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A B S T R A C T

Hypothesis: Biophysical property and water evaporation retardation through a lipid nanofilm can be altered by
model tear protein and topical ophthalmic formulation.
Experiment: Evaporation rate and dynamic surface pressure were measured using a sessile drop technique. Water
evaporations from 5 individual protein solutions, their mixture, and 6 ophthalmic formulations were quantified.
Biophysical property and evaporation through model lipid nanofilms spread on model electrolyte solutions, tear
protein solutions, and ophthalmic formulations were assessed.
Findings: Model lipid nanofilms spread on electrolyte solution reduced evaporative fluxes by 43–60%. Evaporative
fluxes from individual protein solutions without lipids were 3–19% lower than from electrolytes solution.
Evaporative fluxes through lipid nanofilms were decreased by the presence of albumin or lactoferrin in solutions
but increased by lysozyme and mucin.
Evaporative fluxes from ophthalmic formulations were 10–43% lower than from electrolyte solution. Evapora-
tions through lipid nanofilms spread on formulations were higher than through lipids on electrolyte solution.
Model lipid nanofilms spread on Diquas appeared more rigid than on electrolyte solution but showed softening
when spread on Refresh Mega-3.
Some proteins and ophthalmic formulations altered model lipid nanofilms evaporative barriers. Ophthalmic
formulation induced changes in biophysical property of model lipid nanofilms in vitro may suggest possible tear
film destabilization in vivo.
1. Introduction

A stable tear film uniformly distributed over the ocular surface is
vitally important for vision and ocular surface health [4,6,14,15,35].
Human tear film is an intricate multi-layered biological colloid system,
which has complex and immensely variable compositions. The aqueous
part of human tears contains over 1500 proteins, enzymes, and other
biologically active ingredients, and lysozyme, lactoferrin, lipocalin, al-
bumin andmucin are the most abundant proteins [44]. Human tear lipids
are mixtures of over 300 non-polar and polar organic compounds, which
form a transparent and a structured gel-like nanofilm (30-120 nm-thick)
spread as the outmost layer at the air-tear aqueous interface. [McCulley
and Shine, 2001]. In healthy eyes, aqueous film composition and bio-
physical property are naturally attuned in response to the constantly
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changing environment thus maintaining an optimal protective function
and tear film stability. Fig. 1 illustrates a schematic structure of human
tear film, introduced earlier elsewhere [39].

This hypothetical structure is constructed of four sub-layers: a 2–5 μm
tear aqueous layer, a 30–100 nm lipid film separated from tear aqueous
layer by a phospholipid monolayer, and the outmost lipid-air interface
that is coated by an inverted phospholipid bilayer. This tear film struc-
ture emerged from our previous interfacial property studies of human
tear lipid nanofilm. This representation departs from the classical three-
layer model of human tear film structure [22]. It introduces the new
concept of an inverted phospholipids bilayer self-assembled at the
air-lipid interface. This hypothetical feature of tear lipid layer was
recently supported by the PM-IRRAS, FTIR, and ellipsometry experi-
mental results, which provide strong experimental evidence that
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Fig. 1. Tear film structure schematic [39].
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phospholipids are present at the outmost surface of human tear lipid film
[11].

Over the last several decades, dry eye disorder has become wide-
spread with global prevalence ~ 12% and is recognized as a major
clinical problem [30]. Dry eye patients experience a range of symptoms,
frequently accompanied by visual disturbance. However, the biophysical
mechanisms triggering tear instability remain elusive.

