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Abstract

Meibomian gland secretions (or meibum) are produced by holocrine meibomian glands and are
secreted in melted form onto the ocular surface of humans and animals to form a protective tear
film lipid layer (TFLL). Its protective effect strongly depends on the composition and, hence,
thermotropic behavior of meibum. The goal of our study was to quantitatively evaluate the melting
characteristics of human meibum and model lipid mixtures using differential scanning
microcalorimetry. Standard calorimetric parameters, e.g. changes in calorimetric enthalpy,
transition temperatures T(m), cooperativity of melting etc. were assessed. We found that
thermotropic behavior of meibum resembled that of relatively simple mixtures of unsaturated wax
esters, but showed a lower change in calorimetric enthalpy, which can be indicative of a looser
packing of lipids in meibum compared with pure standards and their simple mixtures. The
cooperativity of melting of meibomian lipids was comparable to that of an equimolar mixture of
four oleic-acid based wax esters. We demonstrated that the phase transitions in meibum start at
about 10 to 15 °C and end at 35-36 °C, with T(m) being about 30 °C. The highly asymmetrical
shape of the thermotropic peak of meibum is important for the physiology and biophysics of
TFLL.

Keywords

cooperativity; meibum; meibomian gland secretions; melting; phase transitions; microcalorimetry;
lipids; wax esters

Introduction

The meibomian gland secretions (or meibum (Nicolaides et al., 1981)) are produced by
holocrine meibomian glands that are located in the upper and lower eyelids of humans and
many animals. Meibum is an integral part of the human tear film which covers the entire
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ocular surface of humans and animals alike. Meibum consists of a complex mixture of
various lipids, and a variety of non-lipid compounds, e.g. proteins, peptides, salts, and other
compounds. A wide range of lipids, such as wax esters (WE), cholesteryl esters, di- and
triacylglycerols, (O-acyl)-w-hydroxy fatty acids (OAHFA) and other di- and triesters, free
cholesterol, free fatty acids, phospholipids, were identified in meibum (Butovich, 2011a;
Chen et al., 2010; Lam et al., 2011). Amphiphilic lipids (such as OAHFA, diacylglycerols,
free fatty acids, free cholesterol, etc.) are expected to form the lower sublayer, while
nonpolar lipids form the upper portion that is on the surface of the tear film and is in contact
with the air (Holly, 1973). This sandwiched structure is called the tear film lipid layer
(TFLL). One of the acknowledged roles of TFLL is to slow down the evaporation of water
from the ocular surface (Mishima and Maurice, 1961). Abnormal changes in the lipid
composition of meibomian gland secretions can result in the tear film destabilization and
increased evaporation rate, and can have detrimental changes on the melting and spreading
characteristics of meibum.

Dry eye disease (DED) is one of such conditions. DED is a multifactorial disease of the tears
and the ocular surface that results in symptoms of discomfort, visual disturbance, and the
tear film instability. DED can, potentially, result in a serious damage to the ocular surface
(2007a). Two different forms of DED are recognized: aqueous deficient dry eye and
evaporated dry eye (Nelson et al., 2011). EDE (also defined as meibomian gland
dysfunction, or MGD) is a chronic, diffuse abnormality of the meibomian glands, commonly
characterized by terminal duct obstruction and/or qualitative and quantitative changes in the
glandular secretion. The prevalence of MGD among DED patients appears to be high: MGD
with glandular loss was a prominent feature in 61.1% with total meibomian gland loss being
observed in 0.9% of the eyes in a Japanese study (Uchino et al., 2006), while an age-
standardized prevalence of MGD was 56.3% in Singapore study (Siak et al., 2012).
Recently, Lemp et al. reported that about 86% of DED patients evaluated in a multi-site
study had signs of MGD, such as poor quality of meibum and the tear film instability,
among others (Lemp et al., 2012). It is believed that one of the main reasons for the onset of
EDE/MGD is the tear film destabilization possibly associated with changes in meibum lipid
composition (Joffre et al., 2008).

