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Purpose:  To  evaluate  the  influence  of lens  care  solutions  (LCS)  on interfacial  dynamics  and  rheological
properties  of human  tear-lipid  films.
Methods:  Tear  lipids  were  extracted  from  Schirmer  strips  collected  from  6 healthy  subjects.  Sessile  bubble
tensiometry  was  used  to  study  interfacial  properties  at 22 ◦C. Lipids  were  deposited  on  an  air  bubble
immersed  into  electrolytes  solution  to  form  90 ± 20 nm  films.  Lipid  films  were  subjected  to  expansion-
compression  cycles  for dynamic  interfacial  properties  and  to  step-strain  relaxations  for  assessments  of
rheological  properties.  LCS  (BioTrue  [BT], PureMoist  [PM],  Revitalens  [RL],  ClearCare  [CC]) were  injected
into optical  chamber  and  equilibrated  for  2  h  without  or with  lipid films.  Dynamic  interfacial  properties
of  films  were  measured.  Then  electrolyte  solution  was  pumped  through  chamber  and  properties  of  films
were  re-evaluated.
Results:  Equilibrium  surface  tension  (EST), elasticity  modulus  (E), and relaxation  times  (�) of  tear  lipids
were  22  ±  2.1  mN/m,  10.7–14.8  mN/m, and  80–150  s, respectively.  EST for LCS was  45.3  ± 0.8  for CC,
40.3  ± 0.8 for  BT,  33.4  ±  1.0  for PM,  and  30.1  ±  0.8 mN/m  for RL.  E for  LCS varied  within  0.5–6.7  mN/m, and

�  varied  from  49  to 68  ±  5  s. For  mixed  lipids  +  LCS  films,  EST  remained  unchanged  whereas  E and  �  were
reduced  for  all  LCS types.  Exposure  to PM and RL  noticeably  altered  the  shape  of  lipid-film  iso-cycles.
These  changes  persisted  after  LCS  washout.
Conclusions:  Some  components  of LCS  bind  irreversibly  to  lipid  films  and  make  them less  viscous and  less
elastic.  These  findings  suggest  the  possibility  of  tear-film  destabilization  upon  LCS  exposure.

Published  by  Elsevier  Ltd on  behalf  of  British  Contact  Lens  Association.
. Introduction

An intricate mixture of oily substances known as tear lipids
orms the outermost layer of human and other mammalian tear
lms. These lipid films play a vital role in maintaining ocular sur-

ace homeostasis by facilitating spreading of the tear aqueous over
 cornea [1–7]. The interactions between tear-lipid films and tear-
queous constituents (e.g., natural tear proteins, or ingredients
dded in topical ophthalmic medications or lens care solutions)
re important and may  influence overall tear-film stability [8–10].

t has been established that the tear-lipid layer plays a cru-
ial role in tear-film stabilization, and surface physical properties
uch as interfacial elasticity and viscosity of tear-lipid films are
he key factors determining thin-film stability [11–13]. Tear-film
nstability and ultimately film ruptures can cause ocular surface

∗ Corresponding author at: Clinical Research Center, School of Optometry, Uni-
ersity of California, Berkeley, CA 94720-2020, United States. Tel.: +1 510 643 8447;
ax:  +1 510 642 9734.

E-mail address: mlin@berkeley.edu (M.C. Lin).

ttp://dx.doi.org/10.1016/j.clae.2014.05.008
367-0484/Published by Elsevier Ltd on behalf of British Contact Lens Association.
irritation or inflammation and dry eye symptoms. Therefore, under-
standing mechanisms responsible for tear-film instability is of
public health significance as dry eye is one of the leading ocu-
lar complaints that eye doctors encounter in the United States
[8].

All contact lenses significantly destabilize tear film as indi-
cated by reduced pre-lens tear film break-up time (in contrast
to pre-corneal). Contact-lens wear is often discontinued because
of gradual development of dry-eye symptoms. The concern
regarding adverse effects of multipurpose LCS on tear film
properties and ocular health has been raised in the litera-
ture [14,15]. Most market-available lens care solutions (LCS)
contain significant amounts of surface-active substances (sur-
factants or detergents) added as either preservatives (e.g.,
benzalkonium chloride, polyaminopropyl biquanide, polyquater-
nium) or cleansing and wettability-improving agents (e.g.,

polyoxyethylene-polyoxypropylene block co-polymers such as
TetronicsTM or PluronicsTM). These substances adsorb and accu-
mulate at the interface of tear-film lipids and aqueous layers
[16,17].