Tear aqueous film thinning, eventually triggering tear film breakup,
occurs through different pathways. Evaporation-driven thinning [16,17,
31,32,42] and meniscus-driven hydrodynamic thinning [23,37] are
considered the most crucial mechanisms. Evaporation of human tears in
vivo has been extensively studied. It was reported that healthy human
tear evaporation rate is 5–10 times slower than water [7,12,31,42,43].
The reduced evaporation from human tears is generally attributed to the
ability of tear lipid nanofilms to inhibit aqueous evaporation [1]. Evap-
oration rates of dry eye patients were approximately 2–3 times higher
than those of healthy eyes.[21]. Nevertheless, numerous investigations of
water evaporation through model lipid films or reconstituted meibum
lipid films in vitro have shown either very modest (i.e., no more than
~25% reduction) [29,33,34,38,41], or no water evaporation retardation
[3,13,26]. Many of these studies explored only the monolayers of mei-
bum lipids or phospholipids [25,27,28]. These monolayers were less than
2 nm thick and were studied at low surface pressures, not
exceeding ~ 35 mN/m, with irregular coverage of aqueous surface. The
human tear lipid films are not monolayers but 15–50 times thicker
nanofilms with structures and interfacial properties significantly more
complex than that of the monolayers. It is obvious that lipid monolayers
are not exhibiting the interfacial behaviors properly replicating the be-
haviors of 30–120 nm self-assembled tear lipid nanofilms. Thus, the
multilayered tear lipid with thickness comparable with typical ocular
lipid layer thickness should be used for tear evaporation studies in vitro.
The data regarding the effect of proteins on water evaporation through
the lipid films are limited to a single publication, reporting the evapo-
ration through human meibum mixed with glycoprotein (bovine sub-
maxillary mucin). It was shown that bovine mucin made evaporation
through these lipid films faster than evaporation through the films on
water [3]. Recently, we reported that it is possible to accurately quantify
evaporation retardation through lipid nanofilm in vitro [40]. It has been
shown that model and human tear lipid nanofilms reduce evaporation
from aqueous microdroplets (8–10 μl). Several crucial requirements for
such experiments have been established: a) lipid nanofilm of 60–100 nm
thick; (b) lipid nanofilm equilibrated and aged for 24 h or longer; and (c)
model lipid nanofilm containing polar phospholipids necessary for
2

evaporation reduction. It has been reported that biophysical dynamic
interfacial properties of model lipid nanofilms are strongly dependent on
their compositions and that only model lipid compositions closely mimic
dynamic interfacial behavior of human tear lipid film can significantly
reduce water evaporation [20,40].

There are many artificial tears and dry eye ophthalmic formulations
that can be purchased without prescription, over the counter (OTC).
These formulations are widely advertised for alleviating dry eye symp-
toms and stabilizing tear films. Some formulations are aqueous solutions
containing water soluble polymers like carboxymethyl cellulose, hyal-
uronic acid, and synthetic polymers. There are also eye drops formulated
as emulsions comprising mineral oil or plant-derived oils like castor or
flax seed oil. These formulations contain surface-active emulsifiers,
emulsion stabilizers or polymers. No quantitative information has been
reported regarding the rates of evaporation from these formulations in
vitro or in vivo.

In this study, we applied sessile drop technique to examine the effects
of proteins and topical ophthalmic formulations on tear evaporation and
biophysical property of model tear lipids, which were multilayered
nanofilms with compositions that better replicated the intricate biolog-
ical tear lipid films. Considering the extensive complexity of human tear
aqueous and lipid phases, we choose a model lipid system that closely
mimics the human tear lipid self-assembled nanofilms in vivo.

2. Methods

An automatic tensiometer (Ram�e-Hart Instrument Co., USA)
controlled by DropImage Advanced program, v.2.2, was used for col-
lecting interfacial tension/pressure and evaporation data. A sessile drop
with constant and precise (�0.1 μl) drop volume control was used to
quantify the water evaporation rates at constant temperature of 36 �C
and relative humidity of 75%. Drops (volume 8–10 μl, areas 18–20 mm2)
of the aqueous solutions or ophthalmic formulations were formed and
kept in a sealed optical cell for 24–48 h. The details of the setup and
procedures are described elsewhere [39,40]. Fig. 2 shows the sketches of
the sessile drops of different aqueous phases and lipid nanofilms spread
atop the aqueous drops.

In previous publications it was shown that during the aging the
evaporation fluxes through lipid nanofilms and their biophysical prop-
erties slowly changed and reached steady state within 20–24 h [39,40].
The gradual development of the nanofilms is likely due to slow diffusion
of phospholipids from the lipid film bulk, resulted in their adsorption and
development of specific multilayered structures shown in Fig. 1.

Evaporative flux Fev, i.e., evaporation rate per unit area, was calcu-
lated as:

Fev ¼ ðΔVðtÞ=ΔtÞ=AdrÞ; (1)

where V(t) is the volume of the model tear electrolytes solution (MTE)
inside a drop-volume controlling a mini-pump syringe at time t. The
volume of the electrolyte solution inside the syringe decreased during
measurements to maintain drop volume constant. Adr is the drop surface
area and was constantly measured during the experiment with an accu-
racy of 0.1 mm2. The initial drop area varied for different aqueous phases
and in the presence of lipid nanofilms due to surface tensions differences.
The drop surface area to drop volume ratio (Ad/Vd) was kept constant
(within an interval of 2.22–2.26) for all evaporation runs [40]. Every set
of measurements was repeated at least 3 times. An absolute value of Fev
from the surface of electrolyte solution was 1.42 x10 �4 μl/mm2 s
(standard deviation (SD) ¼ 0.04 x10 �4 μl/mm2 s). The electrolyte so-
lution measurements were repeated regularly prior to assessing each
model system. This value was used as a baseline value to calculate rela-
tive evaporative flux,

FR ¼ ðFx=FMTEÞ x 100; % (2)



Fig. 2. Schematic drawings of sessile drops of different aqueous phases and lipids nanofilms spread atop of the drops.

