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Purrose. A majority of in vitro models were incapable of reproducing the evaporation
resistance of tear film lipid layer (TFLL) in vivo. The purpose of this research is to develop
a novel in vitro model to study the effect of TFLL on water evaporation.

MetHoDSs. A ventilated, closed-chamber, droplet evaporimeter with a constant surface
area has been invented to study the evaporation resistance of TFLL. This evaporime-
ter ensures a rigorous control of environmental conditions, including the temperature,
relative humidity, airflow rate, surface area, and surface pressure, thus allowing for repro-
ducible water evaporation measurements over a time period of only 5 minutes. The volu-
metric evaporation rate of this droplet evaporimeter is less than 2.7 pL/min, comparable
to the basal tear production of healthy adults. Together with direct film imaging using
atomic force microscopy (AFM), we have studied the effect of a model TFLL on water
evaporation, as a function of the lipid composition and surface pressure.

Resurrs. A model TFLL composed of 40% wax esters, 40% cholesteryl esters, and 20%
polar lipids was capable of reducing the water evaporation rate by 11% at surface pressure
47 mN/m. AFM revealed that the model TFLL at high surface pressures consists of discrete
droplets/aggregates of the nonpolar lipids residing atop a polar lipid monolayer with
phase separation.

Concrusions. The TFLL may resist water evaporation with a combined mechanism by
increasing film compactness of the polar lipid film at the air-water surface, and, to a
lesser extent, by increasing film thickness of the nonpolar lipid film.

Keywords: atomic force microscopy (AFM), constrained drop surfactometry, droplet, dry
eye disease, evaporimeter, surface tension, tear film lipid layer (TFLL), water evaporation

Tear film is a multilayered biological barrier covering
the ocular surface to protect and lubricate the cornea.!
The tear film can be divided into three distinct layers: an
inner mucus layer with sugar-rich glycosylated proteins,
an aqueous layer with dissolved proteins, metabolites, and
electrolytes, and an outmost lipid layer made up of vari-
ous lipid species.>? This lipid layer, commonly known as
the tear film lipid layer (TFLL), is approximately 100 nm
thick.? The current consensus is that the TFLL consists of
two sublayers: a polar lipid layer at the air-water surface,
mainly consisting of phospholipids and (O-acyD)-w-hydroxy
fatty acids (OAHFAs), and a nonpolar lipid layer, composed
of wax esters and cholesteryl esters, residing atop the polar
lipid layer and directly exposing to the environment.”~’
Nonpolar lipids in the TFLL are secreted by the meibomian
glands, whereas the source of phospholipids in the TFLL
is still uncertain.® The polar lipids may facilitate spread-
ing of the nonpolar lipids, rather than forming aggrega-
tions or droplets, over the aqueous surface of the tear
film 210

The TFLL has multiple physiological functions, such as
host defense against ocular infection and retardation of
water evaporation.!'-1> Water evaporation is one of the
most important mechanisms for tear film thinning.'® Rapid
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water evaporation leads to increased tear film instability
and premature breakup, which happens in evaporative dry
eye.!>17 In general, dysfunction of the TFLL results in dry eye
disease that affects 10% to 30% of the world population.'8-2°