dx.doi.org/10.1016/j.clae.2014.05.008
http://www.sciencedirect.com/science/journal/13670484
http://www.elsevier.com/locate/clae
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http://Ymn/m
http://Ymn/m
http://Ymn/m
http://Ys/
mailto:mlin@berkeley.edu
dx.doi.org/10.1016/j.clae.2014.05.008
https://www.researchgate.net/publication/297254697_Clinical_assessment_of_ocular_response_to_a_multipurpose_contact_lens_care_solution?el=1_x_8&enrichId=rgreq-a2d091d664d5ed3a380900f9209fd33e-XXX&enrichSource=Y292ZXJQYWdlOzI3MjQxNDc1MDtBUzoyMDY2MzYzMzg2ODM5MDRAMTQyNjI3NzM1MDU4OQ==
https://www.researchgate.net/publication/260120358_Georgi_Georgiev_Norihiko_Yokoi_Slavyana_Ivanova_Rumen_Krastev_and_Zdravko_Lalchev_Surface_Chemistry_Study_of_the_Interactions_of_Pharmaceutical_Ingredients_and_Whole_Eyedrops_with_Films_of_Human_Meibu?el=1_x_8&enrichId=rgreq-a2d091d664d5ed3a380900f9209fd33e-XXX&enrichSource=Y292ZXJQYWdlOzI3MjQxNDc1MDtBUzoyMDY2MzYzMzg2ODM5MDRAMTQyNjI3NzM1MDU4OQ==
https://www.researchgate.net/publication/230878186_Consequences_of_Interfacial_Viscoelasticity_on_Thin_Film_Stability?el=1_x_8&enrichId=rgreq-a2d091d664d5ed3a380900f9209fd33e-XXX&enrichSource=Y292ZXJQYWdlOzI3MjQxNDc1MDtBUzoyMDY2MzYzMzg2ODM5MDRAMTQyNjI3NzM1MDU4OQ==
https://www.researchgate.net/publication/229073365_Molecular_Structure_of_Interfacial_Human_Meibum_Films?el=1_x_8&enrichId=rgreq-a2d091d664d5ed3a380900f9209fd33e-XXX&enrichSource=Y292ZXJQYWdlOzI3MjQxNDc1MDtBUzoyMDY2MzYzMzg2ODM5MDRAMTQyNjI3NzM1MDU4OQ==
https://www.researchgate.net/publication/50936377_The_International_Workshop_on_Meibomian_Gland_Dysfunction_Report_of_the_Subcommittee_on_Tear_Film_Lipids_and_Lipid-Protein_Interactions_in_Health_and_Disease?el=1_x_8&enrichId=rgreq-a2d091d664d5ed3a380900f9209fd33e-XXX&enrichSource=Y292ZXJQYWdlOzI3MjQxNDc1MDtBUzoyMDY2MzYzMzg2ODM5MDRAMTQyNjI3NzM1MDU4OQ==
https://www.researchgate.net/publication/50936377_The_International_Workshop_on_Meibomian_Gland_Dysfunction_Report_of_the_Subcommittee_on_Tear_Film_Lipids_and_Lipid-Protein_Interactions_in_Health_and_Disease?el=1_x_8&enrichId=rgreq-a2d091d664d5ed3a380900f9209fd33e-XXX&enrichSource=Y292ZXJQYWdlOzI3MjQxNDc1MDtBUzoyMDY2MzYzMzg2ODM5MDRAMTQyNjI3NzM1MDU4OQ==
https://www.researchgate.net/publication/41434879_The_interfacial_viscoelastic_properties_and_structures_of_human_and_animal_Meibomian_lipids?el=1_x_8&enrichId=rgreq-a2d091d664d5ed3a380900f9209fd33e-XXX&enrichSource=Y292ZXJQYWdlOzI3MjQxNDc1MDtBUzoyMDY2MzYzMzg2ODM5MDRAMTQyNjI3NzM1MDU4OQ==
https://www.researchgate.net/publication/23248957_Effect_of_Lysozyme_Adsorption_on_the_Interfacial_Rheology_of_DPPC_and_Cholesteryl_Myristate_Films?el=1_x_8&enrichId=rgreq-a2d091d664d5ed3a380900f9209fd33e-XXX&enrichSource=Y292ZXJQYWdlOzI3MjQxNDc1MDtBUzoyMDY2MzYzMzg2ODM5MDRAMTQyNjI3NzM1MDU4OQ==
https://www.researchgate.net/publication/21614285_The_importance_of_the_precorneal_tear_film_for_the_quality_of_optical_imaging?el=1_x_8&enrichId=rgreq-a2d091d664d5ed3a380900f9209fd33e-XXX&enrichSource=Y292ZXJQYWdlOzI3MjQxNDc1MDtBUzoyMDY2MzYzMzg2ODM5MDRAMTQyNjI3NzM1MDU4OQ==
https://www.researchgate.net/publication/19300209_Physical_chemistry_of_the_normal_and_disordered_tear_film?el=1_x_8&enrichId=rgreq-a2d091d664d5ed3a380900f9209fd33e-XXX&enrichSource=Y292ZXJQYWdlOzI3MjQxNDc1MDtBUzoyMDY2MzYzMzg2ODM5MDRAMTQyNjI3NzM1MDU4OQ==
https://www.researchgate.net/publication/14070759_Importance_of_the_Lipid_Layer_in_Human_Tear_Film_Stability_and_Evaporation?el=1_x_8&enrichId=rgreq-a2d091d664d5ed3a380900f9209fd33e-XXX&enrichSource=Y292ZXJQYWdlOzI3MjQxNDc1MDtBUzoyMDY2MzYzMzg2ODM5MDRAMTQyNjI3NzM1MDU4OQ==
https://www.researchgate.net/publication/13790710_A_compositional_based_model_for_the_tear_film_lipid_layer?el=1_x_8&enrichId=rgreq-a2d091d664d5ed3a380900f9209fd33e-XXX&enrichSource=Y292ZXJQYWdlOzI3MjQxNDc1MDtBUzoyMDY2MzYzMzg2ODM5MDRAMTQyNjI3NzM1MDU4OQ==
https://www.researchgate.net/publication/12884943_Components_responsible_for_the_surface_tension_of_human_tears?el=1_x_8&enrichId=rgreq-a2d091d664d5ed3a380900f9209fd33e-XXX&enrichSource=Y292ZXJQYWdlOzI3MjQxNDc1MDtBUzoyMDY2MzYzMzg2ODM5MDRAMTQyNjI3NzM1MDU4OQ==
https://www.researchgate.net/publication/11464202_The_lipid_layer_The_outer_surface_of_the_ocular_surface_tear_film?el=1_x_8&enrichId=rgreq-a2d091d664d5ed3a380900f9209fd33e-XXX&enrichSource=Y292ZXJQYWdlOzI3MjQxNDc1MDtBUzoyMDY2MzYzMzg2ODM5MDRAMTQyNjI3NzM1MDU4OQ==
https://www.researchgate.net/publication/6392049_Solution_Toxicity_in_Soft_Contact_Lens_Daily_Wear_Is_Associated_With_Corneal_Inflammation?el=1_x_8&enrichId=rgreq-a2d091d664d5ed3a380900f9209fd33e-XXX&enrichSource=Y292ZXJQYWdlOzI3MjQxNDc1MDtBUzoyMDY2MzYzMzg2ODM5MDRAMTQyNjI3NzM1MDU4OQ==
https://www.researchgate.net/profile/Tatyana_Svitova?el=1_x_100&enrichId=rgreq-a2d091d664d5ed3a380900f9209fd33e-XXX&enrichSource=Y292ZXJQYWdlOzI3MjQxNDc1MDtBUzoyMDY2MzYzMzg2ODM5MDRAMTQyNjI3NzM1MDU4OQ==
https://www.researchgate.net/profile/Meng_Lin5?el=1_x_100&enrichId=rgreq-a2d091d664d5ed3a380900f9209fd33e-XXX&enrichSource=Y292ZXJQYWdlOzI3MjQxNDc1MDtBUzoyMDY2MzYzMzg2ODM5MDRAMTQyNjI3NzM1MDU4OQ==