Correlations between the dry eye syndrome and abnormalities of the tear film lipid layer
have been studied using many techniques, among which various types of mass spectrometry
have offered valuable information (Butovich, 2009, 2011a; Chen et al., 2010; Joffre et al.,
2008; Lam et al., 2011; Saville et al., 2011; Shine and McCulley, 1993). It has been reported
that meibum from MGD patients has shown significantly higher levels of branched-chain
fatty acids and lower levels of saturated fatty acids, in particular lower levels of palmitic
(C16:0) and stearic (Cqg:g) acids (Joffre et al., 2008; Joffre et al., 2009). The relative amount
of cholesteryl esters increased in normal meibum with age and was 40% lower in MGD
(Siak et al., 2012). It has been recognized that meibum of MGD patients is more solid than
that of normal, non-DE controls (Arita et al., 2009). Borchman et al. recently confirmed
those observations and reported that meibum of MGD patients had a 4 °C higher phase
transition temperature than that of normal, age-matched controls (Borchman et al., 2011).
Using elaborate spectroscopic experiments, the same authors also found that meibum of
MGD patients contained relatively fewer ¢/s-CH= and terminal —CH3 groups, which could
increase its ordering, and, hence, lead to higher melting temperatures of abnormal meibum
(Borchman et al., 2010). Reversible melting and crystallization of lipids is one of the basic
phase transitions that lipids undergo in response to varying temperature. Therefore, in-depth
studies of phase transitions in meibum could provide new and important insight on its
biophysical and physiological properties, specifically with regard to the properties and
functions of the tear film and TFLL.

Chem Phys Lipids. Author manuscript; available in PMC 2014 May 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Luetal. Page 3

The aims of this study was to characterize the phase transitions of lipids of human meibum
and to compare those with individual standard wax esters and their mixtures, using
differential scanning microcalorimetry (DSC).

Materials and Methods

Equipment and reagents

All the standard lipids used in this study were purchased from either Sigma Chemical Co.
(St. Louis, MO) or Nu-Chek Prep. (Elysian, MN). Only HPLC or spectroscopy grade
solvents from various manufacturers were used. A two-cell differential scanning VP-DSC
microcalorimeter from GE/MicroCal (Piscataway, NJ) was used for microcalorimetric
studies. A ThermoVac vacuum unit was also from GE/MicroCal. A Trace Ultra gas
chromatograph equipped with an ITQ 1100 mass spectrometric detector from Thermo
Electron (Waltham, MA) were used for GC-MS analyses of lipids.

Preparation and loading of standard lipids and their mixtures

Two different types of lipid samples loading procedures were tested. The first approach
involved loading the dry lipids, while the second — loading their 10 mM chloroformic
solutions. At the beginning of each experiment, both the sample cell and the control cell
were washed with chloroform and then dried with a gentle stream of nitrogen at room
temperature. Dry lipid samples were loaded directly into the DSC sample cell with a home-
made insertion tool (“dry loading”). This approach did not involve any solvents, and the
loaded sample was melted as is. “Wet loading”, on the other hand, was conducted by adding
lipid solutions into the cell with a microsyringe. An aliquot of a lipid solution (typically, 25
or 50 pl of 10 mM stock solution of lipid in chloroform, i.e. 0.25 or 0.5 pymol of the analyte)
was loaded into the cell using a microsyringe with a 10-cm needle (Hamilton, USA). Then
the solvent was evaporated in a stream of nitrogen at room temperature for about 30 minutes
and the cell was vacuumized for another 35 to 40 min using the ThermoVac. The dryness of
the samples was critical for the success of the experiments — even small amounts of solvents,
if left in the cell, affected the shapes of thermograms. Fortunately, the presence of traces of
solvents could be easily spotted by evaluating the initial part of thermograms: if the solvent
was present, the baseline deviated from a flat line, the melting curve broadened, and the
intensity of the signal declined.

For individual pure lipids, a typical amount of loaded lipid was either 0.25 or 0.5 pmol per
cell per experiment. For tested standard lipid mixtures, the amounts of individual
components varied depending on the design of the experiments. Those amounts are
indicated in the text and figure legends where appropriate. The sample solutions were stored
in a —20°C freezer with no apparent deterioration during the course of the study.

To make lipid mixtures, stock solutions of individual compounds in chloroform were mixed
in different molar ratios. The mixtures were loaded into the microcalorimeter as
chloroformic solutions using a microsyringe as described above for individual lipid
standards. The dry samples and stock solutions of individual lipids were stored at —20°C and
were stable for many months.