Although it is generally accepted that the TFLL helps
reduce water evaporation in vivo,2!?° in vitro findings
remain controversial. Most in vitro studies with meibomian
lipid films and model tear film lipids only demonstrated rela-
tively insignificant or nearly no retardation to water evap-
oration.?°~32 These controversial results were likely related
to the in vitro models used for studying water evaporation.
Quantitative study of monolayer retardation on water evap-
oration can be traced back to the seminal work by Victor
La Mer in the 1950s for the interests of conserving water
in reservoirs.**=% To date, a vast majority of these in vitro
studies relied on the classical Langmuir trough,?~32 which
has a few limitations that prevent accurate evaluation of
water evaporation. First, due to its large size, the Langmuir
trough generally lacks a rigorous control in environmen-
tal conditions, such as the temperature, relative humidity,
and airflow rate, all of which are essential factors that can
significantly affect the rate of water evaporation. Second, the
evaporation rate is traditionally determined with gravimet-
ric analysis (i.e. directly measuring the mass of water lost
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by evaporation from a Langmuir trough), which requires a
relatively long period of experiments (usually 0.5-2 hours)
to reduce system errors.”’ This further increases the diffi-
culty of environmental control during such an extended
period of experiments. Third, Langmuir trough can hardly
reproduce the physiologically relevant high surface pres-
sure of the TFLL. The surface tension of whole tears
of healthy individuals was reported to be around 43 to
46 mN/mj%% which most likely represents the surface
tension of major proteins in tears, such as lysozyme.?® Upon
film compression during the blinking process, the TFLL can
reduce the surface tension to approximately 20 mN/m, corre-
sponding to a surface pressure as high as 50 mN/m.%3°
However, most existing in vitro evaporation studies only
covered the surface pressure range between 5 and 30 mN/m,
because the TFLL rapidly collapses at higher surface pres-
sures in a Langmuir trough. Hence, there is an urgent need
for alternative biophysical models to evaluate the effect of
TFLL on water evaporation under physiologically relevant
conditions.

Here, we developed a novel droplet-based biophysical
model to study the effect of TFLL on water evaporation.
Owing to system miniaturization, droplet-based evaporation
models offer a more rigorous environmental control than the
classical Langmuir trough. Both pendant drop“’ and sessile
drop*' methods have been attempted in previous studies.
A key novelty of this work was the invention of a venti-
lated, closed-chamber, droplet evaporimeter with a constant
surface area, analogous to the evaporimeter used for measur-
ing the tear evaporation rate in vivo.?% 4243 This in vitro evap-
orimeter was realized with the combination of constrained
drop surfactometry and a novel feedback control system
called closed loop-axisymmetric drop shape analysis that
decoupled surface area of the droplet from water evapora-
tion. Using this novel biophysical model, together with direct
film imaging using atomic force microscopy, we have stud-
ied the effect of a model TFLL on water evaporation. Our
data suggest that the model TFLL is capable of reducing the
water evaporation rate by 11% at high surface pressures.
Our experimental results may provide novel implications
into better understanding the biophysical and physiological
function of the TFLL.

METHODS
Materials

Dipalmitoyl phosphatidylcholine (DPPO), L-a-
phosphatidylcholine (PC) from egg yolk, palmitic-acid-
9-hydroxy-stearic-acid (PAHSA), and cholesteryl oleate (CO)
were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Behenyl oleate (BO) was purchased from Larodan (Monroe,
MI, USA). Physicochemical properties of these lipids can
be found elsewhere.”® Individual lipids were dissolved in
chloroform as 1 mM stock solutions. Water used was Milli-Q
ultrapure water with a resistivity greater than 18 MQ-cm at
room temperature.

Constrained Drop Surfactometry

Constrained drop surfactometry (CDS) is a new genera-
tion of droplet-based surface tensiometry technique devel-
oped in our laboratory.*4> It uses the air-water surface of
a millimeter-sized sessile drop to accommodate the spread
or adsorbed film. As shown in Figure 1, a key design
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of the CDS is a carefully machined pedestal that uses its
knife-sharp edge to prevent film leakage even at very low
surface tensions. System miniaturization of the CDS facili-
tates rigorous control of experimental conditions with an
environmental control chamber. The spread/adsorbed film
at the droplet surface can be compressed and expanded
by precisely controlling oscillation of the surface area of
the droplet using a newly developed mechatronic system
called closed-loop axisymmetric drop shape analysis (CL-
ADSA).“® The CL-ADSA determines the surface tension of
the spread/adsorbed film by analyzing the shape of the
film-covered droplet. The surface pressure (77) can be deter-
mined from the surface tension (y) using 7 = y,-y, with
yo being the surface tension of a clean, lipid-free air-water
surface.

Specifically, a trace amount of the lipid sample was
spread onto the air-water surface of a 15 pL droplet serv-
ing as the aqueous subphase to the spread lipid film. The
spread film was left undisturbed for 1 minute to allow evap-
oration of the solvent and to reach equilibrium. 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 quasi-statically at a rate of 0.15 A%/s to a target
surface pressure.