ns & A

e
o
e
l
l
m
v
d
m
[
t
a
fi
t
a

l
o
o
S
t
d
fi
e
e
i
a

(

(

w
L
l
c
t
t

2

l
a
t
(
K
o
(
e

2

r
c
f
c
p
j
t
v

T.F. Svitova, M.C. Lin / Contact Le

In our previous study [17] we reported a novel technique to
xamine multi-layered tear-lipid films and found that a minimum
f 20 nm-thick multilayer of tear lipids was required to exert an
quilibrium surface pressure of 50 ± 1 mN/m. The physics of thin-
iquid films demonstrates that the higher the surface pressure of a
iquid film, the more spreadable and stable this film is. These thick

ultilayered lipid films studied in our previous project exhibited
isco-elastic behaviors when subjected to small and uniform radial
ilatational deformations [17], qualitatively similar to Meibum
onolayer (one-molecule thick films) studied by other authors

12]. We  also showed that interfacial rheological characteristics of
hese films were altered by interactions between the tear lipids
nd LCS (e.g., OptiFree Express and OptiFree Replenish) [17]. These
ndings were acquired using thick films composed of reconstituted
ear lipids extracted from worn silicone-hydrogel contact lenses as

 model for human tear-lipid films.
To further expansion of our knowledge about human tear-

ipid properties and their interaction with LCS, this study focused
n evaluation of dynamic interfacial and rheological behaviors
f human tear lipids extracted from whole tears collected using
chirmer strips rather than tear lipids deposited on worn con-
act lenses as previously published [17]. We  hypothesize that the
ynamic and visco-elastic interfacial properties of human tear-lipid
lms may  be influenced by the presence of surface-active ingredi-
nts of these new LCS, as these ingredients are introduced into the
ye when lenses are inserted onto the eye after overnight soak-
ng/cleaning. We  designed and executed an in vitro study aimed to
ddress the following questions:

1) Are there differences between these new LCS in respect to their
surface activity at water/air and water/lipids interfaces?

2) Will these newly introduced LCSs alter interfacial properties of
healthy human tear lipids in vitro?

