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Abstract

The Role of the Tear-Film Lipid Layer in Tear Dynamics and in Dry Eye

by

Colin Francis Cerretani

Doctor of Philosophy in Chemical Engineering
University of California, Berkeley

Professor Clayton J. Radke, Chair

The increasing global prevalence of dry-eye disease has spurred clinical and research
interest in understanding this condition. Most cases of dry eye are attributed to increased tear-
evaporation rates. The current paradigm holds that a dysfunctional tear-film lipid layer (TFLL)
leads to an increased tear-evaporation rate from the exposed ocular surface, which causes
elevated tear salinity (hyperosmolarity). Chronic tear hyperosmolarity then triggers an
inflammatory cascade that leads to clinical dry-eye disease. However, a limited fundamental
understanding of the role of the TFLL in dry eye impedes progress in developing care strategies.
In an effort to advance knowledge in the field, this thesis focuses on tear evaporation in dry eye,
on the structure and physical properties of tear lipid, and on the role of duplex-oil films in water-
evaporation reduction.

First, a compartmental tear-dynamics model is presented that predicts the role of various
tear flows on relevant tear parameters such as tear osmolarity and volume. The tears are
compartmentalized based on physiology, and tear physics is described over an entire blink cycle.
Coupled water- and salt-conservation equations govern the dynamics within each compartment.
Tear-supply and tear-evaporation rates are varied to investigate tear behavior in normal and dry-
eye conditions. Model predictions match clinical measurements over a wide range of tear-supply
and tear-evaporation rates. The tear-evaporation rate is the strongest driver of tear osmolarity.
Inclusion of osmotic water flow through the cornea and conjunctiva enables better matching to
clinical data than previous models. Additionally, osmotic water flow is found to contribute
significantly to tear flow, especially in dry-eye conditions.

Despite substantial knowledge of the chemical composition of the secreted lipid, called
meibum, little is known of its structure or bulk properties. We investigate the physical and
structural properties of collected bulk samples of human and bovine meibum utilizing rheology,
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calorimetry, and x-ray scattering. Steady and oscillatory shear rheology demonstrate both human
and bovine meibum to be remarkably viscoelastic and shear-thinning even at elevated
temperatures. Small- and wide-angle x-ray scattering (SAXS and WAXS) confirm the presence
of structured crystalline domains at physiological temperature that dissipate with increasing
temperature. The melting of crystalline structures near eye temperature measured by SAXS and
differential scanning calorimetry (DSC) corresponds to a decrease in meibum viscosity and
elasticity over the same temperature range. Meibum viscoelasticity persists even after crystal
structures liquefy in SAXS experiments. Thus, our proposed structure for the TFLL at
physiologic temperature is a highly viscoelastic, shear-thinning liquid suspension consisting of
lipid lamellar-crystallite particulates immersed in a continuous liquid phase. This new paradigm
for viewing the lipid layer contrasts with the current picture of several layers of stacked lipids.
Finally, we measure water-evaporation reduction by duplex-oil films at thicknesses from
100 nm and 100 pum. Water-evaporation rates are measured gravimetrically with a newly
constructed apparatus under controlled gas-phase mass transfer and environmental conditions.
White-light interferometry permits continuous visualization of the deposited oil layers to monitor
film uniformity. Duplex-film spreading and dewetting are identified as key challenges to
obtaining reliable water-evaporation reduction. Duplex-oil films of oxidized mineral oil, bovine
meibum, and human meibum reduce evaporation by a proposed dissolution-diffusion
mechanism. The data are fitted to dissolution-diffusion theory to yield the water permeability of
the duplex-oil film, Dk, which is a material property of the oil. Measured film permeabilities of
oxidized mineral oil agree with those reported in literature. Bovine and human meibum,
however, do not reduce water-evaporation rates significantly at thicknesses near 100 nm. These
findings appear to contradict in-vivo tear-evaporation measurements performed clinically.
However, clinical evaporation measurements lack calibration and gas-phase mass-transfer
characterization.  Consequently, more experiments are needed to clear up this apparent
contradiction and to discern the true role of the TFLL in evaporation reduction.
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Chapter 1

Introduction

1.1 Motivation and goals

Dry eye is an increasingly common disease of the human tear film that coats the anterior
surface of the eye. It infects up to 30 % of the global population, especially post-menopausal
women, older adults in general, and contact-lens wearers [1]. A vicious cycle of tear-film
instability, ocular-surface inflammation, pain, and epithelial-cell damage apparently originates
from chronically salty tears [2-10]. Dry eye and elevated tear osmolarity are strongly linked with
a deficient tear-film lipid layer (TFLL), which is a thin, oily film coating the aqueous tear film,
as well as with increased tear-evaporation rates [8, 11-13]. The thickness of the TFLL is around
100 nm [14-18], many times thicker than a monolayer. As such, it is a duplex-oil film
introduced by Langmuir and Harkins to be thick enough to contain two distinct interfaces
(water/lipid and lipid/air) with bulk oil in between, but thin enough for the effects of gravity to
be negligible [19, 20]. Researchers believe that the oily TFLL retards water evaporation from
human aqueous tears by up to 90 % [21-23] preventing tear hyperosmolarity and dry-eye disease
in healthy individuals. In the absence of an intact lipid layer, or in adverse environmental
conditions, water evaporates from aqueous tears at an elevated rate, concentrating the salt in the
remaining tears, and eventually leading to dry-eye symptoms. Despite substantial clinical
evidence linking a defective TFLL to dry eye and to increased tear evaporation [7, 8, 11, 24], no
direct evidence demonstrates water-evaporation reduction by the human tear lipid. Instead, thin
layers of human tear lipid deposited on an in-vitro water surface exhibit only marginal water-
evaporation reduction (<10 %) [25-27]. Clearly, a fundamental understanding of the role of the
TFLL in dry eye is necessary. Such knowledge guides the development of care solutions and of
strategies for dry-eye management.

This dissertation focuses on two central issues: (1) the role of evaporation in dry eye, and
(2) the ability of the TFLL to reduce evaporation. To uncover the underlying physics, these two
questions are addressed within a chemical-engineering framework. The first question asks what
tear-dynamics parameters (e.g., hydraulic flow rate, tear-evaporation rate, degree of mixing, tear
hydrodynamics, etc.) are the main drivers of tear osmolarity. The second question asks by what
mechanism a duplex-oil film reduces the evaporation of an underlying water substrate. To
appreciate fully these two questions, the following sections provide background information on
the relevant physiological and physicochemical processes, as well as a brief overview of
previous research.



1.2 Evaporation in dry eye

Understanding how tear evaporation leads to dry eye requires basic knowledge of dry-eye
disease and tear physiology. This section reviews the basics of anterior-eye anatomy and of tear
flow, and then addresses the changes to these in dry eye. Motivation for developing a predictive
mathematical model for tear dynamics is introduced, and previous modeling works are covered.
Finally, the need for an improved mathematical model for tear dynamics is highlighted, and is
later presented in Chapter 2.

Figure 1.1 depicts a cross-sectional view of the anterior eye and tear film, with an inset
showing a more detailed view of the preocular tear film. Aqueous tear, supplied by the lacrimal
and accessory lacrimal glands, bathes the ocular surface in a nearly isotonic solution of salts,
proteins, and soluble mucins. As shown in the inset of Figure 1.1, the exposed preocular tear
film is approximately 5 um thick [16]. Upon each blink, the tear film coats the surface of the eye
and, among other things, helps maintain proper hydration of the ocular epithelial surface,
presents a smooth refractive surface for vision, and provides nutrients and cleansing [17].
Meibomian glands located in the upper and lower eyelids excrete a complex mixture of lipids,
called meibum, that makes up the tear-film lipid layer (TFLL). With each blink, the TFLL
spreads over the exposed aqueous tear film as a duplex film about 100-nm thick. Water
evaporates from the exposed tears while the eye is open, and the TFLL is thought to minimize
evaporative water loss [28].

As shown in Figure 1.1, the tears are contained within various compartments across the
ocular surface. Unexposed tear lies behind the upper and lower eyelids in the upper and lower
conjunctival sacs. The upper and lower fornices lie at the extrema of the upper and lower
conjunctival sacs. The main and accessory lacrimal glands produce tear that originates in the
fornices and flows towards the tear menisci located along the eyelid margins. The upper and
lower tear menisci run along the arc length of the lid margin and connect to the conjunctival sacs.
Tear drains from the menisci to the nasal cavity via the puncta (not shown). The tear film and
menisci make up the exposed tear, from which water evaporates while the eye is open. Fluid and
solute flow between the tear film and the menisci is effectively cut off by a region of locally
thinned tears called the black lines [29-31]. Tear supply from the lacrimal glands is augmented
by osmotically driven water flow through the corneal and conjunctival epithelia that line the
ocular surface [32-34].

In dry eye, tear physiology changes, as evidenced by irritation, ocular-surface
inflammation, burning and stinging sensations, and, in some cases, epithelial-cell damage [2, 8,
35]. The International Dry Eye Workshop (DEWS), a group of leading dry-eye reasearchers,
defines dry eye as [8]

. a multifactorial disease of the tears and ocular surface that results in
symptoms of discomfort, visual disturbance, and tear film instability with
potential damage to the ocular surface. It is accompanied by increased osmolarity
of the tear film and inflammation of the ocular surface.

The central role of tear hyperosmolarity in dry eye was first acertained by Gilbard [5, 35, 36],
and continues to be suggested as the single most effective marker for dry-eye diagnosis [4, 6, 9,
10, 37, 38]. Tears are secreted as an isotonic solution [39], and they concentrate in the tear film
by evaporation between blinks. Increased tear evaporation and decreased tear supply both
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Figure 1.1: A cross-sectional side view of the anterior eye and tear film. Aqueous tear covers
the exposed and unexposed ocular surface. The tear-film lipid layer (TFLL) coats the exposed
tear film. The inset at the right shows a more detailed view of the preocular tear film. Drawing
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amplify the concentrating effect; dry eye resulting primarily from these two stimuli is termed
evaporative dry eye (EDE) or aqueous-deficient dry eye (ADDE), respectively. EDE typically
results from lid-margin diseases such as blepharitis or meibomian gland disease (MGD) that
affect the quality or quantity of lipid expressed from the meibomian glands or from adverse
environmental conditions such as high wind speeds or low ambient humidity that presumably
lead to increased evaporation [8, 40]. ADDE stems from decreased tear-supply rate due to aging,
systemic drugs, lacrimal-gland obstruction, or inflammatory damage to the lacrimal gland [8,
40]. Any of these triggers may lead to hyperosmolarity significant enough to elicit an
inflammatory response at the ocular surface that initiates a vicious cycle of inflammation and
ocular-surface damage [2, 8, 40]. Clinical measurements confirm that dry-eye patients generally
exhibit increased tear-evaporation rates, decreased tear-supply rates, and increased tear
osmolarity [4, 5, 9, 10, 13, 23, 37, 38, 41].

The clinical description of dry eye makes it clear that tear production and evaporation are
two major causative factors. A mechanistic understanding of how tear supply and tear-
evaporation rate set the tear osmolarity, however, is more involved. One must relate the lacrimal
tear supply, which originates in the fornices, to the exposed tear film subject to evaporation and
to the tears located in the lower tear meniscus from which clinicians take tear-osmolarity
measurements. In-vivo control and measurement of water and solute distribution within the
human tear system under varying conditions is difficult at best. We develop a physiology-based
mathematical model that tracks the distribution and flow of tear water and salt across the ocular
surface, and calibrate against measureable tear behavior.

During the past decade, researchers developed various mathematical models with similar
goals. In 2004, Levin and Verkman [33] predicted tear osmolarity in mice as a function of tear-
supply and tear-evaporation rates. Their rudimentary model treated the entire volume of tear as a
well-mixed compartment with inflows and outflows corresponding to tear evaporation, lacrimal
supply, trans-epithelial osmotic flow, and punctal drainage. Their basic model predicts the role
of evaporation and lacrimal supply in dry eye: as the tear-evaporation rate increases and the tear-
supply rate decreases, the tear osmolarity increases.

More recently, Zhu and Chauhan published a series of papers modeling tear drainage
[42], tear mixing [43], and tear osmolarity [34, 44]. Their 2007 model [34] is an extension of
that of Levin and Verkman [33] still depicting the tears as one continuous, well-mixed
compartment with inflows and outflows. To recognize tear-compartmentalization, however, Zhu
and Chauhan calculate the volume distribution between the menisci and tear film. As a result,
their effort predicts tear volume as well as osmolarity, and includes detailed descriptions of
trans-conjunctival water flow via osmosis and electro-osmosis. Zhu and Chauhan predict
increased tear osmolarity with enhanced tear evaporation, but do not probe throroughly dry-eye
conditions.

Although the previous contributions confirm the importance of tear-supply and tear-
evaporation rates on tear osmolarity in dry eye, important information on tear
compartmentalization and mixing dynamics are not included. Additionally, the tear-flow
parameters utilized do not always follow closely those reported clinically. The tear-dynamics
model described in Chapter 2 of this dissertation includes tear compartmentalization and tear
exchange between each compartment. Clinical measurements against which to benchmark the
model are tear-evaporation and tear-supply rates, tear osmolarity, and tear volume. Gaffney et
al. [45] independently published a similar model. The Gaffney model calculates transient tear
dynamics for the compartmentalized tears, tracking water and solute distribution and exchange in
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time over the ocular surface. As expected, the tear-film osmolarity is elevated over that of the
menisci or the conjunctival sacs, and tear osmolarity increases when the tear-supply rate
decreases (ADDE) or the tear-evaporation rate increases (EDE). Additionally, increased blink
rate alleviates elevated tear-film osmolarity in EDE conditions. The Gaffney model represents a
significant advance in understanding and predicting tear dynamics in normal and dry-eye
conditions. Despite the improvements, however, the Gaffney model is constrained to the lowest
tear-evaporation rates and the highest tear-supply rates to predict a normal tear osmolarity.

Chapter 2 follows a similar compartmental approach to that of Gaffney et al.; however,
several key differences produce results that align better with clinical observations. Most
importantly, the model includes the effects of osmotically driven water flow through the cornea
and conjunctiva. Consequently, normal tear osmolarities are predicted for much higher tear-
evaporation rates and much lower tear-supply rates. Additionally, the physics of tear drainage
and tear-film deposition is integrated into the model and varies with tear-supply and tear-
evaporation rates. Model predictions of tear osmolarity and tear volume agree closely with
recent clinical measurements for healthy, ADDE, and EDE conditions. Tear-evaporation rate is
established as the single largest driver of tear hyperosmolarity, attesting to its primary role in dry
eye.

1.3 Evaporation reduction by the TFLL

The central role of tear evaporation in dry eye highlights the purported function of the
TFLL in tear-evaporation reduction. Despite no in-vitro proof of its ability to suppress water
evaporation, ongoing research focuses on development of dry-eye care solutions containing oils
to reduce tear evaporation [46-48]. A basic understanding of the TFLL’s role in evaporation
reduction is lacking. Chapters 3 and 4, respectively, advance knowledge of the structure of the
TFLL and of the role of thin lipid layers in reducing water evaporation. This introduction
section first covers the basics of the TFLL and motivates the pursuit of more information about
the structural and physical properties of the meibum that constitutes the TFLL, the topic of
Chapter 3. Previous work in evaporation suppression by duplex-oil films is addressed, and the
challenges inherent in evaporation-reduction measurement are outlined. The failure of in-vitro
experiments with spread meibum to exhibit significant water-evaporation reduction appears to
stem from inadequate experimental control. Thus, there is considerable need for improved
experiments, which are the topic of Chapter 4.

The TFLL that coats anterior surface of the aqueous tear film is shown schematically in
Figure 1.1. The duplex-lipid film is typically 50- to 100-nm thick [11, 14, 49], but may be 200
nm or thicker [15, 18] depending on the individual and on the measurement location on the
exposed ocular surface. The TFLL is believed to play an important role in tear-film stability and
in tear-evaporation reduction [28]. Upon the lid upstroke of each blink, meibum at the lower-lid
margin spreads rapidly upwards over the aqueous tear film by surface tension to form the
duplex-lipid tear film [28, 50-52].

Meibum is a holocrine secretion of the meibomian glands and is composed of a rich
mixture of lipids and possibly cellular debris. Wax esters and cholesterol esters are the major
lipid components, together making up roughly 60-70 % of the total meibum content, with lesser
amounts of diesters, triacylglycerols, polar lipids, and fatty acids making up the balance [53-58].
Many of the individual lipid chains are greater than 20 carbons long. Lipids with one or more
alkyl chains, such as wax esters, diesters and tracylglycerols, contain as many as 40-60 carbon
atoms. The degree of saturation varies as well: saturated, monounsaturated, and polyunsaturated
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lipids are all present in meibum [53, 54, 56, 59]. Meibomian-gland secretions have also been
shown to contain proteins that could disrupt regions of ordered lipids [60, 61].

Despite substantial knowledge of meibum’s chemical composition, relatively little is
known of its physical properties relevant to TFLL dynamics. Meibum exhibits a wide melting
range, becoming liquid-like near body temperature [26, 28]. Because water diffusivity through
the lipid layer depends on lipid viscosity, meibum viscosity plays an important role in
evaporation reduction. Crude viscosity measurements by Tiffany and Dart [62] report that
meibum is extremely viscous, but temperature or shear dependence were not pursued. Despite
references to its viscoelasticity [52], no data prove bulk meibum to be viscoelastic. Detailed
rheological data including oscillatory rheology, temperature dependence, and shear-rate
dependence presented in Chapter 3 shed light on the behavior and structure of the TFLL. No
data are available on the surface and interfacial tensions of meibum, which provide information
about the spreading and stability of the duplex-lipid film.

Until very recently, surprisingly few details of the structure of the TFLL were available.
Although the TFLL is well over 10 to 20 molecules thick, most interfacial studies “mimicking”
the TFLL are conducted with monolayers [63-68]. This confusion permeates the current
literature, as most diagrams of the TFLL interfacial structure depict a few layers of stacked
molecules at the water/air interface [53, 66, 69-71]. This picture amounts to a TFLL only 10 nm
thick. In contrast, the duplex-lipid film must have two distinct interfaces separated by bulk
meibum, as referenced by Holly [51, 72].

Recent studies by Leiske et al. [73, 74] using small-angle x-ray scattering (SAXS) and
grazing-incidence x-ray diffraction (GIXD) show that both bulk meibum and meibum
multilayers on water contain crystalline lipid structures that melt around 34-40 °C. The presence
of crystalline structures in both bulk meibum and meibum multilayers suggest that the TFLL has
a complex structure unrecognized by monolayer studies. Understanding the structure and its
effect on the physical and rheological properties of bulk meibum provides information on the
behavior of the TFLL and water transport through it.

A major barrier to measurement of structural and physical properties of human meibum is
the limited amount of material that can be expressed from the human meibomian glands. One
human subject yields around 1 mg of meibum per expression [53]. Bovines, however, produce
as much as 5-10 times more meibum per animal, and the chemical composition is similar to that
of humans [57]. Readily available from the abattoir, bovine eyelids provide a source for
collecting enough meibum to make rheological and other measurements. In Chapter 3, we
present the results of collaboration with Stanford researchers to explore the structural and
rheological properties of bovine and human meibomian lipids. X-ray scattering, bulk and
interfacial rheology, differential scanning calorimetry (DSC), and polarized-light microscopy are
employed to probe bovine and human meibum. Meibum is found to contain multiple crystalline
lipid structures that melt near eye temperature. Meibum is a shear-thinning, viscoelastic fluid
whose rheology is dictated by the presence of crystalline lipids. As discussed in Chapter 3, these
properties help understand the role of the TFLL in tear-film stability and in evaporation
reduction.

Chapter 4 deals with the tear-evaporation reduction by meibum. Research into
evaporation suppression by lipids is longstanding. Physical chemists began fundamental
research on water-evaporation reduction by interfacial molecular films in the 1920s via
deposition of insoluble lipid monolayers at the air/water interface [75-77]. Growing interest in
preventing reservoir-water loss soon led to studies on water-evaporation reduction by duplex-oil
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films 100 nm — 100 pm thick [78-83]. Although nearly all lipids and oils spread as a monolayer
at the water/air surface, duplex-film formation is more difficult. Initial duplex-film formation
requires low-surface-tension oil capable of spreading on water [19, 20]. Aliphatic hydrocarbons
with molecular weight larger than that of octane do not spread on water [84]. Many duplex-oil
films are formed from oxidized mineral oil that has been heated in the presence of oxygen to
form surfactant molecules [51, 81-83, 85] that renders it spreadable. Likewise, surfactants may
be independently added to an otherwise non-spreading oil to render it spreadable [19, 79, 80, 86-
88].

Early evaporation-reduction studies with duplex-oil films utilized oxidized mineral oil
[81-83]. Unfortunately, duplex-oil films are unstable and eventually dewet into nonuniform
regions of oil lenses surrounded by monolayer coverage [19, 89]. Clearly, effective evaporation
reduction necessitates a uniform duplex-oil film. To overcome this issue, Heymann and
coworkers [79, 80] employed films of mineral oil with small amounts of high-molecular-weight
polymerized surfactant molecules. These surfactants imparted interfacial structure to the films,
which resisted dewetting and reduced evaporation for a period of several months [80].

Early evaporation-reduction studies by duplex-oil films revealed several important
conclusions. Firstly, evaporation reduction increases with increasing duplex-film thickness [79,
81, 82]. Langmuir and Schaefer [81] were the first to suggest that duplex-oil films impede water
evaporation by a diffusive mechanism. The resistance of a duplex-oil film to water transport is
defined as R = L/Dk, where L is the film thickness and Dk is the permeability of the oil film to
water, i.e., the product of the diffusion coefficient of water in oil, D, and the equilibrium partition
coefficient of water in oil, k. Thus, if water has no solubility in the spread oil film, evaporation
halts. Additionally, evaporation reduction depends on the environmental conditions in the
surrounding air such as airflow, humidity, and absolute pressure. Evaporation reduction depends
on water-transport through the duplex-oil film and through the gas-phase, as well as on the
water-vapor concentration driving force. Thus, evaporation reduction cannot be compared
practically among experimenters. The water permeability in the film, Dk, however, is a material
property of the spread oil and may be compared between experiments provided it is known. By
characterizing the gas-phase mass transport and the concentration driving force, Langmuir and
Schaefer [81] were the first to report the measured water permeability in duplex-oil films. With
the exception of Powell [82], other researchers reported only the evaporation reduction, making
comparison difficult.

Water evaporation through the TFLL, a duplex-lipid film, must follow the same physical
mechanism as that for the duplex films already studied. Therefore, it is critical that in-vitro
evaporation-reduction experiments using meibum heed the lessons learned by early research.
Previous in-vitro experiments on meibum, however, have ignored the roles of gas-phase
transport and of duplex-film uniformity. The early experiments of Brown and Dervichian [26]
were conducted with no airflow control and no confirmation of duplex-lipid film coverage over
the water surface. No water-evaporation reduction was measured. Borchman et al. [25] reported
only minimal evaporation reduction with an 85-um thick model lipid film, which they attributed
to a lack of film uniformity. Herok et al. [27] measured water-evaporation reduction by
deposited layers of human and bovine meibum. With enough meibum deposited to form a 4-pm
thick film, water-evaporation rate was reduced by only 7 %. However, a low airflow velocity
and no confirmation of duplex-film uniformity obscure meibum’s role in evaporation reduction.
None of the available in-vitro experiments on meibum or meibum mimics achieved the 90 %
evaporation reduction attributed to the in-vivo TFLL [21-23]. However, current in-vitro
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experiments lack proper control and measurement of relevant quantities. In-vitro evaporation-
reduction experiments are sorely needed that adequately address the physics of evaporation.

Chapter 4 first reviews the relevant water-evaporation experiments conducted with
duplex-oil films. Next, background theory underlying duplex-film spreading and stability is
presented. A physically based theoretical model is then outlined to describe water evaporation
both from clean surfaces and through duplex-oil films. Importantly, the transport model
addresses the roles of the vapor-phase composition, mass transfer, heat transfer, and film
thickness and composition on evaporation rate. Following the theoretical section, an improved
method for measuring evaporation reduction is then presented that enables assessment of water-
surface temperature, continuous visualization of film coverage, and controlled vapor-phase mass-
transfer resistance. New in-vitro evaporation results with model films of oxidized mineral oil
and of bovine-meibomian lipid demonstrate significant reduction in evaporation by a dissolution-
diffusion mechanism for thicknesses ranging between 100 nm and 100 um. For the first time,
the water permeability of bovine-meibum is reported. Finally, the significance of these new
results to human-tear evaporation and dry eye is discussed.

Chapter 5 of the dissertation concludes with a summary of the new findings on the role of
the TFLL in tear dynamics and in dry eye. Broader impacts are discussed and future work is
suggested.
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Chapter 2

Tear Dynamics in Healthy and Dry Eyes

2.1 Abstract

Dry-eye disease, an increasingly prevalent ocular-surface disorder, significantly alters
tear physiology. Understanding the basic physics of tear dynamics in healthy and dry eyes
benefits both diagnosis and treatment of dry eye. We present a physiological-based model to
describe tear dynamics during blinking.

Tears are compartmentalized over the ocular surface; the blink cycle is divided into three
repeating phases. Conservation laws quantify the tear volume and tear osmolarity of each
compartment during each blink phase. Lacrimal-supply and tear-evaporation rates are varied to
reveal the dependence of tear dynamics on dry-eye conditions, specifically tear osmolarity, tear
volume, tear-turnover rate (TTR), and osmotic water flow.

Predicted periodic-steady tear-meniscus osmolarity is 309 and 321 mOsM in normal and
dry eyes, respectively. Tear osmolarity, volume, and TTR all match available clinical
measurements. Osmotic water flow through the cornea and conjunctiva contribute 20 and 50 %
to the total tear supply in healthy and dry-eye conditions, respectively. TTR in aqueous-deficient
dry eye (ADDE) is only half that in evaporative dry eye (EDE).

The compartmental periodic-steady tear-dynamics model accurately predicts tear
behavior in normal and dry eyes. Inclusion of osmotic water flow is crucial to match measured
tear osmolarity.  Tear-dynamics predictions corroborate the use of TTR as a clinical
discriminator between ADDE and EDE. The proposed model is readily extended to predict the
dynamics of aqueous solutes such as fluorescent tags or drugs.

2.2 Introduction

Dry eye, one of the most common ocular-surface disorders, may affect as much as 30 %
of the worldwide population [1]. The International Dry Eye Workshop [2] (DEWS) defines dry
eye as ““a multifactorial disease of the tears and ocular surface that results in symptoms of
discomfort, visual disturbance, and tear film instability. It is accompanied by increased
osmolarity of the tear film and inflammation of the ocular surface.” The role of increased tear
osmolarity (salinity) in dry eye was suspected by early investigators [3-5], but not proven
convincingly until 1978 by Gilbard [6, 7]. More than 30 y later, enhanced osmolarity remains
central to the definition of dry eye [2]. Because tear hyperosmolarity repeatedly correlates with
both the presence and severity of dry eye [8, 9], it has been suggested to be the single most
effective marker of dry eye [10-12].
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Tear bathing the ocular surface contains dissolved salts, proteins, and mucins, and is
produced as an isotonic fluid by the main and accessory lacrimal glands of the eye [13]. Water
evaporates from the exposed 3-5 um thick tear film between blinks, thereby concentrating the
salt. Whereas the measured tear osmolarity for healthy individuals is near 300 milli-Osmoles per
liter (mOsM), it can reach up to 400 mOsM for dry-eye sufferers [6, 7, 9, 11, 12]. Increased tear
evaporation and decreased tear supply both amplify this effect; dry eye resulting from these two
stimuli is termed, respectively, evaporative dry eye (EDE) and aqueous-deficient dry eye
(ADDE).

Increased evaporation typically originates from lid diseases, such as meibomian gland
dysfunction (MGD), that lead to a compromised tear-film lipid layer (TFLL) or from arid or
windy environments [14-19]. Deficient lacrimal-tear production is commonly a result of aging
or of Sjogrens syndrome [2]. Resulting tear hyperosmolarity decreases mucin expression and
triggers a proinflammatory signaling cascade that leads to tear instability, inflammation, and
epithelial cell death [20]. It is currently understood that these stressors exacerbate each other,
perpetuating a vicious cycle of inflammation and ocular-surface damage that is dry eye [20, 21].

Increased tear-evaporation rate and decreased tear-supply rate both correlate
experimentally with increased tear osmolarity and dry-eye disease. Thus, tear-flow dynamics is
fundamental to dry eye. Development of a mechanistic quantitative relationship between tear
dynamics and tear osmolarity, however, is difficult to accomplish experimentally. Simultaneous
tracking of salt and water flows over the ocular surface while also measuring tear flow and
evaporation rates is impractical. Continuum modeling of tear dynamics relates tear flows to tear
osmolarity, and enables interrogation of tear behavior over a wide range of tear-evaporation and
tear-supply rates not easily assessed in the clinic.

Based on their study of corneal and conjunctival water permeability, Levin and Verkman
[22] were the first to develop a simple mathematical model to predict tear osmolarity in mice
eyes. They assumed that the tears occupy a single, well-mixed compartment and they accounted
for tear evaporation, lacrimal secretion, and osmotically driven water flow through the ocular
surface. For normal tear-evaporation and lacrimal-supply rates, analytical solution predicted a
normal tear osmolarity approximately 7 mOsM above isotonic. In agreement with clinical
observations, they found that increased evaporation, decreased lacrimal secretion, and decreased
osmotic flow resulted in elevated tear osmolarity.

Zhu and Chauhan published several papers modeling tear drainage [23], mixing [24],
osmolarity, and volume [25, 26]. Their improved calculations incorporated not only the physics
of tear deposition and drainage, but also detailed biological models of salt and water transport
through the conjunctival epithelia, allowing them to predict total tear volume and osmolarity.
They calculated a normal tear osmolarity of 298 mOsM, significantly less than their assumed
362 mOsM for the lacrimal-supply osmolarity. Active and passive water and solute transport
through the conjunctiva played an important role in the predicted tear osmolarity and tear flow.
Simplification of the tear compartmentalization over the ocular surface and absence of inter-
compartmental blink dynamics prevented analysis of solute distribution across the eye.

Tears are not continuous over the ocular surface, but are distributed into different regions
including the lid margins, the preocular tear film, and the conjunctival sacs. Different regions
exhibit distinct tear volumes [27, 28] and are not continuous with each other. That is, it takes
time for fluid and solute to mix between regions [29, 30]. Therefore, the salt concentration
varies between regions depending on local dynamics. Because osmolarity initiates both ocular-
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surface damage and transmembrane water transport through the epithelia, details of salt and
water exchange in each compartment must be addressed.

The recent work of Gaffney et al. [31] accounted for tear compartmentalization, and
represents a significant improvement as it describes the osmolarity difference between the
meniscus and the tear film. The perched tear film experiences tear evaporation that significantly
concentrates the remaining fluid because it is hydraulically isolated from the menisci by the
black lines [32, 33]. This result is of particular importance because clinically reported tear
osmolarities are almost always obtained by sampling from the lower meniscus, whereas the
osmolarity experienced by the epithelial cells in most of the palpebral aperture is considerably
higher [31, 34]. For a normal individual, a tear osmolarity of 313 mOsM was predicted by
Gaffney et al., 11 mOsM higher than the lacrimal secretion osmolarity. Gaffney et al.
investigated tear behavior (i.e., transient compartment volumes and osmolarities) over a range of
tear-evaporation rates, lacrimal-supply rates, blink frequencies, and inter-compartmental mixing
schemes. They describe tear dynamics for EDE and ADDE, and discuss the effectiveness of
blink-rate increases in combating dry-eye induced tear hyperosmolarity. Many tear fluxes and
geometries, however, are estimated for the normal case only, decoupling the interblink dynamics
from deposition and drainage physics. Additionally, Gaffney et al. do not include water flow
through the ocular epithelial surfaces. Consequently, their results are limited to low tear-
evaporation rates and to high lacrimal-supply rates in order to obtain normal tear osmolarity.

We couple the physics of tear-film deposition, tear drainage, water and solute
distribution, and osmotic-driven water flow through the cornea and conjunctiva. Although our
effort shares similar assumptions to those of Gaffney et al. [31], we consider only the periodic
steady-state behavior of the tears. In addition, inclusion of osmotic water flow through the
conjunctival and corneal epithelia enables matching to a wider range of clinically reported tear
measurements, and highlights the role of conjunctival and corneal water secretion in maintaining
tear osmolarity. In dry-eye conditions, we find that osmotic water-flow rate through the cornea
and conjunctiva can be as much as half of the lacrimal-supply rate.

Predicted results are compared to important clinical tear measurements including tear
production, tear turnover rate (TTR), tear volume, tear-film thickness, and tear osmolarity. By
treating the lacrimal-supply and tear-evaporation rates as parameters, we predict tear dynamics
for a wide range of conditions, primarily those of dry eye. Comparison to clinical measurements
generates insight into the differences in tear dynamics between normal, ADDE, and EDE
subjects and corroborates the use of TTR as a useful clinical discriminator between ADDE and
EDE. We also examine the ramifications of the highest measured tear-film thinning rates [35,
36] on tear osmolarity. These high evaporation rates lead to tear osmolarities well above those
measured in dry-eye conditions.

2.3 Model Description

Tear dynamics describes the distribution and flow of water through and over the ocular
surface. Based on tear physiology, we divide tears into five distinct compartments and perform
water and salt balances on each compartment to yield tear volumes and salt concentrations for
each. Periodic-steady transient changes in salt concentration and tear volume are predicted
within individual compartments over repeating blink cycles. Figure 2.1 shows sagittal cross-
sections of the anterior eye during the three phases of the blink cycle: tear deposition that starts
as the upper lid rises; interblink, during which the eye remains open; and closure, that occurs as
the upper lid falls. VVolumetric tear-flow rates during interblink are indicated by the symbol g
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(t; =0.2 s) (t, =5s) (t.=0.1s)

Qiac -y
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“coating” “exchanging” “mixing”

Figure 2.1: Schematic sagittal view of the anterior eye and lids including tear film thickness hy.
The blink cycle is divided into three phases that repeat continuously: deposition, interblink, and
closure. Water-flow streams are indicated by arrows labeled with pertinent volumetric flow rates

g.
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[m3/s]. After closure, the cycle begins anew, repeating identically: a periodic steady state results.
We describe below the tear compartmentalization and geometries, the water and salt balances for

each compartment during each blink phase, parameter estimation, and finally the numerical
method to solve the resulting coupled nonlinear ordinary differential equations. Chosen values
for compartment geometries (Appendix 2A), tear physical properties, and other required

parameters are listed in Table 2.1.

