/cm, in contrast with the modest evaporation
resistance observed for the pure 20-OAHFA,"® 20-OAH-
FA:CE,”' and 20-OAHFA:AQ mixtures (3—6 s/cm). This
evaporation resistance is remarkable and exceeds those
previously reported for lipid monolayers,®” to the best of our
knowledge. In previous work, mixing lipid species with
different structures has often led to a loss of evaporation
resistance, such as in the case of cholesterol and octadecanol®
or L-a-phosphatidylcholine and BO.”* However, mixing lipids
with similar structures and chain lengths has been shown to
retain evaporation-resistant properties35 or even improve the
evaporation resistance at specific compositions."’6 The
evaporation resistances of the 20-OAHFA:BO mixtures were
also higher than the evaporation resistance estimated for the
TFLL (9—13 s/cm)””** and would correspond to a significant
(up to 95%) reduction in the evaporation rate from the ocular
surface under ambient natural conditions.”

When considering the mechanism behind the improved
evaporation resistance of 20-OAHFA:BO we suspected that
the intercalation of BO molecules in the monolayer would
allow a more tightly packed organization by reducing the
repulsion caused by the negatively charged carboxylate head
groups in neighboring 20-OAHFAs when compressed to the
perpendicular conformation. To explore this hypothesis, we
measured the evaporation resistance of the pure 20-OAHFA
employing nonphysiological conditions with an acidic and
basic aqueous subphase (pH 2 or 10; Supporting Figure S).
Through this simple experimental setup, we sought to uncover
the effect of a protonated versus charged headgroup on the
evaporation-resistant properties. To our surprise, our initial
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thoughts were proven wrong. In fact, at high pH, with a
maximum number of head groups in the carboxylate form, the
20-OAHFA exhibited an evaporation resistance (20 s/cm)
similar to that of the 20-OAHFA:BO mixtures, whereas the
protonated form displayed an evaporation resistance reminis-
cent to that of the 20-OAHFA under physiological conditions.
The charged headgroup therefore does not appear to hinder
the formation of a densely packed solid monolayer but rather it
increases the evaporation resistance. In light of these findings,
understanding the effects of BO on the coassembly of the 20-
OAHFA:BO solid monolayer requires further investigations. In
this stage, it seems probable that the uniform crystallization or
formation of larger crystallites requires either a large number of
charged head groups or a tailored composition capable of
balancing these properties through an appropriate nanoscale
architecture. This would be in line with the current models
available, which suggest that the passage of water molecules
likely proceeds through domain boundaries or other
imperfections in the film.”"*’

To conclude, we set out to study the organization and
properties of mixed OAHFA:WE films to shed light on the
interplay between these lipid species and their respective roles
in the TFLL. Surprisingly, WEs existing in the solid state under
physiological conditions were capable of forming a mixed
condensed monolayer with OAHFAs, and such a monolayer
exhibited very high evaporation resistance. Together with our
previous studies on pure OAHFAs'®*' and OAHFA:CE
mixtures,”’ our results support the conclusion that the
amphiphilic sublayer, which resides at the interface between
the aqueous tear film and the lipid layer, is responsible for the
evaporation-resistant properties of the TFLL. However, the
integration of nonpolar WEs into this interfacial layer is likely
to further increase the evaporation resistance, as demonstrated
here. Whereas the results were obtained with model
compounds under carefully controlled experimental condi-
tions, they provide a solid basis for identifying TFLL lipid
species, which may integrate into the amphiphilic sublayer
under natural conditions.

In addition, these results can aid in the development of
solutions to global challenges in which the evaporation of
water presents a significant obstacle. First off, they could be
utilized to develop new treatments for DED that would
function by restoring the antievaporative function of the TFLL,
thereby providing a unique solution for targeting the central
tear film instability defect. Whereas it is still too early to draw
definite conclusions, we are certain that an improved dry eye
treatment based on natural-like lipid components would be
welcomed by the hundreds of millions of people who suffer
from this disease on a global scale." Second, similar mixtures
may be used to mitigate the evaporation of water from artificial
lakes and reservoirs, which is becomin§ an increasing challenge
due to the global climate change.”*™*
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