Table 1
Model tear proteins.

Name Molecular Mass [kD] Concentration [mg/ml]

Human lysozyme 14.7 2.0
Human serum albumin 66.5 0.35
Human lactoferrin 76.165 1.0
Bovine milk β-Lactoglobulin 18.4 1.0
Bovine submaxillary mucin 400–4000 0.08
Model tear electrolytes (MTE) NaCl, Sea Salts, 0.9 wt % total, pH 7.3–7.4,

Osmolality 290–310 mOs
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where Fx is the value of the evaporative flux for the system, and FMTE is a
baseline evaporative flux for electrolyte solution, calculated according to
Equation (1).

Measurements of dynamic surface tension/pressure were performed
under the same conditions. The sessile drops of all solutions and
ophthalmic formulations without or with lipid nanofilms were slowly
Table 2
Ophthalmic formulations and pure oils used in the formulations.

Name, Manufacturer (Country),
Physical state

Active ingredients Inacti

Purcell, NOF Corporation
(Japan), Aqueous Solution

2-methacryloyloxyethyl methacrylic acid, butyl
phosphorylcholine (lipidure), hypromellose

Water

Thealoz, Duo Laboratories Thea
(France), Aqueous solution

Trehaloze, Sodium Hyaluronate Sodiu

Diquas, Santen (Japan),
Aqueous solution

Diquafosol sodium Dibas
chlori
hydro

Retain PM,
OcuSoft (USA),
Ointment

Mineral oil (20%), white petrolatum (80%) None

Soothe® XP,
Bausch þ Lomb (USA),Emulsion

Light mineral oil, mineral oil Boric
sodium

Refresh Optive Mega-3,
Allergan (USA), Emulsion

Carboxymethylcellulose, sodium salt, Glycerine;
Polysorbate 80.

Boric
castor
water

Castor Oil, Sigma
Liquid

Pure grade castor oil

Flaxseed oil, Sigma
Liquid

Pure grade flaxseed oil

3

expanded from their original volume of 8–10 μl to 34–40 μl using a
precision J-KEM (J-KEM Scientific, USA) pump with a flow rate of 8 μl/
min. The 70–80 nm nanofilms were deposited on a freshly formed drop
surface of the electrolyte solution, each protein and their mixture solu-
tions, and each ophthalmic formulation. 10 sec after the expansion, the
drops were contracted to their original volumes. These cycles were
repeated 5 times for each sessile drop, with 15–20 min of rest between
runs. The thickness of lipid films was calculated using the values of
deposited volume of lipids solution (concentration 1 mg/ml), multiplied
by average density of dry lipids 870 kg/m3 and divided by drop surface
area.
2.1. Materials

Human proteins, model lipids and other chemicals were purchased
from Sigma-Aldrich (USA) and used as received. Polar lipids were pur-
chased from Avanti Polar Lipids, USA. All proteins were dissolved in the
ve ingredients Preservatives

, sodium chloride Unknown

m Chloride, Trometamol, Hydrochloric Acid, Water None

ic sodium phosphate hydrate, disodium edetate hydrate, sodium
de, potassium chloride, dilute hydrochloric acid, and sodium
xide, pH 7.2–7.8

Chlorhexidine
gluconate

None

acid, edetate disodium, octoxynol-40, polysorbate 80, water,
borate.

Polyquaternium-1

acid; butylated hydroxyl toluene; carbomer copolymer type A;
oil; erythritol; flaxseed oil; levocarnitine; polyoxyl 40 stearate;
; trehalose; hydrochloric acid; sodium hydroxide

None



Table 3
Relative evaporative fluxes from the drop surface of individual and mixture of model proteins without and with model tear lipid films, and maximum surface pressure.
(MTE ¼ Model tear electrolytes; SD ¼ standard deviation).