Table 2.1: Parameters used in model for “normal” individual

Parameter Symbol | Value Source(s)
(common) (S units)

Eye-globe radius R 1.2 mm 0.012m [37, 38]

Palpebral-aperture height hpa 9.0 mm 0.009 m [27, 39, 40]

Palpebral-aperture area Aca 2.1cm’ 0.0021 m* [27, 40, 41]

Lid-margin perimeter Siig 30 mm 0.03m [27]

Upper-fornical area At 3.8cm’ 0.0038 m* Geometry, [42]

Lower-fornical area A 2.7 cm? 0.0017 m? Geometry, [42]

Total conjunctival area Aconj 14.1 cm? 0.0141 m? Calculation

Center lid-opening velocity U 5 cm/s 0.05 m/s Calculation, [43]

Deposition time ty 0.18s 0.18s Calculation, [43]

Interblink time tip 5.0s 5.0s [37]

Secreted-tear osmolarity Clac 300 mOsM 150 mol/m® [44]

Tear viscosity [l 1.5cP 0.0015 Pa-s [45]

Tear surface tension o 45 mN/m 0.045 N/m [46]

Tear mass density p 1 glem’ 10° kg/m®

Lid-ocular surface gap thickness hg 2 um 2.0x10° m Calculated

Conjunctival-sac thickness h. 7.0 um 7.0x10° m [27, 47]

Conjunctival water permeability P 0.00125 cm/s | 1.25x10™ m/s

Corneal water permeability Pen 0.00125 cm/s | 1.25x10” m/s

Maximum drainage rate U 1.0 pL/min | 2.8x10™ m*/s | Based on [23]

Minimum drainage radius Ro 120 um 1.2x10" m Based on [23]

Mixing fraction in conjunctival sac | S 1.0 1.0

Fraction of gy, A 0.80 0.80 [48]

Healthy lacrimal tear-secretion rate | Qjac 1.10 uL/min | 2.1x10" m%s | [49]

Healthy tear-evaporation rate e 0.15 uL/min | 1.2x10%“m%s | [49]

2.3.1 Tear flow and compartments

The leftmost panel in Figure 2.1 shows the tear-deposition phase as the upper lid rises at
velocity U to leave behind the aqueous tear film over the exposed ocular surface. The upper and
lower menisci radii are labeled Ry and Ry, respectively. The lower meniscus remains static
while the upper-meniscus volume shrinks due to loss of fluid to the deposited tear film. The
tear-film thickness, hy, is proportional to Ry,». More tear in the upper meniscus increases hg [50].
As the upper lid rises, some tear is uncovered behind the meniscus, partially replenishing the
upper-meniscus volume. At the end of the 0.2-s deposition phase, the upper-meniscus radius is
smaller than that of the lower meniscus due to fluid loss to the tear film.,
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Within 0.03 s of lid closure, capillary forces locally thin the tear film to form the black
lines originally observed by McDonald and Brubaker [32, 33, 50]. These deep channels pinch
off the tear film, isolating it from the bordering menisci. Consequently, the central panel in
Figure 2.1 partitions the exposed tears during an interblink into three compartments: the upper
and lower menisci that lie along the lid margins and the perched preocular tear film that coats the
exposed cornea and conjunctiva [27, 47]. No water or solute exchange occurs between the
menisci and the perched tear film [32, 33]. Conjunctival sacs behind the upper and lower lids
also serve as reservoirs for tear fluid. These five regions define the five tear compartments of the
modeling effort.

The majority of tear flow occurs during interblink. Aqueous tear originates as a nearly
isotonic mixture of water, salt, and proteins [44]. Tear produced in the main and accessory
lacrimal glands enters the base of the upper and lower conjunctival sacs at a combined
volumetric flow rate qiac. Later A, and A; quantify the fractions of the total lacrimal supply that
enter the upper and lower conjunctival sacs, respectively. Osmotically driven water flow
through the palpebral and bulbar conjunctivae, labeled qc, enhances tear flow in the conjunctival
sacs where osmolarity is elevated above isotonic. Experiments utilizing radioactive tracer
(scintigraphy) [29] and fluorescein dye [30] demonstrate that solutes instilled in the conjunctival
sacs eventually reach the precorneal tear film by mixing and flow. Thus, lacrimal-secreted tear
reaches the lid margin and enters the menisci.

In the exposed tear, small particles placed in the menisci flow laterally along the lid
margin towards the puncta before draining into the canaliculi, but do not flow into the isolated
tear film during interblink [47]. Thus, tear from the conjunctival sacs enters the superior and
inferior menisci from which it is lost via punctal drainage or evaporation. Evaporative loss from
the menisci is minimal. However, the large surface area of the perched tear film results in
significant water loss. Similar to the conjunctival sacs, water enters or exits the tear film through
the cornea and conjunctiva. Gradients in hydraulic pressure, osmotic pressure, and electrical
potential drive water flow between the tears and blood serum through the conjunctiva or between
the tears and aqueous humor through the cornea. As with many biological membranes, water
transport through these tissues occurs through a complex combination of passive and active
transport [51]. Detailed descriptions of coupled ion and water transport have been worked out
for both the cornea and conjunctiva [26, 52]. We approximate water flow through the palpebral
and bulbar conjunctivae as osmotic-driven flow characterized solely by the water permeability of
the membrane P¢ [m/s] and the osmotic concentration difference between the tears and serum,
similar to Levin and Verkman [22]. To describe trans-corneal water flow, we utilize the results
of Leung et al. [52] for water flow through the cornea, qc,, Versus tear osmolarity as described
previously by Cerretani et al. [53].

After interblink, the upper lid descends toward the lower lid, initiating the closure phase,
which lasts about 0.1 s. During closure, shown in the rightmost panel of Figure 2.1, tear
originating from the various compartments mixes. Tear in the exposed compartments mixes
completely. The extent of fluid mixing in the tear of the conjunctival sacs during a normal blink,
however, is unclear. Under controlled gaze in a scintigraphy study [29], tracer inserted in the
menisci rarely traveled back under the lids. Nevertheless, most current fluorescence studies rely
on the observation that fluorescent dye placed in upper and lower conjunctival sacs dilutes over
the total tear volume after forceful blinking [27, 49, 54, 55]. The difference in mixing behavior
is likely due to differences in blinking strength and eye movement. We hypothesize that

19



complete mixing of the exposed tear with unexposed tear may not occur with every blink, but
over a long time period, tear is effectively mixed.

At the end of closure, the upper lid rises, commencing the deposition phase. A new blink
cycle begins. Within one transient blink cycle, compartment volumes and salt concentrations
vary, but they repeat identically after each blink cycle. Thus, tear dynamics follows a periodic-
steady state.

2.3.2 Water and salt balances

To predict compartment volumes and osmolarities in a periodic-steady state, we conserve
the mass of water and salt that enters or exits each compartment during each phase of the blink
cycle. Upon neglecting water-density variation due to dilute salts present in the tears, water
volumes must balance in each of the 5 compartments

J K
e ACHIES O @)

where V, is the water volume of compartment a [m?], q; and gk are the volumetric flow rates
[m3/s] of the j-th and k-th streams of fluid entering or exiting the compartment, respectively.
There are J total streams entering compartment « and K total streams exiting it. The left side of
Equation 1 represents the instantaneous rate of change of compartment volume. Flow rates on
the right side of Equation 1 are functions of time, geometry, salinity, and a number of physical
properties governing water transport via evaporation and osmotic flow.

Mass conservation for salt within each compartment is

D NCLRNES JCE R @

where ¢, ¢j, and ci are the concentrations [mol/m®] of salt in compartment «, in the j-th inlet
stream, and in the k-th outlet stream, respectively. We consider tear salts as a single 1:1
electrolyte species (i.e., NaCl), but the model is readily extended to include other solutes, such as
instilled drugs. Therefore, concentrations reported below in osmolarity units refer to twice the
molar concentration, 2c.

Solution of coupled Equations 1 and 2 for compartment a subject to the appropriate
initial conditions gives the transient compartment volume and salinity, V,(t) and c,(t), during
each of the blink stages. We now outline the relevant physical processes for each compartment
during each blink phase. Detailed equations are relegated to Appendix 2B.

2.3.2a Deposition phase

During the deposition stage of a blink, the upper lid rises to its open position [43]. As
Wong et al. [50] describe, the upper meniscus deposits tear fluid onto the cornea and conjunctiva
as the lid passes over the palpebral aperture. Outflow of fluid from the upper meniscus becomes
the tear film. Thus, the upper meniscus coats the anterior corneal and conjunctival surfaces with
a film of tear. The volume initially held in the upper meniscus alone is insufficient to provide
fluid for a 3 to 5-um tear film and to retain a typical meniscus volume [56-58]. To account for
this discrepancy, we postulate that a thin layer of tear from the conjunctival sac is uncovered
from behind the upper-lid margin during lid upward motion. A hydrodynamic-lubrication
analysis for the liquid between the corneal and lid-margin surfaces predicts the thin layer of tear
between the two to be on the order of microns thick [59]. We select a 2-um gap between the lid
and cornea. Fluid inflow into the upper meniscus prevents significant volume reduction as it
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leaves behind the tear film. Likewise, hydrodynamic coating theory describes the dependence of
deposited tear-film thickness on upper meniscus radius Ryn, upper-lid velocity U, tear viscosity
1, and tear surface tension o (Equation B.4) [50]. Equation B.5 describes water conservation in
the upper meniscus during deposition and, thus, deposited tear-film thickness. For the typical
parameters listed in Table 2.1, a normal upper-meniscus radius of 300 pwm results in a 4-pm thick
deposited tear film in good agreement with current interferometric measurement [56].

2.3.2b Interblink phase
Interblink is the 5-s phase between the end of deposition and the beginning of lid closure
[43, 60]. Fluid transfer via lacrimal secretion, corneal and cojunctival osmosis, punctal drainage,
and tear evaporation occurs primarily during this longest period of the blink cycle.
Conjunctival Sacs
Both the upper and lower conjunctival sacs are approximated as rectangular channels of

height h; and lengths L, and L, respectively, that span the width of the lids. Channel length is
the average distance from the meniscus to the termination of the fornix. Freshly secreted tear
flowing into the conjunctival sacs from the lacrimal glands with salt concentration cCjac iS
supplemented by osmotically driven water flow through the bulbar and palpebral conjunctivae
wherever the salt concentration in the fornix is greater than cj,c. Conjunctival sacs serve as
fixed-height conduits for tear fluid. Transient flow and solute concentration in the fornices are
described by Equations B.9 and B.10, respectively.
Menisci

During interblink, tear fluid exiting the conjunctival sacs carries water and salt into each
meniscus at the lid margins. Simultaneously, tears drain from the meniscus via suction through
the puncta, and water evaporates from the exposed surface. Equations B.11 and B.13 describe
water and salt mass conservation, respectively, in each meniscus. Drainage rate through the
puncta is based on capillary suction, as previously enunciated by Zhu and Chauhan [23]. Thus,
the drainage rate from the meniscus, qg;, is proportional to the difference in curvatures between
that of the meniscus, and that characteristic of the corresponding punctum, as quantified in
Equation B.12. That is, the larger is the meniscus radius of curvature, Rin, the smaller is the
opposing suction pressure in the meniscus and, therefore, the larger is the drainage rate. As the
meniscus drains during an interblink, the meniscus radius of curvature decreases and the
drainage rate subsides [47, 60]. We account for evaporative loss of water from the menisci, but
this loss is small compared to those in other flows because of minimal exposed surface area.
Tear film

At the beginning of interblink, suction from the upper and lower menisci rapidly pinches
off the tear film to produce superior and inferior black lines [32, 50, 61, 62]. The now-perched
tear film is isolated from the menisci; flow between the menisci and the tear film is negligible
[33]. During interblink, the tear film loses water to the environment by evaporation and gains
water from osmotic imbibition through the cornea and conjunctiva, as described by Equation
B.14. We assume that the tear film resists dewetting for the entire interblink and ignore the
presence of possible growing dimples and salinity hot spots [63-65]. Negligible salt transport
occurs through the anterior epithelium [52]. Therefore, salt initially present in the tear film
concentrates according to Equation B.15 as water evaporates into the environment. Evaporative
tear loss is the physical origin of hyperosmolarity: evaporation concentrates salt in the tear film,
which then distributes into the remaining tears during blinking. There can be no dry eye without
tear evaporation.
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2.3.2c Closure phase

At the end of interblink, the upper lid closes to meet the stationary lower lid. Lid meeting
signifies the beginning of closure. During closure, the motion of the lids and eyeball mixes the
tear in the menisci and that in the tear film and, to a certain extent, with that in the upper and
lower conjunctival sacs. We include a parameter, f;, described in Appendix 2B, to characterize
the extent of mixing in the upper and lower conjunctival sacs during closure, £, and f,. f; ranges
between 0 and 1, indicating no mixing and complete mixing. We find a minor effect of $ on tear
osmolarity. Nevertheless, we set f = 1, as stated earlier, because tear is assumed well mixed
over many blinks. Consequently, upon completion of closure, the tear fluid exhibits a
homogeneous bulk salt concentration, cp, in the menisci, tear film, and conjunctival sacs. The
bulk salt concentration ¢y, calculated in Equation B.16, is a volume-average salt concentration
depending on the volumes and osmolarities in each compartment at the end of interblink. 2c,
corresponds to measured tear osmolarity. After closure, deposition begins again starting with
uniform salt concentration, cp,. During the course of deposition and interblink, compartment
volumes redistribute and the osmolarities in each compartment change until they reset during the
closure phase.

2.3.3 Solution methodology

Tear on the ocular surface is in a periodic-steady state. Otherwise, the tear thickness,
menisci volumes, and salt concentrations drift in time to a new periodically repeated value.
Therefore, the volumes and concentrations in each compartment must be the same at the
beginning or end of each blink cycle. To conserve water in the periodic-steady state, the total
amount of water flowing in and out of all five tear compartments over the three blink phases
must be equal. As described in Appendix 2C, the total flow rate from the lacrimal and accessory
lacrimal glands, qiac, plus the total average flow rate of water through the cornea and conjunctiva,
gc, must equal the average flow rate of tears into both puncta, qq, plus the flow rate of water by
evaporation from the tear film, ge.

Conservation of salt in the periodic-steady state demands that the amount of salt supplied
by the lacrimal and accessory lacrimal glands must equal that exiting in the tear draining through
the puncta (Equation C.2). Upon imposition of periodicity, we utilize an iterative method to
solve for the compartment volumes and c,. After choosing an initial guess for the bulk salt
concentration, c,, and for the upper- and lower-meniscus radii of curvature at the beginning of
deposition, Ry, we numerically integrate the ordinary differential equations corresponding to the
deposition, interblink, and closure balances by a Runge-Kutta algorithm, as outlined in Appendix
2C. An extended Regula-Falsi method [66] is adopted to iterate choices of ¢, and Ry, until both
the water and salt balances close over a complete blink cycle. Compared to a full transient
solution [31], computations are efficient because only the periodic steady state need be
ascertained.

2.3.4 Parameters
2.3.4a Lacrimal supply

Direct measurements of the lacrimal-supply rate, Qiac, in humans are not available.
Instead, measurement of the tear turnover rate, TTR [%/min], permits calculation of g, using a
model for tear flow over the ocular surface. There is a wealth of clinically measured TTRs in the
literature, most of which are summarized in two recent reviews by Tomlinson et al. [49, 54].
TTR is determined quantitatively using fluorophotometry to gauge in-situ decay of a fluorescent
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dye instilled in the tears neglecting any penetration into the cornea or conjunctiva. Typically,
fluorescence in the tear film decays exponentially in time. The slope of the long-time portion of
the log of fluorescent intensity versus time yields the TTR [49, 54, 55]. Next, initial dye dilution
allows calculation of the total tear volume, V;. Calculation of qi;c from TTR and V; is described
in the literature [27, 49, 54, 55] and in Appendix 2D. Current literature, however, ignores the
contributions of osmotic water flow and evaporation to tear flow. Although this is an accurate
approximation for most healthy subjects, both of these flows are elevated for dry-eye patients.

To account for all flows in healthy and dry-eye patients (Equations D.2 and D.3), we
require additional clinical measurement of g. and c,. To our knowledge, two studies by Khanal
et al. [12, 67] provide the only data encompassing all necessary tear parameters to complete a
rigorous analysis. Since lacrimal-supply rates of Khanal et al. are higher than average, we base
our normal tear-supply value, 1.10 pL/min, on the average tear flow established in the meta-
analysis of Tomlinson et al. [11, 54]. We then use the data from Khanal et al. [12, 67] to choose
the ratios between lacrimal-supply and tear-evaporation rates in the normal and dry-eye cases.
Tear supply is varied over a wide range to examine its effect on tear dynamics, especially on
meniscus osmolarity. Representative healthy, dry-eye, ADDE, and EDE tear-supply rates are
listed in Table 2.2.

Table 2.2: Tear-evaporation and lacrimal-supply rates for normal and dry-eye cases.

Case Tear-evaporation rate, | Lacrimal-supply rate,
Qe [ML/min] Qiac [UL/min]
Normal 0.15 1.10
Dry eye 0.30 0.55
Aqueous-deficient dry eye (ADDE) 0.25 0.40
Evaporative dry eye (EDE) 0.35 0.80

2.3.4b Evaporation

Similar to the tear-flow data, in-vivo tear-evaporation rates have been reported for many
decades and are summarized by Tomlinson et al. [49, 54]. Tear-evaporation measurements on
the human eye generally come in two forms. The most common measurement type involves
placing specially designed goggles over the eye to measure water loss from the ocular surface
[40, 41, 49, 54, 68-70]. The second method employs optical interferometry to measure the tear-
film thinning rate at a specific spot in the tear film [36]. Evaporation rates measured with
interferometry are significantly higher than those obtained with goggle wear. For a review
discussion, refer to Tomlinson et al. [49]. We chose the average reported evaporation rate from
the meta-analysis of Tomlinson et al. [49], 0.75 pum/min, for normals. In choosing the tear-
evaporation rates for various dry-eye scenarios, we again use the ratios of evaporation rates
provided by Khanal et al. [12, 67].

Separately, we study high evaporation rates measured interferometrically by Nichols et
al. [36] and fluorescently by King-Smith et al. [35]. Nichols et al. [36] measured an average
thinning rate of 3.79 pum/min in a 33 x 35 um patch of the precorneal tear film. Using
fluorescence imaging, King-Smith et al. [35] estimated evaporation rates in precorneal and
preconjunctival tear films to be 2.4 and 1.4 pum/min, respectively. We approximate the overall
evaporation rate to be the average of the two rates, or 1.9 um/min. By considering these
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evaporation rates, we investigate how high the tear-supply rate or osmotic water permeability of
the cornea and conjunctiva must be to enable normal bulk tear osmolarity.

2.3.4c Tissue water permeability

In contrast to the above parameters, all estimated from measurements on humans, whole-
tissue water permeability has been directly measured only on animals [22]. Mouse eyes yielded
corneal and conjunctival-tissue water permeabilities of 1.1 and 1.7x10° mi/s, respectively.
Recently reported measurements of evaporation and fluorescence decay in human eyes [35]
indirectly estimate these permeabilities to be about 1.2 and 5.5 x10® mi/s, respectively.
Mathematical modeling of corneal metabolism and water transport [52] also gives a corneal
water permeability of 2.1x10™ m/s, with a basal transcorneal secretion rate of 0.013 pL/min [53].
The value 1.25x10™ m/s was chosen for both corneal and conjunctival water permeability. We
also adopt the basal water-secretion rate from Leung et al. [52], which is not a function of
osmolarity. These values agree with the small body of available literature [22, 35, 52], and result
in tear osmolarities that match reported values for normal and dry eyes [11]. It is important to
note, however, that, since changing tissue water permeabilities results in significant changes in
predicted tear dynamics, we also investigate the effect of varying them as parameters.

2.4 Results
2.4.1 Normal and dry-eye conditions

Given the parameters in Table 2.1 for normal individuals, the coupled water and salt
balances predict the periodic-steady-state tear dynamics. Additionally, we predict behavior for
tear-evaporation and lacrimal-supply rates representative of all dry eye (DE), aqueous-deficient
dry eye (ADDE), and evaporative dry eye (EDE), as listed in Table 2.2. Figures 2.2 and 2.3
show the periodic-steady osmolarities and volumes of various compartments over five blink
cycles for normal and dry-eye conditions. Right brackets in each figure differentiate between
normal and dry-eye subjects. Solid, dotted, and dashed lines in Figure 2.2 correspond to the tear-
film, menisci, and conjunctival-sac osmolarities, respectively. Osmolarity differences between
the upper and lower menisci and conjunctival sacs are negligible. Solid, dotted, and dashed lines
in Figure 2.3 correspond to the tear-film, upper-meniscus, and lower-meniscus tear volumes,
respectively. The total volume of the conjunctival sacs is constant at 4.5 L for all cases, or 2.25
ML each. Just after tear deposition to the left of a cycle, each compartment begins with an initial
volume and osmolarity. During 5-s interblink, fluid and solute obey the conservation balances,
causing gradual changes in compartment osmolarity and volume. At the end of interblink to the
right of a blink cycle, closure occurs, mixing the compartments and resetting their volumes and
salinities back to their initial states before deposition. Clearly, the tear-film osmolarity increases
during the interblink because the water-evaporation rate exceeds that due to osmotic inflow.
Osmotic inflow causes the small decline in the fornix osmolarity during interblink. Figure 2.2
shows minimal changes in meniscus osmolarity during the blink cycle. Therefore, the bulk-tear
osmolarity, cy, is representative of that in the lower meniscus, from which clinical samples are
obtained [6, 8, 9, 11]. Water evaporation from the tear film demands that the bulk-tear
osmolarity always be greater than that of the isotonic secreted lacrimal tears.

For normal conditions, the upper meniscus begins interblink with 40 % less volume than
that in the lower meniscus. This is because the upper meniscus supplies the tear-film volume.
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Figure 2.2: Periodic steady-state osmolarities of upper and lower meniscus, conjunctival sacs,
and tear film over 5 blink cycles for normal and dry-eye conditions. Solid, dotted, and dashed
lines correspond to the tear film, the menisci, and the conjunctival sacs, respectively. The
osmolarity difference between the upper and lower conjunctival sacs and menisci is negligible.
Brackets indicate normal (ge = 0.15 pL/min; Qiac = 1.10 pL/min) and dry-eye conditions (qe =
0.30 pL/min; gjac = 0.55 pL/min).
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Figure 2.3: Periodic steady-state volumes of upper and lower meniscus and tear film over 5
blink cycles for normal and dry-eye conditions. Solid, dotted, and dashed lines correspond to the
tear film, the upper meniscus, and the lower meniscus, respectively. The total volume of the
conjunctival sacs is constant at 4.5 pL for all cases. Right brackets indicate normal (ge = 0.15
pL/min; gjac = 1.10 pL/min) and dry-eye conditions (ge = 0.30 pL/min; qjac = 0.30 pL/min). The
average tear-film thickness is labeled as 4.1 and 2.5 um for normal and dry-eye subjects,
respectively.
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Since the majority of the lacrimal tear supply arrives from the upper fornix, the upper meniscus
grows by 6 % in volume during interblink whereas the lower meniscus drains more than it gains,
shrinking by 3 % in volume. The tear film loses about 1 % of its volume and thickness to
evaporation during interblink. The upper and lower conjunctival sacs receive fresh tear from the
lacrimal glands and water through the conjunctiva, slightly diluting their osmolarities. The tear
film, which is initially at 309 mOsM, experiences a 3-mOsM spike in osmolarity from
evaporation. Menisci receive fresh tears from the conjunctival sacs, which outweighs the minor
concentrating effect of evaporation.

Overall, the situation is similar for dry-eye conditions, as illustrated in Figures 2.2 and
2.3. Changes in lacrimal supply and evaporation rates, however, cause quantitative differences.
As shown in Table 2.2, we use 0.55 and 0.30 pL/min for lacrimal-secretion and tear-evaporation
rate in dry eye, respectively. A decreased lacrimal supply shrinks the dry-eye upper and lower
menisci volumes to less than one-half (43 and 36 %) of their normal values, while the tear-film
volume and thickness decreases to 62 % of their normal values. Increased tear-evaporation and
decreased lacrimal-supply rates elevate ¢, to 321 mOsM, 12 mOsM greater than that predicted
under normal conditions. Increased evaporation causes the tear-film osmolarity to spike strongly
during interblink to 11 mOsM above the bulk osmolarity. Most importantly, the epithelial cells
of the cornea and exposed conjunctiva experience the spikes in osmolarity whereas the measured
osmolarity of the menisci, c,, remains lower and essentially constant.

2.4.2 Tear-evaporation and lacrimal secretion

By varying tear-evaporation and lacrimal-supply rates while holding all other parameters
constant, we explore a wide range of possible tear-dynamics scenarios. Figures 2.4 and 2.5 show
contour plots of bulk tear osmolarity, cp, and of total transcorneal and transconjunctival water
flow, qc, as a function of evaporation rate g. and lacrimal-supply rate gi.c. Contour lines for ¢, in
Figure 2.4 appear every 5 mOsM between 305 and 335 mOsM, and those for qc in Figure 2.5
appear every 0.05 pL/min between 0.05 and 0.45 puL/min. For reference, open markers are
placed on the graphs at the locations representing normal (o), dry -eye (o), ADDE (V), and EDE
(A) conditions. Reported osmolarities correspond to those in the lower meniscus not those
actually experienced by the corneal epithelium.

As expected, tear osmolarity increases as evaporation rate increases and lacrimal supply
decreases. Osmolarities predicted by our model for normal, dry-eye, ADDE, and EDE
conditions are 309, 321, 317, and 323 mOsM, respectively. Data in Figure 2.5 demonstrate that
increasing tear evaporation and decreasing lacrimal supply increases the osmotic water inflow qc
because higher salinity increases osmotic water withdrawal through the cornea and conjunctiva.
Osmotic water flows predicted by our model for normal, dry-eye, ADDE, and EDE conditions
are 0.12, 0.26, 0.23, and 0.29 pL/min, respectively.

Appendix 2E contains predictions for additional clinically relevant tear-dynamics as
functions of tear-evaporation and lacrimal-supply rates. Figures 2E.1-2E.5 show predictions of
tear-turnover rate (TTR), deposited tear-film thickness, maximum tear-film osmolarity, initial
meniscus radius during deposition, and total tear volume, respectively, for the same range of g
and qiac as those in Figures 2.4 and 2.5. TTR are predicted at 14.7, 8.6, 6.5, and 11.7 %/min for
normal, dry-eye, ADDE, and EDE conditions (Figure 2E.1). Correponding clinically measured
values are 15.2, 7.8, 5.7, and 12.6 %/min for the same cases [12, 67]. Although there is only a 2
% difference in c, between ADDE and EDE, the TTR in EDE is 80 % higher than that in ADDE.
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Figure 2.4: Contours of bulk tear osmolarity, cp, as a function of tear-evaporation rate, ge, and
lacrimal-supply rate, qiac.  Contour lines for c, appear every 5 mOsM between 305 and 335
mOsM. Open markers signify normal (©), dry -eye (o), ADDE (V), and EDE (A) conditions as
described in Table 2.2. Predicted osmolarities for normal, dry-eye, ADDE, and EDE conditions
are 309, 321, 317, and 323 mOsM, respectively.
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Figure 2.5: Contours of total transcorneal and transconjunctival water flow, qc, as a function of
tear-evaporation rate, ge, and lacrimal-supply rate, qi.c. Contour lines for g appear every 0.05
pL/min between 0.05 and 0.45 pL/min. Open markers signify normak(, dry -eye (o), ADDE
(V), and EDE (A) conditions as described in Table 2.2. Predicted total transmembrane water
flows for normal, dry-eye, ADDE, and EDE conditions are 0.12, 0.26, 0.23, and 0.29 pL/min,

respectively.
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With the highest evaporation rates measured by King-Smith et al. [35] and Nichols et al.
[36], of 0.40 and 0.76 pL/min, and normal lacrimal-supply rate, corneal and conjunctival water
permeability values, the blink model predicts ¢, of 335 mOsM and 370 mOsM, respectively. We
investigate how much qiac or P¢j and Py, must increase to predict a normal ¢, of 309 mOsM. For
simplicity, we set P¢j = P¢y. For evaporation rates of 0.40 and 0.76 pL/min and a fixed P¢, = Py;
of 1.25x10™ m/s, qiac Must increase from 1.10 to 11 and 22 uL/min, respectively, or more than
tenfold. Lacrimal-supply rates this far outside the normal range necessitate increasing the
maximum drainage rate to enable sufficient drainage to prevent tear overflow. For 4 fixed at
1.10 pL/min with the same evaporation rates, then P, and P¢; must increase to 11.5x10° and
6.3x10™ m/s, respectively. To mimic dry eye under these conditions, we doubled ge and halved
Qiac.  With fixed P¢, and Pg and increased Quac, predicted ¢, increases to ~330 mOsM at both
evaporation rates. With fixed qiac and increased P, and Pgj, ¢y, increases from 309 to ~315
mOsM at both evaporation rates.

2.4.3 Conjunctival and corneal water permeability

The water permeability of the cornea and the conjunctiva to osmotic flow are varied
independently from 5x10” to 4x10™ m/s while fixing the evaporation and lacrimal supply rates
constant. Changes in water permeability affect the dynamics of all tear compartments, but the
most important metric is tear osmolarity. Figure 2.6 shows the contours of bulk tear
concentration, cp, in osmolarity units over the range of P¢, and P for normal lacrimal-supply
and tear-evaporation rates. Contour lines in Figure 2.6 appear every 3 mOsM between 306 and
330 mOsM. Osmolarity decreases as both permeabilities increase. Due to the conjunctiva’s
large surface area, the conjunctival permeability plays a stronger role in determining meniscus
osmolarity than does the corneal permeability. As both P¢, and Pg approach zero, tear
osmolarity under normal lacrimal-supply and evaporation conditions increases rapidly towards
that observed in dry eye. In the limit of zero transcorneal or transconjunctival osmotic flow, cy
equals 344 mOsM.

2.5 Discussion

The proposed periodic-steady tear-dynamics model includes realistic description of
drainage, tear-film deposition, and under-lid flow to capture actual tear-system physics.
Periodic-steady state is reasonable because blinking occurs frequently compared to the changes
in environmental conditions that set tear-evaporation and lacrimal-supply rates. Notable
exceptions follow application of topical eye-care solutions, in which case time is required for the
tear volume and osmolarity to reset to their normal, periodic-steady values.

The tear-dynamics model demonstrates the importance of osmotic-driven water flow
through the cornea and conjunctiva. Under normal conditions, we predict a meniscus osmolarity
of 309 mOsM, slightly higher than the average of all reported tear osmolarities, 302 mOsM [11,
12, 71], but close to the 308 mOsM value reported by Khanal et al. [12, 67]. Because water flow
through the ocular surface counteracts the concentrating effect of evaporation, our tear dynamics
matches the observed osmolarity without being limited to low evaporation rates and high
lacrimal supply rates [31]. Without inclusion of osmotically driven water flow, tear osmolarity
under normal conditions reaches 344 mOsM, well above that measured in healthy individuals [6,
8, 9, 11, 12, 67, 71]. In our model, osmotic-driven water flow accounts for 10 % of the total
water supply under normal conditions. This amount is less than the 25 % predicted by Zhu and
Chauhan [26], who use an evaporation rate that is over 5 times higher than the average reported
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Figure 2.6: Contours of bulk tear concentration, cp, reported as osmolarity, as a function of
conjunctival, P, and corneal permeability, Pc, for normal conditions (Qiac = 1.10 pL/min; ge =
0.15 pL/min). Contour lines appear every 3 mOsM between 306 and 330 mOsM. Normal
permeability in this model is P¢; = Pe, = 1.25x10™ m/s corresponding to ¢, = 309 mOsM. At P;

= Pen =0, cp = 344 mOsM.
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tear-evaporation rate and an extremely high secreted-tear osmolarity (necessitating greater water
secretion to prevent hyperosmolarity). In dry eye, increased tear osmolarity drives the osmotic
water flow up to 0.26 pL/min, or almost 50 % of the lacrimal-supply rate, making it a significant
contributor to tear flow. Thus, analysis of fluorescent-dyed tear-flow experiments must account
for this diluting effect. The magnitudes of predicted osmotic water flow into the upper
conjunctival sac, lower conjunctival sac, and tear film are approximately equal under healthy
conditions. In dry eye, however, evaporation-driven hyperosmolarity in the tear film intensifies,
causing the relative contribution of osmotically driven flow into the tear film to increase.

By varying the lacrimal-supply and tear-evaporation rates, in Figures 2.4 and 2.5 and
Figures 2E.1-2E.5, we investigate the effect of dry-eye conditions on tear dynamics. Increasing
evaporation and decreasing lacrimal supply generally decreases TTR, total tear volume, meniscus
radii, and tear-film thickness while increasing osmolarity and trans-corneal/conjunctival water
flow. Figure 2E.1 indicates that TTR is an exception when Q4 is above 1.2-1.3 uL/min. These
trends are in agreement with clinical data [11, 67, 72, 73] and with previous modeling efforts
[26, 31]. Although, in general, tear osmolarity increases for dry eye, EDE exhibits the highest
osmolarity and ADDE the lowest. The difference, though, is only 5 mOsM, or less than 2 %,
which makes it a poor clinical discriminator between the two dry-eye subcases. Higher
osmolarity with EDE suggests that it causes the most hyperosmotic damage and is a more severe
form of dry eye. Total tear volume, meniscus radii, and tear-film thickness all increase with
increasing lacrimal supply rate. There are modest differences in these variables between ADDE
and EDE, but TTR is the single best differentiator. The TTR in EDE is 12 %/min, which is
double the value for ADDE, 6 %/min. This result compares closely with those of Khanal et al.
[12, 67], who report TTRs of 13 and 6 %/min for ADDE and EDE, respectively. We corroborate
the conclusion of Khanal et al. [67] that tear osmolarity is a useful clinical indicator of dry eye in
general, and that TTR can be used to discriminate between the ADDE and EDE subtypes.