Human meibum sample collection and loading

All the procedures were approved by the Institutional Review Board of the University of
Texas Southwestern Medical Center and performed in accordance with the principles of the
Declaration of Helsinki. Written informed consents were obtained. Two subjects (a male and
a female; 50+2 years old) had no signs or symptoms of any ocular disease, nor were the
subjects on hormonal therapy or anti-muscarinic medications. Collection of samples was
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conducted using a Zeiss surgery microscope under 7x magnification. Meibum was
expressed only from lower eyelids. Before collecting samples, the donors’ eyelids were
cleaned with a cotton swab and then meibum was expressed by soft-squeezing the eyelid
with two cotton swabs on each side of the eyelid as illustrated earlier (Butovich, 2008).

The combined samples from the left and the right lower eyelids of a patient were dissolved
in about 1 ml of chloroform placed in a HPLC-style glass vial. The dry, clean vial had been
initially pre-weighed using an analytical balance. After the solvent has been evaporated to
dryness, the vial with the sample was re-weighed to determine the weight of the collected
sample. The average dry sample was dissolved in chloroform to give a 1 mg/ml solution.
The samples then were kept at —20°C until use.

Typically, an aliquot of between 150 and 400 ug (or 150 to 400 ul of a 1 mg/ml solution) of
human meibum was loaded into the sample cell. Meibum samples dissolved in chloroform
were treated and analyzed as described above for solutions of standard lipids.

Sample measurement and data collection

DSC measurements were performed using a high sensitivity VP-DSC microcalorimeter. At
least three individual samples of each standard compound or their mixtures were analyzed.
At least three aliquots of each of meibum samples were analyzed. The scanning temperature
range for standard lipids and lipid mixtures was set according to the literature data on the
melting temperatures (T,,) of each specific standard lipid. Typically, the range was close to
Tm £ 20 °C. The scan temperature range for human meibum was set to be from 3 °C to 40
°C. For pure lipids and lipid mixtures, the scan rates were programmed to be 10 °C/hour.
The equilibration time before each successive scan of the same sample was 2 min.
Thermograms (or “melting curves™) were recorded in cycles: for each sample run the scan
program included at least three heating and three cooling stages that produced three
thermograms.

Evaluation of microcalorimetric data

The DSC thermograms were evaluated in Origin software (v.7) as described in the
MicroCal’s VP-DSC Tutorial Guide. At least three thermograms per sample recorded in
cycles were analyzed. The first melting curve for a pure compound and the second curve for
a lipid mixture were used in the analyses (see Results and Discussion sections below). Their
melting temperatures Ty, (also known as “midpoint temperatures”, “peak temperatures”,
“transition midpoints”, or “melting points”), the widths of transition peaks (in degrees) at
their half-heights (T1/»), the transition heat capacities (ACp), van’t Hoff enthalpy changes
(AH,), calorimetric transition enthalpies (AH¢,)), cooperativity parameters g, and the
cooperative unit sizes n (Figure 1) were calculated where possible (see below) after the
baseline correction. The parameters were calculated by averaging the data gained from
several scans of the same compound or mixture. Data are presented as Mean + Standard
Error (M = SE). The values of AH, were determined either by integrating the experimental
thermograms, after standard baseline correction procedures had been applied. The values of
AH,, were calculated either by using a non-2-state model (MN2State, from the MicroCal/
Origin software package), or by using the following Equation 1 (Lewis et al., 2007):

AH, ~ 3.5255 x R x (T%,/T1/2) Eq.1

where R is the universal gas constant (1.986 x 103 kCal x K1 x mol1). Also, from
experimental thermograms, one can determine an important parameter which is called
“cooperative unit size” [(Hinz and Sturtevant, 1972)] designated here as n. The cooperative
unit size n is considered an estimate of the /owest number of molecules which form an
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independently melting cluster (or microcrystal) of lipid molecules within the sample.
Mathematically, n equals AH,/AH, (Hinz and Sturtevant, 1972; Lewis et al., 2007).

The quality of samples was monitored by using a combination of HPLC/MS and GC/MS
techniques as described earlier (Butovich et al., 2012a; Butovich et al., 2012b). Tested
human samples showed an average distribution of common lipids found in human meibum.