Ventilated Closed-Chamber Droplet Evaporimeter
With a Constant Surface Area

Figure 1 illustrates the schematic of the droplet-based evap-
orimeter. Lipid samples were spread onto the air-water
surface of a 5-mm droplet (27 pL in volume and 0.35 cm?
in surface area) to result in a target surface pressure. The
environmental temperature and relative humidity (RH) were
controlled at 34.0 + 0.1°C and 33.0 £+ 2.0% with a closed
environmental control chamber. The chamber was ventilated
with a continuous airflow. The airflow rate was measured
with a hot wire anemometer (TSI, Shoreview, MN, USA) and
was controlled at 1.0 £ 0.1 m/s to simulate the ambient envi-
ronment.?’

A key feature of the droplet-based evaporimeter is its
capacity of maintaining a constant surface area during water
evaporation. As shown in Figure 1, CL-ADSA maintains the
constant surface area of a droplet by determining its surface
area in real-time and feeding this information back to a
motorized syringe to automatically complete a proportional-
integral-derivative (PID) control loop.“® The evaporation rate
(mm/min) was calculated as (AV/At)/A4.op, Where AV was
the volume of water replenished into the droplet, in order
to compensate for the evaporated water and thus to main-
tain the constant surface area. The At is the time period of
the experiment (i.e. 5 minutes). The AV/At was determined
from linear regression of the recorded AV-At curve. The
Agrop Was the surface area of the droplet, controlled at 0.35
+ 0.01 cm?. The volumetric evaporation rate (i.e. AV/At) of
this droplet-based evaporimeter was determined to be less
than 2.7 pL/min, comparable to the basal tear production of
healthy adults (i.e. 0.8-2.0 pL/min).*84

Atomic Force Microscopy

Lateral structure and topography of the tear lipid films were
studied with the combination of in situ Langmuir-Blodgett
(LB) transfer from the CDS and atomic force microscopy
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Ficure 1. Schematic of a ventilated, closed-chamber, droplet evaporimeter with a constant surface area for studying evaporation resistance
of the tear film lipid layer (TFLL). This droplet evaporimeter is constructed based on constrained drop surfactometry (CDS), in which a 5-mm
water droplet (approximately 27 uL in volume and approximately 0.35 cm? in surface area) is constrained on a carefully machined pedestal
with knife-sharp edges. The water droplet is enclosed in an environmental control chamber that ensures a rigorous control of experimental
conditions, including the temperature, relative humidity (RH), and airflow rate (AFR). The surface area of the droplet is maintained at a
constant using closed-loop axisymmetric drop shape analysis (CL-ADSA) with a proportional-integral-derivative (PID) control loop. The
measuring principle of ADSA is illustrated in a box: ADSA determines the surface tension by numerically fitting the experimental droplet
profiles (indicated by red dots) to theoretical droplet profiles (indicated by black curves) obtained with numerical integration of the Laplace
equation of capillarity. The PID controller is illustrated by a PID control function with the proportional, integral, and derivative terms. The
evaporation rate (R.,, mm/min) is calculated as (AV/At)/Agrop, Where AV is the volume of water replenished into the droplet, in order to
compensate for the water lost by evaporation. The At is the time period of the experiment, usually 5 minutes. The Agop, is the surface
area of the droplet, controlled at 0.35 cm?. The model TFLL consists of 40 mol% behenyl oleate (BO) and 40 mol% cholesteryl oleate (CO)
that represent two nonpolar lipid classes (i.e. wax ester and cholesteryl ester in the natural TFLL), and 15 mol% phosphatidylcholine (PC)
and 5 mol% palmitic-acid-9-hydroxy-stearic-acid (PAHSA) that represent two polar lipid classes in the natural TFLL (i.e. phospholipids and
OAHFAs).