We predict tear osmolarities of 335 and 370 mOsM for the higher evaporation rates
reported by King-Smith et al. [35] and Nichols et al. [36], respectively, with otherwise normal
physical parameters. These osmolarities are clearly too high to be observed in a healthy subject.
To predict normal osmolarities at these evaporation rates, Qiac Or Pcn and P must increase
significantly. All else held constant, qjac must be 10-20 times the average reported value of 1.10
pL/min.  Even the highest clinical measurements are not close to this value [27, 74].
Alternatively, water flow through the cornea and conjunctiva could provide the extra water to
offset hyperosmolarity induced by the increased evaporation. For evaporation rates of 0.40 and
0.76 uL/min, increasing P¢, and Pgj to 6.25 or 11.5x10™ m/s, respectively, enables enough water
flow through the ocular surface to permit a normal tear osmolarity. Although these values are
about 5-10 times higher than the values adopted for a healthy eye, lack of human data makes it
difficult to tell if these values are unrealistic. Such high tissue-water permeabilities, however,
result in inconsistencies between the model and observations. When already high evaporation
rates are doubled and the tear supply is halved to simulate dry-eye conditions, the bulk-average
tear osmolarity rises to about 315 mOsM, which is only 6 mOsM higher than the healthy case.
Thus, with high water permeabilities, increased evaporation and decreased lacrimal supply do
not lead to significant hyperosmolarity as observed clinically.

These results suggest that the average tear-evaporation rate over the entire exposed tear
surface must be lower than the localized measurements of 1.9-3.79 pm/min by King-Smith et al.
[35] and Nichols et al. [36]. As King-Smith et al. report [35], the tear-evaporation rate varies
across the eye, probably due to local differences in lipid-layer thickness and airflow. We expect
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that the lipid layer is thickest near its origin at the meibomian glands and the airflow is also the
lowest in these regions compared to those in the middle of the palpebral aperture. Thus, the
evaporation rate should be highest in the middle, where both Nichols et al. [36] and King-Smith
et al. [35] measure thinning rates. In contrast, goggle experiments, which measure the total
water loss from the ocular surface, establish an average evaporation rate over the entire exposed
tear film. More experiments are necessary to reconcile the goggle and open-environment
evaporation measurements.

Results in Figure 2.6 not only show the significant effect of corneal/conjunctival water
permeability, but also give upper and lower limits to these values. Although larger
permeabilities yield lower tear osmolarities, permeabilities that are too high effectively render
the ocular surface so water permeable that hyperosmolarity cannot occur even under dry-eye
conditions. At the other extreme, lower permeabilities produce very high osmolarities for dry-
eye and normal conditions alike. Given that most osmotically driven water transport is
transcellular and that the corneal epithelium contains more tight junctions than the conjunctival
epithelium, it seems reasonable to assume that the conjunctival water permeability should not be
less than that of the cornea. Experimental data both support [35] and contest [22] this statement.
Only a small range of tissue water permeabilities for our given set of evaporation and lacrimal
supply rates generates osmolarities in agreement with clinically measured values. This range of
permeabilities lies near 10° mi/s, very close to all experimentally measured values and model
predictions, and lends confidence to our tear-dynamics model. From the water-permeability
results from Leung et al. [52], we find that the cornea plays a significant role in supplying water
to the tear film. Previous models have neglected this important contribution [26].

There are several limitations to the proposed tear-dynamics model, due mainly to lack of
quantitative parameters. An issue of particular concern is the choice of a “normal” evaporation
rate. We chose average values from a meta-analysis by Tomlinson et al. [49] that covers 437
patients from 15 studies from about 10 different authors. Despite these extensive data, two main
issues arise with tear-evaporation measurements. First, measured evaporation rates range over
two orders of magnitude, from 0.02 to 6.3x10°® g/cm?/s. Evaporation rates from different ends of
this spectrum yield extremely different tear osmolarities. More importantly, evaporation rate
depends on airflow, environmental humidity, and temperature. There is no one tear-evaporation
rate. Therefore, averaging over a large subject size is irrelevant if the airflow and ambient
conditions are not controlled and representative.

Another limiting factor is the absence of experiments in which a sufficient number of tear
variables is measured. Most experiments do not measure simultaneously TTR, tear volume,
evaporation rate, and osmolarity. Unless all of these measurements are taken, lacrimal tear
supply and osmotically driven water flow cannot be disentangled. More experiments similar to
those of Khanal et al. [12, 67] are needed. To address this issue, we used average values from
the larger body of literature, but applied the ratios of tear flow in ADDE or EDE conditions from
those reported by Khanal et al. [12], [67]. Our model can be refined as more detailed tear-flow
data become available.

Despite the limitations, our proposed periodic-steady-state tear-dynamics model captures
the basic physics of water and salt dynamics in the eye self-consistently and agrees well with
available clinical data. One important application is topical delivery of drugs or care solutions to
the ocular surface. The normal tear turnover rate is so high that instilled fluids and solutes are
rapidly removed from the eye, minimizing drug availability. Maximizing the residence time of
these substances on the eye is an important question in topical delivery of drugs and eye-care
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solutions. Although we focus on salt osmolarity here, the presented solute balances are general
and readily extended to drugs, fluorescent tracers, or other solutes of interest. Studying the
dynamics of instilled drugs can guide treatment regimens to maximize bioavailability of topically
delivered drug molecules. Additionally, introduction of the viscosity dependence of the tear-
drainage rate can predict the role of viscosity enhancers in lengthening residence time of either
fluid or solute on the eye.

2.6 List of Symbols

Variable SI, Common Description

Acn, Agj, Apa m?, cm? Exposed surface area of the cornea, conjunctiva, palpebral
aperture

c mol/m®, mOsM  Salt concentration in...

C. " ...compartment a

Ci, Ck " ...stream j or k entering or leaving compartment «

Clac " ...tear secreted from lacrimal gland

Cim " ...meniscus i = u or | for upper or lower

Csi " ...meniscus i =uor | for upper or lower

Ctf, Ctf.max " ...the tear film, maximum salt concentration in tear film

c(x,t) " ...conjunctival sac as a function of x and t

Cor " ...compartment « at end of interblink

Ch " Bulk salt concentration after mixing

Chit " Cp Of a given iteration during Regula-Falsi numerical solution

Cpb, Cp(0) mol/m? Concentration of dye in tear, initial Cp upon instillation

CS, CSq, Control surface of upper meniscus during deposition. 0 and tf

CSy denote control surfaces over which tear fluid enters and exits

CVv Control volume of upper meniscus during deposition

ho m, um Distance between upper lid and ocular surface during

he m, um Thickness of tear fluid in the conjunctival sacs

hg, hiep m, um Tear-film thickness, D denotes the deposited thickness

hpa m, um Palpebral-aperture height

I Subscript index denoting upper (u) or lower (1)

J Subscript index denoting j-th stream entering compartment o

Je m/s, um/min Volumetric evaporative water flux

Jw, Jwn m/s, wm/min Volumetric osmotic water flux through cornea or conjunctiva
(n=cnorcj)

J, K Total number of entering (J) or exiting streams (K) in
compartment a

k Subscript index denoting k-th stream exiting compartment «

Lic m, pum Average depth of fornix i

n Outward-pointing unit normal for control surface CS

Pen, P m/s Corneal (cn) and conjunctival (cj) osmotic water permeability

q m?*/s, uL/min Volumetric water flow rate...

Jo " ...Into the upper meniscus from the conjunctival sac during

deposition
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Qe

CIcn

Ods Qdi
Qe, qei
Qi> Qk
CIIac

Om

Qsi
R

Ro
Rb
Rim
Slid
t

tc

tq

tip
tci
TTR

Ujac

Vw

V(x, V(xF
Vim

Vi

V1, Vp,

%I/s, %/min
m/s

m/s

m/s, cm/s
m®mol,
m°, uL

rad
rad
st min®

Pa-s, cP
kg/m?, g/cm?®
N/m, mN/m
rad

rad/s

...due to osmosis through the entire cornea and conjunctiva
...due to osmotic flow through the cornea
...from drainage through both puncta, or from punctum i
...from evaporation from all surfaces, or from meniscus i
...In stream J (j) or K (k) entering or exiting compartment o
...from the lacrimal supply into the conjunctival sacs
...maximum drainage volumetric flow rate from each
meniscus
...from conjunctival sac i into meniscus i during interblink
Eye-globe radius
Minimum meniscus radius for drainage
Upper- and lower-meniscus radii at beginning of deposition
Radius of meniscus i
Lid-margin perimeter for a single lid
Time
Duration of the closure phase
Duration of the deposition phase
Duration of the interblink phase
Characteristic time for clearance of conjunctival sac i
Tear-turnover rate
Fluid velocity entering control surface CS
Average fluid velocity entering conjunctival sac at x =0
Linear velocity of rising upper lid during deposition
Specific volume of water
Volume of compartment a, at the end of interblink
Volume of meniscus i
Total tear volume as measured by fluorescent dilution
Total model tear volume, at beginning of deposition (D) or
end of interblink (F)
Tear-film volume
Distance along conjunctival sac beginning from the apex of
Subscript index denoting compartment
Mixing parameter for conjunctival sac i
Characteristic ratio from Equations B.9-10
Beginning (61) and end (6,) positions of palpebral aperture
Angular medial-lateral width of palpebral aperture
Tear-turnover rate in min™
Fraction of total lacrimal secretion directed to conjunctival sac
Tear viscosity
Tear density
Tear surface tension
Angular superior-inferior height of palpebral aperture
Lid-opening angular velocity during deposition
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Appendix 2A: Geometries

Since the human eye is an oblate spheroid, we adopt spherical coordinates to describe its

geometry, as diagrammed in Figure 2A.1. With an average human-eye radius of 1.2 cm, we
calculate the aperture geometries that serve as the boundaries of the exposed ocular surface. We
assume typical values for eyeball radius R (1.2 cm) [37, 38], lid length Sjig (3.0 cm) [27], and
palpebral-aperture height hya (0.9 cm) [40, 41], and then calculate the remaining dimensions.

For a circular arc, as in the side view in Figure 2A.1, ¢, =2 sin'l(hpaIZR), which gives ga

=0.769 (44 °). Given Sjig and R, the aperture angle 6a = Sji¢/R, giving 0, = 2.50 (143 °) and 6, =
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Figure 2.A1: Spherical coordinates adopted for the human eye. 6 and ¢ are coordinates on a
spherical surface of radius R as shown. Side and top views show the palpebral-aperture limits.
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0.321 (18 °). With these values, the palpebral aperture area, Apa, is established via integration in
spherical coordinates

Ay =R2["d j”sinad.9=2R2<pAcose (A1)

where 02 = O + 01, as shown in Figure 2A.1. Substitution of the numerical values yields Apa =
2.10 cm?, which is very close to clinically observed values [27, 40, 41].

Slmllarly we calculate the surface area of the bulbar conjunctiva in the upper and lower
fornices. By assuming that the fornices extend to the poles of the eye, the total surface area of
the palpebral aperture plus the conjunctival sacs is 2R*cos6éy, or 8.59 cm?®. The ratio of lengths
of the superior to inferior fornices is 1.4:1 [42]. Consequently, of the remaining globe area, 3.77
cm? is attributed to the superior conjunctival sac and 2.71 cm? is attributed to the inferior
conjunctival sac. The radius of the cornea is approximately 1.12 cm [38], giving an area of
0.985 cm®.  Thus, the total area of the palpebral and bulbar conjunctivae is 7.61 and 6.48 cm?,
respectively. The total conjunctival area is 14.1 cm?, similar to values measured in the literature
[75, 76]. The geometric framework in Figure 2A.1 specifies the compartments for which we
impose mass balances.

Appendix 2B: Water and salt balances
2B.1 Deposition

Upon lid upstroke of a blink, the upper lid rises to its open position held during interblink
[43]. Fluid from the upper meniscus is deposited onto the cornea and conjunctiva as the upper
lid passes over the palpebral aperture [50]. This fluid becomes the tear film. The volume held in
the upper meniscus alone is insufficient to provide fluid for a 3- to 5-um thick tear film and to
retain a typical meniscus volume [56-58]. To overcome this insufficiency, we recognize that a
small amount of fluid from the conjunctival sac is uncovered from behind the lid margin as the
lid rises (see Figure 2B.1). The gap between the lid and ocular surface, ho, is set at 2 um. As
shown in Figure 2B.1, the meniscus shape is that of a fluted prism. Conservation of water in the
upper meniscus yields

d

OItmpdv— ”pu n)dA (B.1)
where u and n are the surface velocity and unit outward normal to the fluted meniscus,
respectively, CV stands for the upper-meniscus control volume, CS stands for the upper-
meniscus surface area, and dV and dA are the differential volumes and areas. With constant fluid

density p and a meniscus volume of V, =2(1—z/4)R% S,,, Equation B.1 simplifies to

= {”UdA+ HUdA] (B.2)

CSy

where U is the lid-opening linear velocity taken here as independent of time, and the first and
second integrals are over the control surfaces through which the meniscus uncovers fluid (CSp)
and deposits fluid (CSy), respectively. Since the palpebral-aperture height varies with 6, the
upper-lid linear velocity, and, therefore, the deposited tear-film thickness also varies with 6. If
the upper lid opens at a constant angular velocity w, then the linear velocity is U = wRsing.
Thus, we rewrite the water balance as:
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Figure 2B.1: Schematic of the upper-meniscus control volume during deposition. In a
coordinate system fixed to the upper meniscus, fluid enters on the left under the upper lid as the
lid uncovers conjunctival-sac tear. Fluid leaves the meniscus as the tear film deposits.
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d:j’% ~ [ aRsinéh,Rd0 - [ wRsinéh, Rd (B.3)

where hy (2 pm) is the average film thickness uncovered in the superior conjunctival sac, shown
in Figure 2B.1. The first term on the right of Equation B.3 is the volumetric flow rate of water
into the meniscus, go labeled in Figure 2B.1, and the second term is the volumetric flow rate of
water out of the meniscus, gy, also labeled in Figure 2B.1. The tear-film thickness is given by
coating theory [50, 56]:

hy =1.338R,, (uU /o )*"° =1.338R,, (uaRsin8/c )" (B.4)

where W and o are the viscosity and surface tension of aqueous tears. With this result, Equation
B.3 becomes

drR 7l2 R 213712 .
4L-7 /4R, Syy — = = 2h,@R’ [sin a6 -1.338R,, Za)Rz(ﬂ—) [sin*6do (B.5)
dt o1 = o1

Equation B.5 is solved numerically using ode45 in Matlab to find the upper-meniscus radius as a
function of time, Ryn(t), and, therefore, the transient upper-meniscus volume, Vym(t), during
deposition. Solution of Equation B.5 also permits calculation of the tear-film thickness from
Equation B.4 and, hence, the tear-film volume. The lower meniscus remains static during tear-
film deposition. In this manner, the volumes of the upper and lower menisci and of the tear film
at the end of deposition (and beginning of interblink) are established.

2B.2 Interblink

Interblink corresponds to the phase between the end of deposition and the beginning of
closure. Because it is the longest of the phases at around 5 s [43, 60], fluid transfer via secretion,
osmosis, drainage, and evaporation is considered during this period.

2B.2a Conjunctival Sac

Figure 2B.2 is a schematic of one of the conjunctival sacs. These are modeled as 1-D
rectangular channels of height h. and lengths L, and L, respectively, that span the arc length of
the lids. The channel length is taken to be the average distance from the meniscus to the apex of
the fornix. The effective length over which the fluid in the conjunctival sacs mixes with the
preocular tears during closure, however, is SiLic, where ; is the fraction of the fornix over which
complete mixing occurs. The subscript i represents | or u denoting the lower or upper
conjunctival sac, respectively. Over long periods of time relevant to the periodic-steady state,
we assume the tears are well mixed, so g = f = 1. Freshly secreted tear from the lacrimal glands
of salt concentration cjc is supplemented by osmotically driven water flow through the bulbar
and palpebral conjunctiva wherever the salt concentration is greater than Cjac. In our model, we
assume that the conjunctival sacs serve as fixed conduits for tear fluid. Upon neglect of axial
diffusion, the mass balance on salt in each conjunctival sac reads

oc o0
—+—(uc)=0, B.6
ot 6x( ) (B.6)
and that for water is:
2]
ou _2J, (B.7)
ox h
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Figure 2B.2: Schematic of conjunctival sac. Tear flow in the fornix is simplified to 1-D plug
flow originating at the base of the fornix (x = 0) and ending at the lid margin (x = Lic) where i =u
or I. Water enters the channel through the palpebral and bulbar conjunctivae due to osmotic
suction where that c(x,t) > Cjac.
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where c(x,t) and u(x,t) are the height-averaged salt concentration and fluid velocity, respectively,
that vary with channel position and time, and J,, is the osmotically driven water flux through the
palpebral or conjunctival epithelium

‘Jw = chVW(C(X!t) - CIac) (BS)
where P denotes the water transmissibility in units of m/s, vy, is the molar volume of water, and
c(x,t) is the local salt concentration. Solution of coupled differential equations B.6 and B.7 by the
method of characteristics [77] (see Appendix 2F) yields the needed fluid velocity, us, and salt
concentration, cs;, at the lid margin (i.e., at x = Lc in Figure 2B.2):

Pucl®h “Cecl )y 1) ts<t

u ac,i ci
g =ut, L) =1 =" c[eXp(Ciet) — 1+ Ce (B.9)
ulac,i l t > tCi
Claccbexp(j'clact) t St )
Cy =C(t, L) =1 C,[exp(5Cct) — 1 +Cpp ; (B.10)
Clac’ t> tci

where i = u or |, t; = piLic/uiac;i 1S the characteristic time for lacrimal gland to fill the mixed
portion of conjunctival sac; Uiaci = Quac,i/NcSiiq 1S the average fluid velocity at the base of the fornix
(x = 0); Qiaci = MiQiac and A; are the portion and fraction of the total lacrimal supply directed to
conjunctival sac i, respectively; ¢, is the bulk-average tear concentration at the end of closure;
and y = 2Pvu/hc. These equations describe the fluid and salt flows that leave the conjunctival
sacs and enters the menisci over the period of interblink, ti,. Due to the greater number of
accessory lacrimal glands in the upper fornix, we assume A, = 0.8 [48]. Variation of this factor
does not noticeably affect tear osmolarity, but does change the drainage dynamics of the upper
and lower menisci during interblink.

Calculation of the Peclet number for the upper and lower conjunctival sacs verifies the
neglect of axial diffusion during the interblink. The Peclet number is Pe = <ugpLic/Ds, Where <usp»
is the time-average tear velocity at the outlet and Ds is the diffusion coefficient for salt in water,
about 10 cm?s [78]. Pe is a dimensionless ratio of the solute transport rate by convection to
that by diffusion. For normal lacrimal-supply and tear-evaporation rates, Pe is ~900 and 200 for
the upper and lower conjunctival sacs, respectively. Because Pe >> 1, salt transport by axial
diffusion is negligible during interblink.

2B.2b Menisci

During interblink, tear fluid from the conjunctival sacs flows into each meniscus while
tears drain from the meniscus via suction through the puncta [47, 60]. Thus, water conservation
in an individual meniscus is written as

av,
d_tlm =g (t) —dgi — e (B.11)
where i = u or |, gsi(t) = u(t,Lic)hcSiig is the water flow entering from the conjunctival sac,

V,, =2(l-7z/4)R.S,, is the meniscus volume, and Siig is the lid perimeter. The evaporation

flow rate g is the volumetric evaporative flux, Je, times the meniscus area, Ain = ZRimSid/2.
The drainage rate qqi, as a function of Rin, is based on that of Zhu and Chauhan [23]

Oai = An (1_ R,/ Rim) (B.12)
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where gn is the maximum drainage rate and Rq is the meniscus radius below which drainage
ceases. The values of gy and Ry listed in Table 2.1 are chosen to give similar results to those of
Zhu and Chauhan [23].
Since salt enters and leaves in the streams to the puncta and from the conjunctival sac,
salt conservation reads
dc, V.

% =Cq (1), () — ¢, A (B.13)
where i = u or |, ciy Is the salt concentration in the meniscus. The final, coupled ordinary

differential equations for water and salt are functions of time only and are integrated numerically
by a Runge-Kutta algorithm (ode45 in MATLAB) to yield the meniscus radius and concentration
over interblink.

2B.2c Tear film

The perched tear film loses water via evaporation during the interblink and gains water
from osmotic-driven flow through the cornea and conjunctiva. Water conservation for the tear
film is

d;/t” =30 Ay + Juen A — JeAva (B.14)

where Jy, is the osmotic water flux given in Equation B.8 and n represents either cj
(conjunctiva) or cn (cornea); A, is the exposed area and pa denotes palpebral-aperture area; and
Je is the volumetric evaporative flux in m¥m?%s. Strictly, the evaporative flux J. depends on
airflow, geometry, and the difference in water-vapor pressure between the tear and the
environment. These details are not required here because evaporation rate is varied as a
parameter. Cerretani et al. [79] describe evaporation-rate physics relevant to the human eye.

Upon assuming that no salt is lost or gained through the ocular surface, salt conservation
in the isolated tear film is

d
a(ctfvﬁ )= 0 (B.15)
The coupled salt and water balances are solved numerically again by a Runge-Kutta algorithm to
give the salt concentration and the volume of the tear film during interblink.

2B.3 Closure

At the end of interblink, the upper lid closes to meet the lower lid. Lid meeting signifies
the beginning the closure period. We assume that during closure, motion of the lids and eyeball
causes the tear in the menisci and in the tear film to mix with a fraction, g, and f, of the upper
and lower conjunctival sacs, respectively. Varying £ corresponds to varying the extent of
mixing. We assume £ = 1 since variation of £ shows only minor differences in tear dynamics,
and the tears are expected to be mixed over many blinks. Mixing results in the tear fluid with a
homogeneous bulk salt concentration, cp, in the menisci, tear film, and in an appropriate fraction
of the conjunctival sacs. To calculate c,, we perform a salt balance on the compartments
involved in mixing:

CoVy = Z CorVar (B.16)
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5
where V; = ZVaF is the total volume mixed over, c,» and V,» denote the salt concentration and

a=1
volume in the a-th compartment (of 5 total) at the end of interblink. Using the values from the
end of interblink, we calculate c,.

The calculations described in Appendices 2A and 2B are executed by a set of m-files

coded in MATLAB and included in the supplementary files. The file mfileTree.m describes the
m-file hierarchy and a brief description each file’s function.

Appendix 2C: Solution methodology

Tear dynamics on the ocular surface follows a periodic-steady state. Therefore, no initial
conditions are imposed for the governing ordinary differential equations. Rather, the volumes
and salt concentrations in each compartment must be the same at the beginning and end of each
blink cycle. The water balance in the periodic-steady state is

0= [ aVy = [ [dc + 0 Gy~ — i (C.1)

where Vp and Ve are the total tear volumes before deposition and after closure, g4 is the total
tear secretion rate from the lacrimal and accessory lacrimal glands, q. is the total amount of
water supplied by osmosis through the conjunctiva and cornea, gq, and qgq are the drainage rates
through the upper and lower puncta, and ge is the evaporation flow rate. With the imposition of
periodicity, we utilize an iterative method to solve for cp, and Ry, where Ry, is the radius of the
upper and lower menisci at the start of deposition. After choosing initial guesses for ¢, and Ry,
we perform all the deposition, interblink, and closure balances numerically. Then, we update the
overall water balance in Equation C.1 and the calculated value of ¢, in Equation B.16 until the
guessed and final calculated values are equivalent

1 5
Cb,it __anFvaF = 0 (CZ)
VT a=1
where cy it is the iterated guess for cy,. Specifically, we use a two-variable Regula-Falsi algorithm
[66] described in Appendix 2G to iterate on choices of ¢, and R, until Equations C.1 and C.2 are
satisfied.

Appendix 2D: Estimation of tear flow and lacrimal supply

Considerable clinical tear-flow data are available [49, 54]. Tear flow is determined
quantitatively using in-situ fluorophotometry to measure the decay of a fluorescent dye instilled
in the tear. Determining tear flow from fluorescence decay requires a model for tear flow over
the ocular surface. Typically, tear is assumed well mixed in a single compartment of volume V;
with inflows qiac and g and outflows gq and ge. Fluorescence in the tear film is measured over
time, and the slope of the long-time portion of the decay yields the turnover rate. Initial dye
dilution allows calculation of V. Upon assuming that the tear volume remains constant over
time, the resulting dye and water balances yield:

Cy = Cy (0)exp(—4t) (D.1)
and
K':q—dz Qiac T4 — G (D2)
Vt Vt
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where Cp is the concentration of fluorescent dye in the tear at time t; Cp(0) is the initial dye
concentration; x = TTR/100 is the tear turnover rate in min™; and qg, Qac, e, and Qe are the
drainage, lacrimal secretion, osmotic, and evaporation water-flow rates, respectively. In the
literature, “tear flow” is calculated assuming that evaporation and osmotic water flow are
negligible and that no dye is lost to the cornea or conjunctiva. Thus, giac can be calculated by
measuring x and V; alone [27, 49, 54, 55, 80].

For most normal individuals with healthy lipid layers and near-isotonic tears, negligible
evaporation and osmotic flow is probably a reasonable assumption. However, many studies
report tear flow in dry-eye sufferers, for whom it is likely that evaporation or osmotic-driven
flow play more significant roles. In this case, more information is necessary to isolate the
contribution of the lacrimal gland, qya, to the total tear flow. If the meniscus tear osmolarity, cp,
is measured, then a salt balance on the single tear compartment yields

qlac :qdc_b:KVtC_b
Clac Clac
With this information, the lacrimal secretion flow rate is calculated assuming that the lacrimal
gland secretes isotonic fluid. Additionally, if g is also measured, g. follows from Equation D.2,
provided all other tear-flow parameters are known.

For most of the tear-flow data available, however, salt concentrations and evaporation
rate are not measured simultaneously. Thus, it is impossible to identify specific contributions to
gq- To our knowledge, the two studies by Khanal et al. [12, 67] provide the only complete data
sets with all tear parameters ascertained to make the necessary analysis.

Application of Equations D.2 and D.3 to the data of Khanal et al. [12], [67] for normal
subjects yields a qiac only 4 % higher than that calculated if g = gc = 0. In dry-eye conditions,
the same percentage difference increases to 10 %. Since tear flows reported by Khanal et al. are
higher than average, we base our normal tear supply values on the average tear flow as compiled
by the meta-analysis performed by Tomlinson et al. [11, 54]. However, because we can use the
complete analysis mentioned above to treat the data of Khanal et al. [12, 67], these data guide the
choice of ratios between tear flows in the normal and different dry-eye cases. In our analysis, we
vary tear supply over a wide range to establish its effect on tear parameters, especially
osmolarity.

(D.3)

Appendix 2E: Additional tear-dynamics predictions

Figures 2E.1-2E.5 display additional tear-dynamics predictions for tear-turnover rate,
TTR; deposited tear-film thickness hyp; maximum tear-film osmolarity, Cimax; initial menisci
radius during deposition, Ry; and total tear volume, Vr, respectively. Contours of each variable
appear as functions of tear-evaporation rate, ge, and lacrimal-supply rate, Qiac, Over the same
range as that in Figures 2.4 and 2.5. Open markers in each figure signify normal (o), dry-eye
(o), ADDE (V), and EDE (A) conditions as described in Table 2.2.

Figure 2E.1 contains contours of tear-turnover rate, TTR, as a function of tear-
evaporation rate, ge, and lacrimal-supply rate, gi.c. Contour lines for TTR appear every 1 %/min
between 5 and 15 %/min. Open markers signify normal ¢), dry -eye (o), ADDE (V), and EDE
(A) conditions as described in Table 2.2. Predicted TTR for normal, dry-eye, ADDE, and EDE
conditions is 14.7, 8.6, 6.5, and 11.7 %/min, respectively. Correponding clinically measured
values are 15.2, 7.8, 5.7, and 12.6 %/min for the same cases [12, 67], TTR in EDE is 80 %
greater than that in ADDE. Figure 2E.2 shows contours of deposited tear-film thickness, hp, as
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Figure 2E.1: Contours of tear-turnover rate, TTR, as a function of tear-evaporation rate, ge, and
lacrimal-supply rate, qiac. Contour lines for TTR appear every 1 %/min between 5 and 15 %/min.
Open markers signify normal (o), dry-eye (O0), ADDE (V), and EDE () conditions as
described in Table 2.2. Predicted TTR for normal, dry-eye, ADDE, and EDE conditions is 14.7,
8.6, 6.5, and 11.7 %/min, respectively.

50



0i?.O!‘S 014 015 02 025 03 035 04 045
d, [kLimin]

Figure 2E.2: Contours of deposited tear-film thickness, hyp, as a function of tear-evaporation
rate, ge, and lacrimal-supply rate, qiac. Contour lines for hgp appear every 0.5 um between 2.5
and 5.0 um. Open markers signify normal (o), dry-eye (O0), ADDE (V), and EDE (2)
conditions as described in Table 2.2. Predicted hyp for normal, dry-eye, ADDE, and EDE
conditions is 4.2, 2.6, 2.4, and 3.0 pm, respectively.
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a function of tear-evaporation rate, ge, and lacrimal-supply rate, qi.c. Contour lines for hip
appear every 0.5 um between 2.5 and 5.0 um. Predicted hyp for normal, dry-eye, ADDE, and
EDE conditions is 4.2, 2.6, 2.4, and 3.0 pum, respectively. Measured tear-film thicknesses for
healthy subjects typically fall between 3-5 um [56]. To our knowledge, there are no
measurements of tear-film thickness in dry-eye conditions.

Figure 2E.3 displays contours of the maximum tear-film osmolarity, C¢max, s a function
of tear-evaporation rate, ge, and lacrimal-supply rate, Quc. The Cimax COrresponds to the
maximum of the osmolarity spikes for the tear film illustrated in Figure 2.2. Contour lines for
Cit max appear every 10 mOsM between 310 and 350 mOsM. Predicted cimax for normal, dry-eye,
ADDE, and EDE conditions is 312, 332, 327, and 334 mOsM, respectively. Subtracting c in
Figure 2.4 from cymax in Figure 2E.3 gives elevation of the transient tear-film osmolarity spikes.
The tear-film-osmolarity elevation for normal, dry-eye, ADDE, and EDE conditions is 3, 9, 10,
and 11 mOsM, respectively. Not surprisingly, the difference between the tear-film and meniscus
osmolarities is largest for EDE conditions.

Figure 2E.4 presents contours of the upper- and lower-meniscus radii at the
commencement of tear-film deposition, Ry, as a function of tear-evaporation rate, ge, and
lacrimal-supply rate, qiac. Ry also represents the lower-meniscus radius at the onset of interblink.
Contour lines for Ry appear every 50 um between 150 and 350 um. Predicted R, for normal, dry-
eye, ADDE, and EDE conditions is 291, 173, 156, and 209 um, respectively. The upper-
meniscus radius typically shrinks by about 20-40 % during tear-film deposition while the lower
meniscus remains constant. During interblink, the upper-meniscus radius increases by 2-5 %,
and the lower-meniscus radius decreases by about 1 %. Consequently, Ry, is representative of the
lower meniscus over the entire blink cycle. Clinical measurements of the lower-meniscus radius
in healthy subjects with optical coherence tomography (OCT) give radii near 240-250 um [81,
82], close to that predicted here for normal conditions. Additionally, Lu et al. [81] measure
smaller meniscus radii in ADDE conditions, as predicted here.

Figure 2E.5 contains contours of the total tear volume, V1, as a function of tear-
evaporation rate, ge, and lacrimal-supply rate, Qic. Contour lines for Vr appear every 0.5 uL
between 5.5 and 8.5 pL. Predicted Vy for normal, dry-eye, ADDE, and EDE conditions is 7.1,
5.7, 5.6, and 6.1 pL, respectively. Predicted volumes are near the healthy tear volume of 7 puL
[27, 49, 54]. Khanal et al. [12, 67] report smaller tear volumes in dry-eye, ADDE, and EDE
conditions compared to those in normal conditions.

Appendix 2F: Method-of-characteristics solution
The coupled partial differential equations described in Equations B.6-B.8 are solved with
the method of characteristics. Equations B.7 and B.8 are subject to boundary conditions

C(O’t) = Clac (Fl)
u(0,t) =u,,, (F.2)
and initial condition
C(x.0) = {clac 0<x< (1—ﬁ)L} (F3)
C, @A-p)L<x<L

where the subscripts i and ¢ have been omitted from uj,c, L, and . No variables in Appendix 2F
contain subscripts, but it is implicit that the equations describe the tear flow and salt
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Figure 2E.3: Contours of the maximum tear-film concentration, Cimax, €Xpressed as osmolarity
units, as a function of tear-evaporation rate, de, and lacrimal-supply rate, Quc. The Cifmax
corresponds to the maximum of the osmolarity spikes for the tear film illustrated in Figure 2.2.
Contour lines for cimax appear every 10 mOsM between 310 and 350 mOsM. Open markers
signify normal (©), dry-eye (0), ADDE (V), and EDE (A) conditions as described in Table 2.2.
Predicted cimax for normal, dry-eye, ADDE, and EDE conditions is 312, 332, 327, and 334
mOsM, respectively.
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Figure 2E.4: Contours of the upper- and lower-meniscus radius prior to tear-film deposition, Ry,
as a function of tear-evaporation rate, g, and lacrimal-supply rate, qac. Contour lines for Ry
appear every 50 um between 150 and 350 pum. Open markers signify normal (©), dry-eye (0),
ADDE (V), and EDE (A) conditions as described in Table 2.2. Predicted Ry, for normal, dry-
eye, ADDE, and EDE conditions is 291, 173, 156, and 209 um, respectively.