Protein Mean relative evaporative flux without
lipid film, %

SD,
%

Mean relative evaporative flux with lipid
film, %

SD,
%

Mean maximum dynamic
surface
pressure, with lipid films,
mN/m

SD, mN/
m

Human Lysozyme 97.0 2.4 96.0 2 49.2 0.5
Bovine Mucin 91.0 3.1 86.0 3 48.6 0.2
Human Lactoferrin 84.0 2.1 49.0 2 53.9 0.6
Human serum albumin 83.0 5.2 47.0 4 54.7 0.4
Bovine β-Lactoglobulin 82.0 6.3 62.0 3 50.1 0.5
5 component protein
mixture

81.0 4.1 59.0 1.5 52.4 0.8

MTE solution 100 2.8 57.0 1.7 54.4 0.5

Fig. 3. Comparison of dynamic interfacial pressure iso-cycles for model tear
lipids alone on MTE, and the same model tear lipid films deposited on MTE with
human lysozyme and human serum albumin solutions. (MTE ¼ Model Tear
Electrolyte). The arrows point to the compression branches of iso-cycles. The
maximum surface pressure of lipid film on lysozyme decreased by 5–7 mN/m
but was not changed by human serum albumin.

Fig. 4. Dynamic interfacial pressure iso-cycles for model tear lipid nanofilm on
MTE, on lactoferrin, and model tear proteins mixture solutions. (MTE ¼ Model
Tear Electrolyte). The arrows point to the compression branches of iso-cycles.
The maximum surface pressure of lipid film on lactoferrin decreased by
3–5 mN/m but was not changed by protein mixture.
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model tear electrolytes solution. The model tear proteins were chosen as
representatives of the most abundant classes of proteins found in human
tears. The solutions were prepared with protein concentrations within
typical for human tears concentration range of corresponding protein.
The mixture of 5 proteins contained 4.43 mg/ml proteins total, and the
concentration of each protein was the same as listed in Table 1 for their
individual solutions. Most of the selected ophthalmic formulations were
purchased from Walgreens Pharmacy while Diquas was purchased over
the Internet and Purcell was from NOF Corporation. Model tear proteins
and ophthalmic formulations are listed in Tables 1 and 2, respectively.
The choice of the lipids for the model lipid mixtures was based on the
previously reported human tear lipid compositions [2]. Specifically,
human tear lipids contain 43 � 4 wt % wax esters, 39 � 3 wt % Cho-
lesteryl esters, 12� 7 wt % polar lipids (mostly phosphatidylcholines and
sphingomyelins), 4.4� 0.8 wt %OAHFA, and~2wt% triacyl glycerides.
Our model lipid mixtures included the most common and abundant
components found in both polar and non-polar parts of human tear. [5].
The non-polar part of these mixtures contained 1:1 mixture of cholesteryl
oleate and a mixture of behenyl oleate and palmitoyl oleate (2:1), plus
4

0.03 parts glyceryl tripalmitate (C16-TAG). Polar lipids were represented
by di-stearoyl phosphatidyl choline (18:0 DSPS), di-palmitoyl phospha-
tidyl choline (16:0 DPPC), palmitoyl-oleyl phosphatidyl choline
(16:0–18:1 POPC) and chicken egg sphingomyelins. Total concentrations
of polar lipids were 15% and 18% wt. Model lipid mixtures, oil-soluble
Retain PM ointment, castor oils, and flaxseed oils (chemically pure in-
gredients of Refresh OptiveMega-3 ophthalmic emulsion) were dissolved
in toluene - iso-propanol (5:1, v/v) solvent in a concentration of 1 mg/ml.
A mixed solution (1 mg/ml total) of oil-soluble ointment Retain PM and
model tear lipids was prepared by blending equal volumes of the corre-
sponding solutions. 1.4–1.6 μl of model lipid mixture were deposited on
electrolyte solution drops, on model tear protein solutions, and on
ophthalmic formulations using 2-μl Hamilton syringe.

3. Results and discussion

3.1. Impact of model tear protein

The majority of the publications regarding the evaporation of protein



Fig. 5. Dynamic interfacial pressure iso-cycles for human tear lipid nanofilms
deposited on human tear aqueous. Both subjects are young white females. The
arrows point to the compression branches of iso-cycles. The maximum surface
pressure of lipid nanofilms for subject 1normal tears was higher than for dry eye
subject 2 by 2–3 mN/m.

Table 4
Relative evaporative fluxes through model tear lipid nanofilms deposited on
ophthalmic formulations. (MTE ¼ Model tear electrolytes; SD ¼ standard
deviation).