(AFM) 3% The lipid film was first LB transferred from the REsuLTS AND DIscussioN
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 maintained at a
constant (= 1 mN/m). Topographical images of the lipid
film were obtained with an Innova AFM (Bruker, Santa
Barbara, CA, USA). Samples were scanned in air in contact
mode and tapping mode. The contact mode used a silicon
nitride cantilever with a spring constant of 0.12 N/m and
a tip radius of 2 nm, whereas the tapping mode used a
silicon cantilever with the spring constant of 42 N/m and
a resonance frequency of 300 kHz. Relative height differ-
ences between domains were determined with section anal-
ysis using Nanoscope Analysis (version 1.5).

Development of a Constant-Surface-Area Droplet
Evaporimeter for Studying Evaporation
Retardation by Lipid Films

Figure 2 demonstrates the capacity of this new evaporimeter
in determining the rate of evaporation from a water droplet
while maintaining a constant surface area of the droplet.
Within a 5-minute period, the RH of the environment was
maintained at 33%, whereas the temperature and airflow
rate were controlled at 34°C and 1 m/s, respectively. Surface
tension of the water droplet remained at a constant of
71 mN/m, indicating no contamination of the water surface.
It can be seen that during the 5-minute period, in spite
of water evaporation, the surface area and volume of
the droplet were maintained at 0.35 cm? and 27 pL,
respectively, using CL-ADSA (see Movie S1 of the Supple-

Statistical Analysis

All results were shown as mean = standard deviation (72 = 10
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unless otherwise indicated). One-way ANOVA with Tukey’s
means comparison test was used to determine group differ-
ences (OriginPro, Northampton, MA, USA). A value P < 0.05
was considered to be statistically significant.
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mentary Data for this experiment). The volume of water
replenished into the droplet, in order to maintain the
constant surface area, increased linearly over the 5-minute
period, with a volumetric rate of 2.7 pL/min. The water
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Ficure 2. Typical experimental results for water evaporation deter-
mined within 5 min using the new droplet evaporimeter. Tempera-
ture and relative humidity (RH) were maintained at 34°C and 33%,
respectively. Surface tension of water was relatively unchanged at 70
mN/m, indicating no contamination. Surface area of the droplet was
actively controlled at a constant of 0.35 cm? using CL-ADSA. Volume
of the droplet was relatively unchanged at 27 pL. The volumetric rate
of water replenished into the droplet (AV/At) to complement the
water lost by evaporation was determined by linear regression (red
solid line), corresponding to a volumetric evaporation rate of 2.7
pL/min.

evaporation rate (AV/At)/Ag.p, under the controlled exper-
imental conditions, was determined to be 0.078 mm/min. As
shown in Supplementary Figure S1 of the Supplementary
Data, extending the experimental period to 15 minutes does
not vary the water evaporation rate. Hence, the 5-minute
experimental period is used thereafter.

To demonstrate the effect of lipid monolayers on water
evaporation, we have studied the evaporation resistance of
a DPPC monolayer at 34°C under various controlled surface
pressures. DPPC (16:0, 16:0 PC) was selected as a model
lipid monolayer because C16 fatty acids are able to balance
the rigidity needed for a sufficient resistance to water evapo-
ration and the “self-healing” effect after rupture by waves.>*

As shown in Figure 3, effects of the DPPC monolayer on
water evaporation can be roughly divided into three regions
as a function of surface pressure. First, at 10 mN/m, the
DPPC monolayer shows no statistically significant effect on
water evaporation (P > 0.05 in comparison to the clean
air-water surface). Second, at 20 and 30 mN/m, the DPPC
monolayer shows moderate, but statistically significant (P <
0.05), effects on water evaporation, by reducing the evap-
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oration rate by 4%. Third, at 40 and 50 mN/m, the DPPC
monolayer shows significant retardation effects on water
evaporation, with 9% and 17% reduction in the evaporation
rate, respectively. These findings are in qualitative agreement
with those reported by Miano et al. who determined the
effect of the DPPC monolayer on water evaporation up to
the surface pressure of 35 mN/m, at 36°C and 15% RH, using
the pendant drop method.®’ These workers found that at
the surface pressure below 12 mN/m, the DPPC monolayer
showed no retardation effect on water evaporation. When
the surface pressure was increased to 20 mN/m, the DPPC
monolayer showed moderate effects on evaporation retar-
dation, whereas increasing the surface pressure to 35 mN/m
did not further increase the evaporation resistance.’