54



8.5

04

0
8.05 01 015 02 025 03 035 04 045
q_[pLimin]
e

Figure 2E.5: Contours of the total tear volume, V1, as a function of tear-evaporation rate, ge, and
lacrimal-supply rate, qiac.  Contour lines for Vy appear every 0.5 ulL between 5.5 and 8.5 pL.
Open markers signify normal (o), dry-eye (O0), ADDE (V), and EDE (A) conditions as
described in Table 2.2. Predicted V+ for normal, dry-eye, ADDE, and EDE conditions is 7.1, 5.7,

5.6, and 6.1 pL, respectively.
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concentration in each conjunctival sac. There are two regions within the conjunctival sac
corresponding to the extent of mixing £. The initial tear concentration in Region I, for x between
0 and (1-p)L, is that of the secreted tear, cjoc. Since tear in the rest of the conjunctival sac,
Region 11, is subject to mixing with the other compartments during closure, it begins interblink at
the concentration of the bulk tear, c,. As mentioned, f = 1 for all reported calculations.
Substitution of Equation B.8 into Equation B.7 gives a differential equation for u(x,t)

ou 2Pc.vW
v h’ (c(,t) — Cpre) (F.4)

C
Integration of Equation F.4 over the region O to x yields an expression for the flow velocity as a
function of tear concentration

U(X!t) = uIac +7I0X (C_Clac)dxl (FS)

where y= 2 Pgvuw/he. Combination of Equations F.4 and F.5 with Equation B.6 yields a partial
differential equation for c(x,t)

oc x ,]oc
Z v 7]} e -0u)d | = (e c)e (F)

This first-order, inhomogeneous partial differential equation is amenable to solution by the
method of characteristics. Upon approximating u(x,t) ~ ujac, EQuation F.6 simplifies to
oc oc
—+u,, —=-y(c-c..)c F.7
6t lac aX 7/( Iac) ( )
The characteristic ODEs for Equation F.7 are
dx
—(r,s)=up., F.8
o (rs)=u )

%(r,s):l, (F.9)

and %(r $)=—7(C—Cpe)C (F.10)
s
where s and r parametrize the solution curve. The corresponding transformed initial conditions

for this system of ODEs are

x(r,0)=r, (F.11)

t(r,0) =0, (F.12)

and z(r,0)={c'a°’0<r<(l_ﬂ)L} (F.13)
c,, I-p)L<r<L

Solution of Equations F.8 and F.9 subject to Equations F.11 and F.12 defines the
characteristic lines

r=X-U,t (F.14)
The remaining ODE for z in Equation F.10 is separable:
z dz’ s,
[ Ot —y| ds (F.15)
The definite integral of Equation F.15 is
Lm z(rs)——c,ac _im Z(ro)—_clac =—5 (F.16)
CIac Z(r,S) CIac Z(r,O)
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Rearrangement of Equation F.16 produces
Z(r,O)C|aceXp(7C|aCS)
Clac + Z(r,O)[eXp(]C|acS) _1]
Transformation of the final solution into x and t space subject to boundary condition F.13 gives

the transient concentration profile in the conjunctival sac
Cac O<x—-u,t<@-p)L

c(x,t) =1  C,.C.exp(C,,.t) CA-p)L<x-u t<L (F.18)
CIac + Cb [exp(j’clact) _1]
The region of tear at concentration ¢ initially spans x = 0 to x = (1-p)L, but as time passes, fresh
tear flows towards the meniscus, enlarging Region I and diminishing Region I1.
Fluid velocity u(x,t) follows from c(x,t). In Region I, where ¢ = c5¢, Equation F.4 dictates
that ou/ox = 0. Thus, u(x,t) = uiac in Region | due to the absence of osmotic water influx through
the conjunctiva. In Region Il, Equation F.4 becomes

6_“ — ?Claccbexp(j’clact) _ Clac (Flg)
OX CIac + Cb [expo'clact) _1]
Integration of Equation F.19 subject to Equation F.4 yields u(x,t) in Region II:
Ujac s O<X_u|act<(1_ﬁ)|-
U(X,t) = PClac (Cb — CIac)
e Ciac + Gy [exp(j'clact) _1]

The tear-flow behavior mirrors that of the tear-salt concentration. To the left of the moving front
(Region 1), the tear-flow velocity in the conjunctival sac is constant at u.. The tear-flow
velocity in diminishing Region Il is transient and decreasing in time.

Water and salt conservation equations for the meniscus, Equations B.11 and B.13,
respectively, require the tear-flow velocity and salt concentration entering the meniscus from the
conjunctival sac, u(L,t) and c(L,t). Equations F.18 and F.20 evaluated at x = L are

Claccbexp(j’clact)
, t<pL/u,
C(L!t) = Clac + Cb [exp(?clact) _1] ﬂL | (F21)
Clac’ t> :BL/uIac

z(r,s) =

(F.17)

(F.20)

[X_(l_ﬂ)l-_ulact]’ (1_ﬁ)L<X_ulact<L

and

7C|aC(Cb_Clac)
e Ut t<ALlu,
T N =i I R

ulac’ t >ﬂl—/ulac

Equations F.21 and F.22 describe the tear-osmolarity and the tear-flow velocity entering a
meniscus during interblink. Water and salt dynamics change at time t; = fL/ujoc. Fort <t the
tear-flow velocity and salt concentration decrease transiently. For t > t., the conjunctival sac is
flushed of hypersomolar tear, and the tear flow and salt osmolarity are those secreted by the
lacrimal glands. The 5-s interblink time tj, is much smaller than the 3- and 9-min t; for both the
upper and the lower conjunctival sacs. Therefore, the transient solution in Equations F.21 and
F.22 describes tear flow and osmolarity entering the menisci during interblink.

A posteriori assessment of the simplifying assumption that u(x,t) ~ ujsc reveals that the
time-average of u(L,t) over interblink is less than 15 % higher than uj in both menisci.

(F.22)
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Consequently, the model underestimates slightly the water flow rate through the conjunctival
sacs and, correspondingly, overestimates tear osmolarity. The error increases in dry-eye
conditions.

Appendix 2G: Two-parameter Regula-Falsi algorithm

Appendix 2C outlines the solution methodology for the coupled water- and solute-
conservation equations. We employ an iterative scheme to locate simultaneously the roots of the
two functions defined by Equations C.1 and C.2, which result from the set of coupled differential
algebraic equations (DAEs) for water and salt conservation described in Appendix 2B.
Equations C.1 and C.2, respectively, are of the form

AV; = f(c,,R,,[1)=0 (G.1)
and

A(c,) = 9(c,, Ry, 1) =0 (G.2)
where A indicates the difference between values at the beginning and end of a blink cycle, Vr is
the total tear volume, cy is the average salt concentration in the tear, Ry, is the upper and lower
meniscus radius before deposition and after closure, 17 is the vector of remaining parameters (i.e.,
geometries, physical properties, flow rates, etc.), and f and g are the expressions for water and
salt conservation over the entire blink period. We locate the roots of f and g using a Regula-
Falsi algorithm to iterate on c, and V,. Carnahan et al. describe application of the Regula-Falsi
algorithm to locate the root of a function y = f(x) dependent upon a single independent variable x
[66].

Our tear-dynamics model, however, requires simultaneous calculation of the roots of f
and g, which are both functions of independent variables ¢, and R,. We developed an extended
two-parameter Regula-Falsi algorithm to address this situation. The two-parameter Regula-Falsi
algorithm requires an initial guess for osmolarity, cyo, and a range of c, and Ry, to bracket the
root. The range for R, and ¢, must contain the solution, otherwise the method fails to locate the
root. First, the Regula-Falsi method outlined by Carnahan et al. [66] iterates on R, with fixed cpo
to find the root (Ryy, Cho) Of f in Equation G.1. If the resulting root (Rp1, Cho) also satisfies g = 0
from Equation G.2, then the solution has been located. If not, then the Regula-Falsi method
iterates on ¢, with fixed Rp; to find the root (Rpi, Cv1) Of g in Equation G.2. If the resulting root
(Rba1, Cpy) satisfies f = 0 in Equation G.1, then the solution has been located. If not, the Regula-
Falsi method continues to iterate alternatively on R, and ¢y, for N times until the root (Rpn, Con)
satisfies both Equations G.1 and G.2 to within the desired tolerance. The algorithm executed
requires that | | < 1.0x10° pL and | g | < 1.0x10™* mOsM.

The m-files titled f2DRegFalsi.m, fCRegFalsi.m, fWRegFalsi.m, and fBALws.m contained
in the supplementary material to the dissertation execute this two-parameter Regula-Falsi
algorithm. f2DRegFalsi.m defines the range for c, and Ry, and alternates between executing the
Regula-Falsi iteration on f (via fWRegFalsi.m) and g (via fCRegFalsi.m) until the roots satisfy
both equations. Given a set of parameters and Ry, and cp,, fBALws.m calculates the values of f and
g using the set of DAEs outlined in Appendix 2B. Since the two-parameter Regula-Falsi method
typically converges within 2 to 3 iterations the tear-dynamics model, we never pursued
implementation of another self-consistent algorithm such as two-variable Newton-Raphson.
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Chapter 3

Structural and Rheological Properties of
Meibomian Lipids

3.1 Abstract

We explore the unique rheological and structural properties of human and bovine
meibomian lipids to provide insight into the physical behavior of the human tear-film lipid layer
(TFLL).

Bulk rheological properties of pooled meibomian lipids were measured by a commercial
stress-controlled rheometer; a home-built interfacial stress rheometer (ISR) probed the interfacial
viscoelasticity of spread layers of meibomian lipids. Small- and wide-angle X-ray scattering
detected the presence and melting of dispersed crystal structures. Microscope examination under
cross polarizers provided confirmation of ordered crystals. A differential scanning calorimeter
(DSC) analyzed phase transitions in bulk samples of bovine meibum.

Bulk and interfacial rheology measurements show that meibum is extremely viscous and
highly elastic. It is also a non-Newtonian, shear-thinning fluid. Small- and wide-angle x-ray
diffraction (SAXS and WAXS), as well as differential scanning calorimetry (DSC) and
polarizing microscopy, confirm the presence of suspended lamellar-crystal structures at
physiologic temperature.

We studied meibum architecture and its relation to bulk and interfacial rheology. Bovine
and human meibomian lipids exhibit similar physical properties. From all structural probes
utilized, we find a melt transition near eye temperature at which lamellar crystals liquefy. Our
proposed structure for the tear-film lipid layer at physiologic temperature is a highly viscoelastic,
shear-thinning liquid suspension consisting of lipid lamellar-crystallite particulates immersed in
a continuous liquid phase with no long range order. When spread over on-eye tear, the TFLL is a
duplex film that exhibits bulk liquid properties and two separate interfaces, air/lipid and
water/lipid, with aqueous protein and surfactant-like lipids adsorbed at the water/lipid surface.

3.2 Introduction

Meibomian lipids are the major component of the tear-film lipid layer (TFLL), the
outermost portion of the tear film. Between the lipid layer and the corneal surface exists a 3-10
um aqueous layer [1] containing salts, mucins, and proteins. The primary role of the aqueous tear
film is to hydrate and protect the corneal surface. The lipid layer, estimated to be ~100-nm thick
[1, 2] is a duplex film that spreads over the aqueous tear film after each blink. It is thought to
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reduce evaporation from the aqueous phase and to play an important role in maintaining tear-film
stability [2, 3]. Tear-film instability and increased tear evaporation are major signs of dry-eye
disease, an ocular surface disease that leads to discomfort and possible damage to the corneal and
conjunctival epithelia [4]. Since the physical and mechanical properties of the TFLL depend on
the structure of meibum, knowledge of meibum’s structure is indispensible to understand the
function of the TFLL in tear-film behavior.

Produced in the meibomian glands, meibum is a holocrine secretion composed of a rich
mixture of lipids and possibly cellular debris. Wax esters and cholesterol esters are the major
lipid components, together making up roughly 60-70% of the total meibum content, with lesser
amounts of diesters, triacylglycerols, polar lipids, and fatty acids making up the balance. Many
of the individual chains are greater than 20 carbons long, leaving lipids with one or more alkyl
chains, such as wax esters, diesters and tracylglycerols, to contain as many as 40-60 carbon
atoms. The degree of saturation varies as well: saturated, monounsaturated, and polyunsaturated
lipids are all present in meibum [5-8]. Meibomian-gland secretions have also been shown to
contain proteins, which could disrupt regions of ordered lipids [9, 10].

To date, most efforts at characterizing meibum have focused on chemical analysis of the
secretion. Less is known about the structure and physical properties of meibum. Various authors
found that meibum exhibits a broad melting range, becoming liquid near body temperature [11].
Viscosity measurements by Tiffany and Dart [12] demonstrated meibum to be viscous, although
the effects of shear rate or temperature were not pursued. Borchman et al. [13] utilized infrared
spectroscopy to characterize the molecular conformation of hydrocarbon chains in human
meibum, finding that as meibum melts, hydrocarbon chains of the lipids transition from the trans
to gauche rotomers. The increased disorder reduces the packing efficiency of the lipids. By using
small-angle x-ray scattering (SAXS), Leiske et al. [14] observed crystalline structures in bulk
human meibum. Two crystal populations were present, one melting at 34 °C and another
persisting up to 40 °C. They also measured rheology of interfacial meibum films spread on water
and found that the film undergoes a sharp phase transition from solid-like to liquid-like behavior
below physiological temperature.

A major reason for the scarcity of information about meibum is the difficulty in obtaining
large enough human samples for making measurements. Consequently, researchers often use
other mammals as a source of meibum [15-17]. Nicolaides et al. [16, 17] studied the lipid
composition of both steer and human meibum and found them to be similar.

In this work, we explore the bulk and interfacial properties of human and bovine meibum
in an effort to understand how its structure relates to its physical properties. We explore
temperature-induced transitions in the structure and mechanical properties of these meibomian
lipids. Using SAXS, we detect the presence of crystal structures and observe their melt behavior.
In addition, differential scanning calorimetry provides temperatures at which phase changes
occur and their corresponding latent heats. We perform interfacial and bulk rheology
measurements to probe how thin films and bulk samples of meibum respond to deformation over
a range of shear rates and temperatures. By comparing the behavior of dispersed crystal
structures to the measured mechanical properties over a range of temperatures, we gain
understanding of how meibum’s molecular organization contributes to its physical behavior.
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3.3 Methods
3.3.1 Meibomian lipid collection

Animal and human ethics were approved for the collection of meibomian lipids; the study
was carried out in accordance with the tenets of the Declaration of Helsinki. Bovine eyelids of
over 200 animals were dissected post-mortem at a slaughterhouse. The eyelids were warmed to
37 °C, and the meibomian lipids were extruded by hard expression of the superior and inferior
eyelid margins [16, 17] with pliers, yielding an average of 3 mg per eye. The excreta were
scraped from the lid margin with a metal spatula and deposited onto a small glass cover slip that
was then placed in an amber jar for storage at -20 °C until use. The excreted fluid was a clear
liquid at 37 °C, and became opaque and yellowish upon solidification at room temperature. The
bulk rheological experiments required pooling of bovine meibum from multiple animals to
generate samples large enough for analysis. Otherwise, samples from individual animals were
stored and tested separately.

Twelve human-meibum samples, each less than 1 mg, were collected from healthy, non-
dry-eye, non-lens-wearing volunteers. A meibum sample was collected if, upon examination, the
volunteer met the following criteria: lack of dry eye symptoms (<5) as determined by the Schein
Questionnaire [18]; minimal to absence of sodium fluorescein staining in the cornea; tear-film
break-up time >7 s; and absence of meibomian gland dysfunction (MGD) as determined by
normal meibum appearance.

Meibum was expressed from the lower lids by applying pressure with a sterile cotton
swab against a Mastrota paddle. Gentle scraping of the eyelid margin with a small, degreased
metal ocular spud collected secreted meibum. Samples collected from the right and left eyes of a
single volunteer were pooled and transferred onto a small glass cover slip that was then placed in
an amber jar for storage at -20 °C until use. Here too, the bulk rheological experiments required
pooling samples from 4 individuals.

3.3.2 Interfacial Shear Rheometry

An interfacial stress rheometer (ISR) probed the interfacial viscoelasticity of the
meibomian lipids. Validation and merits of this technique are available elsewhere [19, 20].
Briefly, the ISR is a two-dimensional analogue to a classic, three-dimensional sliding-plate
rheometer. It ascertains the viscoelastic properties of monolayers. Our ISR utilizes a KSV mini-
trough coupled with a Wilhelmy balance and moveable barriers to monitor and control surface
pressure. Two Helmholtz coils apply an oscillating magnetic field used to move the magnetic,
Teflon-coated rod along its major axis at sinusoidal strains. The rod floats at the interface in a
rectangular, quartz channel. The long axis of the channel is perpendicular to the trough barriers
so that compression of the monolayer throughout the trough (inside and outside the channel) is
uniform. The channel maintains the lateral position of the rod during the experiments and defines
the velocity profile created by the rod motion. The resulting stress was calculated from a
calibration constant that converted the strength of the magnetic field to the force (the rheometer
was calibrated prior to deposition of every monolayer). Rod position was monitored with a CCD
camera (Basler Electric Company, Highland, IL), and strain was ascertained from the images.
The trough surface was heated to 35 °C to facilitate sample spreading. Solid meibum touched to
the trough surface with a metal spatula spread spontaneously. To ensure reproducible
measurements, each sample was first spread to a constant surface pressure of 2 mN/m. After
spreading, the trough was cooled to 20 °C over a period of one hour before the film was
compressed to the desired surface pressure. Trough surface area was held constant as the
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interface was slowly heated to 35 °C at 0.3 °C/min. During the heating cycle, interfacial
rheology was monitored at a frequency of 1 Hz and a strain of 1.74 %, which is within the linear
viscoelastic region of meibum. Temperature changes in time were monitored by placing a
temperature probe 1-2 mm below the surface behind the trough barriers.

Recent BAM (Brewster angle microscopy) measurements [15] showed that upon
deposition, meibomian lipids spread from solvent are inhomogeneous. At 15 mN/m and above,
the surface pressure at which the elasticity of the film increased, the film was homogeneous on
length scales as small as the limit of BAM.

3.3.3. Bulk Shear Rheometry

Shear rheology of pooled bovine meibomian lipids was measured using a stress-
controlled rheometer (TA Instruments, Model AR G2, New Castle, DE) with an 8-mm parallel
plate and a gap size of 250 um. Due to the small volume of an individual human-meibum sample
(of the order of 0.3 uL), shear rheology of pooled human meibomian lipids was measured with a
3-mm parallel plate and a gap size of 100 um. Samples were loaded at 23 °C. Both steady shear
rheology and oscillatory shear rheology were performed on every sample. For oscillatory
rheological measurements, a stress sweep was first performed to obtain the linear viscoelastic
region. Then the sample was heated at a constant rate of 1 °C/min while oscillating the upper
plate at 1 Hz and 0.1% strain, which is within the linear viscoelastic region for the sample.

3.3.4 Small-Angle X-ray Scattering (SAXS)

SAXS experiments were performed at the Stanford Synchrotron Radiation Lightsource
(SSRL) on beamline 1-4. Bovine-meibum samples were sandwiched between two Kapton
windows in a sample holder. A 2-D detector collected scattering intensity I(q) over 2-min
intervals for the combined sample and holder. Scattering of the empty sample holder with
Kapton windows was also recorded. Transmission of the holder and sample were measured to
normalize intensity and remove scattering volume dependence; an empty cell was subtracted as
the parasitic scattering. Background (diffuse) scattering was removed, and a function was fit to
the baseline and subtracted from the data, ensuring that the background was independent of the
scattering vector, q [A™], which for ordered structures is related to length scales in real space, d
[A], by the expression: ¢ = 2z/d. Scattering peaks were fit with Gaussian functions to determine
peak centers and widths. Scattering spectra of the samples were measured at temperature
increments of 3-4 °C between 26-45 °C. Samples were heated until the peaks disappeared;
therefore, not all samples were heated to 45 °C.

3.3.5 Wide-Angle X-ray Scattering (WAXS)

WAXS experiments were also performed at SSRL beamline 1-4. The technique was the
same as that for SAXS. However, the distance between the sample and the detector was shorter,
and, thus, diffraction maxima at larger angles were observed.

3.3.6 Polarized-Light Microscopy

Micrographs of bovine meibum were obtained with a polarized-light microscope
(Olympus BX51, Tokyo, Japan) attached to a color digital camera (Olympus C-5060, Tokyo,
Japan). A sample from a single animal was sandwiched between a glass slide and a cover slip,
placed on a temperature-controlled stage, and subjected to temperature cycling between 15 and
150 °C at a rate of 2 °C/min with still images (1024x768 pixels) captured every 30 s. Two
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polarizing filters were oriented 90° to each other: one between the light source and the sample,
and one between the sample and the camera. Birefringence due to anisotropic crystal structures
was evident in the visible bright areas of the images.

To quantify birefringence intensity, images were converted to grayscale, and the average
intensity, 1, of all image pixels (~8x10° pixels) was calculated. We define a relative intensity,
I/Imax Where Inax corresponds to the average pixel intensity of the brightest image. To ascertain
melting or crystallization transitions, we tracked I/lnax Versus temperature.

3.3.7 Differential Scanning Calorimetry

A TA Instruments (Model DSC Q20, New Castle, DE) differential scanning calorimeter
(DSC) was used to analyze phase transitions in bulk samples of bovine meibum. At temperatures
where phase transitions occur, latent heat is absorbed or released, resulting in a peak in heat
inflow or outflow at that temperature. Peak location and width reveal the temperature ranges for
a particular phase transition; integration of the peak gives the total latent heat released or
absorbed for a given phase transition. 5- to 10-mg individual and pooled samples of bovine
meibum taken from storage at -20 °C were hermetically sealed into aluminum TA-Tzero sample
pans (TA Instruments, New Castle, DE). Carefully sealed samples were then placed in the DSC
holder, and temperature was cycled between -30 and 200 °C at a rate of 2 °C/min for at least two
complete cycles. Peak areas were quantified with the TA Analysis software.

3.4 Results
3.4.1 Interfacial Shear Rheology

The change in bovine-meibum interfacial viscoelastic properties as the film was (a)
heated or (b) cooled is presented in Figure 3.1. G’ stands for the elastic modulus while G’ stands
for the viscous modulus. At 23 °C and a surface pressure of 24 mN/m, the film was quite elastic
(G > G’’) with high values, near 10 mN/m. As the film was heated, the interfacial moduli
decreased by almost three orders of magnitude. Between 29 and 31 °C, the interfacial elastic
modulus dropped most rapidly; the film became primarily viscous (G’ > G’) around 30 °C. At
35 °C, the interfacial viscous modulus was at the sensitivity limit for the ISR (0.02 mN/m). After
reaching 35 °C, the film was cooled back to 23 °C (Figure 3.1(b)). Over the temperature range,
35-31 °C, the film was viscous with no measureable elastic component. An interfacial elastic
modulus was discernible at 31 °C and rose very quickly between 31-29 °C. The film became
primarily elastic at 29 °C. Comparison between the two curves reveals a sharper transition when
the film is cooled; the film becomes rigid over a very narrow temperature range. Moreover, the
values of both the interfacial elastic and viscous moduli are higher at the base temperature (23
°C) after heating and then cooling.

3.4.2 Bulk Shear Rheology

The bulk viscoelastic properties obtained from oscillatory shear rheology of pooled
samples are presented in Figure 3.2 for bovine meibum and in Figure 3.3 for human meibum.
The elastic (G”) and viscous (G””) moduli are shown as functions of temperature. Temperature
sweeps from 25-40 °C and 40-25 °C were performed as presented in Figures 3.2(a) and 3.2(b)
for bovine meibum and in Figures 3.3(a) and 3.3(b) for human meibum. For the bovine meibum,
the major melt transition occurred between 29 and 35 °C. In that 6 °C temperature range, the
viscous and elastic moduli both decreased by three orders of magnitude during heating. Despite
the dramatic decrease in viscoelasticity, the fluid remains predominantly elastic (G’>G’).
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Figure 3.1: Interfacial moduli as a function of temperature for a representative bovine-
meibomian lipid film at a frequency of 1 Hz and a strain of 1.74 %. The film was initially
compressed to 24 mN/m at 23 °C, then the surface area was held constant as the film was heated
to 35 °C (a) and then cooled back to 23 °C (b). Filled symbols represent the elastic modulus, G’,
and open symbols represent the viscous modulus, G”’.
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Figure 3.2: Bulk moduli as a function of temperature for pooled bovine-meibomian lipid. The
sample was loaded at 25 °C and heated to 40 °C (a) and cooled back to 25 °C (b). Filled symbols
represent the elastic modulus, G’, and open symbols represent the viscous modulus, G”’.
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Figure 3.3: Bulk moduli as a function of temperature for pooled human-meibomian lipid. The
sample was loaded at 25 °C and heated to 40 °C (a) and cooled back to 25 °C (b). Filled symbols
represents the elastic modulus, G, and open symbols represent the viscous modulus, G’.

66



Comparison of the two curves reveals that the transition during cooling is sharper than that
during heating. Moreover, the temperature range in which the transition occurs, 32-36 °C, is
higher in the cooling process than in the heating process, 27-35 °C.

The human-meibum shear rheology in Figure 3.3 displays the same general behavior as
that for the bovine meibum. Here too, a phase transition is observed between 29 and 35 °C where
the viscous and elastic moduli both decrease by three orders of magnitude. The maximum
magnitude of the viscous and elastic moduli is lower than that of bovine meibum but within the
same order of magnitude.

Additional temperature sweeps for bovine meibum were performed from 25 to 150 °C
and back to 25 °C to reveal the temperature at which the fluid becomes purely viscous (the point
at which the elastic modulus cannot be detected). Results are presented in Figure 3.4. They show
that the fluid is mostly elastic even at very high temperatures. Only above 140 °C does the fluid
become more viscous than elastic. In human meibum, measurements were not performed at
temperatures higher than 40 °C due to the small sample size and the difficulty in obtaining signal
at high temperature.

The bulk viscosity of meibum as a function of shear rate at various temperatures is
presented on log-log scales in Figure 3.5 for bovine meibum and in Figure 3.6 for human
meibum. Measured bovine-meibum viscosity is very large, about 10° times more viscous than
water at 35 °C. It decreases with shear rate even up to 150 °C where the elastic modulus is
undetectable. Human-meibum shear viscosity likewise decreases with increasing shear rate.
Hence, human and bovine meibum are non-Newtonian even when the viscous modulus
dominates the elastic modulus.

3.4.3 Small-Angle X-ray Scattering (SAXS)

Small-angle x-ray-scattering spectra of bovine meibum were recorded for 10 individual-
animal samples at 5 temperatures between 27 and 40 °C. A representative diffraction pattern is
shown in Figure 3.7. Several peaks are detected at different scattering vectors, g. All samples
contained at least three lipid phases. Peak A, which has 1% and 2™ order peaks at q of
0.122+0.002 and 0.244+0.003 A™* (average * standard deviation of 10 samples), corresponds to a
lamellar packing of 51.24+0.54 A. Peak B, which has 1% and 2™ order peaks at q of 0.062+0.02
and 0.124+0.01 A™, corresponds to a lamellar packing of 101.6+0.78 A. The fact that we observe
two peaks with peak q ratios of 2:1 shows that the scattering originates from lamellar-ordered
phases. Peak C at q of 0.164+0.025 A™ corresponds to a packing of 40.27+0.51 A, and peak D at
q of 0.272+0.015 A corresponds to a packing of 23.1+0.46 A. Peaks A, B, and C were detected
in all 10 samples. Peak D was detected in 5 out of 10 samples. Phase A, corresponding to peak
A, is referred to as the majority crystallite phase, since its measured intensity is the largest. The
temperature dependence of each peak’s maximum intensity was extrapolated linearly to zero
intensity to reveal the melt temperature. The average melt temperature of the majority crystalline
phase (phase A) is 37.4 °C (Figure 3.8(a)). Phase B, with longer lamellar spacing, melted at a
lower temperature, 34.3 °C, than that of phase A (Figure 3.8(b)). The two other lamellar phases,
C and D, melted at 36.1 and 36.3 °C, respectively. Since peaks C and D melt at the same
temperature, we believe that they are from the same lamellar phase. In fact, the 5 samples in
which peak D did not appear had lower intensities than the other 5 samples. Since the intensity of
peak D is weaker than that of peak C, it is not detected when the total intensity from the sample
is weak.
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Figure 3.5: Bovine-meibum bulk viscosity as a function of shear rate for various temperatures.

69



Viscosity [Pa-s]

0.1 1 10
Shear rate [1/s]
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Figure 3.8: (a) Maximum intensity of peak A in Figure 3.7 as a function of temperature with
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linearly with temperature as the crystallites melt.

72



3.4.4 Wide-Angle X-ray Scattering (WAXS)

Wide-angle x-ray-scattering spectra were recorded for 5 individual-animal samples at 11
temperatures between 27 and 145 °C. As illustrated in Figure 3.9, two broad peaks were detected
in all samples. Peak E at q of 1.52+0.002 A™ corresponds to a lamellar packing of 4.13+0.03 A,
and peak F at q of 1.35+0.001 A™ corresponds to a lamellar packing of 4.64+0.02 A. With
increasing temperature, the phase represented by peak E melts into phase F, raising the intensity
of peak F until peak E completely disappears at 34.34+0.3 °C. Because the melt temperatures for
WAXS peak E and SAXS peak B in Figure 3.7 are the same, these peaks likely reflect the same
material. SAXS peak B corresponds to the lamellar spacing in phase B, whereas WAXS peak E
corresponds to the lateral spacing of the polar head groups in this crystalline phase. Due to
crystallite melting, Peak F slowly disappears between 36 and 145 °C. Even at 145 °C, however,
traces of peak F were detected. The width of peak F was much greater than that of peak E,
indicating that peak F represents a maximum intensity of the combined E and F peaks. The
temperature dependence of peak E and that of E and F combined is shown in Figure 3.10.

3.4.5 Polarized-Light Microscopy

Micrographs of bovine meibum viewed through cross-polarized light are comprised of
dark areas indicating isotropic fluid and bright areas corresponding to optically anisotropic
crystal structures. Figure 3.11 gives an I/lnax melting curve for a sample of bovine meibum,
where Inax corresponds to the average brightness of the image at 30 °C. As the temperature
increases at 2 °C/min from 30 °C, I/l decreases because anisotropic crystallites melt. By about
36 or 37 °C, almost all birefringent crystalline material has melted; I/« asymptotes with further
increases in temperature. Samples imaged at temperatures above 37 °C are essentially black with
almost no visible features. Upon further heating to 150 °C, no changes are seen in the cross-
polarized images.

3.4.6 Differential Scanning Calorimetry

We subjected bovine meibum to differential scanning calorimetry. Two of the meibum
samples were from individual animals, and the rest consisted of pooled meibum from multiple
animals. There was no qualitative difference between the two sets of samples. Figure 3.12 is a
typical heating/cooling scanning curve. Starting at -30 °C, the sample is slowly heated, and an
endothermic peak occurs at about 0 °C. A second broader peak appears between 20 and 35 °C
corresponding to melting of crystalline meibum, as seen in the SAXS spectra of Figure 3.7. Near
100 °C, several close endothermic peaks appear, followed by larger ones at 125 °C. Upon
cooling from 200 °C, no corresponding high-temperature exothermic peaks appear, but a
freezing transition is detected between 35 and 20 °C. Reheating of the sample from -30 to 200 °C
results only in the broad melting peak near 30 °C. The 0, 100, and 125 °C peaks all disappear
after the first heating cycle.

Some meibum samples were first dried in a desiccator for two days at ambient
temperature and then scanned as above. Results were similar to those in Figure 3.12 with the
notable absence of both the 0 °C and high-temperature peaks. Subsequently, meibum samples
were hydrated in the desiccating chamber at approximately 90 % relative humidity for four days.
DSC scans demonstrate the reappearance of the peaks at 0 and 100°C, but not that at 125 °C. If
we divide the area under the 0 and 100 °C peaks by the enthalpy of water freezing and
vaporization, respectively, the corresponding amount of water in the meibum samples is about 1
to 4 wt%.
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Figure 3.9: WAXS diffraction patterns of a representative bovine-meibomian lipid containing
crystalline structures. Scattering at multiple temperatures between 27 and 145°C is shown.
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3.5 Discussion

Much is known about the chemical composition of human meibum [2, 5-8, 10, 11, 16, 17,
21-24] By comparison, surprisingly little is known about the physical structure of the TFLL and
how that structure influences on-eye behavior. Most proposed structures are similar to the sketch
of McCulley and Shine [23, 25] shown in Figure 3.13. Here the more polar lipids orient
perpendicular to the water/lipid interface akin to surfactants at an oil/water interface. Less-polar
lipids organize into several lamellar layers with the least-polar hydrocarbons perpendicularly
oriented at the air/lipid interface. If we assume a typical length of 2.5 nm for a lipid molecule and
accept Figure 3.13 literally, the thickness of the lipid layer is less than about 10 nm. In contrast
to the accumulation of detailed information on the chemical composition of human meibum, the
basic lamellar structure suggested by Figure 3.13 remains [8, 26] (see, for example, Figure 1 of
the MGD report [8]). The one change in structure now made explicit is that proteins adsorb at the
lipid/water interface and possibly intercalate into the remaining lipid layers [2, 8, 27, 28]. A
recently proposed TFLL architecture better illustrates the duplex-film thickness of the film, but
does not address the physical structure of the lipids within that film [29]. Our proposed picture of
the human TFLL contrasts strongly [29] and also with that of McCulley and Shine [23, 25]
(Figure 3.13).

Early evidence of the lipid-layer thickness cited interference color patterns observed
under white light [30-36], which demands thicknesses near 100 nm. The more in-depth studies of
King-Smith et al. using in-situ interferometry suggest lipid-layer thicknesses between 20 and 160
nm [37]. Even at the smallest cited thickness of 20 nm, the lipid layer is not well represented by
a monolayer, but rather by 6 to 10 multilayers. At this thickness, the TFLL is best viewed as a
duplex film i.e., an oily layer that is thick enough to exhibit bulk properties with two distinct
interfaces [38, 39]. In this scenario, also suggested by Holly [40, 41], the tear-film lipid layer
consists of two separate interfaces: air/lipid and water/lipid separated by bulk liquid. A stack of
perpendicularly oriented lamellae extending across the entire film is an unlikely bulk structure as
it demands an almost a rigid solid [42]. Also, a lamellar-stack structure disagrees with the
discrete melting behavior found in our rheologic, scattering, and DSC experiments. As with most
duplex films spread at the air/water interface, breakup into nonuniform regions is likely for the
thinner lipid layers as has been observed both in vitro and in vivo for tear-film lipid layers [43,
44]. Lipid-layer breakup, however, is not anticipated in the thicker regions of the rising lipid
curtain during initial spreading.

To provide a more complete description of the TFLL, we explored interfacial and bulk
rheological and scattering properties of meibum. Because of sample availability, we focused
primarily, although not exclusively, on bovine meibum. In addition to compositional similarity
with human meibum [16], our experiments show that bovine meibum is both rheologically and
structurally similar to human meibum [14]. To within minimal differences, bovine meibum is a
useful physical model for human meibum.

Surprisingly few studies are available on the bulk rheology of human meibum. The
previous effort of Tiffany and Dart [12] was semi-quantitative and did not examine the roles of
shear rate or temperature. More recently, Yokoi et al. [45] analyzed the rise Kinetics of the
human lipid layer after a blink. Based on a simplified analysis, they concluded that the TFLL is
elastic and that it drags the underlying viscous tear film upwards as it spreads. Thus, the entire
tear film (i.e., tear film plus lipid layer) behaves as if viscoelastic. In our study, the bulk and
interfacial rheology are examined over a range of temperatures, oscillatory frequencies, and
shear rates. We find that bulk meibum is both viscous and elastic. At 35 °C, the shear viscosity
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of bovine and human meibum is about 10° larger than that of water and 10 times that of honey
[46]. Likewise, bulk meibum is strongly shear thinning even at temperatures up to 150 °C. The
large viscosity and dramatic shear thinning indicate that bulk meibum is structured and
inhomogeneous.