System Mean relative
evaporative flux
without model lipids, %

SD,
%

Mean relative
evaporative flux with
model lipid film, %

SD,
%

Thealoz
Duo

90 3 79 3

Purcell 80 3 69 3
Soother XP 68 4 64 4
Diquas 60 3 63 4
Retain PM 57 3 56 5
Refresh
Mega-3

57 3 52 4

Flax seed
oil on
MTE

– 55 3

Castor oil
on MTE

– 66 3

MTE
solution

100 40 4

M.C. Lin, T.F. Svitova JCIS Open 4 (2021) 100028
solutions refer to the processes occurring during purification, desicca-
tion, and crystallization, often under vacuum or with air flow, heating
and active stirring. Of which, there is only a small number of publications
reporting the water evaporation rates from aqueous protein solutions
under conditions similar to the eye (i.e., 35

�
C and moderate humidity).

[35 8,19,24.
Previous studies of dynamic interfacial properties of human tear

lipids and their interactions withmodel tear proteins [39,40] have shown
that interfacial behaviors and rheological biophysical characteristics of
human tear lipid films are altered by the model proteins. Thus, we con-
ducted the experiments using individual protein solutions with the con-
centrations listed in Table 1, without and with model lipid nanofilms
deposited on them. These measurements allowed to estimate the impact
of each protein on evaporative fluxes through lipid nanofilms. Then the
measurements were performed with 5-protein mixture (the ingredients
and their concentrations are listed in Table 1) as an aqueous phase.

The most significant reductions in relative evaporative fluxes, from
1.42 μl/mm2/s, down to 1.2–1.15 μl/mm2/s, or by 16–19% relative to
baseline evaporative flux of electrolyte solution, was observed with in-
dividual lactoglobulin, lactoferrin, human serum albumin and 5-compo-
nent model protein solutions without lipid films. These results agree with
the data reported in Ref. [8] for evaporation reduction observed for
human serum albumin and lactoglobulin individual solutions. The
smallest reductions of relative evaporative fluxes were observed for in-
dividual lysozyme and mucin solutions. The relative evaporative fluxes
for model tear protein solutions without and with the lipid films depos-
ited on them, are summarized in Table 3.

The model tear lipid nanofilms containing 15 wt% of polar lipids
deposited on electrolyte solution drops and aged for 24 h reduced
evaporative fluxes down to 8.05 � 10�5 μl/mm2/s, or 57 � 2% of elec-
trolyte solution (baseline, 100%). These model tear lipid nanofilms
spread on top of human albumin and lactoferrin solutions had relative
evaporative fluxes lower than lipid nanofilms on electrolytes solution by
8–11%. As shown in Table 3, the relative evaporative fluxes through the
model tear lipid nanofilms spread on lysozyme, lactoglobulin and mucin
solutions were higher than through tear lipid nanofilms on electrolyte
5

solution. The results for model lipid nanofilms spread on bovine mucin
solution agreed with previously published data [3] where these authors
reported that evaporations through human meibum films in the presence
of mucin was higher than through meibum films on water. Interestingly,
the evaporative flux through model tear lipid nanofilms spread on the
5-component protein solution was practically the same as evaporative
fluxes through lipid nanofilms on electrolyte solution.

Dynamic interfacial behaviours of model tear lipid nanofilms depos-
ited on lysozyme or human albumin solutions (Fig. 3) were noticeably
different from that of lipid nanofilms on electrolyte solution. The top
branch of each curve corresponds to the drop contraction leading to the
lipid-film thickening while the lower branch corresponds to the drop
expansion leading to the lipid-film thinning. During lipid nanofilm
compression on the electrolyte solution, the maximum surface pressure
of 51.2 mN/m was reached at the thickness of ~ 60 nm, typical for
healthy human tear lipid films [37 9]. The hysteresis, the difference of
dynamic surface pressure between expansion and contraction branches at
the same film thickness at a maximum surface pressure region, was ~
10 mN/m. In general, a thin fluid film with a higher surface pressure
delivers greater film stability. The maximum surface pressure of the
model lipid nanofilms on human albumin solution was shifted to a region
of thinner films of 45–55 nm as compared to 60–70 nm for lipid nano-
films on electrolyte solution. The hysteresis between expansion and
compression branches slightly increased to 12–14 mN/m, compared to
10 mN/m for nanofilms on electrolyte solution. These changes suggest
strengthening of intermolecular bonds in the lipid nanofilms due to in-
teractions with human albumin. As shown in Table 3, these shifts in
maximum surface pressure correlate with the increased evaporative
resistance of the model film lipids on human albumin solution. In
contrast, the reduction of the maximum surface pressure by ~5 mN/m
was observed on human lysozyme solution. The hysteresis at the
maximum surface pressure completely disappeared. The most likely in-
teractions between the model lipids and lysozyme caused a phase tran-
sition from visco-elastic semi-solid state to liquid state. The solid-liquid
phase transition in the model tear lipid nanofilms significantly reduced
evaporative resistance of lipid nanofilms (see Fig. 3).