Individual standard lipids and their transition temperatures Ty,

Eleven authentic wax esters (lauryl laurate, myristyl laurate, myristyl myristate, palmityl
laurate, palmityl palmitate, stearyl stearate, behenyl stearate, palmityl oleate, stearyl oleate,
arachidyl oleate, and behenyl oleate) were selected and tested individually. Each lipid was
analyzed using two different loading procedures — “dry loading” and “wet loading”.
Individual lipids produced sharp and narrow endothermic peaks (or transitions) with T,
values that depended on the chemical structures of the lipids — the longer and the more
saturated the lipid, the higher T, (Figure 2, Panels A and B, and Table 1). Their baselines
were smooth and flat, which facilitated the mathematical analysis and interpretation of the
thermograms.

The reproducibility of the repetitive DSC analyses of two standard samples (namely,
palmityl oleate and stearyl oleate) was tested by recording at least four thermograms of each
sample in cycles (Figure 2, Panels C and D; “wet loading” procedure). The first
thermograms for each of these wax esters produced T, that were close to the results
obtained using the “dry loading” procedure, and to the published melting points of wax
esters (Figure 2, Panels A and B, Table 1). The values of T, measured in our experiments
and those published before showed a high degree of correlation (7 values between 0.995
and 0.999). However, one needs to realize that the literature data on melting points (or
ranges) of wax esters that we are using here were obtained in different laboratories using
different batches of the compounds and different (often unspecified) analytical techniques.
Moreover, a traditional technique of determining melting temperatures (or ranges) of lipids
rely on determination of its “clearing point”, which is closer to the temperature which
defines the end of the calorimetric peak rather than its Ty,. Thus, in our project we relied
mostly on our own data obtained microcalorimetrically for our own samples, and on their
Tm, AHca1, AHy and cooperative unit sizes (n) specifically as the most well-defined and
accurately measured or calculated analytical parameters.

The type of the sample loading procedure (“dry” vs. “wet”) did not alter the values of Ty,:
they were statistically indistinguishable. The latter indicated that the samples, regardless the
experimental approach, had very similar, if not identical, properties, and did not decompose
or alter chemically. These observations also justified the use of the “wet loading” procedure
for samples that were difficult to handle in dry state because of their limited amounts, such
as lipid mixtures and meibum.

The inter-sample reproducibility of T, for different samples of the same compound was
determined by testing at least 3 different samples of behenyl stearate three times each. The
T, of samples was found to be 65.4 + 0.1 °C (sample variance 0.023).

However, repetitive cyclic melting of individual wax esters demonstrated a gradual and,
typically, unidirectional shift of thermograms toward lower transition temperatures T,
accompanied by simultaneous broadening of the peaks for some lipids, but not for the others
(Figure 2, Panels C and D). This change was observed regardless the type of the loading
procedure. The magnitude of the shift depended on the nature of the lipid and the number of

Chem Phys Lipids. Author manuscript; available in PMC 2014 May 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Luetal.

Page 6

repetitive scans, and could vary from a few tenths of a degree to 1-3 °C. At this time, the
nature of this phenomenon remains unknown. However, in microcalorimetric experiments
multiple scans of the same sample traditionally are not performed, unless the goal of the
experiment is to study stability of the sample, or to monitor a chemical reaction in the
sample. Therefore, to determine if this shift was related to a chemical alteration of the
analyte due to the experimental conditions, we recovered samples from the cell after
completing the DSC experiments and analyzed them by GC/MS as described earlier
(Butovich et al., 2012a). Importantly, no decomposition of the lipids was detected —
chemically, the analytes remained intact (not shown). This conclusion was corroborated by
calculating the calorimetric enthalpy (AHg) of a standard wax ester — behenyl oleate:
despite the shift in the values of Ty, the values of AH¢g calculated from 13 successive
thermograms remained virtually unchanged (AHcq = 27.4 + 0.1 kCal/mol). Similarly tight
distribution of AHcg, despite noted gradual and unidirectional shifts in the values of T,
(always toward lower T,), was obtained for other tested compounds, such as behenyl
stearate, arachidyl oleate, and palmityl laurate.