Bovine and human meibum are also highly elastic with elastic moduli even larger than
their viscous moduli. The viscous and elastic moduli of bovine and human meibum are around
10? to 10° Pa at 35 °C at 1 Hz, which is in between that of ketchup (~50 Pa) [47] and soft-
contact-lens materials (10° Pa) [48]. Oscillatory rheology shows that meibum remains primarily
elastic until 140 °C. This observation is further confirmation of fluid structure even at high
temperature. Both steady and oscillatory shear rheology demonstrate a dramatic decline in both
meibum viscosity and storage and loss moduli between 30 and 36 °C, suggesting the presence
and subsequent melting of crystalline material over that temperature range.

Interfacial rheological properties of the bovine- and human-meibomian lipids also show
that meibum is viscoelastic at room temperature. Similar to bulk meibum, the interfacial elastic
modulus below 30 °C is larger than the interfacial viscous modulus. The observed enhancement
of the elastic and viscous moduli at 23 °C after heating and cooling corresponds with the
observation by Mudgil and Millar [49], who reported that cooling enhances the surfactant
properties of meibomian lipids. Again similar to bulk meibum, there is a melting transition near
30 °C at which both interfacial moduli diminish dramatically. Thus, bulk and interfacial rheology
indicate that meibum is viscoelastic and that at ambient temperature crystalline material is
present that partially melts near eye temperature. Surprisingly, the fully melted material above 40
°C remains viscoelastic even to high temperature.

X-ray scattering from human and bovine meibum is consonant with the rheological
characterization. SAXS spectra demonstrate the presence of lamellar crystalline structures in
bulk meibum. One crystal population melts by 34 °C, two more by 36 °C, and the majority
crystalline phase by 37 °C. At bovine ocular-surface temperature [50] around 34 to 38 °C, as
many as three crystal populations are present. SAXS diffraction of bovine meibum differs only
slightly from that of humans [14]. Grazing-incidence x-ray diffraction (GIXD) measurements of
human meibum by Leiske et al. [51] show the presence of crystalline lamellar regions of lipid
even in films only several molecular layers thick spread over water. Based on the similarity
between the bulk structure of bovine and human meibum as demonstrated by SAXS and WAXS,
we expect multimolecular films of bovine meibum to be structured as well. It is apparent that
meibum is structured from a thick bulk-oil film down to films of several molecular layers in
thickness.

In addition to the lamellar crystals identified in SAXS as melting by 37 °C, scattering at
wide angles (WAXS) demonstrates a broad peak that persists up to 145 °C. The broad nature of
this peak indicates that although lipid molecules are ordered, the spacing of that ordering is not
conserved and there is a distribution of spacings. Such a distribution suggests that the lipids are
in a bulk disordered phase.

The birefringence shown in micrographs with polarized light indicates that the crystalline
material in bovine meibum is anisotropic. The birefringence disappears when samples are heated
past 37 °C, the same temperature at which the SAXS shows disappearance of the last crystalline
material. Thus, all structural evidence obtained in this work agrees that the crystalline material is
lamellar in structure. The absence of birefringence above 37°C is consistent with the WAXS
spectra indicating a disordered fluid phase.
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Thermal analysis of bovine meibum with DSC corroborates the results of SAXS, WAXS,
rheology, and light microscopy confirming phase transitions and their reversibility over the
temperature range of 20 to 35 °C. The transition region corresponds to the melting/crystallization
of the three ordered lamellar phases identified by x-ray scattering. The two thermal peaks
detected at 0 and 100 °C, their disappearance upon heating to 200 °C or upon desiccation, and
their reappearance upon water-vapor saturation strongly links them to absorbed water that melts
and then evaporates during heating. The significant amount of water detected rejects possible
sample contamination or adsorbed surface water. Because unstirred meibum reversibly absorbs
and desorbs water when in contact with humidified air, dispersed droplets are unlikely. More
likely, molecular domains of water may be present in the TFLL, but further research is needed to
determine the state of water within the TFLL. The complete loss of meibum elasticity observed
at 140 °C (see Figure 3.4a) is not detected in the DSC experiments, suggesting that it is not due
to a first-order phase transition. The thermal peak at 125 °C, which does not reappear after
heating or upon water-vapor saturation, apparently belongs to an unidentified, relatively low-
molecular-weight organic compound.

In Figure 3.14, we propose an alternative schematic of the TFLL based on the
experimental structural information gained here. The picture emerging from our study, and
illustrated in Figure 3.14, is that of a viscoelastic, shear-thinning duplex fluid film covering the
aqueous tear film that is thick enough to consist of two distinct interfaces: lipid/water and
lipid/air separated by intervening bulk liquid. In addition to a plethora of lipid chemical
molecules present, the TFLL also apparently contains protein [9, 10] and water (not shown in
Figure 3.14). At physiologic temperature, 34-35 °C, the bulk liquid is a suspension of lamellar
crystallites (gray shading in Figure 3.14) in a continuous fluid (orange shading in Figure 3.14)
and is highly viscoelastic and shear-thinning. The presence of lamellar crystals in both bulk
samples and thin films of meibum [14, 51] confirm that they are also present in the in-vivo tear
film. Asymmetric lamellar crystals added to oil mixtures in cosmetics and food emulsions are
well known to impart structure reflected in material texture [52-54]. In fact, many of the lipids
chemically identified in meibum, including polar lipids, wax esters, triglycerides, and fatty acids
are known oil structurants [54]. The lamellar solids in meibum are minority components, yet they
impart strong viscoelasticity. This result suggests that they are randomly oriented and highly
asymmetric (e.g., needle-like). We have no evidence to support the picture in Figure 3.13 of the
lipid layer as an ordered, stacked array of lamellar layers.

The solid lamellar particles (shown gray in Figure 3.14) are dispersed in a continuous
liquid phase (seen as orange in Figure 3.14) that exhibits short-range order at physiologic
temperature, but is overall disordered. We do not have definite evidence for the detailed
molecular structure of the suspending, continuous liquid phase. However, above 37 °C where all
crystallites melt, this fluid is viscoelastic and non-Newtonian, although less so than with the
crystalline particulates present. The different lamellar crystallites presented in Figure 3.14 refer
to the lamellar phases found in bovine meibum. However, due to the similarity between the bulk
structure of bovine and human meibum, the proposed model can describe the human TFLL with
slight changes in the spacing of the lamellae.

Since hydrocarbons are not surface active at an oil/air interface, no significant
segregation in either composition or molecular orientation is expected at the lipid/air interface of
the tear-film lipid layer. Conversely, amphiphilic surfactant-like molecules, such as
phospholipids, fatty acids, or omega-hydroxy acyl fatty acids, are expected to concentrate and
orient at the water/lipid interface of the TFLL. Within a few layers, the molecular-orienting
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effect of the lipid/water interface is lost. As indicated in Figure 3.14, aqueous protein can also
competitively adsorb at this interface and slowly unravel and irreversibly attach [55-58].
Penetration of aqueous protein into the bulk of the tear lipid layer [2, 26, 27, 59, 60] (see for
instance Figure 6 of [2]) appears unlikely as no favorable driving force is evident. Protein
observed in the chemical makeup of human meibum [9, 10] might arise as detritus from the
holocrine cells that produce meibum. However, protein within expelled meibum is likely to be
partially denatured and not enzymatically active [8].

The unique temperature dependence of the interfacial and bulk rheological properties of
meibum is important to on-eye behavior. In a healthy eye, a smaller viscosity at body
temperature facilitates expression from the glands and spreading of fresh lipid onto the tear-film
surface. The TFLL is likely comprised of both thick regions (~100-nm) and thinner regions away
from the spreading front, possibly down to several monolayers. Thus, both bulk and interfacial
rheology are pertinent. During spreading over the aqueous tear film, lipids cool, and their bulk
and interfacial elasticity increase. Increased elasticity may enhance the stability of the tear film,
protecting against rupture (i.e., formation of black spots). In the thinner regions of the lipid layer,
dewetting of the lipid film may occur resulting in lipid lenses interspersed in a monolayer or
several-layer-thick oily film at the air/tear interface [43, 44]. Lipid-layer breakup is detrimental
because tear evaporation through the resulting thin monolayer regions is likely enhanced
compared to that through the thicker regions of the lipid film. Cooling of the spreading lipid
layer greatly increases its viscoelasticity, protecting against lipid-layer dewetting.

There is, thus, a delicate balance between lipid fluidity and structure necessary to enable
uniform spreading over the tear film and also to resist dewetting of both the tear film and lipid
layer itself. Accordingly, small changes in meibum melt temperature could detrimentally
influence both lipid secretion and lipid-layer performance, raising important questions about the
connection between meibum chemical composition and lipid-layer mechanical behavior on eye,
especially for dry-eye and meibomian-gland-disease (MGD) subjects. Our proposed lipid-layer
structure in Figure 3.14 provides a new paradigm for understanding the human TFLL, but one
that requires additional experimental verification and amplification.
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Chapter 4

Evaporation Reduction by Duplex Films:
Application to the Human Tear Film

4.1 Abstract

Water-evaporation reduction by duplex-oil films is especially important to understanding
the physiology of the human tear film. Secreted lipids, called meibum, form a duplex film that
coats the aqueous tear film and purportedly reduces tear evaporation. Lipid-layer deficiency is
correlated with the occurrence of dry-eye disease; however, in-vitro experiments fail to show
water-evaporation reduction by tear-lipid duplex films. We review the available literature on
water-evaporation reduction by duplex-oil films and outline the theoretical underpinnings of
spreading and evaporation kinetics that govern behavior of these systems. A dissolution-
diffusion model unifies the data reported in the literature and identifies dewetting of duplex films
into lenses as a key challenge to obtaining significant evaporation reduction.

We develop an improved apparatus for measuring evaporation reduction by duplex-oil
films including simultaneous assessment of film coverage, stability, and temperature, all under
controlled external mass transfer. New data reported in this study fit into the larger body of work
conducted on water-evaporation reduction by duplex-oil films. Duplex-oil films of oxidized
mineral oil/mucin (MOx/BSM), human meibum (HM), and bovine meibum (BM) reduce water
evaporation by a dissolution-diffusion mechanism, as confirmed by agreement between
measurement and theory. The water permeability of oxidized-mineral-oil duplex films agrees
with those reported in the literature, after correction for the presence of mucin.

We find that duplex-oil films of bovine and human meibum at physiologic temperature
reduce water evaporation only 6-8 % for a 100-nm film thickness pertinent to the human tear
film.  Comparison to in-vivo human tear-evaporation measurements is inconclusive because
evaporation from a clean-water surface is not measured and because the mass-transfer resistance
is not characterized.

4.2 Introduction

Water evaporation is relevant to countless chemical and biochemical processes. It is a
nonequilibrium process whose driving force is the chemical-potential difference between liquid
water and water in a sub-saturated vapor environment. Evaporation rate depends on the
magnitudes of both the chemical-potential (i.e., concentration) driving force and transport
resistances between the water surface and the surrounding gas. Resistances arise from various
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mechanisms including: kinetic escape of water molecules to and from the interface, transport
through possible layers of immiscible molecules covering the water surface, and convective-
diffusion of water vapor through the surrounding gas. There is a rich history on evaporative
mass-transfer resistance afforded by insoluble monolayers spread at the air/water surface [1-3].
A lesser studied, but equally important, resistance is the that of liquid duplex-oil films O(100 nm
— 100 pum in thickness) spread over a water surface. Duplex films are defined as thick enough to
display bulk properties with two separate interfaces, but thin enough that the effects of gravity
are negligible [4-6].

There are two major applications of evaporation reduction by immiscible-liquid duplex
films and, correspondingly, two schools of research. Initial work explored alternatives for
surfactant monolayers in slowing evaporation from water reservoirs [5,7,8]. The goal was to
reduce water loss over that achieved with surfactant monolayers. Thicker oil films were
hypothesized to provide more resistance against evaporation and better structural integrity than
those of monolayers [5, 9]. Indeed, duplex-oil films with thicknesses on the order of tens of
micrometers reduced water evaporation more effectively than insoluble monolayers, but, in
practice, the effectiveness of the films was questionable. Heymann and Yoffe [5] successfully
established oil films that remained stable for months under laboratory conditions. With
environmental conditions, however, evaporation reduction was compromised by film breakup
(into lenses), fracture by wind and dust, and increased water temperature under a film-blanketed
surface [10, 11].

More recently, the increasing prevalence of human dry-eye disease [12] spurred study of
duplex-oil films in controlling the evaporation rate of water from the lipid-covered human tear
film [13, 14]. Water evaporation from the tear film plays a central role in dry eye, which affects
up to 30 % of the global population [15]. The human tear film is approximately 5 um thick [16].
Upon each blink, it coats the surface of the eye and, among other things, helps maintain proper
hydration of the ocular epithelial surface, presents a smooth refractive surface for vision, and
provides nutrients and cleansing [17]. The majority of the tear film is an aqueous solution
containing salts, proteins, and soluble mucins. At the outermost layer of the tear film resides a
lipid layer about 100-nm thick, composed of a complex mixture of lipids produced by the
meibomian glands embedded in the eyelids. In healthy individuals, blink-secreted lipid, i.e.,
meibum, spreads upward as a thin-film curtain over the aqueous layer [18, 19]. The lipid layer is
thought to function as a barrier against water evaporation from the underlying aqueous portion of
the tear film [20-22].

The current paradigm for dry eye holds that increased water evaporation from the tear
film through a defective lipid layer increases salinity of the remaining tear film [23-25]. Chronic
salty tear triggers an immune response that initiates a vicious cycle of ocular discomfort,
inflammation, and damage [12, 25-27]. Clinical observations indicate that dry-eye patients
exhibit less uniform tear-film lipid layers (TFLL), lower tear production, increased tear-
evaporation rates, and increased tear salinity compared to healthy individuals [12, 23, 24, 28-31].
Although clinical data suggest that the meibum film reduces tear evaporation considerably [20,
21, 32], in-vitro experiments with duplex films of tear lipid or similar lipids have so far failed to
confirm significant evaporation reduction [13, 14, 33]. Thus, elucidation of the role of the tear-
film duplex-lipid layer in water-evaporation reduction can provide both better understanding of
dry eye and aid development of care solutions for individuals with compromised lipid layers [34-
36].
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We first provide a detailed summary of the previous literature on water-evaporation
reduction by duplex-oil films. Next, background theory underlying duplex-film spreading and
stability is presented. A physically based theoretical model is then outlined to describe water
evaporation both from clean surfaces and through duplex-oil films. Importantly, the model
addresses the roles of the vapor-phase composition, mass transfer, heat transfer, and film
thickness and composition on evaporation rate. Following the theoretical section, an improved
method for measuring evaporation reduction is then presented that enables assessment of water-
surface temperature, continuous visualization of film coverage, and controlled vapor-phase mass-
transfer resistance. New in-vitro evaporation results with model films of oxidized mineral oil
and of bovine-meibomian lipid demonstrate significant reduction in evaporation by a dissolution-
diffusion mechanism for thicknesses ranging between 100 nm and 100 um. Finally, the
significance of these new results to human-tear evaporation and dry eye is discussed.

4.3 Background

Research in water-evaporation reduction by duplex-oil films arises primarily in two
different disciplines: physical chemists seeking mechanistic understanding for application to
water conservation and vision scientists researching the tear-film lipid layer (TFLL).
Motivation, methodology, and analyses are significantly different between the two approaches.
Our review is divided into these two categories.

4.3.1 Oil duplex films

In their study of water evaporation through surfactant monolayers, Sebba and Briscoe [7]
mention briefly evaporation reduction by duplex films of indicator oil. Indicator oil, first
described by Blodgett [37] and later used extensively [7, 8, 38-40], is a mineral oil heated to its
smoke point in the presence of oxygen. Oxidation products [41-43], such as fatty acids,
alcohols, ketones, and others, render the mineral oil spreadable on water [37]. Without
oxidation, mineral-oil films immediately form lenses at the air/water interface. Sebba and
Briscoe [7] found that although tightly packed monolayers of long-chain alcohols, such as
docosanol (C,y), reduce water evaporation by up to 99 %, duplex films of indicator oil evidence a
noticeably smaller effect. For duplex-oil films that exhibit colored interference patterns, likely
100 to 200-nm thick, evaporation was reduced by only 3 %. Even films thick enough to be
devoid of interference patterns, presumably on the order of microns, showed only a modest
reduction of 73 % despite being over 100 molecules thick. These early results, however, are far
from conclusive. Film thickness and surface temperature are unknown, spread-film areal
coverage and stability are not examined, and measurements report only evaporation reduction.
As described in 83.2.1, evaporation reduction depends on the experimental apparatus and on
environmental conditions; thus, quantitative comparison among experimenters is not possible.
Nevertheless, it is clear that the resistance to water evaporation mustered by a duplex-oil film is
not as significant as that expected based on the results of monomolecular films. Still, the
experiments of Sebba and Briscoe [7] marked the beginning of a decade of physical-chemistry
research into water-evaporation reduction by duplex films.

Also in 1940, Docking et al. [9] suggested that duplex-oil films can indeed reduce
evaporation by as much as compressed monolayers when they are carefully engineered to spread
and remain stable against lens formation.  Films consisting of high-molecular-weight
polymerized oils dissolved in mineral oil and 1-2 um in thickness reduced water evaporation by
50-60 % [9]. Additionally, 0.5-1 um films composed of oil originating from fractions of
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vertical-retort tar reduced evaporation by 99 %. Although few experimental details are given,
Docking et al. [9] noted the importance and difficulty of obtaining uniform, stable films to avoid
holes that compromise water-evaporation reduction.

Two years later, Heymann and Yoffe [5] studied the stability of duplex paraffin-oil films
containing dissolved “polymerized spreaders.” Their films consisted of non-spreading paraffin
oil mixed with various amphipathic molecules including carboxylic acids; stand oil; polymerized
oleic, ricinoleic, and linoleic acids; and distillation residue from eucalyptus oils. In addition to a
comprehensive explanation of oil-film spreading and stability on the water surface, these authors
report evaporation reduction by 5 and 10-um films of a stand oil/mineral oil mixture. For a 5-
pum film, evaporation reduction decreased from 80 to 60 % over the course of the experiment,
whereas that for a 10-um film remained relatively constant at 80 %. Measurements of the
equilibrium oil/water, water/air, and oil/air interfacial and surface tensions indicated that the
studied films have positive initial and negative equilibrium spreading coefficients. Thus, the
films were susceptible to dewetting (see §3.1.2), but the “rigidity” [5] of the additive-stabilized
films rendered them impervious to lens formation for as long as 18 months. As a result, the films
effectively reduced water evaporation over this time period. A physical explanation of “rigidity”
does not appear in the article. Apparently, exposure to oxygen causes the added spreaders to
polymerize over time [44].

Langmuir and Schaefer in 1943 [8] carefully investigated the role of surfactant
monolayers and duplex-oil films in evaporation reduction of water. Duplex-oil films of oxidized
turbine oil and Aroclor (a mixture of polychlorinated biphenyls) were spread over water at
thicknesses varying from 120 nm to 1 pum in what is now called a “Langmuir trough” with
moveable barriers. A desiccant-containing receiving chamber placed 2 mm above the air/water
surface absorbed the evaporated water vapor, and was weighed periodically to ascertain the
evaporation rate. Careful calibration of the instrument allowed estimation of the gas-phase mass-
transfer resistance, as well as the vapor concentration at the air/water and air/desiccant interfaces.
No mention was made of any difficulties in obtaining uniform stable films.

Langmuir and Schaefer were apparently the first to suggest that duplex-oil films impede
water evaporation by a diffusive mechanism. The resistance of a duplex-oil film to water
transport is Rg = L/DK, where L is the film thickness and Dk is the permeability of the oil film to
water, i.e., the product of the diffusion coefficient of water in oil, D, and the equilibrium partition
coefficient of water in oil, k. Thus, if water has no solubility in the spread oil film, evaporation
halts. The experiments of Langmuir and Schaefer [8] exhibited a linear dependence of measured
mass-transfer resistance on film thickness, supporting the proposed diffusive mechanism. Film
resistance approached zero as the film thickness approached zero, indicating no interfacial
resistance at either the water/oil or oil/air interfaces. By fitting their experimental data to theory,
Langmuir and Schaefer found permeabilities, Dk, of water in oxidized turbine oil and Aroclor of
2.1x107° and 3.9x107° cm?s, respectively. It is important to report film water permeability rather
than percentage evaporation reduction because Dk is a material property of the film. Conversely,
evaporation reduction depends on the specific measurement apparatus and on environmental
conditions (see §3.2.1) in addition to film thickness. Similar to Sebba and Briscoe [7], Langmuir
and Schaefer discovered that monolayers of tricosanoic acid (C,3) at a surface pressure of 55
mN/m exhibit a resistance of 62 s/cm, significantly higher than that of a duplex-oil film 1-um
thick, with a resistance of 5 s/cm. No explanation was offered for this seemingly
counterintuitive finding.
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In the same year, Powell [45] studied water evaporation through films of mineral oil,
vacuum oil, and a mineral oil oxidized during use in steel quenching (referred to as “AQ”).
Glass dishes containing evaporating water were placed in a wind tunnel at different air speeds
directed parallel to the evaporating surface. From the evaporation rate of pure water, the mass-
transfer boundary-layer thickness in the air was determined as a function of air speed. Most of
Powell’s work focused on relatively thick films between 2 and 25-mm thick that strictly lie
outside the realm of duplex films. A few thinner films, however, were studied between 280 nm
and 70 um. For films of AO and oxidized vacuum oil, Powell determined the water permeability
of both oils at 22 °C as 3x10™° cm?/s, similar to Langmuir’s results. At an air speed of 150 cm/s,
a 510-nm thick oil film reduced the water-evaporation rate by almost 90 %. Powell mentions
that thinner films are difficult to study because they break up into lenses or are blown to one side
of the dish. In agreement with the earlier studies of Rideal [2] and Langmuir and Langmuir [46],
increasing the air speed reduced the gas-phase mass-transport resistance resulting in greater
evaporation reduction. Thus, both oil-film and gas-phase resistances contribute to the overall
water-evaporation rate.

In 1948, Gilby and Heymann published a comprehensive study of evaporation reduction
by duplex-oil films including the effects of spreader molecules, film thickness, and gas-phase
resistance [47]. A battery of evaporation experiments was conducted with films of 2 wt%
polymerized spreader mixed with paraffin oil and deposited over a range of thicknesses from 1 to
100 um. Spreaders were similar to those of Heymann and Yoffe [5]: stand oil, eucalyptus
residue, polymerized oleic acid, and linseed oil. To explore the effects of the air environment on
evaporation reduction, the authors varied air speed, relative humidity, and ambient pressure. Air
flow was directed parallel to the evaporating surface in a laminar wind tunnel over the range 1.6
to 12.9 km/h. To investigate the role of humidity, water was also evaporated from dishes placed
in a sealed desiccator containing 96 % sulfuric acid. Additionally, the same desiccator with
sulfuric acid was evacuated to 15 mm Hg to eliminate most of the air. Apparently, Gilby and
Heymann [47] were the first to observe the films visually during evaporation. They reported
nonuniform films at thicknesses less than 10 um, exhibiting changing interference patterns.
Evaporation rates were reported as “relative evaporation resistance,” or Jo/Jg, where Jo is the
molar evaporation flux of water from a clean surface and Jg is the corresponding molar
evaporation flux of water through an oil film under the same nominal conditions. The authors
present a resistance-in-series theory for predicting evaporation rate including an interfacial
resistance to evaporation by a structured layer of spreader molecules at the water/oil interface.
As with previous theories, no evaporative cooling of the air/water surface was accounted for,
which greatly simplifies the expression for Jo/Jg.  Unfortunately, the assumption of isothermal
evaporation is not accurate.

Gilby and Heymann [47] demonstrated significant evaporation resistance for duplex-oil
films containing several different polymerized spreaders under various gas-phase conditions.
Reduction of the gas-phase mass-transfer resistance by increasing wind velocity or by applying
vacuum increased evaporation reduction. A 5-um film of eucalyptus oil in paraffin oil reduced
water evaporation by 79 % in still air, but by 97 % under a 12.9-km/h wind. For all film
thicknesses, flow conditions, and air environments, the magnitude of evaporation reduction
depended on the spreader molecule chosen. For films containing 2 wt% spreader, the spreaders
listed in the order from most-to-least effective at reducing evaporation were: eucalyptus oil >
stand oil > polymerized oleic acid > linseed oil. That evaporation reduction depends on the
chemical nature of the spreader supports the authors’ claim that the studied spreader molecules
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form resistive interfacial films at the water/oil interface. As further proof of this assertion, Gilby
and Heymann [47] cite earlier experiments [5] in which after the duplex-oil films retracted into
lenses, a visible semi-solid “skin” remained between the lenses that still reduced evaporation
substantially. Unfortunately, Gilby and Heymann report only relative humidity and ambient
temperature for two experiments, and apparently never measure the water-surface temperature.
Because they report only Jo/Jg, calculation of the film and air resistances is not possible, and
guantitative comparison to their data is compromised.

Interest in duplex-oil films as evaporation-reducing agents subsided significantly after the
1940s. To our knowledge, only one more paper appeared in the literature. In 1965, Fox [48]
reported improved evaporation reduction over the traditional oil-surfactant duplex films by
adding wax particles to the oil film. Details of the type of oils, surfactants, and waxes were not
included other than that the oil and wax were petroleum based. Temperature or air flow was not
listed. According to Fox, films of the oil/wax/surfactant system spread at approximately 1- and
10-um thickness reduced water evaporation by 46 and 98 %, respectively, for as long as 20 days.
A comparable oil-surfactant system without wax particles reduced evaporation by 25 and 82 % at
approximately 1- and 10-um thickness, respectively.

Understanding of water-evaporation reduction by duplex-oil films remains opaque. Only
two studies report the relative humidity and ambient temperature. No study measures the
water/air surface temperature, which controls the interface vapor pressure and, hence, the
evaporation rate. Calculation of the oil-film and air resistances, therefore, is not possible.
Except for Langmuir and Schaefer [8] and Powell [45], all investigations give values only for the
evaporation ratio Jg/Jo. Accordingly, quantitative comparison among the various studies is also
not possible. We re-emphasize the importance of reporting material properties of the coating oil
film (i.e., Dk) in addition to evaporation reduction. To achieve this task, temperatures of the
water/oil and oil/air interfaces must be known.

4.3.2 Lipid duplex films

In the 1960s, vision-science researchers initiated studies of the 100-nm lipid layer, i.e.,
meibum, spread over the human tear film upon each blink. The goal was to understand the
physiologic role that meibum plays in the anterior eye [19, 21, 33, 40, 49]. The lipid layer, a
complex viscous mixture of long-chain wax and cholesteryl esters, diesters, triglycerides, and
polar lipids with currently over 100 different identified species [50-58], was assumed to reduce
tear evaporation significantly [21, 22, 32]. As research began to link increased tear evaporation
with dry-eye symptoms [28, 59-67], studies sought to understand how the lipid layer reduces tear
evaporation. Lowering tear-evaporation rate, thereby maintaining a thicker tear film, might
mitigate dry eye.

Mishima and Maurice [21] and later Iwata et al. [32] performed in-vivo studies on rabbit
eyes verifying that the lipid layer reduces tear-evaporation rate. Mishima and Maurice indirectly
measured evaporation by filling the anterior chamber of the rabbit eye with paraffin oil and
measuring corneal thinning using pachymetry. By assuming that water lost from the cornea was
due only to evaporation, they measured the thinning rates before after the meibomian glands had
been cauterized and the ocular surface washed. After this treatment, the corneal thinning rate
was about 15 times greater. Following corneal wash, the authors smeared previously collected
rabbit meibomian secretion over the cornea and closed the eye. Upon opening the eye, the lipid
layer re-formed and corneal thinning subsided. Thinning rates were not reported, but apparently
the lipid layer reduced evaporation by a factor of 10 to 20. It remains unclear whether the lipid
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layer reformed over an intact tear film or directly over the corneal surface. The study leaves
many questions unanswered, but qualitatively validates evaporation reduction by the lipid layer.

Later, lwata et al. [32] affixed a plastic chamber to the cornea of an anesthetized rabbit
before and after the lipid layer was removed. In an effort to be quantitative, evaporation rates
from the tear film into dry air flowing through the chamber were measured by weighing the
amount of moisture extracted from the effluent air by anhydrous CaCl,. Citing Langmuir and
Schaefer’s work [8], Iwata et al. [32] reported mass-transfer resistance in addition to evaporation
reduction. By comparing evaporation rates measured with and without the lipid layer present,
Iwata et al. attributed a mass-transfer resistance of 13 s/cm to the rabbit lipid layer,
corresponding to 75 % evaporation reduction in their apparatus. If we assume a lipid-film
thickness of 100 nm, this translates into a water permeability in rabbit lipid of 10 cm?s, which
is an order of magnitude smaller than that observed for the most impermeable mineral-oil films
reported by Langmuir and Schaefer [8]. However, in-vivo experimental conditions are difficult
to control precisely. To remove the lipid layer, the entire tear film was rinsed with physiologic
saline solution, and the cornea was wiped clean with tissue. The rabbit was prevented from
blinking, so the thickness and constitution of the lipid-less tear film are likely not those of the
native tear film. Additionally, the air-flow rate through the chamber during lipid-less tear
evaporation was significantly less than that with the lipid-layer present. Consequently,
guantitative reliability of the reported evaporation rates is suspect.

Brown and Dervichian [33] were apparently the first to measure evaporation reduction by
human-meibum films in vitro. Their experiments were mostly qualitative with few experimental
parameters controlled. Human meibum was spread over aqueous saline warmed to 35-40 °C in
glass beakers; water mass loss was followed over time. No difference was detected in the
evaporation rates among saline-filled beakers with and without spread meibum films, even
compared to water in beakers placed in a desiccator. Since the authors placed meibum on the
water/air surface until lenses appeared, the film thickness was unknown and nonuniform.
Additionally, gas-phase resistance was not ascertained. As a result, the experiments of Brown
and Dervichian [33] are inconclusive.

Despite a growing understanding of the role of TFLL in dry-eye disease, subsequent
decades focused only on in-vivo evaporation rates [20, 28, 59-73]. Tomlinson et al. [70] recently
reviewed essentially all published studies reporting evaporation rates from human healthy and
dry eyes. In-vivo tear evaporation is typically measured by one of three methods. Commonly, a
sealed goggle is placed over the eye, and the humidity increase of stagnant air in the goggle is
measured [63, 72]. A second goggle method measures the humidity gradient between two points
near the ocular surface in uncontrolled flow conditions [71]. A few goggle experiments operate
under forced-flow conditions [60, 73]. Regardless of the method employed, it is impossible to
remove and reconstitute the lipid layer; thus, only comparative evaporation rates are available.
Although qualitatively useful for developing correlations between lipid-layer appearance and
evaporation rate [20], available in-vivo studies are not quantitative. Tear-surface temperature,
lipid-layer thickness and coverage, and vapor-phase mass-transfer dynamics are all unknown and
can vary significantly among people and between studies.

No fundamental in-vitro evaporation-reduction studies appeared until 2009, driven
primarily by the desire to produce a palliative for dry-eye sufferers. In early 2009, Borchman et
al. [13] investigated the possible role of tear-film components on water evaporation determined
by mass lost over time. Water evaporated at 25 °C and 40 % relative humidity for most
experiments. The surface temperature of the water, which is assuredly cooler than 25 °C, was
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not reported. Although numerous proteins, salts, and mucins were mixed with the water to form
artificial tear, only those solutions covered by a mimic lipid film showed any effect on
evaporation. A 1:1 mixture of palmityl oleate and n-tetradecane served as the artificial lipid
layer. Evaporation reduction was minimal: an 85-um lipid film reduced evaporation by only 27
%. Duplex-oil films of palmityl oleate and tetradecane (1:1 vol:vol) have not been previously
probed, but available data suggest duplex films this thick should reduce evaporation more
drastically [5, 8, 45, 47]. In our experience, stearyl-oleate films mixed with mineral oil initially
spread, but rapidly break up into lenses. Unfortunately, no visual examination was performed on
the duplex films of Borchman et al. during evaporative loss. As Borchman et al. note, their films
were not uniform during evaporation, resulting in unreliable data.

Later that same year, Herok et al. [14] investigated the role of human meibum and
meibum mimics in water-evaporation reduction. Meibum was collected from humans, rabbits,
and bovines. Mixtures of dipalmitoyl phosphatidylcholine (DPPC) and cholesterol in varying
ratios served as meibum mimics. Evaporation was measured gravimetrically by TGA in a
ceramic crucible containing water covered by lipid spread from hexane. Air temperature was
controlled, and air flow was directed upward around the crucible. Relative humidity was not
measured. For human meibum, evaporation reduction increased monotonically from 0 to 7 % as
the film thickness increased from 26 nm to 4 um. Results for rabbit- and bovine-meibum films
were nearly identical to those of human-meibum films over the same range of film thickness.
Similar to Brown and Dervichian [33], meibum layers did not reduce evaporation significantly,
even for thick duplex films. As with Brown and Dervichian [33] and Borchman et al. [13],
however, no visual examination of the lipid layer during water evaporation was pursued, and no
information on water-surface temperature was given.

With the small crucible utilized by Herok et al., water temperature should be close to
ambient. From the evaporation rate reported for a clean water surface and an estimated 30 %
relative humidity, we calculate a gas-phase mass-transfer coefficient, ky, of 0.04 cm/s. As
discussed later (84), this means that the gas-phase resistance is much larger than the resistance of
the lipid film and likely sets the evaporation rate independent of lipid-film presence. Thus, in
addition to likely film dewetting into lenses, the reported evaporation rates are controlled by gas-
phase resistances and appear of limited applicability.

Vision scientists have also investigated in-vitro evaporation through monolayers of lipid
molecules [74, 75] even though the human lipid layer is a duplex film near 100-nm thick, well
above the thickness of a monolayer [16, 19, 49, 76-81]. Miano et al. [74] found that monolayers
of bovine meibum, dipalmitoyl phosphatidylcholine (DPPC), and cholesteryl palmitate spread at
surface pressures of ~30 mN/m reduced water evaporation from a pendant drop by 30, 10, and 2
%, respectively. Recently, Rantamaki et al. [75] measured evaporation reduction by monolayers
of phosphatidylcholine (PC), behenyl alcohol, and behenyl oleate. Although PC had no effect on
water evaporation, behenyl alcohol and behenyl oleate monolayers reduced evaporation by 45
and 23 %, respectively. Applicability of these results to the human tear film is limited to
possible monolayers present in dewetted areas of the tear-film lipid layer. Whether or not the
tear-film lipid layer dewets in healthy subjects is unknown [82].