Minor positive alterations in dynamic interfacial behaviors were also
observed for tear lipid nanofilms deposited on lactoferrin solutions (see
Fig. 4). Adsorption of lactoferrin onto lipid nanofilms shifted maximum
surface pressure region to the thinner lipid films. However, it caused a
reduction in the maximum surface pressure and narrowed the hysteresis
between expansion and contraction branches, as seen in Fig. 4. Surpris-
ingly, the 5-component mixture of model tear proteins only slightly
altered the model lipid nanofilm interfacial dynamic properties and
shifted the maximum surface pressure region toward thicker films than



Fig. 6. Dynamic interfacial pressure vs lipid-film thickness iso-cycles for model
tear lipids on MTE, on Refresh Optive Mega3, and on Diquas. (MTE ¼ Model
Tear Electrolyte). The arrows point to the compression branches of iso-cycles.
The maximum surface pressure of lipid film on Refresh decreased by 3–5 mN/
m. Diquas solidified lipid nanofilm and increased maximum surface pressure.

Fig. 7. Dynamic interfacial pressure vs lipid-film thickness iso-cycles for model
tear lipids on MTE, and on Soothe. (MTE ¼ Model Tear Electrolyte). The arrows
point to the compression branches of iso-cycles. The maximum surface pressure
of lipid film on Soother decreased by 8–9 mN/m.
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that of model tear lipids alone. The interactions of the model lipid
nanofilms with model 5-protein mixture did not noticeably influence
evaporation retardation. Apparently, the negative effects on evaporative
resistance and interfacial rheological properties of model lipid nanofilms
caused by lysozyme, mucin and lactoglobulin were counterbalanced by
the positive impacts of human albumin and lactoferrin.
6

It is important to note that mucin extracted from bovine saliva, and
lactoglobulin extracted from bovine milk do not exactly mimic natural
human tear proteins in their chemical structures, compositions, and
interfacial properties. Therefore, it would be unwise to draw definitive
conclusions that human tear aqueous containing over 1500 ingredients
will produce the same effects as oversimplified 5-component model
protein mixture. However, our approach to the problem of exploring the
evaporation in vitro provides new insights concerning the possible im-
pacts of some proteins in human tear stability in vivo. Effects of the in-
dividual proteins on evaporation through model tear lipid films of
different composition were also examined. The composition of our 2nd
model lipid system containing 18% of phospholipids the evaporative flux
down to 5.6� 10�5 μl/mm2/s, or 40� 4% comparedwith 57� 3% of the
previously mentioned model lipid system with the composition con-
taining only 15% of phospholipids. For similar model lipid mixtures [18],
it was also found that the higher ratio of polar to neutral nonpolar lipids
corresponds to improved model lipid film stability. The evaporative
fluxes through nanofilms containing 18% of polar lipids deposited on
proteins solutions were 3–6% lower than through these nanofilms on
electrolyte solution. These observations suggest that the composition of
model tear lipid mixtures has stronger impact on evaporation reduction
than the presence of model proteins in subphase.

We are currently conducting a pilot study of evaporation through
reconstituted human tear lipid films deposited on human tear aqueous
films. Both lipid and aqueous samples are collected from the same single
individual. The data show that evaporative fluxes through reconstituted
human lipid nanofilms deposited on human tear aqueous are 5–15%
lower than the evaporative flux through the same human lipids on
electrolyte solution. Fig. 5 illustrates the dynamic interfacial pressure iso-
cycle for human lipid nanofilms on tear aqueous for two subjects, (1)
subject with healthy stable tear films and (2) subject with mild dry eye
symptoms. This plot also shows the values of evaporative fluxes
measured in vitro using the same sessile drop technique. The shape of iso-
cycles for healthy and dry-eye lipids are distinctly different. The healthy
lipids exert maximum surface pressure of 51.3 mN/m, whereas the
maximally compressed dry-eye lipids exerted lower surface pressure of
49.8 mN/m. Hysteresis between compression and expansion at the
maximum pressure was 2.8 mN/m and 1.7mN/m for healthy and dry-eye
lipid nanofilms, respectively. At the same time, evaporative flux through
dry-eye lipid nanofilms spread on its natural tear aqueous phase was
twice as high as that through healthy tear lipid nanofilms on its corre-
sponding tear aqueous. It must be revealed that these results are an
example for this pair of subjects, and the values for evaporative fluxes
through healthy and dry-eye lipids in vitro may vary significantly be-
tween subjects due to the general eye health, gender, or race. Never-
theless, the data reported on Fig. 5 confirm that the results obtained for
our model tear lipid systems agree with the results obtained for the
reconstituted human tear lipid films in vitro.