By examining the physical properties of tear lipids associated
ith stable and healthy tears as well as the potential impact of

CS on these properties, our findings may  in part identify causes
eading to tear film instabilities that eventually lead to ocular dis-
omfort/dryness during contact lens wear. Results obtained from
his pilot study can be helpful for planning future clinical studies
hat examine effects of these LCS on tear film stability in vivo.

. Materials and methods

Distilled and deionized water from a MilliQ® filter system (Mil-
ipore Co., Bedford, WA)  was used for solution preparations. The
queous phase was a buffered model tear electrolytes (MTE) solu-
ion composed of 5 g/l NaCl (Sigma, USA) with 4 g/l of sea salts
Sigma, USA) added to provide other ions found in human tears (i.e.,
+, Ca2+ and Mg2+, phosphate and bicarbonate) [17]. The pH value
f MTE  solution was adjusted to 7.3 by additions of small amounts
0.5–0.8 ml)  of 250 mM  KH2PO4 so that the aqueous phase in our
xperiments simulated the salt content and pH of human tears.

.1. Lipid collection and extraction procedures

Human tear lipids were extracted from Schirmer strips satu-
ated with human tears (two strips from each eye, four strips total)
ollected from each of 6 subjects during one visit. All subjects were
ree from ocular disease or any ocular abnormality that contraindi-
ated contact lens wear. A complete explanation of the study goals,

rocedures, risks, and benefits was given to each prospective sub-

ect, and informed consent was obtained. This study adhered to the
enets of the Declaration of Helsinki and was approved by the Uni-
ersity of California, Berkeley Committee for Protection of Human
nterior Eye 37 (2014) 368–376 369

Subjects. The Schirmer strips were inserted onto subjects’ outer
canthi and then collected by clinicians wearing powder-free exam-
ination gloves. A brief ocular surface examination was conducted
before and after tear collection to ensure that none of the sub-
jects had shown any adverse consequences from tear collection.
Post-collection Schirmer strips were stored in a freezer at −80 ◦C.

The lipids were extracted using 4 ml  of chloroform + methanol
(2:1, v/v) mixture in glass vials submerged into ultrasound bath
for 15 min  at medium power intensity. Extracts were dried under
vacuum and stored in a freezer at −20 ◦C. The samples were re-
dissolved in 100 �l of toluene + iso-propanol (5:1, v/v) solvent prior
to their deposition on the air–water interface for tensiometric and
interfacial rheological measurements. Each tear-lipid sample was
exposed to 4 different LCS. Each time a new lipid film was  formed
and aged, its initial properties were measured before LCS exposures.
Data from physical properties of tear-lipid film after LCS-exposure
were averaged for each LCS. The choice of LCS concentration was
based on the following data and assumptions:

(1) total tear volume in healthy eye is typically around 10 �l and
(2) the amount of LCS retained on a soft contact lens after it is

taken out of LCS and handled in a standard manner varies from
5 to 20 mg (equivalent to 5–20 �l) according to our gravimetric
measurements. Consequently, once a contact lens with retained
LCS is inserted onto an eye, the initial ratio of (LCS):(tear fluid)
volumes might be in the range between 1:2 and 2:1. As LCS
concentration in tear fluid decreases with time due to nat-
ural tear turnover rate, the rate of LCS washout depends on
tear production rate and on contact lens material. It is known
that HEMA lenses tend to accumulate and then leach out some
polymeric surfactants present in LCS, whereas silicone hydrogel
lenses retain much less of surface active substances. The con-
centration chosen for our experiments—a dilution of 1:10 (LCS
to buffer solution)—is significantly lower than the initial dilu-
tion right after lens insertion. With basal tear secretion rate of
0.5–2.2 �l/min [18], this concentration might be reached within
a couple of hours after lens insertion. The effect of LCS con-
centration in aqueous phase has been checked with two  other
concentrations, one twice as high (1:5), and the other half of
the used dilution (1:20). No significant differences in interfa-
cial properties of LCS alone as well as for in mixed lipid/LCS
films have been observed.

2.2. Tensiometry

A sessile captive-bubble configuration (a small air bubble pinned
to the underside of a straight hydrophobic capillary vertically
immersed into an aqueous phase) was used to create an air–water
interface and to examine the interfacial properties of reconsti-
tuted human tear lipids. This method has been employed in studies
of surface activity and protein–lipid interactions in pulmonary-
surfactant systems [19]. A detailed description of the sessile
bubble apparatus and technique has been presented elsewhere
[17,20–22]. The major advantage of this method over the widely
used Langmuir-trough technique is that a very small amount
of lipid sample (0.5–1 �g) is required for small interfacial areas
(5–10 mm2) on the bubble surface to create 100 nm-thick multi-
layered film.