Lack of in-vitro corroboration for water-evaporation reduction by duplex meibum films is
surprising. Although meibum is more polar than surfactant-mineral oil systems, meibum is 3-4
orders of magnitude more viscous [83, 84]. Thus, we expect reduced diffusivity of water
dissolved in meibum, and hence, reduced evaporation rates, especially for thick meibum films.
A rigorous set of in-vitro experiments similar to those conducted on petroleum-based duplex
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films is requisite. To design a reliable, quantitative experiment requires, first, that the duplex
lipid films spread and remain stable over the air/water interface during the period of evaporation.

4.4 Duplex films

A primary challenge for reducing water evaporation with duplex-oil films is achieving a
uniform-thickness film that remains stable long enough to affect evaporation rates. The oil layer
must initially spread over the aqueous surface into a uniform-thickness duplex film and must
resist dewetting over a timescale relevant to evaporation measurement. For large water
reservoirs, this timescale may be weeks to months. On the eye, it is seconds since the tear film
reforms after each blink. In most laboratory experiments, the oil film must last minutes to hours.
Unfortunately, duplex-oil films are unstable and dewet, often rapidly. Therefore, understanding
oil-film spreading and dewetting is necessary to engineer duplex films for possible evaporation
reduction.

4.4.1 Spreading

Detailed discussions of the thermodynamic theory of spreading (i.e., Spontaneous
formation of a thin, immiscible, and uniform layer) date back to the early 1900s [4, 5, 85]. We
briefly summarize those findings. Consider a macroscopic oil lens initially at the water/air
interface as shown in Figure 4.1A. The Helmholtz free energy change, AF, for a completely
immiscible lens to relax at fixed temperature and lens volume into a slightly more elongated
shape illustrated in Figure 4.1B is

AF = yWAA\Na + yoAAoa + 7/0WAAOW (1)
where yw, Yo, and yoy are the water/air, oil/air, and oil/water surface and interfacial tensions,
respectively, and AAwa, AAca, and AA,y are the respective changes in the water/air, oil/air, and
oil/water interfacial areas. For a thin lens with a small lens angle, we approximate that the area
changes as AAwa = AAoa = AAgw = AA. Consequently, in the limit as AA — 0, the differential
free-energy change is

_dF/dA:yw_yo_j/OWES (2)
where S is defined as the spreading coefficient. If the free energy decreases as the lens
elongates, then S > 0, and the lens spreads. Conversely, if the free energy increases as the lens
expands, S < 0, and the oil remains as a lens. Importantly, the interfacial tensions change with
time when the oil and water phases are not pre-equilibrated. To reflect this change, initial and
final (equilibrium) spreading coefficients, Sp and S, are distinguished. Whereas the initial
spreading coefficient, Sp, may be negative or positive, a large body of experiment and theory
shows that the equilibrium spreading coefficient must be less than or equal to zero for any
immiscible liquid droplet deposited on water [4, 86, 87]. Fortunately, a positive initial spreading
coefficient is often enough to form initially a duplex-oil film.

For pure aliphatic hydrocarbons of molecular weight larger than that of octane, the initial
spreading coefficient is negative [88]. Consequently, mineral oils and long-chain hydrocarbons
that are typically used as duplex-oil films in evaporation studies do not spread on water, even
initially. To obtain a duplex film from these oils, Sp must be rendered positive. One way to
increase Sp is to dissolve the oil into a volatile solvent with a positive initial spreading
coefficient. A thin oil layer is left behind after spreading and solvent evaporation.
Unfortunately, the final deposited layer is rarely uniform, unless the oil itself has a positive
initial spreading coefficient.
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(A)

(B)

Figure 4.1: Schematic of an oil lens spreading at the water/air interface. The directions of the
oil (yo) and water (yw) surface tensions and the oil/water interfacial tension (yow) are shown in
(A). Between (A) and (B), the lens elongates during outward relaxation, as indicated by the
horizontal arrows.
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To induce spreading, small amounts of oil-soluble surfactants, such as fatty acids or fatty
alcohols, are dissolved into the oil. Heymann and Yoffe [5] refer to these additives as
“spreaders.”  Water-soluble surfactants are ineffective in this role because they partition
predominately into the water phase and lower vy, Which makes S more negative. Oil-soluble
spreaders, however, lower the water/oil tension and the oil/air tension, thereby raising the
spreading coefficient. With the appropriate amount of oil-soluble spreader, the initial spreading
coefficient is positive, and the oil initially spreads as a duplex film. Unfortunately, spreader
molecules soon escape from the spreading oil to adsorb at the water/air interface of the
expanding triple line [4, 5]; the water/air surface tension falls. A building water/air surface
pressure slows, and eventually stops, the spreading oil film. At equilibrium, spreader molecules
partition between the bulk oil and the oil/water, oil/air, and water/air interfaces such that the
tension at all interfaces declines. As mentioned previously, for all pure and spreader-containing
liquids measured, the equilibrium spreading coefficient is negative. Accordingly, the initially
spread oil film subsequently dewets.

4.4.2 Dewetting

Dewetting at the fluid/fluid interface is a kinetic process by which an initially spread,
immiscible liquid film rearranges into lenses. An equilibrated duplex-oil film must dewet (i.e.,
S»< 0). The first kinetic step in dewetting is the formation of holes in the film [89, 90]. Once a
hole forms, it expands, and others form to collapse the film into rivulets that eventually gather
into lenses [89]. We follow Sharma and Ruckenstein [91] to predict the stability of duplex-oil
films against hole formation.

Consider a duplex-oil film of initial uniform thickness L, on water as shown in Figure
4.2A. If a hole of radius ro forms and ruptures the film, then the oil film takes the shape
illustrated in Figure 4.2B with thickness L. For holes of radius much smaller than the overall
dimension of the film, the change in film thickness is negligible and L ~ Lo. The change in free
energy corresponding to formation of a hole is then [91, 92]

1~
AF =F e = Fhim = [EPQLS + SJAH +70(AH +A - AH1)+ 7OW(AH + A, - AHZ) 3)

where p=p,(1-p,/p.), po and py are oil and water densities [kg/m°], g is the gravitational

acceleration constant [m/s?], A, =t} is the area of the hole at the air/water interface, A; and A,
are the areas of the oil/air and oil/water surfaces from r = ro to r = r; and r = ry, respectively,
A, =, and A,, =7ar/. Hole radii r; and r, at the oil/air and oil/water interfaces are labeled

in Figure 4.2B. Evaluation of AF requires the interface profile, r(z), as described by Equation
A.7 in Appendix 4A. Equation 3 accounts for changes in gravitational-potential energy and
surface energy, i.e., S. Strictly, duplex-oil films are thin enough for gravity to be negligible.
Gravity is included here for completeness. AF decreases when S is negative because hole
formation becomes favorable by exposing a low-energy water/air interface. Favorable hole
formation is counteracted by an increase in free energy due to creation of high-energy oil/air and
oil/water interfaces around the hole rim, as well as due to increasing the overall height of the
duplex-oil film. Above a critical film thickness, L;, AF > 0, and hole formation is unfavorable.
With r(z) specified by Equation A.7, evaluation of Equation 3 at AF = 0 gives the critical
thickness L. as

L =0 (7701 Yo 9) 4)
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(A)

air

(B)

air Yo

Figure 4.2: Schematic of a duplex-oil film (gravity free) of initial thickness Lo with S < 0 resting
on a water substrate of depth d before and d+I' after hole formation. Hole formation exposes
water/air surface of area Ay at the expense of oil/air and oil/water surface area, A; and A,.

Drawing is not to scale.
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where the function f is calculated in Appendix 4A, and takes on values between 0.1-1 for the
range of typical surface energies. The critical film thickness, L., is directly proportional to the
hole radius, ro; therefore, a film of initial thickness Ly is unstable to holes of radius rq larger than
Lo/f and stable to smaller holes. For a duplex-oil film initially covering a water/air area of radius
ra, the largest possible hole radius ro = ra. Thus, any film of initial thickness Ly < raf is unstable
to hole formation and rupture. Conversely, no holes may form in duplex-oil films of thickness Ly
> raf, guaranteeing the stability of thick films. For example, the exposed area of the eye has a
radius, ra ~ 5 mm; hence, any oily duplex film covering this area and thinner than about 2.5 mm
is unstable to rupture into lenses. Since the tear-film lipid layer on the eye is ~100-nm thick, it is
unstable to holes of ro > 200 nm. Hole formation is documented both in the in-vivo tear-film
lipid layer (TFLL) [82] and in model films of oxidized mineral oil [89]. Measured holes in a
TFLL about 50-nm thick were ~1-2 um in radius [82]; those in a 100-nm thick mineral-oil film
were ~100 pm in radius [89]. Such hole radii are consistent with Equation 3 since film
thicknesses are well below the critical thickness.

For large holes of radii near 1 cm, the critical film thickness is large enough for the
gravitational energy and the spreading coefficient to dominate Equation 3. In this limit, we
recover the expression for critical thickness given by Brochard-Wyart et al. [90],

L, =(-2S/pg)'? that ignores the contribution of curvature near the three-phase contact line

towards creating high-energy surface area.

Since duplex-film dewetting of a nonvolatile oil appears inevitable, the best scenario is to
slow the process. An understanding of the physics underlying dewetting dynamics is, therefore,
necessary. Considerable information is available on dewetting of thin liquid films on solid
substrates [93]. Unfortunately, the dynamics of dewetting on liquid substrates has attracted far
less attention [90, 92, 94]. The physics is similar, except that substrate hydrodynamics can be
important.  Liquid/liquid dewetting has four stages: initial rupture, hole growth, hole
coalescence, and retraction into lenses. The ability of a duplex-oil film to reduce water
evaporation is already compromised during the first stages of dewetting when holes begin to
form and expand. Attractive Hamaker forces between the oil/air and oil/water interfaces
destabilize the thinnest duplex films nearing 100 nm in thickness [90], whereas thicker duplex-
oil films apparently destabilize due to contamination by foreign particles such as dust [5]. Once
holes form, they expand at a rate that depends on the interfacial tensions and the substrate and
film viscosities [90]. The more negative is the spreading coefficient and the less viscous are the
fluids, the faster the film dewets. To slow dewetting, spreadable and viscous films must be
engineered. Accordingly, Heymann and Yoffe [5] used polymerized spreaders that lowered the
final spreading coefficient and increased the film viscosity. In fact, the chosen spreaders
apparently solidified over time, allowing films to resist dewetting for months [5]. We consider
next water evaporation through duplex-oil films.

4.5 Water evaporation

Evaporation of water is not a simple process. In addition to molecular properties, it
depends on water-concentration profiles both in the liquid and in the surrounding vapor.
Therefore, evaporation rate depends on system geometry and convective heat and mass transfer
in the liquid and vapor phases. Evaporation through a duplex-oil or lipid film is more involved.
We consider steady-state water evaporation from a quiescent, locally flat substrate into humid air
with known airflow, first for a clean-water surface, and then for a water surface covered with an
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oily film of uniform thickness. The resulting analysis predicts the evaporation rate through
duplex-oil films. If appropriate temperatures and humidities are measured in addition to the
evaporation rate, the model equations provide the desired water permeability of the oily film, Dk.

4.5.1 Pure water
Escape of water molecules from a clean surface into pure water vapor occurs via
molecular kinetics. Gas-kinetic theory of Hertz and Knudsen (HK) [95, 96] describes the

evaporative flux as
1/2
1 P2(T,) P }
J =Qq w S - W (5)
“ {ZﬂMRJ { T2 TR

where J is the molecular-kinetic evaporative flux [mol/m%s], M is the molar mass of water
[g/mol], Ry is the universal gas constant, Ts and T., are the temperatures [K] of the liquid surface
and gas far away from the surface, respectively, P*(T,) is the vapor pressure of water in

equilibrium with the water surface at Ts, and Py, is the partial pressure of water vapor in the bulk
gas phase. The first term in the brackets on the right of Equation 5 corresponds to evaporation
and the second term to condensation. a is an evaporation (or condensation) coefficient indicating
that only a fraction of the molecules colliding with the interface evaporate (or condense) and is
usually adjusted to give agreement between experiment and theory [97]. Extensions of HK
theory account for differences between evaporation and condensation coefficients and for non-
equilibrium velocity distributions [98, 99]. When experiments are carefully controlled under
vacuum conditions, the evaporation coefficient approaches unity [3, 98, 100, 101].

Upon expressing the vapor partial pressure as concentration by the ideal gas law, HK
theory simplifies to

R |2
Jy = a[ 27Z|i/| ] [Cvsvat (T )TSM _C\SooTi/Z] (6)

where C* is the molar water-vapor concentration in equilibrium with the liquid phase at Ts and
CS is the molar concentration of water in the vapor phase far from the interface at temperature

T.. If liquid water is in contact with only its own vapor, then the evaporative flux is well-
described by Equation 6 [3, 98, 100, 101].

In practice, however, evaporation rates are almost always measured at atmospheric
conditions instead of under vacuum. When an evaporating water surface is exposed to air, water
molecules must not only escape the surface but also must transport through the air molecules by
convective-diffusion as illustrated by the concentration profile in Figure 4.3. Convective-
diffusion in the air substantially hinders the evaporation rate. Over the distance A, where A is
about the mean-free path of molecules escaping from the water/air surface shown in Figure 4.3,
water molecules vacate the surface at the rate Jx from Equation 6. The surface temperature, Ts
corresponds to an average over this distance. Beyond the interfacial zone (z > 1), collisions with
air molecules demand that water vapor travels by convection or diffusion through the air.
Without special precautions to eliminate environmental air currents and temperature gradients, it
is difficult to evaporate by molecular diffusion alone. Hence, convective-diffusion must be
accounted for.
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Figure 4.3: Schematic water-concentration profile across a liquid/gas interface during
evaporation. There is a discontinuity in concentration at z = 0 corresponding to the change in
density from liquid to vapor. Within the interfacial region of thickness A, molecules escape at
the kinetic rate. However, to evaporate into the environment, they must convect and diffuse

through the air subject to the air flow (z > 1).
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Convective-diffusion mass-transfer flux follows a form analogous to Newton’s law of
cooling [102, 103]: J. = knAC where kq, is the mass-transfer coefficient of water in the gas phase
[m/s] and AC is concentration difference driving the evaporative flux

3. =kn(C2 -ci) (7)
where cS and C¢® are the water-vapor concentrations [mol/m®] at z = A and in the

environment far from the surface, respectively. When there is gas-phase resistance to water
transport, HK theory becomes

R T 1/2
S
Jk=a(zszj SHUSEH ®
where Ts is the water temperature at the water/air interface. Equation 8 specifies the rate at which
water molecules in the interfacial region escape the surface. Molecules in the surface region are
presumed to remain in thermal equilibrium. At steady state, no mass accumulates at the z = A
plane. Accordingly, the two fluxes in series Jx and J;, are equal, giving the overall evaporative
flux of water, J as

sat G
J = Jk — ‘]C — [CW (TS) CW:}J(Too):I (9)
R, +R,
Thus, J is proportional to the overall concentration driving force between the vapor at the water

surface and that in the bulk air, and inversely proportional to the series resistances of molecular-
Kinetic escape, Rx and convective-diffusion, Ry, defined from Equations 7 and 8, respectively, as

1( 2M e
R =— 10
“ a(RgTS] (10)
and
R, =1/k,, (11)

The molecular-kinetic resistance for water evaporation is calculated to be ~10™* s/cm from 20-37
°C. The convective mass-transfer resistance depends on the type and magnitude of airflow at the
water surface. Expressions for mass-transfer coefficients are well documented for a variety of
geometries and gas flows both parallel and perpendicular to the surface [102-105]. The water-
vapor mass-transfer coefficient, ky, typically ranges from roughly 0.5-10 cm/s for air flow both
parallel and perpendicular to a flat plate over flow velocities from 0.1 to 10 m/s (Re ~ 300 to
3000). Thus, the practical range of the mass-transfer resistance is approximately R, ~ 0.1-2
s/lcm. Even at the highest value of the mass-transfer coefficient, the ratio of R/Ry ~10°. In
completely diffusion-controlled evaporation (i.e., zero air flow), the mass-transfer resistance is
even higher than that for convective-controlled mass transfer. Therefore, for most all foreseeable
experimental conditions in air, water evaporation is gas-phase mass-transfer controlled. The
resistance to kinetic escape from the surface is minimal. Only in a vacuum that eliminates air
does the mass-transfer resistance disappear allowing water to evaporate at rates predicted by
molecular kinetics [1, 2, 100]. One important exception is evaporation from micrometer-sized or
smaller droplets. When the drop radius approaches the mean-free path of molecules in the gas,
the kinetic resistance dominates because there is effectively a vacuous shell encompassing the
sphere [106, 107]. Consequently, we neglect the molecular-kinetic resistance of the water
surface in subsequent discussion.
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4.5.2 Duplex-film covered water
4.5.2a Mass conservation

When the water surface is covered by an immiscible duplex-oil film, additional series
resistances appear; Equation 9 requires modification. We adopt a one-dimensional mass- and
heat-transfer model. Corresponding schematics of water-concentration and temperature profiles
are shown in Figure 4.4. The duplex-oil film, of thickness L, is bounded by two interfaces:
water/oil and oil/air, with bulk oil in between. Following Langmuir and Schaefer [8], we assume
a dissolution-diffusion mechanism to describe water transport through the duplex-oil film. That
is, water first dissolves into the oil and then diffuses through the duplex film. Upon neglect of
interfacial resistances, Fick’s law describes the steady mass flux of water through the oil film:

3. = 2lelma-ci )] 12

where Jg is the molar water flux [mol/m?s], D is the diffusion coefficient of water in the oil
[m?/s], L is the thickness of the oil film [m], and C|, and C!_ are water concentrations [mol/m?]

w0
in the oil film at the water/oil and oil/air interfaces at temperatures T, and Toa, respectively. In
most cases, gas-phase convection is present. The molar flux of water vapor through the air then
follows as

‘]c = km[ ﬁL (Toa) _Cv(\?oo (Too)] (13)
where J; is the molar flux [mol/m%s] of water vapor through the air, ky is the mass-transfer
coefficient of water vapor in air [m/s], and CS_ and CS  are the water-vapor concentrations at
the oil/air interface and in the environment far from the interface, respectively.

At steady state, the water flux through the bulk oil film and that that through the air are
equal. Further, we invoke local phase equilibrium of water at the water/oil and oil/air interfaces.

Since water is sparingly soluble in oil, the water partition coefficient between liquid water and
oil in Figure 4.4 is conveniently specified as that between pure water vapor equilibrated with

pure liquid water and the immiscible oil film or k,, =C[,/C®(T,,). Likewise, the partition
coefficient for water between the oil film and air is written as k, =C[ /CS . Since the

temperature variation across the duplex-oil film is small, k,, =k, =k . After some algebra, we

recover the evaporative flux through a water surface covered with a uniform duplex-oil film and
exposed to a water-subsaturated air phase

3y = Sl ) =R (1) 1)
where we re-express the concentration of water in the air environment, C$_, in terms of the
ambient relative humidity, Ry, and the saturation water-vapor concentration at ambient
temperature, C>* (T, ). As in Equation 9, the overall resistance to evaporation, R, in Equation 14
is the series sum of that due to water diffusion through the duplex-oil film, R = L/Dk and that
due mass-transfer through the air phase, Ry, = 1/kp:

R=R.+R,=L/Dk+1/Kk, (15)
where the product DK is the permeability of water dissolved in the duplex-oil film. Clearly, thick

oil films with low water solubility and small water diffusion coefficients in the oil more
effectively reduce the evaporation rate. If there are additional interfacial resistances due, for
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Figure 4.4: Schematic of (A) the concentration and (B) temperature profiles through the water,
oil-film, and air phases during steady-state evaporation of water with depth H through a film of
thickness L for the water substrate heated from the left at temperature T,. There are

discontinuities in concentration at z = 0 and z = L corresponding to the solubility of water in oil.
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example, to coherent molecular films at the water/oil or oil/water interfaces, it is customary to
add an interfacial resistance [47]

R=R, +R. +R, =R, +L/Dk+1/k (16)
where R, is the mass-transfer resistance of any interfacial molecular film.

Once ky, humidity, and temperatures are known, Equation 16 provides the basis for
assessing the water permeability of the duplex-oil film, Dk, by measuring R as a function of
duplex-oil thickness, L [8]. To obtain the air-phase mass-transfer coefficient, ky, the evaporation
rate from a clean-water surface is ascertained. In this case, R, = Rg = 0, and the evaporation rate,
Jo, is

Jo =Ko [C3 (Te0) =R, C3(T,) (17)
where Tgp is the steady-state temperature of the water/air interface, commonly referred to as the
wet-bulb temperature [102, 103]. Equation 17 is identical to Equation 9 since molecular-kinetic
escape from the water surface presents negligible resistance. kp, is established from Equation 17
given measurement of Jo provided all other quantities are known including the water surface
temperature, Tso.

Next, the evaporation rate in the presence of a duplex-oil film, Jg, is measured.
Typically, the evaporation ratio is reported i.e., the ratio of water evaporation through a duplex-
oil film to that from a clean surface [7, 45]:

Je_ Ry [CFO)-R.CHM)|_R, "
Jy R TRy 4R, Co (o) RyCH(T R 9)
Gilby and Heymann [47], however, report the inverse. Evaporation reduction is simply
1-J:/J,. The first ratio on the right of Equation 18 is the fraction of overall mass-transfer

resistance due to gas-phase transport. This fraction depends on physical properties of the
duplex-oil film as well as on the apparatus geometry and airflow. The second factor, ¢, is the
ratio of concentration driving forces, ¢=AC./AC,, whereA Cg is the overall concentration

driving force for an oil-coated surface and ACy is the overall concentration driving force for a
clean-water surface. These two driving forces differ because the temperature at the water/oil
interface of the duplex-oil film, Ty, is not the same as the wet-bulb temperature of the free water
surface, Tso. Thus, ¢ depends on heat and mass-transfer rates and ambient relative humidity and
temperature, in addition to film properties. The thicker is the duplex-oil film, the more it reduces
evaporation, and the warmer is the water surface. A warmer water/oil interface leads to a larger
ACk and, therefore, to a larger ¢.

Although the evaporation ratio is often reported [5, 7, 9, 32, 45, 47, 48], direct
comparison of values derived from Equation 18 between different experimental apparatus and
conditions must be done with caution since heat and mass transfer rates vary. For this reason,
Langmuir [8] reported the water permeability of the duplex-oil film, Dk, which is a material
property of the film oil alone and enables meaningful comparison. Calculation of the oil-film
water permeability from Equations 14-18 requires knowledge of the evaporative flux and the
concentration driving force. Accordingly, the evaporation rate, water surface temperature,
ambient temperature, and relative humidity must all be measured. Thus, to establish Dk, it is
also critical to establish Ty, and Tso.
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4.5.2b Energy conservation
As shown in the schematic temperature profile of Figure 4.4B, the concentration of water
vapor in equilibrium with the water/oil interface of the duplex-oil film, C:*(T,), appearing in

Equation 18, depends on the temperature Ty, or, in the case of a clean-water surface, on the
temperature Tso. Consider a stagnant water substrate heated from below at temperature T, at (z =
-H) as in Figure 4.4B. Special precautions are necessary to avoid buoyancy-driven convection in
the aqueous substrate, as discussed later. With convection eliminated, steady conduction
imposes a linear temperature profile through the water substrate with a conductive heat flux,
qs[W/m?], given by Fourier’s law:

k

Q; = ﬁs(Tb _Two) (19)
where ks is the thermal conductivity [W/m/K] of the substrate water and H is the substrate
thickness [m].

The duplex-oil film is too thin to support natural convection. Thus, conductive heat flux
through the film, g, is written as
K

Qe = EI (Two _Toa) (20)
where Koj is the thermal conductivity [W/m/K] of the oil, L is the oil-film thickness [m], and T4
is the temperature at the oil/air interface.

Gas-phase hydrodynamics controls the heat-transfer rate from the oil/air interface:

Q. = h(Toa _Too) (21)
where q. is the heat flux [W/m?] into the air via convection, h is the convective heat-transfer
coefficient [W/m?#/K], and T, is the ambient temperature. The convective heat-transfer
coefficient, h, depends on geometry, fluid properties, and air flow rate and direction [102-105].

At the water/oil interface, we demand conservation of energy
0=0,-0r —JeH; (22)

where AI—~|S is the molar enthalpy of solution [J/mol] for water dissolving into oil at the

temperature of the water/oil interface, T,,. Likewise, at the oil/air interface, we write

0=0r -0, —JeH¢ (23)
where AH~E is the molar enthalpy change [J/mol] between water dissolved in oil and water vapor
at the temperature of the oil/air interface, Toa. For thin duplex films with a small temperature
difference across the film, sensible heats can be ignored and AI:IS +AH. = AH, (T,,) . Where
Aﬁv is the latent enthalpy of vaporization of pure water [J/mol] at Tye.

Combination of the heat-flux expressions from Equations 19-21 with the energy balances
in Equations 22 and 23 establishes the water/oil interface temperature as

1 ~
wo =m(Uwa +UT, —JeAH, (Two)) (24)
where we define the following heat-transfer coefficients:
k
UW = WW (25)

and
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As the duplex-oil film thickness increases, the evaporation rate decreases; from Equation 24, and
the temperature rises. In practice, the thinness of duplex-oil films guarantees that Ty, ~ Toa tO
within standard measurement precision. Therefore, we refer to Ty, as Tsg for simplicity. For a
clean-water surface, Equation 24 simplifies to

1 ~
= m(UWTb + hToo - ‘]OAHV (Tso)) (27)

W
This temperature corresponds to the highest evaporation rate and, thus, to the lowest surface
temperature (i.e., the wet-bulb temperature). Equations 14 and 24 and Equations 17 and 27 are
coupled and must be solved simultaneously to predict both the evaporation rate and the surface
temperature of film-covered and clean surfaces, respectively.

Importantly, Tse and Tso are not equal unless J- ~ Jo, and evaporation reduction is
minimal. Failure to account for evaporative cooling of the water surface leads to inaccurate
prediction of evaporation reduction. Most previous studies neglect the effect of surface cooling
[7, 13, 14, 33, 47]. In our experiments described later, careful attention is paid to determining
Tse and Tso.

The two sets of coupled equations, 14 and 24 and 17 and 27, describe completely the
evaporation rates and surface temperatures from clean and duplex-oil-film-covered surfaces once
all the parameters are specified. In practice, however, the goal is to obtain the water
permeability of the oil film, Dk, which is an unknown material property of the covering oil. Ina
well-defined evaporation experiment, all other parameters in the coupled equations are measured
or found in the literature leaving Dk as the sole fitting parameter. Measurement of the
evaporation rate, surface temperature, and humidity from a clean-water surface supplies the
mass-transfer coefficient, ky, by Equation 17. For impinging-jet flow, the heat transfer
coefficient, h, is related to the mass-transfer coefficient by Equation B.7. Water-evaporation
measurements through duplex-oil films yield R by Equation 14 when the relative humidity and
ambient and surface temperatures are known. Measurement of the evaporation rate through
duplex-oil films of various thicknesses enables fitting a straight line to R versus L that provides
Dk and R, from Equation 16. Equations 24 and 27 are ancillary to the calculation of Dk, but
agreement between the measured and predicted values of Tgp and Tsg confirms the consistency of
the experiment and theory.

SO

4.5.2c Nonuniform duplex films covering water

In most studies of evaporation through duplex-oil films, little attention is paid to whether
or not the film remains stable and of uniform thickness during the measurement. Here we address
briefly the effect of isolated open areas in the film on evaporation rate. Consider a dewetted hole
in a duplex film where the underlying water surface is exposed. Most likely, a monolayer (or
two) of spreader covers the open hole and reduces evaporation to a certain extent. At most,
water evaporates through the hole at the rate of a clean-water surface. Evaporation through a
dewetted hole is strictly a two dimensional problem [108, 109]. We adopt a simple 1-D
analysis. Water evaporative fluxes through the film-covered and open water surfaces obey the
same rate law, but the resistances are different. In the duplex-film-covered surface outside of the
dewetted hole, the total mass-transfer resistance is R, + Rg + Ry Above the dewetted surface, the
resistance to evaporation is R; + Rp,. Thus, depending on the magnitude of R, water evaporates
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faster through the clean surface, so that the overall evaporation rate increases even when the hole
is small. Assuming independent 1-D concentration profiles and driving forces outlined in 84.2.1,
the measured overall evaporation rate, Joy, is predicted by
Jo =apde +(1-ap ), (28)

where af is the fraction of the total evaporating surface area covered by uniform duplex-oil film.
Equations 14, 17, and 28 specify the measured overall evaporation reduction as

‘]ov —a, I:\)m ¢+ (1_ aF) Rm ¢ (29)

Jo R, +R: +R,, R, +R,
The first term on the right of Equation 29 represents the evaporation reduction by the duplex-
film-covered portion of the surface, whereas the second term gives the evaporation through the
dewetted monolayer-covered regions.

As shown in 84.2.1, the driving force for evaporation is smaller through a clean surface
due to evaporative cooling. In the case of a hole, however, the water-surface temperature is
unlikely to be lowered to the wet-bulb temperature since the surrounding duplex-film-covered
surface is warm. If we assume that the temperature of the water surface in the dewetted hole is
close to that of the water/oil interface of the duplex film, then the concentration driving forces
are the same for the dewetted hole and the oil-covered surface, and ¢ = 1 in Equation 29.

Consider for simplicity, a water substrate with ¢ = 1 covered by a uniform duplex-oil film
such that Je/Jo = 0.90. If 5 % of the oil-film surface area dewets, Equation 29 predicts that Jo./Jo
= 0.91, a minimal change. However, for a thicker oil film covering the water surface with Je/Jg
= 0.10 and for the same 5 % extent of dewetting, Equation 29 predicts that J,/Jo = 0.15. The
same dewetted area now causes a 50% increase in measured evaporation ratio giving similar
error in the duplex-film water permeability. Thus, the effect of oil-film nonuniformity in
evaporation reduction is larger for more impermeable oil films, and can be significant. Langmuir
and Schaefer [8] emphasized this effect in mixed monolayers of cetyl alcohol and the more
permeable oleic acid. Archer and La Mer [110] documented a similar phenomenon. We later
utilize these findings in interpretation of our experimental results.

4.6 Materials and methods
4.6.1 Materials

We measure evaporation reduction through two types of duplex-oil films. The first is an
admixture of oxidized light mineral oil (MOXx) (8042-47-5, Fisher Scientific, Fair Lawn, NJ) and
bovine submaxillary mucin (BSM) (Worthington Biochemical Corp., Lakewood, NJ). We
abbreviate this admixture as MOx/BSM. Mineral-oil oxidation was carried out following
Blodgett [37]. Viscosity measurements of the oxidized mineral oil were performed on a Physica
MCR301 rheometer (Anton-Paar, Ashland, VA) with a 25-mm diameter flat-plate geometry at
shear rates between 1 and 10° s™ and a 500-um gap size, giving 63 and 25 mPa-s at 20 and 35
°C, respectively. With the viscosity known, the Siddigi-Lucas correlation [111] predicts the
diffusivity of water in this oil as 9x10” and 2x10® cm?s at these two temperatures. Duplex-oil
films composed solely of MOx, however, dewet within seconds to minutes and are, thus, not
long-lasting enough for measuring evaporation rates. Consequently, we follow the suggestion of
Holly [38] and use MOx/BSM admixtures to extend duplex-oil-film lifetime.

To obtain the admixture, a small flake of dry BSM is wetted with a known volume of
MOx before each experiment. Although it is difficult to control the exact weight of the BSM
flake for each experiment, we set the mass of BSM at approximately 10 % of the oil-droplet
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mass. Compared to films of MOx alone, films spread with BSM are noticeably more viscous,
and when spread at the air/water interface retain uniformity and resist motion under a light
breeze.

In addition to the MOx/BSM films, we employ films of bovine meibum (BM) in
evaporation experiments. Whole bovine eyelids were obtained fresh from a local abattoir,
transported in sealed bags to the laboratory, and placed into a water bath at 37 °C. Once
warmed, bovine meibum is readily expressed from the glands following Nicolaides et al. [57].
Meibum from multiple lids was pooled and sealed in an amber glass jar for storage at -20 °C.
Although bovine meibum spreads spontaneously on water above about 35 °C, spreading from a
volatile, spreadable solvent results in more uniform films. Therefore, before spreading in all
evaporation experiments, bovine meibum was first centrifuged, and the supernatant dissolved in
a 5:1 (v:v) solution of toluene (108-88-3, >99.8 %, Fisher Scientific, Fair Lawn, NJ) and
isopropanol (67-63-0, >99.9 %, EMD Chemicals, Philadelphia, PA). To ensure that solvent,
storage process, and pooling play no role, evaporation was also measured through films of fresh,
neat bovine meibum. No difference was found.

Human meibum (HM) from healthy human subjects was obtained by expressing the
glands and scraping the lid margin with a metal spatula as described by Leiske et al. [112] and
Rosenfeld et al. [83]. Collected material was transferred directly to a glass slide, which was then
placed in a sealed amber jar and stored at -20 °C until use. Ethics approval was obtained for
collection of human meibum; the procedure followed the guidelines of the Declaration of
Helsinki.

The substrate consists of distilled/deionized water with 18.2-MQ conductivity obtained
from a MilliQ™ filtering system (EMD Millipore, Billerica, MA) In some experiments, agarose
(Fisher Scientific, Fair Lawn, NJ) and ultrapure water were used to synthesize a 0.5-wt% agarose
gel that partially filled the evaporative trough and prevented free convection in the aqueous
substrate. Several experiments were performed with various artificial-tear solutions containing
salts, proteins, and mucins. Similar to Borchman et al. [13], no effect was seen on evaporation
rates of pure-water or oil/lipid-covered surfaces.

A large number of chemicals was tested to find a suitable model-oil mixture including
wax esters, fatty acids, triglycerides, phospholipids, oil-soluble surfactants, polymers, and oils.
High-purity stearyl oleate (17673-49-3,~ 99 %), oleic acid (112-80-1, ~99 %), linseed oil (8001-
26-1), dipalmitoyl phosphatidyl choline (DPPC) (63-89-8, >99 %), cholesteryl oleate (303-43-5,
>98 %), Brij 30 surfactant (9002-92-0), and cholesterol (57-88-5, >99 %) were purchased from
Sigma-Aldrich (St. Louis, MO). Commercial-grade extra virgin olive oil was from Filippo
Berio, Italy. Stand oil (Winsor Newton, NJ) was purchased locally.  Synthesized
polyisobutylene (P1B) with molecular weight 145 kDa (PDI = 1.1) was obtained courtesy of N.
Balsara of U.C. Berkeley (Berkeley, CA).