3.2. Impact of topical ophthalmic formulation

The model lipid nanofilms used for this part of the study
containied18 wt% of polar lipids. This model lipid system deposited on
electrolytes solution reduced evaporative fluxes down to 5.6 � 10�5 μl/
mm2/s, or 40% (SD 6%). We studied 6 ophthalmic formulations – three
were aqueous solutions, two were aqueous emulsions and one was an
ointment (Retain PM). Aqueous ophthalmic formulations are used as an
eye drops and the volume of a drop varies from 20 to 40 μl. This volume is
significantly larger than the volume of human tear aqueous, 3–8 μl.
Aqueous ophthalmic formulations are expected to mix with tear aqueous
upon drop instillation and increase the aqueous phase volume. After the
eye drop instillation, the tear lipid layer is quickly restored after a few
blinks. We studied ophthalmic formulations without adding any proteins
to minimize confounding effects. The ointment is also expected to mix
with the lipid part of tear film after application on the ocular surface, thus
we tested the ointment as individual films and as a 1:1 mixture with our



Fig. 8. Dynamic interfacial pressure vs lipid-film thickness iso-cycles for model
tear lipids, Retain PM film on MTE, and 1:1 mixture of Retain PM and model
tear lipids on MTE. (MTE ¼ Model Tear Electrolyte). The arrows point to the
compression branches of iso-cycles. The maximum surface pressure of model
lipids þ Retain PM film remained close to the model lipid nanofilm however it
was attained for ~ 15 nm thicker nanofilm.
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model lipid system.
Table 4 summarizes the evaporative fluxes for the selected topical

ophthalmic formulations without and with the model lipid nanofilms
spread on them, as well as for the 75–80 nm nanofilms of Retain PM,
castor oil, and flaxseed oil spread on electrolyte solution. The ophthalmic
formulations without lipid nanofilms, castor oil and flaxseed oil films had
shown some reduction of evaporative fluxes compared to electrolyte
solution. However, none of them had reached the level of evaporation
inhibition achieved by our 2nd model tear lipid nanofilms spread on
electrolyte solution. Among the formulations tested, pure flaxseed oil
films and RefreshMega-3 containing both flaxseed and castor oils had the
best evaporative flux reduction. Thealoz Duo and Purcell exhibited the
highest evaporative fluxes. As seen from this table, the relative evapo-
rative fluxes trough the model lipid nanofilms deposited on over-the-
counter formulations were 12%–39% higher than through the model
lipid nanofilms on electrolyte solution. This observation suggests that the
ophthalmic formulations designed to alleviate dry eye symptomsmay not
achieve the same level of evaporative inhibition as our model tear lipids
and may inadvertently increase evaporation in vivo for eyes that do not
have compromised tear lipid films.

Next, the results from the study of dynamic interfacial pressure as a
function of the nanofilm thickness showed that lipid nanofilms deposited
on Diquas, Refresh Mega-3 and Soothe formulations exhibited dynamic
interfacial behaviors strikingly different from the model tear lipid
nanofilms on electrolyte solution. Figs. 6 and 7 depict the surface pres-
sure on lipid film thickness dependences for tear lipid nanofilms depos-
ited on electrolyte solution and on these ophthalmic formulations.

The arrows point to the compression branches of iso-cycles. The
maximum surface pressure of lipid film on Refresh decreased by 3–5mN/
m. Diquas solidified lipid nanofilm and increased maximum surface
pressure.

Interactions of model tear lipids with Diquas ingredients made tear
lipid nanofilms more rigid. The hysteresis between the expansion and
contraction branches of the iso-cycles substantially increased, suggesting
7

that lipid nanofilms became brittle rather than visco-elastic and appar-
ently collapsed at high surface pressure, similar to condensed mono-
layers. Refresh Mega-3 ingredients produced the opposite effect because
the lipid nanofilms became more fluid, with a lower maximum surface
pressure and a smaller hysteresis. Refresh Mega-3 formulation contains
several surface-active ingredients (e.g., Polysorbat 80, (Tween-80), and
Polyoxyl 40 stearate) as emulsifiers. It is likely that interactions of the
model lipids with these emulsifiers caused softening of model lipid
nanofilms, with reduced hysteresis and maximum surface pressure
decreased by ~ 3–5 mN/m (Fig. 6).