A Ramé-Hart tensiometer (Ramé-Hart Instrument Co., Netcong,
NJ, USA) with DropImage Advanced software, v.2.2, and an auto-
mated dispensing system was used for real-time surface tension
data acquisition. Fig. 1 displays the experimental setup. Calculated

amounts (based on ellipsometric measurements [17], enough to
provide the initial film thickness of ∼80–100 nm) of reconstituted
lipids solution were deposited onto the surface of the air bubble
from underneath using a 5 �l-high precision syringe (Hamilton
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Fig. 1. Schematics of sess

o., NV, USA). The aqueous phase in the optical chamber was
tirred to provide a uniform distribution of lipids at the air–bubble
queous interface and to accelerate dissolution of solvents into
he aqueous phase. The aqueous phase was then displaced with
00 ml  of MTE  solution at flow rate 2–4 ml/min, to remove any
races of organic solvents. After the solvents were washed out,
he bubble, coated with the lipid film, was left to equilibrate
or 17–24 h (overnight) without stirring. Interfacial tension was

onitored during each of these steps and surface area of the bub-
les was kept constant during equilibration processes. Interfacial
ynamic and rheological properties were evaluated after 17–24 h
f equilibration. The interfacial properties of reconstituted lipids
ere found to be reproducible within 10 days after sample disso-

ution and no significant changes in viscoelastic properties were
etected.

Surface-pressure vs film-thickness (for lipids and
ipids + LCS 190 mixed films) and surface pressure vs surface-
rea (for dilute LCS alone) iso-cycles were recorded while the area
f the bubble was slowly increased from its initial ∼5 mm2 to
50–60 mm2, which corresponded to lipid film thicknesses chang-

ng from ∼100 nm to 5–10 nm and pressures ranging from 50 ± 2
own to 10 mN/m. In compression, the bubble size was  gradually
educed to its initial value; rate of area change was  0.07 mm2/s
n both directions. Those iso-cycles were used for evaluation of
ipid-film compressibility in wide range of lipid-film thicknesses.
nalogously to the bulk compressibility, the compressibility of
onolayer is defined as

 = −1/A(dA/d�)  (1)

here A is the area per molecule. Thus the compressibility prop-

rties of Langmuir monolayer can be determined in a simple way
rom the slope of the �–A isotherms [23]. In our case of thick mul-
ilayered films, we characterized compressibility C as the slope of
–h, surface pressure vs film thickness isotherms.
bble experimental set up.

2.3. Interfacial rheology

A dilation step-strain technique was  used to study the interfacial
dilatational visco-elastic properties of lipid layers. The air bubble,
previously coated with lipids and equilibrated for 17–24 h, was
expanded or contracted very fast, within 0.2 s, so that its change
in surface area (�A) was 5–7% of the initial surface area (A0). The
process of interfacial tension relaxation after surface perturbation
was monitored and recorded by the DropImage software for 30 min.
This time was typically sufficient for the interfacial tension to reach
a nearly constant value. The decay over time of the transient elas-
ticity (E(t)) was then determined as:

E(t) = A0��(t)
�A

,  (2)

where A0 is the initial bubble surface area (mm2) and ��(t) (mN/m)
is the change in surface tension induced by the change in surface
area [17,19–21]. Lipid layers examined in this project were approx-
imately 50 times thicker than a monolayer and 5–8 times thicker
than the reconstituted lipid layers we studied in our previous pub-
lication [17]. To quantify the lipid-layer response to dilatational
perturbations, we  adopted a combined Maxwell visco-elastic and
diffusion-relaxation model used earlier [20,22] to describe dilata-
tional behavior of mixed polymers and surfactants thick layers:

E(t) = E∞ + AM exp
(

− t

�M

)
+ AD exp

(
2t

�D

)
erfc

√
2t

�D
(3)

where the first two  terms on the right account for visco-elastic con-
tribution in relaxation of interfacial layer and the last term reflects
diffusion of polar lipid surface active species from interface into
the bulk layer when compressed and in the other direction when

the film is expanded. �M and �D represent the characteristic times
for visco-elastic relaxation and diffusive exchange, respectively. E∞
is the elastic modulus of the interface at time t → ∞,  and AM and
AD are the constants characterizing the relative contributions of
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Table  1
Multi-purpose lens care solutions studied.

Brand name Surface-active components Equilibrium surface tension
and surface pressure, mN/m
(1:10 diluted)

ClearCare
(CC)
CIBA
Vision

Pluronic 17R4 (polyoxyethylene-polyoxypropylene block copolymer) 43.6 ± 0.15

28.9 ± 0.15

Biotrue  (BT),
Bausch&Lomb

Poloxamine (polyoxyethylene-polyoxypropylene block copolymer),
sulfobetaine (zwitterionic surfactant), hyaluronane, edetate disodium.
Preservatives: polyaminopropyl biquanide −0.00013%,
polyquaternium-1 −0.001%

38.3 ± 0.17

34.2 ± 0.17

Revitalens (RL), Abbott Tetronic 904 (polyoxyethylene-polyoxypropylene block copolymer
with amino-groups), edetate disodium. Preservatives: alexidine
dihydrochloride −0.00016%; polyquaternium-1 −0.003%

36.5 ± 0.18

36.0 ± 0.18

PureMoist (PM), Alcon Tetronic 1304 (polyoxyethylene-polyoxypropylene block copolymer
with amino-groups), HydraGlyde (EOBO-4TM

polyoxiethylene-polyoxybutylene block copolymer); Preservatives:
stami

32.8 ± 0.23
39.7 ± 0.23
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POLYQUAD −0.001%; ALDOX (myri
0.0006%

isco-elastic and diffusion mechanisms into transient elastic modu-
us E(t), respectively. The rheological experiments were conducted
or each lipids/LCS combination, and the measurements were
epeated three to five times and averaged for each lipids/LCS com-
ination and for each LCS.