4.6.2 Apparatus

A schematic of the apparatus for measuring evaporation rates through duplex-oil films is
shown in Figure 4.5. The system is a miniature Langmuir trough filled with water resting on an
analytical balance. Evaporation rates with and without duplex-oil films were obtained
gravimetrically by measuring the mass of water remaining in the trough over time.

The custom-built trough was constructed of black Delrin® with a fluid substrate surface
area of 20 cm? (i.e., 4 x 5 cm) and a depth of 5 mm. Two Teflon® barriers allow compression
and expansion of the surface area available to the oil film. The top surface of the trough is

110



. light source
video camera

T

IR thermocouple

Ry, T
sensor

. thermocouple
barriers

\

temperature 4,_@_ _)
controller g/

trough

/
flexible heating film

balance

Figure 4.5: The evaporation-measurement apparatus. Process measurements and video-camera
images are fed continuously to the computer. The entire apparatus is contained within an
insulated box to minimize temperature and humidity fluctuations, and drafts (not shown).
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rendered hydrophobic using Teflon® coating (86508-42-1, Dupont, Wilmington, DE). Three
opposed screws enable leveling of the trough. A flexible heating film (KH-202/5, Omega
Engineering Inc., Stamford, CT) adhered to the bottom of the trough provides heat to the water
substrate. A thin, K-type thermocouple embedded in the bottom of the trough and coupled to a
temperature controller (CN 733, Omega Engineering Inc., Stamford, CT) sets the temperature at
the bottom of the water substrate. An infrared thermocouple (OS36-10K-80F, Omega
Engineering Inc., Stamford, CT) gauged the average surface temperature of a spot 2 cm in
diameter near the center of the water/air or oil/air interfaces.

The water surface is slightly colder in the center of the trough than near the edges, but the
infrared thermocouple cannot view the entire gradient. Therefore, to account for the lateral-
surface temperature distribution, we used a Merlin MW-IR thermal camera (FLIR Systems,
Wilsonville, OR) to image the entire water surface and to provide an area-averaged temperature.
The offset between the area-averaged surface temperature measured by the thermal camera and
the local surface temperature from the infrared thermocouple corrected the infrared-
thermocouple measurement. For experiments conducted without heating, the substrate consisted
solely of water. When heating through the bottom, however, 4 mm of agarose gel was
synthesized in the trough and covered with a 1-mm layer of water. The gel prevented buoyancy-
driven thermal convection in the aqueous-substrate layer. Water-evaporation rates and oil-
spreading dynamics were the same with and without the substrate gel present.

The trough rests on an analytical balance (MS 304S, Mettler-Toledo, Columbus, OH)
with measurement accuracy of 0.1 mg, much less than the amount of mass lost during a typical
experiment. A white light source and color CCD camera (AVT Marlin F131, Allied Vision
Technologies, Newburyport, MA) positioned at near-normal incidence to the water surface
provided white-light interferometric images of the films. The camera was attached to a
computer, enabling continuous visualization of the spreading and uniformity of the duplex-oil
films. In experiments with 1- to 2-mm thick oil films, a larger surface area was needed to
register a mass loss significant enough to gauge reliably the small evaporative flux. In this case,
a 10-cm diameter Pyrex® glass crystallizing dish replaced the Langmuir trough.

To obtain repeatable evaporation rates, careful control of the surrounding environment
was necessary. Environment temperature (T.) and relative humidity (Ry) were maintained at 23-
25 °C and 0.32-0.42, respectively, as measured with a Sensirion SHT75 sensor (Zurich,
Switzerland). A 5-cm diameter, variable-speed electric fan (Sunon, Kaohsiung City, Taiwan)
positioned above the trough directed an impinging jet of air at the interface. Fan speed, w, was
measured using a Strobotac 1531 strobe light (General Radio, Concord, MA). A fan speed of
3800 rpm, corresponding to a nominal velocity of 2.5 m/s (i.e., Reynolds number Re = 8000), set
a repeatable mass-transfer coefficient without perturbing the film. Nevertheless, impinging
airflow from the fan created fluctuations in the mass readings. Evaporation, however, was
measured over 15 to 30 min, a long-enough time period to average fluctuations. A custom
program written in LabView continuously recorded measurements from the infrared
thermocouple, analytical balance, temperature/humidity sensor, and CCD camera.

4.6.3 Methods
4.6.3a Spreading experiments

Numerous spreading experiments were conducted to identify oily substances that might
mimic the behavior of the tear-film lipid layer (TFLL). Figure 4.6 shows representative images
of the in-vivo human TFLL after a blink in healthy subjects. The color interference patterns
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Figure 4.6: Interference patterns observed in healthy human lipid layer. (A) Color interference
fringes observed in the TFLL [114]. (B) Lipid layer between 60 and 80 nm thick [78]. (C) Lipid
interference patterns for films greater than 75 nm and (D) less than 60 nm [113].
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indicate lipid-layer thicknesses ranging from 40 to well over 100 nm [78, 113, 114]. Successive
frames in Figure 4.7 show color interference patterns in the TFLL of a single subject over the
course of 6 blinks (approximately 5 s between blinks) [18]. Importantly, the color
interferograms in Figure 4.7 repeat blink-to-blink with patterns re-emerging but eventually
fading after several blinks. Chosen model-oil films must evidence this same phenomenon.

Our goal is to engineer films that spread uniformly at a thickness near 100 nm, that
demonstrate repeatable color blink patterns as in Figure 4.7, and that resist dewetting long
enough to measure evaporation rates. Although the human TFLL need only remain intact
several seconds on the eye, we require a more stringent requirement of about 15 min to obtain an
evaporation rate. To verify that our in-vitro films reflect the required characteristics of the
TFLL, we visualized spreading/dewetting behavior of duplex-oil films for a large number of oils
and spreaders. In the miniature Langmuir trough, the water surface was set level with the top of
the trough sides, and a 0.5-pL droplet of the desired oil was deposited at the air/water interface in
the center of the trough using a precision microliter syringe (701, Hamilton Co., Reno, NV).
When using human or bovine meibum, the substrate was heated to 35 °C because these lipids
spread minimally at ambient temperature. We then document whether or not the oil initially
spread and whether or not it remained as a duplex film for at least 1 s. When an observable
duplex-oil film occurred, the barrier was closed and opened once to mimic a blink, and the
approximate breakup time (BUT) was recorded for visible holes to form in the film. We define
BUT as the time taken for the first visible holes to appear in the film.

Figure 4.8 records representative behavior of the oils studied. In sequence A-B-C, a
duplex film is formed (Panel B) that first forms visible rupture holes after about 5 s post-blink
(i.e. BUT). Insequence A-E, the initially spreading drop rapidly dewets into lenses. No duplex-
oil film forms. Panel D corresponds to a desposited oil droplet that immediately relaxes into a
single lens.

4.6.3b Evaporation rates from a clean-water surface

Clean-surface evaporation experiments yield the evaporation rate Jo, as well as ky, h, and
UAw at a given airflow rate (see Appendix 4C), which are properties of the evaporation
apparatus. These values are necessary to determine oil-film water permeability via Equation 16.
Pure-water evaporation measurements, therefore, serve to calibrate the apparatus.

Consequently, in each evaporation experiment, we first measured the evaporation rate
from a clean-water surface. The unheated trough was filled about 2-3 mm above the brim with
distilled/deionized water, the fan turned on, and data acquisition via LabView initiated. In the
pure-water experiments, fan speed was varied from 3800 to 6300 rpm to investigate the behavior
of the mass-transfer coefficient.

As water evaporates, with or without an oil film present, a steady wet-bulb temperature is
reached where the mass of water in the trough decreases linearly in time. Attainment of steady
state typically takes 30-40 min. Figure 4.9 graphs representative data for the area-averaged
surface temperature of a clean water surface over time at a fan speed of 3800 rpm and no
substrate heating. The temperature begins near ambient T,, eventually leveling off at the wet-
bulb temperature, Tso. For a typical Ry of 28.9 £ 6.9 % and a T, of 23.6 £ 7 °C, Tg is 17.2 £
0.4 °C,which is just slightly higher than the wet-bulb temperature predicted from psychrometric
charts of 17 °C [115]. Reported numbers are average * standard deviation over at least 6
experiments.
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Figure 4.7: Repeated color interference patterns visualized in a human TFLL immediately after
6 successive blinks for the same human subject. The numbers under each panel indicate the
blink number. From [18] with permission.
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Figure 4.8: Color interference patterns documenting spreading behavior of 0.5-pL oil droplets
deposited on water in the miniature Langmuir trough. Each column of images corresponds to a
column from Table 4.1. After initial droplet deposition, the oil may spread (A, MOXx) or remain
as a lens (D, MO). Upon spreading, the oil may briefly form a visible uniform duplex film (B,
MOXx) or dewet instantaneously while spreading (E, OA). When a duplex film is formed, the
trough barriers were blinked once, and the approximate duplex-film breakup time (BUT) is
recorded (C, MOXx).
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Figure 4.9: Surface temperature versus time for an evaporating clean-water surface at a fan
speed of 3800 rpm, T, = 22 °C, and Ry = 30 %. The temperature of the water surface drops from
ambient temperature to a steady wet-bulb temperature Tso of ~17 °C.
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After about 15-20 min of steady evaporation at temperature Tsy, the water surface falls
level with the top edge of the trough. Figure 4.10 shows representative results for the mass of
water in the trough versus time for fan speeds of 3800, 5000, and 6300 rpm (Re = 8600, 11400,
and 14300). Water mass decreases linearly in time indicating a constant evaporation rate. As the
fan speed increases from 3800 to 6300 rpm, the mass-transfer coefficient and evaporation rate
increase, mass loss is greater, and thus the slope of the line is steeper. Similar behavior is seen
with a heated substrate. Evaporative mass flux, jo [g cm?s™], is obtained from the slope of the
mass versus time at steady state after dividing by the trough surface area. For the ambient
conditions described above and for 3800 rpm, jo is 1.16 + 0.21x10® g/cm%s. Division by the
molar mass of water, M, converts jo to the molar evaporation rate, Jo, used earlier. We report the
measured mass fluxes, but it is implicit that they are converted to molar fluxes when inserted into
the equations in 84.

Measurement of Ts, Ry, and T, permits calculation of the water-vapor concentration
difference between the air/water interface and the air far from the surface,

AC, = C*(T,,)—R,C:¥(T,) . With the concentration driving force known and J, measured, we

solve Equation 17 for ky, which also yields Ry, = 1/ky. For typical measured Jo, Tso, Rn, and T,
the mass-transfer coefficient in our apparatus is 1.34 + 0.06 cm/s (average * std. dev.) at a fan
speed of 3800 rpm. For similar ambient conditions and fan speeds of 5000 and 6300 rpm, the
respective ky, is 1.63 = 0.05 and 1.80 £+ 0.08 cm/s. From Equation B.7, h is calculated given the
measured kn, value. Finally, we solve Equation C.5 to establish UAy that accounts for heat
transfer through the edges of the trough due to the small temperature difference between the
water-surface center and the trough sides. With the transport properties established, evaporation
measurements through the duplex-oil films are interpreted according to Equation 16 to establish
Dk.

The experimental process is slightly more involved when the trough is heated from the
bottom. Before adding water, warm agarose gel was poured into the trough to a depth of 4 mm
and allowed to cool. After depositing a 1-mm layer of water over the gel, the temperature
controller was activated at a set-point temperature for the bottom of the substrate, T,. For a fan
speed of 3800 rpm and the ambient conditions listed above, a set-point temperature of T, = 45°C
yields a surface temperature of Tsp = 35.4 + 0.2 °C. The corresponding mass-evaporation rate
was jo = 4.87 + 0.27x10” g/cm?/s. Calculation of ky, h, and UAy remains the same as that for the
unheated surface except that we solve Equation 27 with modification described in Appendix 4C
instead of Equation C.5.

4.6.3c Evaporation through duplex-oil films

Once the water surface evaporated level with the trough sides, a known volume of oil or
solvent solution was deposited at the air/water interface using the precision microliter syringe.
The known oil volume, V, and trough surface area, A, set the average film thickness, L = V/A. A
2-pL droplet of oil spread uniformly over the 20-cm? surface produces a film that is 1-um thick.
Film thickness was varied from 100 nm to 100 pum, except with bovine meibum, where the
maximum film thickness was 10 um. With bovine-meibum films 1-um thick or less, meibum
was typically dissolved in 50 pL of toluene/ispropanol solution (described earlier) before
deposition. For thicker films, 200 pL of the same solvent was used with stepwise deposition to
avoid overflow of the nonpolar solvent onto the hydrophobic trough edges or barriers. Although
the chosen oils spread spontaneously, thin films less than 1-um thick rarely cover the entire
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Figure 4.10: Mass of clean water in the unheated trough versus time for three different fan

speeds: (o) 3800 rpm, (A) 5000 rpm, (o) 6300 rpm. Exact numerical values for each data set are

shifted to give the same initial mass for all experiments.
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water surface after initial deposition. To facilitate complete coverage, one barrier was brought
across the surface until it almost contacted the other barrier and then returned to its original
position, mechanically re-spreading the film. Holly refers to this process as “flexing” the film
[38]. We coin this process as “blinking,” as it mimics the action of an eyelid during a blink
[116].

Figure 4.11 illustrates the water-surface temperature versus time in the unheated trough
before and after the deposition of a 2.5-um MOx/BSM layer at a fan speed of 3800 rpm. After
coverage by the uniform duplex-oil film, the water temperature rises from Tsp = 18 °C to
approach a new steady temperature, Tsg, and corresponding new constant evaporation rate, jr,
which depend on the oil-film thickness, among other things. Due to the thinness of duplex-oil
films, there is no measurable difference between the two interface temperatures Ty, and Tog;
consequently, we refer to one measured surface temperature, Tsg, that substitutes for Ty in
Equations 14, 18, and 24 during data analysis. After reaching the film-covered steady-state
temperature, mass-loss data are collected for at least another 15 min to ensure a reliable
evaporation rate. During this time, the CCD camera records visual images every 5 min. If
significant film dewetting occurs, the experiment is discarded.

Figure 4.12 shows typical relative evaporative mass loss versus time at a fan speed of
3800 rpm before and after the application of duplex MOx/BSM oil films ranging in thickness
from 100 nm to 100 um. Since the data are from multiple experiments, the absolute values of
time and mass are shifted for convenience. Filled black squares from t = 0 to 47 min show mass
loss from the calibrating clean-water surface. Subsequent mass-loss series correspond to water
evaporation through films of increasing film thickness. As the film thickness increases, the oil-
film diffusion resistance increases, and the evaporation rate decreases. Consequently, the slope
of mass-versus-time, which gives the evaporative flux of water through the film-covered surface,
Jr, decreases.  Concurrent measurement of Tse, Ry, and T, allows calculation of the
concentration driving force between the water/oil interface and the sub-saturated air:

AC. =C*(T,.)—R,C¥(T,) . With je measured and ACk established, Equation 14 is solved for

the total mass-transfer resistance, R. Subtraction of the gas-phase mass-transfer resistance, Ry, =
1/km, (calculated from the pure-water evaporation rate as described in 84.2.1) from the total
resistance R gives the mass-transfer resistance of the duplex-oil film, R-Ry, via Equation 16.

In Figure 4.13, we plot the measured film mass-transfer resistance (R-Ry,) versus film
thickness (L) for duplex-oil films of MOx/BSM and bovine meibum (BM). Without substrate
heating (m), the average measured surface temperature, Tgf, is 20 °C; with heating (o, o) it is 40
°C. Following Langmuir and Schaefer [8], we fit the film resistance-film thickness data with a
straight line. According to Equation 16, the slope corresponds to the inverse of the water
permeability in the oil film, 1/Dk, and the intercept corresponds to the interfacial resistance, R,.
The intercept is approximately zero for all oil films studied, indicating that R, is negligible in our
systems. Above a 1-um film thickness, film resistance no longer increases linearly with film
thickness. This is likely a consequence of nonuniform film coverage. Inspection of the visual
images shows that, even with thick films, the water surface is not completely covered near the
edges of the trough, leaving 1 to 5 % of the surface area uncovered. As described in §4.2.3,
small exposed areas have minimal effect on evaporation rate at small film thickness, but their
impact can be pronounced at large film thickness. Accordingly, we use only the data up to 1-um
thickness in the linear fit to establish Dk.
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Figure 4.11: Surface temperature versus time before and after application of a 2.5-um
MOx/BSM duplex-oil film in an unheated trough. The temperature of the clean-water surface
falls to a steady temperature Tgo of ~18 °C. After film deposition at t ~ 75 min, the temperature
rises, eventually reaching a new steady-state temperature of Ts¢ = 20.7 °C.
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Figure 4.12: Relative mass of water in the trough versus time at a fan speed of 3800 rpm before
and after application of MOx/BSM films of varying thickness in an unheated trough. The mass
for each experiment is shown relative to the mass at which the film was applied. (m) clean water,
(#)0.1,(0) 0.5, (a) 1, (») 2.5, and (#) 100-pum film.
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To determine the water permeability of the oxidized mineral oil without admixed mucin,
several experiments with much thicker films were conducted. Films as thick as 1 or 2 mm
remained stable without added mucin. Because very little water mass is lost through such a thick
oil film, special precautions were necessary. To maximize mass loss, most experiments were
conducted in a glass crystallizing dish with a surface area of 79 cm?. For the thicker films,
fluctuations in mass from the applied airflow were no longer negligible, so the fan was not
operated. Fortunately, such films are thick enough that the gas-phase mass-transfer resistance,
Rm, is insignificant compared to the film resistance, Re. Additionally, the substrate heater was
not used because temperature fluctuations led to significant drift in mass readings from the
electronic balance.

Distilled/deionized water was first added to the glass crystallizing dish and evaporated for
1 h to establish steady state, and to allow accurate determination of j,. Next, an oil film
approximately 5 to 8-mm thick was deposited slowly onto the water surface until gravity
flattened the oil layer into a uniform bulk film. Then, using the microliter syringe, oil was
withdrawn until the film reached the desired thickness (1.5 to 3 mm). For films of 1-mm
thickness, the miniature Langmuir trough was used with only a 3-mm layer of water as the
substrate, and the oil film was deposited directly onto the surface without overfill and siphoning
of the oil. Once the oil film was in place, water was evaporated for up to 48 h to register
significant mass losses. In one experiment, 5 wt% BSM was added to the film to ascertain the
effect of mucin on the water permeability of the thick oil films.

4.6.3d Water uptake into oil

The partition coefficient, k, reflects the equilibrium uptake of water by the oil. To gauge
k for our duplex-oil films, oil samples were equilibrated in dry and humid vapor environments.
The resulting water uptake was measured by oil-sample mass change and by differential
scanning calorimetry (DSC). Three 10-mg samples of oxidized mineral oil, consisting of 10
wt% BSM, and bovine meibum were placed in aluminum TA Tzero sample pans (TA
Instruments, New Castle, DE) and weighed with an analytical balance. The open sample-
containing pans were equilibrated for 48 h in a sealed glass container containing either pure
water or anhydrous calcium-sulfate desiccant (Drierite, W.A. Hammond Drierite Co., Xenia,
OH). The relative humidity in the sealed glass container was measured to be <5 % when
containing desiccant and >90 % when containing pure water.

After removal from the glass chamber, each sample mass was recorded, and the pans
were hermetically sealed with an aluminum lid. Each pan was placed into the DSC (TA
Instruments DSC Q20, New Castle, DE), and cycled between 30 and -30 °C at a rate of 5
°C/min. From the measured heat released upon freezing/melting of any water present and the
known heat of fusion, we establish the mass of water present in each sample.

4.7 Results
4.7.1 Film spreading and stability

To establish a model duplex-oil film that mimics evaporation studies through the human
TFLL, we investigated the spreading and stability of a large number of oils in the miniature
trough. Table 4.1 reports spreading behavior for 17 oil mixtures of 0.5-pL volume spread on the
20-cm? air/water interface. As illustrated in Figure 4.8, we recorded whether the various oils
spread initially, whether the spreading film remained long enough to form a duplex-oil film, and
how long the duplex film remained, as gauged by approximate BUT, after blinking action of the
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Table 4.1: Oil spreading and dewetting on water.

Substance* Spreading behavior**

initial duplex BUT

spread film
mineral oil (MO) X X -
stearyl oleate (SO) v X -
oleic acid (OA) v X -
linseed oil (LS) v v 1s
olive oil 4 4 <1s
MO + OA (0.5 wt%) v v 1s
MO + DPPC (0.5 wt%) v X —
MO + C12E4 (05 Wt%) v X —
MO, ChO, SO, Ch, DPPC (88, 5, 0.5, 6, 0.5 wt%) | v X -
MO + ChO, Ch (0.4, 0.4 wt%) v v 55
Ch, ChO, SO (1:1:1) v X -
MO + stand oil (2 wt%) v v 5s
oxidized MO (MOX) v v 5s
MOXx + 145K PIB (1 wt%) v v 10s
MOX + BSM (10 wt%) v v 5 min
human meibum 4 v > 30 min
bovine meibum v v > 30 min

* DPPC = dipalmitoyl phosphatidyl choline, C1,E4 = Brij 30, ChO = cholesteryl oleate, Ch =
cholesterol, PIB = polyisobutylene.

**|f 0.5 pL of oil spreads initially, the initial-spread entry is checked. If, in addition, it remains
as a film long enough for a uniform duplex film to be visible, the duplex-film entry is checked.
For oils that form duplex films, the barriers are blinked once and approximate breakup time is
reported (BUT).

trough barriers. Tested substances fall into the categories of pure components, oil-soluble
surfactant dissolved in mineral oil, meibomian-lipid mimics, and other mixtures including the
MOx/BSM admixture. As expected, mineral oil, whose initial spreading coefficient is negative,
does not spread. Pure surface-active lipids below their pK; value, including oleic acid, stearyl
oleate, and cholesteryl oleate, all spread initially. However, these lipid mimics subsequently
dewet rapidly, and no metastable duplex film is observed. Olive oil and linseed oil, which are
mixtures of plant-based lipids, spread initially but remain as duplex-oil films for only 1 s.

Mixtures of mineral oil and other surface-active substances exhibited varying results.
Films spread from mineral oil mixed with 0.5-wt% oleic acid; 0.4-wt% cholesteryl oleate/0.4-
wt% cholesterol; or 2-wt% stand oil persisted long enough to exhibit duplex-oil films (>1 s).
Addition of DPPC to mineral oil in percentages above 0.5 wt% enabled initial spreading, but
observable duplex-oil films did not form. Identical results emerged for mixtures of Brij 30 and
mineral oil; cholesteryl oleate/stearly oleate/DPPC/ mineral oil; and cholesterol/cholesteryl
oleate/stearyl oleate.
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In agreement with others [8, 37, 38], oxidized mineral oil (MOXx) spread at the air/water
interface and remained uniform for approximately 5 s after blinking the trough barriers.
Addition of PIB to the MOx increased the viscosity to 80 mPa-s and, thus, increased BUT to 10
S.

The most stable duplex-oil film resulted from the MOx/BSM admixture. In this system,
the initial spreading rate is much slower than with the other mixtures because the BSM flakes
disaggregate and dissolve into the oil and water. Once spreading is complete and the barriers are
blinked, the 250-nm film resists dewetting for about 5 min. Thicker films resisted dewetting for
much longer.

Figure 4.14 shows interference patterns visible under white light in spread MOx/BSM
films after successive blinking of the trough barriers every 5s. Color interference patterns repeat
over several blinks, similar to the human-eye images in Figure 4.7 showing repeated blink
patterns in the in-vivo human TFLL. Duplex-oil films of MOx alone also display repeated blink
patterns. However, these films do not resist dewetting long enough to permit evaporation-rate
measurements.

The most stable duplex films at the air/water interface were spread from samples of
bovine (BM) and human meibum (HM). Both human and bovine meibum are waxy solids at
room temperature [83]. Minor spreading occurred at 23 °C. Upon heating the water/air interface
to 35 °C, both human and bovine meibum spread spontaneously. Upon blinking the films in the
Langmuir trough, these films remained stable for well over 30 to 45 min without visible
dewetting. Color interference patterns for bovine and human-meibum films (not shown) are
similar both to those seen in vivo and those from MOx/BSM films. Our spreading studies focus
on model MOx/BSM and meibum as candidate duplex-oil films for the evaporation experiments.

4.7.2 Evaporation reduction
4.7.2a Unheated substrate

A battery of 40 repeat experiments first measuring Jo and Tso followed by Jr and Tk as a
function of film thickness was conducted with MOx/BSM duplex films without substrate
heating. Film thicknesses ranged from 100 nm to 100 um. Experimental conditions and
apparatus transport properties measured from the pure-water results are listed in Table 4.2. For
the film-covered water surfaces, Dk was determined from the slope of film resistance, R-Rp,
versus film thickness, L, as described in 84.3.3 and illustrated in Figure 4.13. Results are shown
in the first row of Table 4.3 (i.e., Dk = 1.1x10™ cm?/s).

Once Dk is known, Equations 18 and 24 permit simultaneous calculation of the
evaporation ratio Je/Jo and surface temperature Tse as a function of film thickness with no
adjustable parameters. Comparison to the experimental data is made as solid lines in Figure 4.15
and Figure 4.16, respectively. Theory and data are in good agreement with minor discrepancy
for the thickest films, which deviate from linearity in Figure 4.13. As expected, increasing film
thickness slows evaporation, causing the surface temperature to rise. Quantitative prediction,
however, demands the proposed dissolution-diffusion theory.

Two evaporation experiments were conducted with bovine meibum without substrate
heating. At ambient temperature, bovine-meibum films do not readily spread; obtaining uniform
film coverage was difficult even with the spreading solvent since bulk bovine meibum is a
viscous, solid-like wax [83]. Due to the difficulty in obtaining uniform films, one film each was
deposited at 100 and 500 nm. Evaporation reduction by bovine-meibum duplex films of 100 and
500-nm thickness was 36 and 81 %, respectively.

126



blink# 1 2 3

Figure 4.14: Color interference patterns observed in in-vitro duplex films of MOx/BSM in the
miniature Langmuir trough immediately after 6 successive blinks. The deposited films are 100-
nm thick. Each image is taken immediately after the blink number denoted below the frame.
(Compare with Figure 4.7.)
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Table 4.2: Evaporation rate from a clean-water surface for both heated and unheated substrate.’

Duplex-oil system: MOx/BSM MOx/BSM BM, HM
Substrate heating: none Tp=45°C Tp=45°C
jo* [10° g/cm?/s] | 1.01+0.18 5.41 +0.16 5.93 + 0.24
Tso [°C] 176 +0.4 37.2+0.2 36.2+0.3
T, [°C] 22.9+0.2 23.3+£0.2 25.0+0.6
Ry [%] 36.7+2.1 42.8+25 31.9+5.0
ko' [cm/s] |  1.34+0.14 1.53+0.11 1.71+0.11
h [mW/cmZ/K] 144 +0.15 1.64+0.12 1.83+0.12
UAw [MW/K] 63+1 170 + 10 140 + 20

T Values are reported as average * standard deviation over 40 measurements.
* Values for jo, Tso, To, and Ry are measured directly.
1 km, h, and UAyy are calculated as described in §84.3.2.

Table 4.3: Measured water permeability of duplex-oil films.

Substance | Avg. Tse [°C] Dk [10™ cm®/s]
MOx/BSM 20 1.1
MOx/BSM 40 1.6

BM 40 2.6
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Figure 4.15: Evaporation ratio Jg/Jo versus oil-film thickness L for MOx/BSM in an unheated
trough. Filled squares represent the average experimental values. Error bars denote the standard
deviations. Solid line corresponds to theory (Equation 18) with ky, = 1.34 cm/s and Dk = 1.1x10
* cm?/s, determined by the fit in Figure 4.13. Corresponding surface temperatures are given in
Figure 4.16.
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Figure 4.16: Surface temperature Tsg versus oil-film thickness L for MOx/BSM films in an
unheated trough. Filled squares represent the average measured values. Error bars denote the
standard deviation. Solid line corresponds to theory (Equation 24) with the same parameters as

in Figure 4.15.
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4.7.2b Heated substrate

Water evaporation through duplex films of MOX/BSM, bovine meibum (BM), and
human meibum (HM) was likewise measured with a warmed substrate to facilitate meibum
spreading and to reflect eye conditions. As with the unheated substrate, measurements of Jo
specified the apparatus transport properties reported in Table 4.2, and measurements of Jg and
Tsk as functions of film thickness allowed determination of Dk from the slope of R-Ry, versus L
as reported in Table 4.3. Theory then predicts Jg/Jo and Tsr as functions of L.

Comparison to experimental evaporation-reduction and surface-temperature data (T, = 45
°C) at 3800-rpm fan speed is made in Figures 4.17 and 4.18. In these figures, filled squares
correspond to MOx/BSM films and open circles correspond to BM films. Additionally, two
samples of human meibum (HM) were obtained and tested, indicated in Figure 4.17 by inverted
open triangles. The two lines in each figure correspond to the predictions of coupled Equations
18 and 24 with the corresponding Dk for each oil from Table 4.3: solid lines for MOx/BSM and
dotted lines for BM. Ascertained permeabilities measured by R-versus-L data are 1.6 and
2.6x10™ cm?%s for MOx/BSM and BM duplex films, respectively, at an average Tsr = 40 °C.
The limited sample amount of bovine meibum restricted the thickest bovine-meibum film studied
to 10 pum and less. Excellent agreement is found between dissolution-diffusion theory and
experiment, especially since no adjustable parameters are used in the theoretical predictions.

4.7.2c Evaporation through thick oil films

For oxidized-mineral-oil films between 1- and 5-mm thick deposited over water in a glass
crystallizing dish, the measured water permeability, Dk, ranged from 2 to 3x10®° cm?s, almost
and order of magnitude smaller than that for MOx/BSM. For 2-mm thick films of MOx
deposited in the miniature Langmuir trough, the calculated Dk ranged from 2.6 to 3.5x10”° cm?s.
In one experiment, a 1.9-mm thick layer of oxidized mineral oil was deposited in the miniature
Langmuir trough: the calculated Dk was 3.2x10° cm?s. In another experiment, the same
thickness film was deposited in the trough and 191 mg of BSM were gently contacted with the
film. The BSM quickly settled into the film, and evaporation was measured over the course of
24 h. The calculated Dk was 5.6x10™* cm?/s. At the end of the experiment, large domains of
water-containing BSM were visible throughout the oil film. Regions rich in BSM contained
water droplets that appeared to rise through the oil film. Apparently, admixed water-liking
mucin molecules imbibe water into the duplex-oil films.

4.7.2d Water uptake into oil

DSC measurements showed no measurable amount of water uptake into the samples of
oxidized mineral oil. However, the samples of MOx/BSM and bovine meibum exhibited
freezing and melting peaks corresponding to water phase transitions [83]. Integration of the
heat-flow peaks shows that MOx/BSM and bovine meibum contain up to 10 and 4 wt% water,
respectively, when equilibrated with water vapor at >90 % relative humidity. Detailed
information on the DSC experiments is reported by Rosenfeld et al. [83].

4.8 Discussion

Not surprisingly, most oils deposited on water do not form persistent duplex films over a
timescale useful for evaporation experiments. Three substances did so: MOx/BSM, human
meibum, and bovine meibum. Similar to the results of Heymann and coworkers [5, 47], we find
that addition of an interfacial structurant, BSM, imparts stability to duplex films of oxidized
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Figure 4.17: Evaporation ratio Jg/Jo versus oil-film thickness L for MOx/BSM (m), bovine-
meibum (o), and human-meibum (V) films in a heated trough (T, = 45 °C). Lines represent the
theory in Equation 18 plotted for Dk = 1.6x10™ (solid line, MOx/BSM) and 2.6x10™ cm?/s
(dotted line, BM). Corresponding surface temperatures are shown in Figure 4.18.
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Figure 4.18: Surface temperature Tsg versus oil-film thickness L for MOx/BSM (m) and bovine-
meibum (o) films in a heated trough (T, = 45 °C). Lines correspond to theory (Equation 24)
with the same parameters as in Figure 4.17 (solid line = MOx/BSM, dotted line = BM). Tg is
shownatL =1 nm.
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mineral oil. Although films of oxidized mineral oil alone form uniform duplex films, the
resulting films are relatively fluid as seen by swirling and movement of the interference patterns.
These films dewet well before the 15 min necessary to measure evaporative mass loss. In
contrast, incorporation of BSM into mineral oil results in films that show little or no motion at
the interface. Apparently, mucin forms gel-like networks at the water/oil and/or water/air
interfaces.

Duplex-oil films spread from both human and bovine meibum were similarly stable at
physiologic temperature. The viscosity of both human and bovine meibum is four orders of
magnitude larger than that of water at 35 °C [83]. Large viscosity slows the dewetting process.
Some films of meibum spread from samples stored for many months did indeed dewet in a
fashion similar to mineral-oil mixtures. It is possible that decomposition of the meibomian lipids
leads to a less-structured material that does not remain stable. There is evidence that the human
TFLL indeed dewets in vivo in some, possibly unhealthy, individuals [82].

The duplex-oil films tested obey well the dissolution-diffusion mechanism of evaporation
reduction outlined in 84.2, as shown by Figure 4.13 and Figures 4.15-4.18. The linear
relationship between film resistance and film thickness, illustrated in Figure 4.13, confirms a
constant Dk. In agreement with Langmuir and Schaefer [8], we do not find interfacial resistance
in any of our duplex-oil films. Interfacial resistance apparently demands polymerized spreaders
[47]. Figures 4.15-4.18 show the measured evaporation ratios and surface temperatures in
comparison with dissolution-diffusion theory. Close agreement between data and theory in all of
these figures indicates that heat and mass transfer in the films is well-characterized by our
proposed 1-D model. Importantly, the fitted Dk value for each duplex-oil-film substance listed
in Table 4.3 is a material property that describes water transport through the film. Without
obtaining Dk from the raw evaporation data, quantitative comparison of evaporation reduction
between different experimenters is not possible because measurements are apparatus and
procedure sensitive.

Model and experiment do not agree as closely for the thickest films, which we attribute to
inhomogeneous film coverage. The disagreement is most readily seen in Figure 4.13, where film
resistance no longer increases linearly with film thickness above 1 um. Gilby and Heymann [47]
report a similar trend. They attribute this behavior to “an inhomogeneity of the duplex films
below 10-pum thickness.” Films at smaller thicknesses tend to dewet more readily. resulting in
inhomogeneous coverage. However, the theory outlined in 8§4.2.3 predicts that the effect of
dewetted holes on evaporation reduction decreases as the duplex-film thickness decreases. In
fact, the effect of holes on evaporation is magnified in thicker films.