Next, it was observed that, in our hands, AH¢ of all individually tested wax esters were
close to each other: the mean enthalpy change AH¢y was about 24.1 + 5.6 kCal/mol for all
compounds (Table 1), with the numbers for individual lipids varying from in a relatively
narrow range of 17 to 34 kCal/mol.

Finally, all tested individual lipids melted abruptly, producing sharp transition peaks with
Tq2 0f 0.5 °C or so. This behavior indicated a cooperative nature of the melting process. By
using the MN2State routine with just one transition temperature T, we were able to
adequately model thermograms of individual lipids, and determined their T, AH¢a, AHy
and cooperative unit sizes (n)(as illustrated in Figure 1). We calculated n for all tested
individual lipids (Table 1). Their cooperative unit sizes ranged from about 50 to about 100
with just a few outliers. No apparent correlation between the structures and cooperative unit
size was found (Table 1): for all tested lipids, n was found to be 80.2 + 35.3. However, as
with Ty, the values of n for some compounds slightly decreased with each repetitive scan,
indicating irreversible changes in their aggregation state during multiple melting/cooling
cycles. Therefore, it was deemed reasonable to use the initial few thermograms as most
useful for the purpose of calculating their Ty, AHcg), AH, and n.

Melting characteristics of mixtures of standard lipids

The thermotropic behavior of several mixtures of standard saturated and unsaturated wax
esters was evaluated in cyclic melting/cooling experiments. As a rule of thumb, the first
reproducible thermogram (typically, the second or the third) in each experiment were chosen
to calculate the values of T, and AH¢g of the mixtures. The main reason for this choice is
that the first melting/cooling cycle was considered to be of preparatory type for lipids to mix
and equilibrate: the first thermograms were often very different from subsequent runs, and
very irreproducible, while the following cycles gave much more coherent results (Figure 3).

At first, simple equimolar binary mixtures were tested. A mixture of palmityl laurate and
behenyl stearate systematically produced bimodal thermograms with two distinctively
different T, at about 37-38 and 60-61 °C (Figure 4). Note that the values of T, of
individual components of the mixture are 39.1 and 65.2 °C, respectively. Thus, a
reproducible several-degree decline in melting temperatures of both lipids was observed.
Even more interesting, their thermograms did not merge even after repetitive melting/
cooling cycles, indicating that the compounds underwent phase transitions seemingly
independently from each other, without creating a homogeneous mixture with intermediate
properties. This behavior implied that these two wax esters coexisted as two virtually
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separate lipid phases. This was modeled using the MN2State model with two T, of 37.8 and
60.2 °C (Figure 4).

Qualitatively similar behavior demonstrated a binary mixture of palmityl oleate and behenyl
oleate — a bimodal pattern was observed with two clearly separate maxima at around 16 °C
and 31 °C (not shown), again both being below the T, of the corresponding individual
components.

When a more complex mixture of fourunsaturated wax esters — oleic acid esters of straight-
chain Cyg:9, C18:0, C20:0, and Cpz:g alcohols — was tested, a different pattern emerged
(Figure 5, Panel A): their thermograms merged to produce just one, but very broad,
transition peak. Importantly, the mixture started to melt between 10 and 14 °C — much lower
than the Ty, of its lowest-melting component — palmityl oleate (18.5 °C). The main transition
reproducibly occurred at a very low Ty, of 25 °C, and the melting was completed at about
27-28 °C, again much lower than the melting temperatures of pure arachidyl oleate (30.9 °C)
and behenyl oleate (36.9 °C). An estimated Ty, for this mixture was between 8 and 10 °C,
while AH, was calculated to be 16.2 kCal/mole. There is no doubt that the four tested lipids
were able to mix with each other to form a more homogeneous phase than the one shown in
Figure 4 for a binary mixture. Therefore, it seems that the presence of a sufficient number of
components in the mixture with regularly distributed T}, (notice that an average step
between T, of tested waxes was about 6°C, Table 1) is needed for creating a relatively
homogeneous mixture that undergoes smooth melting as a whole. Still, the resulting
thermograms were highly asymmetric, which precluded using the non-2-state model with
just one transition temperature for modeling, and necessitated their deconvolution.