Temperature was kept constant (22 ± 0.5 ◦C) during all the
xperiments. The aqueous phase in the optical cell was  stirred using

 magnetic stirrer (EchoThermTM HS50, Torrey Pines Scientific, Inc.,
arlsbad, CA, USA) at a rate of 400 rpm during equilibration and
ashout procedures. The temperature 22 ◦C was  chosen, based on

ur observations indicating that no significant changes in tear-lipid
nterfacial properties were observed when the temperature was
ncreased to 35 ◦C.

. Results
Human tear lipids from 6 subjects (3 female and 3 male;
ean ± SD age = 22 ± 4 years) were collected using Schirmer strips.

s determined by ellipsometry measurements [17], an average
mount of tear lipids extracted from 4 Schirmer strips collected
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Fig. 2. (a) Transient elasticity as a function of time for 2 human tear lipids samples
dopropyl dimethylamine)

from each subject was  95 ± 15 �g. The interfacial visco-elastic and
dynamic properties of the tear-lipid films were first examined in
MTE  solution and then aged for 20–24 h without any LCS, followed
by exposure to one of LCS for 2 h with 300 rpm stirring prior to inter-
facial properties re-evaluation. For the next LCS test, a new lipid
film was  formed, aged, and its initial properties measured before
LCS exposure (Table 1).

Fig. 2a depicts two curves for lipids from two different subjects.
These curves represent transient elasticity (calculated according
to Eq. (2)) as a function of time after step-wise increase of tear-
lipid film surface area with an initial thickness of 80–90 nm. These
experimental data points were fit with Eq. (3) to obtain numerical
values for interfacial rheological parameters such as elastic mod-
ulus E∞ and relaxation time �M. Fig. 2b depicts transient elasticity
for diluted LCS alone, without tear-lipid films deposited prior to
LCS injection. The results of rheological experiments summarized

in Table 2 along with data from Fig. 2a and b show significantly
lower E∞ and shorter �M for both LCS alone and for mixed human
tear-lipid + LCS films, as compared to initial human tear-lipid films
(p < 0.05, Student t-test).
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Table 2
Rheological parameters of human tear lipids, LCS and mixed TL + LCS films.

Films constituents Elasticity modulus,
E∞ , mN/m
(average ± StD)

Relaxation time, s
(average ± StD)

Human tear lipids (TL) 12.5 ± 2.5 126 ± 25
ClearCare (CC) 0.8 ± 0.43 68 ± 3.5
Revitalens (RL) 0.5 ± 0.25 60 ± 2.9
PureMoist (PM) 6.7 ± 0.38 63 ± 3.6
BioTrue (BT) 2.8 ± 0.23 49 ± 4.5
TL  + CC 0.9 ± 0.14 74 ± 2.5
TL  + RL 0.5 ± 0.15 62 ± 3.5
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TL  + PM 0.9 ± 0.31 68 ± 4.1
TL  + BT 1.1 ± 0.45 56 ± 3.8

As established earlier for the tear lipids extracted from worn
enses [17], the equilibrium surface tension of the tear-lipid films
ecreased with increasing thickness and reached a constant value
f 21.5 ± 1.2 mN/m (surface pressure ∼50 mN/m) for the films with
hickness above 20–25 nm. In Fig. 3, we report examples of dynamic
urface pressure as a function of film-thickness curves called iso-
ycles [9–11]. As seen from this figure, a maximum surface pressure
f 50 ± 2 mN/m was subject-independent; however, the shape of
so-cycles varied between human tear-lipid samples collected from
wo individuals. The difference in iso-cycle shapes correlated with
he variations in rheological properties between the two  samples
eported in Fig. 2a.

Fig. 4a–d exhibits the surface pressure vs surface area dependen-
ies obtained for diluted and post-wash CC, BT, PL and RL solutions
lone. One can see that all interfacial films formed by LCS solutions
ave noticeable hysteresis between compression and expansion
ranches, and that the overall shape of these iso-cycles is very dif-
erent from the iso-cycles for human tear-lipid films reported in
ig. 3.

Figs. 5–8 display examples of the iso-cycles corresponding to ini-
ial human tear-lipid films in the presence of four different LCS, and
 h after the LCS was washed away (post-wash) by pumping MTE
olution through the cell. These figures demonstrate that expo-
ure to all LCS altered the dynamic interfacial properties of human
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ig. 3. Surface pressure vs film thickness iso-cycles for 2 different human tear lipid
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tear lipids, but to a different extent. For PM and RL, these changes
remained evident even after complete removal of LCS from aqueous
media in the cell.