Duplex-oil-film water permeabilities calculated in §4.3.3 and shown in Table 4.3 for each
film chemistry are higher than expected for an aliphatic hydrocarbon oil. Permeability is the
product of the water diffusivity, D, and the partition coefficient, k, in the oil. Reported partition
coefficients vary from about 3 for pure hexadecane or mineral oils [117] to 50 for vegetable oils
[118]. Water diffusivities predicted in §4.1 give an expected permeability range of 0.3 to 5x107
cm?/s at 20 °C and 0.6 to 10x10™° cm?/s at 40 °C. Experiments of Schatzberg [119] with pure
hexadecane demonstrate water permeabilities of 7.3 and 8.5x10™° cm?s at 20 and 40°C.
Langmuir and Schaefer fitted their data to a water permeability of 2.1x10° cm?/s for oxidized
turbine oils [8]. Our values obtained for MOx/BSM and BM duplex films in Table 4.3 are
significantly larger.

MOx/BSM films contain approximately 10 wt% bovine submaxillary mucin (BSM), a
strongly water-liking glycoprotein. BSM molecules consist of hydrophilic carbohydrate moieties
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extending from a polypeptide backbone [120, 121]. From the water-uptake experiments in 86.4,
we find no measurable amounts of water present in pure oxidized mineral oil. However, the
mucin-containing oxidized mineral oil contains as much as 10 wt% water. To confirm that the
added mucin is indeed the cause of increased evaporation rate, we tested thicker MOXx films

above L, that did not require mucin to remain stable. For 1.5 and 2-mm thick films of nascent

oxidized mineral oil, the measured water permeability was 3x10™° cm?/s, close to that obtained by
Langmuir and Schaefer for films of oxidized turbine oil [8]. When 10 wt% mucin was added to
the same films, the permeability increased tenfold, and water visibly incorporated into the films.
We conclude that admixed mucin increases the water permeability of MOx/BSM duplex-oil
films.

High water permeability of bovine-meibum duplex films is more difficult to rationalize
because no literature exists on the transport or water-uptake properties of bovine meibum. Only
recently have data emerged on the structural and rheological properties of human and bovine
meibum [83, 112, 122]. Bovine meibum is orders of magnitude more viscous than mineral oil
[83] and is composed largely of waxy and cholesterol esters along with other lipids generally
more polar than the hydrocarbons that constitute mineral oil [57]. Compared to oxidized mineral
oil, the viscosity and polarity of bovine meibum are higher, leading to a lower D and a higher k.
Bovine and human meibum are not amorphous fluids. Recent work shows that these substances
are composed of structured lipid crystallites suspended within an amorphous continuous phase
[83, 112]. It is possible that the continuous phase, through which water diffuses, consists of a
noncrystallized lipid not much more viscous than is mineral oil. Thus, the expected diffusion
coefficient corresponds not to an oil of 10* mPa-s, but instead a considerably lower viscosity.
The absence of measured continuous-phase properties makes prediction of D in meibum
difficult. DSC results presented here indicate that bovine meibum imbibes up to 4 wt% water,
which suggests a high k of water in bovine meibum, but not as high as that of MOx/BSM. To
explain fully the water permeability of meibum, more work is needed to understand its
physicochemical structure.

In Figure 4.19, we compare our Jg/Jo measurements at physiologic temperature for
MOx/BSM, BM, and HM duplex films versus film thickness to data available in the literature.
In the case of Langmuir and Schaefer [8], we used our 1-D dissolution-diffusion model to predict
Je/Jo based on their reported Dk values and our measured heat and mass-transfer coefficients.
This exercise permits comparison between the two data sets. For the data of Gilby and Heymann
[47], we chose those experiments with a mass-transfer coefficient closest to ours. For the
remaining literature data, we plot the values of Jg/Jo reported by the authors.

Unlike previous work with meibum and tear-lipid mimics [13, 14, 33], our duplex-oil
films reduce evaporation significantly as the film thickness increases, consonant with the
dissolution-diffusion mechanism. The ability to spread and maintain uniform duplex-oil films
explains our observation of significant evaporation reduction, whereas others do not [13, 14].
Nevertheless, bovine-meibum duplex films at physiological thickness, i.e., 100 nm, reduced
water evaporation only by 6 %, which is much less than normally attributed to the human TFLL
[21, 32]. Human-meibum duplex films in this study also reduced evaporation by only 8 % at
100-nm thickness.

In contrast to our in-vitro results, Mishima and Maurice report in-vivo evaporation
reduction of 94 % by rabbit-meibum lipid films [21]. Unfortunately, the corresponding in-vivo
measurement of evaporation reduction by the human TFLL is not available since most
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Figure 4.19: Evaporation ratio Je/Jo versus film thickness L for literature data and from theory
and data from this study in the heated trough. The solid line and filled squares correspond to
theory and data for heated MOx/BSM films. The dotted line and open circles correspond to
theory and data for heated bovine-meibum films. Inverted open triangles are from human
meibum experiments in this study. (e) and (¥) correspond to DPPC/Cholesterol and human-
meibum films reported by [14]. (A) are palmitoyl oleate/C14H3o films measured by Borchman et
al. [13]. (¢) are films of MO:eucalyptus oil measured by [47]. (#) are calculated values for
evaporation reduction based on the Dk measured by Langmuir and Schaefer [8] for oxidized-
turbine-oil duplex films assuming ¢ = 1. A vertical arrow at 100 nm shows the approximate
thickness of the human TFLL.
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experiments can only detect j= and not jo. The range of clinically measured tear-evaporation
rates from healthy subjects under various flow and environmental conditions is 0.002 to 6.3x10°
g/lcm?/s. Most in-vivo tear-evaporation rates are measured without forced flow. The average
evaporation rate measured under many different flow conditions is jr = 1.25x10° g/cm?/s at Ts =
35 °C [123], Ry = 30-40 %, and T, = 23-25 °C, similar environmental conditions to those in this
study. Tomlinson et al. [70] measured the evaporation rate from pure water at 31 °C with the
same device as used on eye. Comparison between the two measurements suggests an in-vivo
evaporation reduction by the human TFLL of 25-45 %, much less than that of the rabbit.
However, because jr and jo are not measured under identical conditions, this estimate is not
quantitative. Although the clinical evaporation rate is about 2-3 % of our in-vitro measurents, jo
remains unknown for most clinical measurements, precluding direct calculation of the lipid-film
mass-transfer resistance, Rg, or even evaporation reduction. Thus, it is possible that clinically
reported evaporation reduction results primarily from a gas-phase mass-transfer resistance and
not from the TFLL resistance.

To accentuate this point, quantitative analysis of evaporation rates requires an estimate of
km, Which depends on airflow and apparatus geometry. With a few exceptions, clinically
measured evaporation rates are conducted in the absence of forced airflow. Tomlinson et al.
discuss the details of the evaporation-rate-measurement methods [70]. Briefly, evaporation rates
without forced flow are obtained either by measuring the relative-humidity gradient in front of
the eye using a modified dermatological evaporimeter [71] or by measuring the transient
relative-humidity increase in a sealed goggle placed over the eye [63, 72]. We estimate a
reasonable range of kg, for these experiments as 0.05 to 1 cm/s. Due to the thinness of the human
tear film, we assume that the tear-surface temperature remains constant regardless of the
presence of a lipid film, so Tsg = Tsp. The clean-water evaporation rate for the in-vivo
experiments then ranges from 1.6x10° to 3.1x10® g/cm?s at T, = 23 °C and Ry = 40 %.
Therefore, depending on the mass-transfer coefficient, the average clinically measured
evaporation reduction varies from 20 to 96 %. Assuming a lipid-layer thickness of 100 nm,
Equations 14 and 15 specify the possible range in lipid-layer water permeability for various
values of the mass-transfer coefficient. Thus, for kn = 1 cm/s, Dk = 4.2x10°" cm?/s; for ky, = 0.05
cm/s, Dk = 2.0x10°® cm?/s. At very small mass-transfer coefficient, however, estimation of Dk is
extremely sensitive to changes in k. If ky = 0.04 cm/s, the calculated Dk is 3.0x10™* cm?/s, close
to that of this study: 2.6x10” cm?s. Importantly, without careful characterization of mass-
transfer rates in clinical-evaporation measurements, it is not possible to estimate the effect of the
TFLL on evaporation reduction.

Airflow and water permeability of the lipid layer control the evaporation rate through the
TFLL. Figure 4.20 shows the calculated mass evaporation rate through a duplex film, jg, as a
function of film thickness, L, for various impinging air speeds, u, and two lipid-layer water
permeabilities, Dk. We set Tsp = Tsg = 35 °C, Ry = 40 %, and T, = 23 °C to replicate
physiological conditions. Solid, dotted, and dashed lines show theory results for u = 0.01, 0.1,
and 1 m/s, representative of air speeds for nearly stagnant air, flow in a ventilated room, and
walking, respectively [124]. The mass-transfer coefficient at each velocity is calculated by ratio
with that measured in our experiments, assuming kn ~ u®*® [105, 125]. Lines labeled with open
squares and open circles correspond to Dk = 2.6x10™ and 2.6x10° cm?/s, respectively. Lower
water permeability and slower air speed lead to lower evaporation rates. The ordinate intercept
of each line corresponds to jo, which increases significantly with increasing air speed. Greater
evaporation reduction at any film thickness is effected by a smaller Dk for a given air speed or by
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Figure 4.20: Calculated evaporation rate, jg, versus lipid-layer thickness, L, for various
impinging-air speeds, u, for two lipid-layer permeabilities. Open squares and circles on the lines
correspond to Dk = 2.6x10™ and 2.6x10°® cm?/s. Air speeds of 0.01, 0.1, and 1 m/s
(corresponding to nearly stagnant air, ventilated-room air, and walking) are shown with solid,
dotted, and dashed lines, respectively. For air speeds 0.01, 0.1, 1 m/s, the corresponding jo
values are 2.1, 7.4, and 2.6x10°® g/cm?/s, respectively.

138



a larger air speed for a given Dk. There is no single evaporation rate or evaporation reduction.
Thus, reporting a single number for the evaporation rate of the human TFLL is misleading. In
addition to environmental Ry and T, evaporation rate and evaporation reduction depend strongly
on airflow as well as on the thickness and water permeability of the lipid layer. At 100-nm
thickness, little evaporation reduction is predicted except at the lowest Dk and the highest air
speed. The importance of both controlling the experimental conditions and measuring kn (i.e., jo)
cannot be overstated.

If we assume that ky, > 0.05 cm/s, then clinical evaporation measurements suggest that the
water permeability of the human TFLL is ~10°-107 cm%s, which is at least an order of
magnitude smaller than the most impermeable duplex-oil films measured by Langmuir and
Schaefer [8], and two to three orders of magnitude lower than the in-vitro measurements from
this study. We offer several reasons for this discrepancy.

First, recent measurements of meibum physical and structural properties show that human
and bovine meibum undergo solidification phase transitions below 35 °C, turning into solid wax-
like solids [83]. Eye temperature is close to this transition temperature, but all of our
evaporations experiments were deliberately conducted well above this transition to avoid
possible drastic changes in meibum properties at different film thicknesses and temperatures.
Two evaporation measurements conducted with bovine meibum at 20 °C gave Dk ~ 1x10°
cm?/s, which is about an order of magnitude less than that at 40 °C. Nevertheless, the Dk of
bovine meibum well below tear-film temperature is still much higher than the purported clinical
measurements [21, 32, 71].

Second, it is possible that our in-vitro substrate and duplex-oil films are fundamentally
different from the in-vivo aqueous tear film and TFLL. The presence of salt, proteins, and
mucins in the aqueous tear film is lacking in the most of our experiments. As mentioned in §4.1,
however, addition of these components did not affect evaporation rates from either clean or film-
covered water surfaces. This agrees with Borchman et al. [13] and Herok et al. [14], who show
that human tear and salt buffers containing proteins evaporate at the same rate as pure water
alone. The colligative effect of salt on the water-vapor pressure is minimal because tear salts
make up less than 1 percent of the aqueous phase [24, 30, 126]. Lowering of the water chemical
potential by dissolved protein is likewise negligible. Specific interaction between proteins and
lipids adsorbed at the aqueous/lipid interface might lead to a structural change in the interface
and lead to an interfacial resistance, R;. However, we have no experimental evidence for such
behavior.

Another possibility is that our sampling for bovine and human meibum results in exuded
lipids with different chemical and physical properties than those in natural secretion. The
physical state of meibum expressed from human meibomian glands depends on the pressure
applied to the eyelid during collection [127]. At light pressures, typically less than 7 kPa (1
psia), liquid material exits the meibomian glands, but at higher pressures, the expressed material
becomes solid-like. The bovine meibum collected from excised lids was done so at high
pressures; human-meibum collection was not controlled for pressure application other than to
avoid discomfort to the patients. Thus, it is possible that we obtained meibum not representative
of that secreted under natural in-vivo conditions. We note, however, that the increased viscosity
of solidified meibum usually exuded at high pressures likely exhibits lower Dk than liquid
meibum deemed to be natural. Gentle expression of the glands results in a less viscous and
larger water-permeable meibum that exhibits even less resistance to evaporation.
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In our view, none of these potential explanations explains the apparent difference
between the in-vitro evaporation rates in this study and clinical results on humans and rabbits.
The human TFLL probably contributes insignificantly to water-evaporation reduction in the
human tear film.

4.9 Conclusions

We review the available literature on water-evaporation reduction by duplex-oil films and
outline the theoretical underpinnings of spreading and evaporation kinetics that govern behavior
of these systems. The dissolution-diffusion model, wherein water dissolves in the duplex lipid
film and subsequently diffuses through it and through an air boundary layer, unifies data reported
in the literature and identifies dewetting of duplex films into nonuniform layers as a key
challenge to obtaining significant evaporation reduction. We develop an improved apparatus for
measuring evaporation reduction by duplex-oil films. New data reported in this study fit into the
larger body of work conducted on water-evaporation by duplex-oil films. Duplex-oil films of
MOx/BSM and bovine meibum reduce water evaporation by a dissolution-diffusion mechanism,
as confirmed by agreement between the new measurements and theory. The water permeability
of MOx/BSM duplex films agrees with those reported in the literature [8, 45, 119], after
correction for the presence of bovine submaxillary mucin.

We find that duplex-oil films of bovine and human meibum at physiologic temperature
reduce water evaporation only 6-8 % for a 100-nm film thickness pertinent to the human tear
film.  These numbers disagree with the 75-93 % reduction reported by in-vivo clinical
measurements on evaporation reduction by rabbit lipid layers [21, 32]. Comparison to in-vivo
human tear-evaporation measurements is inconclusive because evaporation from a clean-water
surface is not measured and, accordingly, the mass-transfer resistance is not characterized.
Without this characterization, evaporative resistances of the air and lipid layer cannot be
decoupled. Theoretical estimation of j, gives evaporation reduction by the in-vivo human lipid
layer of 20-96 %. Even at the smallest reduction, the calculated duplex-oil-film water
permeability of the TFLL is significantly less than that reported in this study. To reconcile this
difference, future in-vivo evaporation measurements must include calibration to characterize the
mass-transfer coefficient and measurement of the evaporation rate from a clean-water surface.
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Appendix 4A: Thermodynamic stability of duplex films

Equation 3 in §3.2 describes the free energy of hole formation in a thin duplex-oil film.
Changes in surface energy and gravitational-potential energy are included in the analysis.
Details are given here on the derivation of the gravity term (4 pgA,, L3 ) and on the calculation of

areas A; and A,.

The gravitational term in Equation 3 results from the difference in gravitational potential
energy between a hole-containing film (Figure 4.2B) and that with a uniform film (Figure 4.2A).
The gravitational-potential energy, PE, is that of the water substrate plus the oil film. The
average potential energy in Figure 4.2A containing a uniform film of thickness Lo resting on a
substrate of thickness d is

— L2
PE fim =m, g7, + M, 97, = %progd "+ i Aog(l—od +?OJ (A1)

where subscripts w and oil indicate the water and oil phases, respectively, m; is the mass of
material in phase i, g is the gravitational constant (9.81 m/s?), Z, is the average height of phase i
above the reference point at the bottom of the trough, pi is the mass density of phase i, and Ag is
the area of the water/oil and oil/air interfaces.

After dewetting and hole formation, the oil phase covers a smaller area, A = Ay — An.
Assuming that r-r; and r-r, are much smaller than the radius of the overall film, mass
conservation of oil yields AoLy = AL, and the resulting dewetted oil film thickens slightly.
Buoyancy requires that the air/water interface in the hole rise a distance I’ above the height of the
water/oil interface in Figure 4.2A. When a hole forms in the film, the average potential energy
in Figure 4.2B is:

PE ot :%Pong(d -1 +|’)+prleg(d -3l +I,)+poilAL(d -1, +|’+%L) (A2)

where all terms are defined in 83.2. Hydrostatics dictate that 1, =L p,; /p,, . Conservation of
water mass relates 1" and I,
A
I'=1]|1-—H A3
( . j (A3)

Upon combining Equations A.1-A.3 and the mass-conservation expressions for water and
oil, the change in average gravitation potential energy between the film-with-hole and uniform-

film states is
APE = PErae — PE i = 2 py 0A, (1_A_Hj @Lz(l—A—Hj+2Ld _
Al p, A

—(1—A—H]{@ L% +2Ld + L2 + L2 (1—A—HH} (A4)
A ) Pu Ay

In practice, the hole area is much smaller than the initial area such that A ~ Ay, and
Equation A.4 simplifies to
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oY= 1 oi A
APE zapoil(l_p_lengAH (inJ (A.5)

By assuming L ~ Lo, Ay << Ao, and by defining 5 = p,, (1 p,; /0., ), Equation A.5 simplifies to

the gravitational term in Equation 3 of the text:

APE :% BOA, L2 (A.6)

The water/oil and oil/air interface shapes in the region surrounding the hole determine the
ry, ra, Az, and A,. We follow Sharma and Ruckenstein [91] and solve the Young-Laplace
equation ignoring gravity for the shape of both interfaces and obtain expressions for the oil/air
and oil/water profiles, ri(z). Evaluation of the profiles at |; and I, gives ry and r, respectively:

rizro[coshL _I‘ j+005aisinh( _I‘ H i=12 (A7)
r,sing, r,sing,

where the subscript i = 1 or 2 for the top or bottom surface, respectively, and «; is the contact
angle in the oil between the water/air horizontal and the oil/water or oil/air interfaces.

Neumann’s triangle relates the three tensions, y,, ,7,,and y,, , to each contact angle. Areas are
calculated by integrating the arc length from rq to ry or r,. Given by Equation A.7, the result is

Ai:%ro{(ucoszai)sinh[ !i ]+2cosai(cosh( ! J—1)+2—|isinai} i=12 (A.8)

r,sing, r, Sing; ry

where again the subscript i denotes the areas of the top (1) or bottom (2) “shoulder” areas.
Following Sharma and Ruckenstein [91], we assume that the profiles level at I; for r > r;, but
since we ignore gravity in solving the Young-Laplace equation, the calculated profiles do not
level smoothly.

Substitution of the expressions for r; and A; into Equation 3 and evaluation at AF=0 gives

the critical film thickness L, which depends on 7,, 7,., 01, a2, and ro. We numerically evaluate

L.. Similar to Equation 13 of Sharma and Ruckenstein [91], L. is linear with ro. For a
reasonable range of mass densities and tensions applicable here, f = L./ varies from about 0.2
to 0.8, corresponding to a total contact angle, a;+ ay, of 20 to 90°.

Appendix 4B: Impinging-jet heat and mass transfer

The air-supply fan shown in Figure 4.6 directs an impinging jet of air perpendicular to the
evaporating water surface in the miniature Langmuir trough. The resulting stagnation flow [128]
at the water surface convects water vapor from the surface and heat to or from the surface,
depending on whether the trough is heated. Equations 13 and 21 describe how water flux and
heat flux from the trough into the air depend on the mass- and heat-transfer coefficients, ky, and
h. As mentioned previously, ky, and h vary with the type and magnitude of the air flow as well as
with the apparatus geometry. This dependence is reported in terms of the relationship between
the Sherwood (Sh) and Nusselt (Nu) numbers, which characterize ky, and h, and the Reynolds
(Re) number, which characterizes the air flow. For impinging-jet flow these dimensionless
groups are

k. D

m ™~ fan
—_— B.1
S (B.1)

wa

Sh
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where Dy, is the fan diameter, Dy is the mass diffusivity [m?/s] of water vapor in air, ki is the
thermal conductivity of air [W/m/K], Via, is velocity of air exiting the fan [m/s], and v is the
momentum diffusivity of air [m%/s]. Vi is provided by the manufacturer via a linear calibration
with fan speed, w. Correlations for Sh and Nu at solid surfaces exposed to impinging-jet fluid
flow are tabulated [105, 125]. Obot and Trabold [129] reported good agreement between the
correlation proposed by Martin [105] and their measured values for water-evaporation data. For
a single fan of diameter Ds,, placed at a distance H above a surface, the integral-mean Sh and Nu
at a radial distance r along on the evaporating surface from the stagnation point follow the forms

Sh Nu

WZWZF(RE’ /Dye)G(H/Dyyy  1/Dyy) (B.4)

where Sh and Nu are the integral-mean of Sh and Nu from r = 0 to r and F and G are functions
shown graphically in Figure 9 of Martin [105]. Schmidt (Sc) and Prandtl (Pr) numbers are

14
Sc=— B.5
D, (B.5)
pr=Y (B.6)
a

where o is the thermal diffusivity of air [m?/s]. For air at 25 °C, Sc = 0.6 and Pr = 0.7. Figure 9
in Martin [105] plots Sh/Sc®# and Nu /Pr®* versus Re for H/Dya, = 7.5 and various r/Dey,. For
our experimental apparatus, H/D = 8 and r/Ds,, = 0.5. The correlation in Martin [105] predicts

that Sh, Nu ~Re®*.

In our experiments, ki, is established from pure-water evaporation experiments using
Equation 17. The rotational fan speed, o, measured with a strobe light, sets the air exit velocity
from the fan, Vs, permitting calculation of Re. Figure 4B.1 shows measured log ky, versus log @
at two average surface temperatures: Tsp = 17.2 and 34.7 °C. There is little difference between
kn at the two temperatures, which is expected because the change in air physical properties is
negligible over this range. Least-squares fitting calculates the slope of both lines to be 0.58,
which is close to that reported in Martin [105] for similar systems. Mass and heat transfer in our
system are, therefore, well described by impinging-jet flow. Any difference is most likely due to
differences in fluid flow and geometry between our system and those reported in the literature,
such as the presence of trough barriers which alter the airflow compared to that for a flat plate.

From the experimentally measured values of kg, we calculate h using Equation B.4

T

As the fan speed increases from 3800 to 6300, the predicted h increases from 1.4-1.9x103
W/ecm?/K at 18 °C and 1.5-2.0x10° W/cm¥K at 35 °C. Thus, the pure-water evaporation
experiments serve to establish both ky, and h, which are then used in the dissolution-diffusion
model for predicting evaporation rate and surface temperature.
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Figure 4B.1: Log-log plot of the measured mass-transfer coefficient [cm/s] versus fan speed
[rpm]. Fan speeds used were 3800, 5000, and 6300 rpm. Error bars represent the standard
deviation for each point, which was an average of 5 to 6 experiments. Filled and open squares
correspond to data at Tgp of 17.2 and 34.7°C, respectively. The slope of both the solid and dotted
best-fit lines is m=0.58. For the heated substrate, T, = 43 °C.
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Appendix 4C: Apparatus heat transfer

In 84.2, we developed a 1-D model to predict evaporation rates from and temperatures of
an evaporating water surface including the effects of substrate heating and the presence of a
spread duplex-oil film. The 1-D model requires modification to describe the behavior of the
miniature Langmuir trough used in our experiments because the trough edges are not completely
insulated and the temperature at the bottom of the substrate is not strictly uniform. As a result,
the water-surface temperature is nonuniform. We use a pseudo-1-D heat-transfer model to
account for heat flow from the trough walls, defined as Q, [W], which is small but not

negligible. Upon rewriting the energy balance at the water/oil interface in Equation 22 to include
heat transfer from the walls, we find

0=0g,A+Q, —g-A—J.AH_A (C.1)
where A is the area of the evaporating surface, and all other variables are defined in §4.2.2. If

the trough is not heated, then gs = 0. In the absence of a film, Jo replaces Jg in Equation C.1.
Q,, is expressed in terms of a heat-transfer coefficient and a temperature driving force:

QW :UAN (Thot _Two) (CZ)
where U is the overall heat-transfer coefficient between the water surface and the heat source,
A, is the effective area over which heat transfer occurs, and Ty is the hot temperature acting as

a heat source. When the substrate is heated, Tnot = Tp, the temperature at the bottom of the
trough. Without heating Thot = T., the temperature of the ambient air. Neither U nor Ay can be
obtained independently, but the product UA, is a constant characteristic of the apparatus.

Solution of Equations C.1 and 23 results in modified versions of Equations 24 and 27 that
describe Tsr and Tsp. The difference is that Uy, from Equation 25 is now redefined as
k, UA,
w = (€3)
Modified Equations 24 and 27 describe Tsg and Tso when the water substrate is heated.
For experiments conducted without substrate heating, Equations 24 and 27 further

simplify to

TSF :Tw _ﬂ (C.4)
U +UAN/A
and _
B J,AH, (C5)

Tso=Te +UA, /A
In the pure-water evaporation experiments, all values in Equation C.5 are known or measured
except UAw. Therefore, the modified Equation 27 is solved to determine UAy in the case where
the trough is heated, and Equation C.5 is solved in the case where it is not heated. Results from
all experiments show that UAy is larger when the substrate is heated than when it is not and has a
standard deviation of 10-17 %.

Appendix 4D: Experimental conditions and apparatus properties

Evaporation-reduction measurements were carried out over a 2-year span; hence, the
environmental conditions were slightly different. There are three sets of data: MOXx/BSM
without substrate heating; MOx/BSM with substrate heating; and BM with substrate heating.
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We outline the average conditions for each of these sets of data in Table 4.2. The measured
quantities Tso, T, Ry, and jo are reported, followed by the calculated values for kn, h, and UAw.

Reported values are averaged over the entire set of clean-water experiments that are conducted
for a given oil system. Each data set contains over 30 to 40 measurements.
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Chapter 5

Conclusions

The increasing global prevalence of dry-eye disease has renewed clinical and research
interest in understanding this condition. Most cases of dry eye are attributed to evaporative dry
eye (EDE) [1]. The current paradigm holds that a dysfunctional tear-film lipid layer (TFLL)
leads to an increased tear-evaporation rate from the exposed ocular surface, which, in turn,
causes tear hyperosmolarity. Chronic tear hyperosmolarity then triggers an inflammatory
cascade that leads to clinical dry-eye disease [2-4]. However, a limited fundamental
understanding of the role of the TFLL in dry eye impedes progress in developing care strategies.
In an effort to advance knowledge in the field, this thesis focuses on tear evaporation in dry eye,
on the structure and physical properties of tear lipid, and on the role of duplex-oil films in water-
evaporation reduction.

The compartmentalized tear-dynamics model introduced in Chapter 2 describes the
distribution of tear over the anterior ocular surface. The dependence of tear dynamics on tear-
supply and tear-evaporation rates was investigated to understand dry-eye and normal behavior.
Predicted tear osmolarity, tear volume, and tear-turnover rate all agree well with clinical
observations of normal and dry-eye subjects. Tear-evaporation rate is the single most important
driver of tear osmolarity and, therefore, plays a central role in dry eye. Osmotic water flow
through the cornea and conjunctiva also play an important role in tear dynamics. For healthy
tear-supply and tear-evaporation rates, osmotic flow contributes only 10 % of the total tear
supply, but elevated tear osmolarity in dry-eye conditions augments the contribution to 50 % of
the total tear supply. Inclusion of osmotic water flow enables our model predictions to agree
better with clinical measurements at higher tear-evaporation rates and lower tear-supply rates
than did previous models [5].

The tear-dynamics model is limited predominantly by the lack of reliable clinical
measurements to set pertinent parameter values, especially evaporation rates. As mentioned in
Chapter 4, measured in-vivo evaporation rates cover a wide range, and the choice of an
appropriate evaporation rate is difficult. Importantly, inclusion of transmembrane osmotic water
flow enables the predicted tear osmolarity to remain normal over a modest range of tear-
evaporation rates.

The tear-dynamics model focuses on salt as a solute, but the mass balances are readily
extended to include other solutes such as drugs or fluorescent tracers. Adaptation of the model
to describe transient behavior enables prediction of drug bioavailability after ocular instillation.
Also of interest are dry-eye care solutions that increase tear viscosity to improve tear residence
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time on the eye. If the tear-drainage model were modified to incorporate tear viscosity, then the
transient model could optimize the formulation of tear-thickening care solutions.

Structural and rheological examination of meibomian lipids in Chapter 3 provides a new
understanding of the tear-film lipid layer (TFLL). Meibum is a structured, shear-thinning, and
highly viscoelastic fluid. The complex rheology results from lamellar lipid crystalline solids
suspended within a viscoelastic bulk liquid. Below 30 °C, meibum is essentially a solid wax.
When heated above eye temperature, SAXS demonstrates that the crystalline material in meibum
melts, causing a substantial change in rheological properties. Disappearance of crystalline lipids
and the decrease of viscosity and viscoelasticity are accompanied by energy release observed
with DSC and by loss of birefringence visualized with polarized-light microscopy. The current
picture of the TFLL as a few ordered layers of stacked lipid molecules [6-8] fails to account for
the behavior of the bulk liquid contained within the duplex film.

Our new findings have important implications for tear physiology. The melt transition of
meibum suggests that meibum is liquid-like and easily expressible when expressed from the
glands at 37 °C, but that the viscoelasticity increases as it cools down after spreading over the
aqueous tear film, which could impart stability to the tear film. In addition, it is clear that
chemical changes in meibum that affect its crystalline structure alter its rheology. Such
compositional and structural changes observed in dry-eye disease [9-11] may explain why the
TFLL is defective. Further research coupling compositional analysis with structural and
rheological examination in healthy and dry-eye subjects could provide valuable insights into the
origin of dry eye.

Despite the important new information obtained in Chapter 3, many questions still
remain. Meibum is a complex mixture of lipids; we have not identified which specific molecules
constitute the various crystalline populations. Future work measuring the structural and
rheological properties of model meibomian-lipid components such as wax esters, cholesteryl
esters, triacylglycerols, and phospholipids may pinpoint the contributions of each class of lipids
to the overall properties. Characterization of the individual components could guide
development of model meibum mixtures for evaporation-reduction studies, as in Chapter 4.
Also, the surface and interfacial tensions of meibum that govern spreading behavior were not
examined in this dissertation. Interfacial-tension measurements could provide information about
the partitioning of polar lipid molecules at the lipid/water interface. Due to the relative scarcity
of knowledge about the structure and physical properties of meibum, much remains to be
discovered.

Experiments on water-evaporation reduction featured in Chapter 4 measure water-
evaporation reduction by duplex films of model oil and meibomian lipids with careful attention
to spreading and evaporation physics. By controlling relevant experimental parameters such as
airflow, humidity, temperature, and duplex-film uniformity, the results are rigorous and
apparatus independent. Uniform film coverage is critical, and duplex-film dewetting is a key
challenge to obtaining reliable water-evaporation reduction. Duplex-oil films composed of
oxidized mineral oil and mucin (MOx/BSM), bovine meibum, and human meibum all reduce
water evaporation by a dissolution-diffusion mechanism. Application of the dissolution-
diffusion theory allows calculation of water permeability, Dk, in the duplex-oil films, which is a
material property of the oil.

Duplex-oil films studied in Chapter 4 reduced water-evaporation rates significantly at
large thicknesses, in contrast to previous reports [12-14]. The water permeability of MOx/BSM
films agrees with previously reported data after accounting for the presence of BSM [15, 16].
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However, duplex films of bovine and human meibum spread at 100 nm in thickness reduced
water evaporation by only about 10 %. This reduction is nowhere near the 90 % evaporation
reduction for the eye reported by clinicians [17-19]. As described in Chapter 4, water-
evaporation reduction depends on the gas-phase mass transfer and environmental conditions
within the apparatus. Estimation of mass transfer in clinical goggle apparatus puts in-vivo water-
evaporation reduction by the TFLL at 20 to 96 %, which is still more than that measured here.

The apparent disparity between in-vivo and in-vitro evaporation suppression by duplex
films of meibomian lipid is obscured by the lack of mass-transfer characterization in clinical
measurements. The implications of our results change depending on the role of the in-vivo TFLL
in water-evaporation reduction, which is currently undetermined. If the actual evaporation
reduction by the human TFLL is close to 20 %, then it is possible that our in-vitro results are in
agreement. Although the TFLL is 100-nm thick near the center of the cornea, it thickens near
the lid margins. Consequently, the average thickness of the healthy TFLL may be greater than
100 nm. A 250-nm thick duplex-lipid film of human meibum reduced water evaporation by 20
% in Chapter 4. Thus, small changes in assumptions about the TFLL might account for the
perceived disparity. In this case, it is possible that the role of the TFLL is not primarily to reduce
evaporation but instead to stabilize the aqueous tear layer against rupture and eventual dewetting
[20, 21]. In fact, tear-film instability is thought to be another core mechanism of dry eye [4].

Conversely, if the human TFLL reduces tear-film evaporation by much more than 20 %,
there is no clear explanation to reconcile the in-vitro reductions reported in Chapter 4. It is
possible that our in-vitro experiments do not capture completely all aspects of the tear-film
aqueous and lipid layers or their combined interaction in evaporation reduction. Chapter 4
details potential reasons for why our in-vitro system may not replicate that of the in-vivo tear
film, but none is particularly compelling. In-vivo tear-evaporation measurements utilizing an
evaporimeter with well-characterized mass transfer are required to address this inconsistency.

Altogether, the results obtained in this dissertation do not resolve the role of the TFLL in
tear dynamics and in dry eye. Although we have learned a great deal about tear dynamics and
the in-vitro properties of meibum, the implications of our findings are, unfortunately, ambiguous.
The tear-dynamics model in Chapter 2 indicates that tear evaporation drives tear osmolarity.
Specifically, increases in tear-evaporation rate measured in dry-eye subjects predict tear
hyperosmolarity significant enough to initiate dry eye. However, the reliability of the clinical
tear-evaporation measurements is called into question in Chapter 4. More importantly, in-vitro
duplex films of bovine and human meibum do not reduce evaporation significantly at
physiological TFLL thicknesses. Additional research is necessary to resolve the contradiction.
Despite the present effort, our ultimate goal eludes us. Luckily, the thrill is in the chase.
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