Figure 3 also shows the compression isotherm of the
DPPC monolayer at 34°C, superimposed on the water evap-
oration data. The DPPC monolayer undergoes a liquid-
expanded (LE) to tilted-condensed (TC) phase transition
within the surface pressure range between 20 and 30 mN/m,
indicated by a plateau region in the compression isotherm.
(Reproducibility of this compression isotherm can be found
in Supplementary Fig. S2.) This phase transition region of
the DPPC monolayer at 34°C is in good agreement with
our previous observations.®> The LE-TC phase transition, or
phase co-existence, can be visualized by the formation of TC
domains approximately 1 nm higher than the surrounding
LE phase, as demonstrated by the AFM image shown in the
inset of Figure 3.

These findings suggest that the evaporation resistance
of the DPPC monolayer is mainly determined by the phos-
pholipid polymorphism. The LE-TC phase co-existence in
the DPPC monolayer (i.e. at 20-30 mN/m), corresponds
to region II in which the DPPC monolayer starts to show
moderate resistance to water evaporation (see Fig. 3). At
surface pressures lower than this phase transition pressure,
the DPPC monolayer is in a disordered LE phase and hence
does not significantly resist water evaporation (region I). At
surface pressures higher than this phase transition pressure,
the DPPC monolayer is compressed into a tightly packed,
ordered TC phase, thus showing significant resistance to
water evaporation (region IID). These experimental data are
in line with the theory of an active energy barrier to water
evaporation through monolayers, originated from electro-
static and/or steric repulsions between lipid molecules upon
monolayer compression.>®

Effect of the Model TFLL on Water Evaporation

Figure 4a shows the quasi-static compression isotherms of
three lipid films (i.e. egg PC, PAHSA, and a synthetic model
TFLL), at 34°C. This model TFLL consists of 40 mol% BO
and 40 mol% CO that represent two nonpolar lipid classes
(i.e. wax ester and cholesteryl ester in the natural TFLL),
and 15 mol% PC and 5 mol% PAHSA that represent two
polar lipid classes in the natural TFLL (i.e. phospholipids
and OAHFAs).>! It should be noted that human meibomian
lipids are composed of a complex mixture of more than
200 lipid species, primarily including cholesterol esters, wax
esters, (O-acyD)-w-hydroxy fatty acids, and triacylglycerols.!-¢
Modern lipidomics data further suggested that the polar lipid
content in healthy TFLL is generally less than 5 mol%.!°
Hence, the model TFLL used here (i.e. BO:CO:PC:PAHSA
[40:40:15:5]), is not only overly simplified in its lipid compo-
sition but also likely has an augmented abundance in polar
lipids. Nevertheless, our previous studies have demonstrated
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Ficure 3. Superimposed compression isotherm of a DPPC monolayer at 34°C, and the corresponding evaporation resistance at various
surface pressures. Surface pressure zero indicates a pure lipid-free air-water surface. The compression isotherm and evaporation resistance
can be separated into three regions. Region I = No evaporation resistance for the DPPC monolayer in a disordered liquid-expanded (LE)
phase; region II = Moderate evaporation resistance for the DPPC monolayer undergoing LE to tilted-condensed (TC) phase transitions; and
region III = High evaporation resistance for the DPPC monolayer in a closely packed ordered TC phase. Insets are an AFM image showing
LE-TC phase co-existence at 25 mN/m, and droplet images demonstrating the constant surface area. *P < 0.05 indicates statistically significant

differences.

that this model TFLL represents the biophysical and rheolog-
ical properties of the natural TFLL to a certain degree.®%