4. Discussion

It is generally recognized that human tear-lipid films are com-
posed of at least 20 molecular layers and healthy stable lipid
films are from 40 to 100 nm thick [23–25]. The most current
data regarding the structure and chemical composition of the
Meibomian and tear lipids were recently summarized in several
reviews [23–25]. The polar double-tailed phospholipids detected
in tear lipids [26–29] are one of the most surface-active com-
pounds found in nature; they reduce surface tension of water down
to 21–22 mN/m, corresponding to a surface pressure of 50 mN/m,
when spread as a densely packed layer at the air–aqueous inter-
face [30] or when these lipids are mixed with Meibomian gland
secretions [31].

Despite the generally accepted assumption that human tear-
lipid films are multilayered and are from 40 nm to 100 nm thick,
most of the published studies on surface properties of Meibomian-
lipid films have examined only monolayers (i.e., single-molecule
layers ∼2 nm thick). The expanded (i.e., less than 2 nm thick)
Meibomian-lipid monolayer with relatively low surface pressures
(up to 30–35 mN/m) was  explored quite extensively [9–13,31]. In
contrast, our work focused on interfacial properties of condensed
tear-lipid multilayers with initial thickness close to 90 ± 20 nm. We
found that these thick layers exerted significantly higher surface
pressures of 50 ± 2 mN/m. Besides, the multilayered structure of
tear-lipid films may  be responsible for characteristic surface prop-
erties of these films, for instance, their high lateral elasticity [12].

Moreover, it has been shown in literature that compositions
of human tear lipids are rather different from that of forcibly
expressed Meibomian lipids [30,34]. Human tear lipids extracted
from whole tears are substantially enriched with polar substances
and contain up to 12% of phospholipids, which are known to possess
high surface activity [28,31,32].

We stipulate that multilayered lipid films formed by using
lipids extracted from whole tears with initial thickness close to the
ocular lipid-film thickness (as in the present study) are better mod-
els for examining human tear-lipid behavior than single-layered
Meibomian-lipid films [11–13,32].

In our previous study [17] we  reported that equilibrium sur-
face tension of human tear lipids extracted from worn soft contact
lenses is a function of film thickness; the minimum surface tension
of these thick tear-lipid films was 22 ± 1 mN/m, significantly lower
than 34–36 mN/m reported in the literature for whole-tear fluid
[5]. The same equilibrium surface tension values were also found
in the current study for human tear lipids extracted from Schirmer
strips. This low value is also in agreement with surface tensions
reported for condensed phospholipid layers and lung surfactants
[19,31]. It corresponds to a surface pressure of 50 mN/m, which
is 10–15 mN/m higher than the maximum pressure reported for
Meibum-lipid films in studies where a Langmuir trough was used
as an instrument for iso-cycles recording [9,11–13].

We  have shown [18,33] that our sessile-bubble technique pro-
vides new essential information that is more representative and
relevant to in vivo ocular lipid films than results obtained by study-
ing monolayers. This is important because under ocular conditions
tear lipids in the form of monolayers are typically not observed.
The importance of lipid-film thickness and high surface pressures

achieved in expansion-contraction iso-cycles of thick films become
even more obvious when the results from human and animal
Meibum monolayers studies [11] are compared with our results
from thick multilayered tear lipid films. As reported previously
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11], the isotherms of human and animal Meibum were qualita-
ively similar within a surface pressure interval of 0–30 mN/m.
hese iso-cycles exhibited little hysteresis between expansion and
ompression cycles. This trend is in agreement with our find-
ngs regarding dynamic interfacial behavior of human tear lipids
ollected from different subjects within a 0–30 mN/m surface-
ressure range (Fig. 3). The difference between these lipid samples
ecomes evident only at higher surface pressures corresponding
o film thicknesses of ∼20 nm and greater. It has been shown that
he addition of polar lipids such as sphingomyelin and dipalmi-
oylphosphatidyl choline affected the shape of Meibomian-lipid
so-cycles and increased the maximum attainable surface pressure
rom 35 to ∼50–55 mN/m [31]. We  assume that the differences in
so-cycles at high surface pressure are related to variations in polar
ipid content or composition among the samples collected from
ifferent subjects.
It has been recently reported that the integrity of Meibomian-
ipid monolayers could be compromised by penetration of
urface-active preservative (e.g., benzalkonium chloride, BAC)
ound in ophthalmic formulations (e.g., Travatan) [16]. However,
b) Surface pressure vs surface area iso-cycles for diluted BT and post-wash BT. (c)
pressure vs surface area iso-cycles for diluted RL and post-wash RL.

no substantial evidence of long-term effects of this particular
preservative or Travatan formulation on Meibomian-lipid prop-
erties was reported. These authors did not examine effects of
surface-active components typically present in LCS. The effect of
LCSs (e.g., OptiFree Express and OptiFree Replenish) on human tear-
lipid interfacial properties was first described in our previous work
[17].