The most substantial alterations of dynamic interfacial behavior were
caused by the interactions between the model lipid nanofilms and Soothe
ingredients. These interactions caused partial displacement of phospho-
lipids from the lipid film resulting in prominent distortion of the iso-cycle
shape, as seen in Fig. 7. The changes of iso-cycle shape indicate that the
originally visco-elastic gel-like nanofilm was transformed into a viscous
liquid film with low elasticity at a higher film thickness. It should be
noted that the maximum surface pressure for lipid nanofilms at the full
compression was reduced by 8–9 mN/m. This reduction was even
stronger than that was observed in the presence of Refresh Mega-3.
Soothe® XP formulation is produced as emulsion, which contains
emulsifying additives. These additives, such as octoxynol-40 and poly-
sorbate 80, are surfactants with significant surface activity. The negative
effect of Soothe on the model lipid nanofilms biophysical behavior is
likely the results of the interaction between the polar lipids and these
surface-active emulsifiers.

The question regarding how mineral oils and other petrochemicals
such as petrolatum, used in over-the-counter formulations, affect tear
lipid nanofilms biophysical properties remains unclear. To clarify, we
tested the biophysical properties of nanofilms formed by Retain PM
ointment, containing only mineral oil and white petrolatum without any
emulsifiers. We also tested this ointment mixture with the model tear
lipids. As seen in Fig. 8, 75 nm nanofilms of Retain PM on electrolyte
solution has low surface pressure and behaves like viscous liquid film
without elasticity. The addition of Retain PM to model tear lipid did not
cause significant changes in the shape of nanofilm iso-cycle compared
with the model tear lipid nanofilm on electrolyte solution. The maximum
surface pressure at the full compression remained the same as it was for
model lipid nanofilms on electrolyte solution.

However, the expansion-contraction iso-cycle of these mixed nano-
films, Retain ointment and model lipids, was shifted to the right, toward
thicker film region, as compared with original model tear lipids iso-cycle.
This shift is associatedwith a decreased total concentration of polar lipids
in the mixed film due to the dilution of model lipids by petrochemical
components of Retain PM. These alterations correlate to the noticeable
increase by ~ 15% in evaporative flux through the mixed films (i.e.,
model lipids þ Retain PM) as compared to model tear lipid nanofilms on
electrolyte solution.

According to a in vivo study [10,36], dry eye formulations containing
mineral oil increased human tear lipid film thickness 15 min after
instillation. However, it was not indicated whether this increase in lipid
film thickness led to better tear film stability in vivo. In a clinical study
[17] of Soothe eye drops in vivo, it was stated that an increase in lipid
layer thickness at 15 min after instillation did not produce significant
change in evaporation-driven tear film thinning rate, that is consistent
with our findings. Recently, we have shown that an increase of model
lipid film thickness above 60 nm in vitro did not significantly enhance
evaporation retardation [40].

These observations suggest that long-term use of some topical
ophthalmic formulations containing significant amounts of surface-
active emulsifiers, such as Refresh Mega-3, Retain MGD, and Soothe,
may cause tear film instability attributable to adversely altered bio-
physical properties of human tear lipid nanofilms in vivo.
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4. Conclusions

The novel micro-volumetric method was used to quantify evaporation
rates in vitro. For the first time, it was empirically verified that model tear
lipid nanofilms, some of model tear protein solutions and dry eye arti-
ficial tear formulations alone can reduce water evaporative fluxes. It was
demonstrated that the combinations of model tear lipid nanofilms with
some of the proteins, such as human serum albumin and lactoferrin,
enhance evaporation inhibition by lipid nanofilms. However, human
lysozyme and bovine mucin increased evaporative fluxes through model
tear lipid nanofilms. 5-component model tear proteins mixture induced
only minor changes in model tear lipid biophysical behaviors and
evaporative fluxes.

Finally, none of the studied ophthalmic formulations enhanced
evaporative resistance of model tear lipid nanofilms. Diquas, Refresh
Optive Mega3 and Soothe significantly altered biophysical properties of
model tear lipid nanofilms and reduced evaporative resistance of model
tear lipid nanofilms. These changes may potentially lead to human tear
film destabilization and premature tear-film breakup in vivo.
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