Figures 4b to d shows the retardation effects of the PC,
PAHSA, and model TFLL films at increasing surface pressures
on water evaporation at 34°C. Because the PAHSA mono-
layer collapses at 34 mN/m, effects of the PAHSA monolayer
on water evaporation were only studied for surface pres-
sures up to 30 mN/m. It can be seen that all lipid films
(i.e. PC, PAHSA, and the model TFLL), show statistically
significant resistance to water evaporation, albeit to vary-
ing extents. For instance, at 30 mN/m, the PC, PAHSA, and
model TFLL monolayers reduce the water evaporation rate
by 2.5%, 4.8%, and 5.1%, respectively. For all studied lipid
films, the retardation effect increases with increasing surface
pressure. For example, the model TFLL reduces the water
evaporation rate by 3.4% at 10 mN/m, 6.1% at 40 mN/m,
and 11% at 47 mN/m (see Fig. 4d). Supplementary Figure S3
shows the curvature at the apex of the model TFLL-covered
droplet upon increasing surface pressure. When the surface
pressure increases from 0 to 47 mN/m, the curvature of the
droplet decreases from 3.5 to 2.9 cm™!. The curvature effect
on droplet evaporation should be negligible for such moder-
ately curved surfaces.

Our findings have a few novel implications in under-
standing the biophysical and physiological function of the
TFLL. First, our study qualitatively addressed the discrep-
ancy between available in vivo and in vitro studies about the
effect of TFLL on water evaporation. Although in vivo stud-
ies in general predicted that the TFLL significantly reduced
the rate of water evaporation from the corneal surface,>*>?
a vast majority of in vitro measurements were unable to
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establish this finding.2°-3? Using various synthetic models,
animal, or human meibomian lipids, numerous in vitro stud-
ies found no (<1%)2%-28:30.31 or only limited (approximately
8% with an intense airflow of 2.5 m/s) evaporation resis-
tance? in comparison to evaporation from the lipid-free
air-water surface. Here, we found that a model TFLL was
able to reduce the water evaporation rate up to 11% (p
< 0.001; see Fig. 4d), thus indicating a definite evapora-
tion resistance. This finding is attributed to the new venti-
lated, closed-chamber, constant-surface-area droplet evap-
orimeter developed in this study (see Fig. 1). This novel
evaporimetry technique provides a rigorous environmen-
tal control, including temperature, relative humidity, airflow
rate, surface area, and surface pressure, thus allowing for
highly sensitive, reproducible measurements within a short
period of only 5 minutes, whereas most gravimetrical meth-
ods require a least of 1-hour measurements.?®-3° It is worth
mentioning that our method is essentially different from the
sessile drop method used by Svitova and Lin.?! To the best
of our knowledge, the evaporimeter developed in this paper
is the first and only in vitro evaporimetry technique capa-
ble of automatically controlling the constant surface area
of a droplet without human intervention. This is done with
the combination of CDS hardware and CL-ADSA software,
both invented in our laboratory. In addition, no ventilation
or airflow was introduced or controlled in those experiments
by Svitova and Lin,*! which may contribute to the low basal
evaporation rate found in their experiments (i.e. approxi-
mately 0.16 pL/min), more than 15 times lower than the
basal evaporation rate found in our experiments. Another
factor that influences the evaporation rate is the temperature
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Ficure 4. Effects of lipid films on water evaporation. (a) Compression isotherms of PC, PAHSA, and a model TFLL, BO:CO:PC:PAHSA
(40:40:15:5). (b-d) Evaporation rates of water (mm/min) through PC, PAHSA, and the model TFLL at various surface pressures. *P < 0.05,

#P < 0.01, **P < 0.001.

differences between the environment and the surface of
the evaporating droplet. Supplementary Figure S4 shows
the surface temperature of the droplet under the controlled
environmental temperature of 34°C. It can be seen that the
airflow significantly affects the surface temperature of the
droplet. Although without ventilation, there is only a 2°C
temperature difference between the droplet surface and the
environment, the temperature difference increases to 9°C
with a 1 m/s airflow. Therefore, the in vitro evaporation rate
determined here might be underestimated in comparison to
in vivo conditions.