We  focused our studies on the properties of thick multilay-
ered human tear lipids (as opposed to Meibomian-lipid monolayers
[11–13,16]) and on both short-term as well as long-term effects
of diluted LCS, e.g., reversibility of the changes caused by LCS-
exposure. Polymeric surfactants present in these LCS are more
likely to adsorb irreversibly at water–air or water–oil interface.
Previous investigations [19] have shown that polymeric surfac-
tant Pluronic is able to adsorb at the interface in the presence of
double-tailed surfactant Aerosol OTTM (AOT, bis-ethylhexyl sulfo-

succinate, sodium salt). The chemical structure of AOT is similar to
that of phospholipids, except for polar head group. We  hypoth-
esize that adsorption of Pluronics at air–water interface is also
taking place in the presence of lipids. We  have also shown [17]
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hat some components of LCS, for instance, Tetronic 1304 present
n OptiFree Express and Replenish, were bound irreversibly and
hus significantly altered the rheological properties of ex vivo soft-
ens-extracted lipid films. Indeed, the results reported in Fig. 4a–c
learly show that components of diluted LCS were adsorbed irre-
ersibly to air–water interface. They remained bound to air–water
nterface or to lipid films even after total removal of LCS from bulk
olution during washout. Table 2 demonstrates that rheological
arameters of thick human tear-lipid films changed in the pres-
nce of LCS but to a different extent. The most pronounced effect
as produced by diluted PM and RL solutions, whereas the effects

f CC and BT on elasticity modulus and relaxation time were less
ignificant. The same trend was observed for the lipid films exposed
o diluted LCS when we studied dynamic interfacial properties and
ecorded surface pressure vs film thickness iso-cycles. As seen from
igs. 5–8, at low surface pressure and for thinner films, the shape
f the iso-cycles changes very dramatically as an outcome of LCS
xposure. Those alterations are to some extent similar to the trans-
ormations observed in other study [16] with Meibum monolayer
xposed to BAC-containing eye drops Travatan. On the other hand,
hese changes are not persistent and practically fade away after CC
nd BT were displaced by a surfactants-free model tear electrolytes
olution. That was not the case for the films exposed to PM and RL
olutions, for which after the washout procedure, the changes in

so-cycles shape became less pronounced but did not disappear.

At elevated pressures, the alterations of the iso-cycles are
ess evident; nevertheless, the changes are significant as revealed
y the film-compressibility data summarized in Table 3. The

Fig. 7. Surface pressure vs film thickness iso-cycles for initial human tear lipids,
treated with RL and 2-h post-RL-wash.

able 3
ompressibility parameters for human tear lipids and mixed TL + LCS films.

LCS � range, mN/m for
thickness 60–90 nm

Compressibility,
d�/dh

�max, mN/m �min, mN/m Compressibility
ratio TL + LCS/TL

None – TL alone 48–52 0.02–0.11 52 12 NA
ClearCare 48–50 0.126 52 20 6.3
ClearCare washed 47–50 0.13 52 11 6.5
Biotrue 46–50 0.24 50 28 12
Biotrue washed 43–50 0.18 50 33 9
Revitalens 46–52 0.8 52 33 40
Revitalens washed 46–50 0.24 50 28 12
PureMoist 48–54 3.2 52 28 32
PureMoist washed 46–50 0.14 50 29 28
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ompressibility of initial lipid films is lower than that of the films
xposed to LCS, both before and after washout. Note that exposure
o all LCS does not significantly change maximum surface pressure
f lipid films. This fact indicates that surface-active components of
CS are not able to significantly displace human tear lipids when
he films are exposed to LCS. The extent of compressibility changes
orrelates with surface activity of LCS as gauged by equilibrium
urface tension or surface pressure of their diluted solutions. The
igher LCS surface pressure correlates with more pronounced alter-
tions in dynamic properties of human tear lipids. For LCS studied,
he maximum surface pressure and potency to modify interfacial
ynamics increases in the following order: CC < BT < RL < PM.

The clinical implications of our results remain to be determined.
owever, these results lay down the foundation for future inves-

igations to determine the role of tear-lipid dynamic interfacial
ehavior on tear-film stability. The risk of prolonged exposure to
ifferent LCS that might be causally related to dry eye symptoms
as to be taken into consideration.

. Conclusions

We  demonstrated that the sessile captive-bubble technique
s a proficient technique suitable for investigations of dynamic
nd equilibrium interfacial properties of thick films formed using
ltra-small amounts of human tear lipids. The exposure of human
ear-lipid films to 10-times diluted LCS causes significant alter-
tions in interfacial dynamic and rheological properties; in most
ases these changes are irreversible. Surface-active components of
CS adsorb and irreversibly bind to thick human tear-lipid films. The
nteractions of these substances with lipids change lipid-film inter-
acial dynamics significantly. After exposure to LCS, gel-like human
ear-lipid films become less viscous and less elastic and behave
imilar to condensed liquid films. Clinical implications of these find-
ngs suggest the possibility of human tear-film destabilization upon
rolonged exposure to LCS.
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