Second, our study showcases the importance of lipid
packing density in evaporation resistance. As shown
in Figure 4d, when the surface pressure is increased from
10 to 47 mN/m, the evaporation resistance of the TFLL
increases by 3.2 times. Surface pressure 47 mN/m corre-
sponds to a surface tension approximately 23 mN/m, which
is significantly lower than the surface tension of whole tears
but corresponds to the lowest surface tension of a highly
compressed TFLL.38

Third, our study indicates that the long-chain nonpolar
lipids may play a role in evaporation resistance of the TFLL.
It has long been recognized that the evaporation resistance
of polar lipid monolayers depends on both the chain length
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and packing density of the lipid molecules.’®3% La Mer and
coworkers found that the evaporation resistance of satu-
rated fatty acids was an exponential function of the chain
length.3>3* Any addition of one carbon atom in the hydro-
carbon chain increases the evaporation resistance by a factor
of 1.65.1%:33:3% However, the chain length effect of nonpolar
lipids on water evaporation is largely unknown. Nonpolar
lipids, such as wax esters and cholesteryl esters, account for
80% of the TFLL.>* The model TFLL studied here contains
40% behenyl oleate (C22:0-C18:1) and 40% cholesteryl oleate
(cholesterol-C18:1). Although these nonpolar lipids are inca-
pable of directly spreading at the air-water surface, they
somehow increase the evaporation resistance of the polar
lipid monolayer (e.g. 4.2% for PC versus 6.1% for TFLL at
40 mN/m; see Figs. 4b vs. 4d).

Lateral Structure and Topography of the Model
TFLL

Figure 5 shows the lateral structure and topography of three
lipid films (i.e. PC, PAHSA, and the model TFLL made up of
BO:CO:PC:PAHSA [40:40:15:5]), at 34°C. Reproducibility of
these AFM images can be found in Supplementary Figures S5
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Coffeering

Ficure 5. AFM topography and lateral structure of lipid films at various surface pressures. (a, b) PC monolayer at 20 and 30 mN/m.
(¢, d) PAHSA monolayer at 20 and 27 mN/m. (e-h) Model TFLL, BO:CO:PC:PAHSA (40:40:15:5) at 20, 30, 40, and 47 mN/m. (f1-h1) Three-
dimensional renderings of the TFLL corresponding to AFM images shown in panels f to h. All AFM images have the same scanning area of
20 x 20 pm. The z range for images in f to h is 100 nm, whereas it is 5 nm for all other images. Single-headed arrows indicate the heights
of the structures, whereas double-headed arrows indicate the lateral dimensions of the structures.

to S11. Films of the two polar lipids (i.e. PC; see Figs. 5a, 5b)
and PAHSA (see Figs. 5c, 5d), assume a monolayer confor-
mation with phase separation at surface pressures up to 30
mN/m. Lateral structures of the PC and PAHSA monolay-
ers show a network of ramified, fiber-like ordered domains
approximately 1 nm higher than the surrounding disordered
phase. The network of the ordered domains increases in
density upon increasing surface pressure from 20 to 30
mN/m, consistent with our previous observations.?

At a low surface pressure of 20 mN/m (see Fig. 5e),
the model TFLL also demonstrates a general monolayer
conformation with phase separation, similar to the polar
lipids. However, at surface pressures equal to or higher than
30 mN/m (see Figs. 5f-h), the TFLL shows a completely
different topography and lateral structure, compared to
those of the polar lipid monolayers. At all high surface pres-
sures (i.e. 30, 40, and 47 mN/m), the TFLL shows discrete
bead-like structures ranging from approximately 150 to
approximately 700 nm in height (see Figs. 5f1-h1 for three-
dimensional renderings of the film topography). In compar-
ison to lateral structures of the polar lipid films, the source
of these high, bead-like structures must be the nonpolar
lipids in the TFLL (i.e. BO and CO). Due to lack of affin-
ity to water, these nonpolar lipids are squeezed out from
the surface when the surface pressure is increased above 30
mN/m (corresponding to the surface tension of whole tears),
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thus forming nonpolar lipid multilayers/aggregates residing
atop the polar lipid monolayer.

Formation of nonpolar lipid droplets or aggregates by
squeezing out from the TFLL at increasing surface pressure
is supported by multiple experimental evidence. First, film
compressibility of the TFLL significantly decreases at surface
pressures higher than 30 mN/m (see Fig. 4a). Second, AFM
has detected a unique evaporation pattern closely analogous
to the coffee-ring effect.>® These evaporation patterns have
heights of either 4 nm (see inset of Fig. 5h1) or 8 nm (see Fig.
5f1), corresponding to 1 or 2 fully hydrated phospholipid
bilayers. These “coffee-rings” are most likely formed by
evaporation-driven self-assembly of reverse micelles of polar
lipids mixed with the nonpolar lipids.'>!! This also explains
the various sizes of the oil “beads” found in the model TFLL,
which could be a consequence of different degrees of oil
evaporation and oil droplet coalescence. Third, AFM has
revealed structures similar to the polar lipid monolayers (PC
or PAHSA) underneath the nonpolar multilayer, as shown in
a high-resolution (1 x 1 pm) AFM image scanned through a
“pore” on the surface layer. This AFM observation provides
direct evidence for layered structures of the TFLL.

Formation of the nonpolar lipid multilayer/aggregates
in the TFLL corresponds to a slight increase in the evap-
oration resistance of the TFLL (see Figs. 4b, 4c vs. 4d).
Therefore, the present study supports that the TFLL resists
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water evaporation with a combined mechanism by increas-
ing film compactness of the polar lipid film at the air-water
surface, and, to a lesser extent, by increasing film thick-
ness of the nonpolar lipid film. It should be noted that
the model TFLL studied here only consists of four lipid
components (i.e. BO:CO:PC:PAHSA [40:40:15:5]). Conse-
quently, the squeezed-out nonpolar lipids formed discrete
droplets/aggregates due to inadequate lipid mixing. Human
meibomian lipids are composed of many different lipid
classes, and each of these lipid classes consists of many
homologous lipid species varying in lengths, degrees of
unsaturation, and branching, which is essential for the natu-
ral meibomian lipids to have proper melting and lipid
mixing.! Hence, the nonpolar lipid layer of natural TFLL is
likely more continuous and more uniform than the model
TFLL studied here, thus rendering more evaporation resis-
tance.’® However, more recent studies, both in vitro®” and
in vivo,’®> suggested that the thickness of the TFLL, and
especially that of the nonpolar lipid layer of the TFLL, is
not uniform but with regions of thicker lipid droplets or
aggregates. Using in vitro surface rheological study of bovine
meibomian lipids, Bhamla et al. also inferred that the TFLL is
likely not uniform in thickness, with the thicker area acting
as a more effective barrier to water evaporation.® These
studies, including the present work, are consistent with the
finding that tear film evaporation is not necessarily corre-
lated with a uniform thickness of the TFLL.®"

CONCLUSIONS

We have developed a novel ventilated, closed-chamber,
droplet evaporimeter with a constant surface area for study-
ing the effect of TFLL on water evaporation. This new evap-
orimeter is capable of a rigorous control of environmen-
tal conditions, including the temperature, relative humidity,
airflow rate, surface area, and surface pressure, thus allow-
ing for reproducible water evaporation measurements over
a time period of only 5 minutes. The volumetric evaporation
rate of this droplet evaporimeter is less than 2.7 pL/min,
comparable to the basal tear production of healthy adults.
With this new evaporimeter, we have established the in vitro
evaporation resistance of a model TFLL that consists of 40%
wax esters, 40% cholesteryl esters, and 20% polar lipids.
It was found that the TFLL resists water evaporation with
a combined mechanism by increasing film compactness of
the polar lipid film at the air-water surface, and, to a lesser
extent, by increasing film thickness of the nonpolar lipid
film.
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SUPPLEMENTARY MATERIAL

SUPPLEMENTARY MOVIE.

Measurement of water eva-

poration from a water droplet for a time period
of 5 minutes, while maintaining a constant surface
area of the droplet at 0.35 cm?.