The transitions peaks were deconvoluted to estimate the minimalnumber of individually
melting components that are needed to adequately model the transition peaks of complex
lipids mixtures similar to the one illustrated in Figure 5, Panel B. In our hands, to achieve a
reasonable simulation, the minimal number of the components was three, or more.

A thermogram of another equimolar model mixture of four saturated waxes — palmityl
laurate, palmityl palmitate, stearyl stearate, and behenyl stearate — is shown in Figure 6. The
thermogram demonstrated a clearly bimodal behavior with two separate Ty, but required a
model with at least four components with T, of 35.2, 38.1, 50.3 and 53.8 °C to be
adequately modeled. Notably, the carbon chain lengths of these lipids differed by four
carbons, and the Ty, values of the lowest melting and the highest melting individual
components varied from about 39-40 °C to about 65-66 °C (i.e. were about 26 °C apart).
Apparently, these differences were too large to allow these four wax esters to produce one
merged transition peak.

It was important to determine whether the properties of a wax ester mixture could be
described as being additives of the properties of its components. In order to answer this
question, the changes in enthalpies for four individual unsaturated wax esters were
compared with AHc, of their equimolar mixture (Figure 7). It appeared that AH, of the
mixture was about 78% of the arithmetic sum of the enthalpy changes of its individual
components. Considering a much broader shape of the thermographic peak of the mixture
(and, correspondingly, larger errors in its integration) this difference can be considered to be
relatively small, but reproducible.

The cooperative unit sizes (n) determined for lipid mixtures after deconvolution of
thermograms, on the other hand, were much smaller than those for pure lipid standards and,
typically, did not exceed n=10. While attempting to determine the apparent cooperativity
unit size for the whole mixture by using Equation 1 without prior deconvolution of the
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thermogram, one need to realize that, because of the highly asymmetrical shape of the
thermograms of mixtures, the resulting numbers should be treated only as rough estimates.
However, the values of Ty, (a parameter reliably measurable in an experiment) routinely
were about 10 °C or so.

Human meibum

Meibum samples from two normal, non-dry eye donors — a male and a female — were
studied as described above for lipid standards and their mixtures. Considering a very small
size of non-pooled human samples (typically, between 0.2 and 1 mg each), the samples were
loaded as chloroformic solutions.

The intra-sample reproducibility of the experiments was tested by running repetitive
melting-cooling experiments of the same sample in cycles. From Figure 8, Panel A one can
see that the repetitive thermograms were very reproducible. The thermotropic behavior of
human meibum was qualitatively similar to the transitions observed in experiments with
artificial lipid mixtures composed of oleic acid-based wax esters: transition peaks of
meibum were wide and asymmetrical. Next, the thermograms were averaged using the
MicroCal/Origin “Averaging multiple scans” routine, and baseline-corrected to produce a
smoothed thermogram. The phase transitions of meibum samples from both the donors
(Figure 8, Panel B) began at around 10 to 11 °C (this temperature is also called “effective
starting temperatures of transition”), reached a maximum at T, of about 30 °C, and ended at
about 35 °C (also called “effective completion temperature of transition”, T,). The values of
T1/2 (between 10 and 12 °C) were much higher than those of pure lipid standards, but on par
with Ty, of lipid mixtures. The thermotropic peaks could not be modeled using the
MN2State equation with just one T,,: similarly to the oleic acid-based wax ester mixtures,
the shapes of meibum thermograms necessitated deconvolution with, at least, three different
T

Transition temperatures were found to be the same for the male and the female samples:the
former produced a Ty, of 30.3 £ 0.1 °C (Mean * SE), while the later had a T, 0f 30.1 £ 0.1
°C (four samples from each donor analyzed four or more times). Moreover, their AH., were
within 20% of each other (or 6.4 + 1.3 kCal/mole, assuming an average molecular mass of
meibomian lipids 700 Da), T/, were 11.2 + 0.6 °C, while T were 35 °C for the male, and
36 °C for the female samples. An mean value of an apparent cooperative size unit was
estimated to be between 8 and 13.

Discussion

The goal of our project was to develop an experimental approach that would allow us to
evaluate thermotropic properties of meibomian lipids. DSC is one of the most universal
techniques that can be used to achieve this goal: the result of a DSC experiment is a
thermogram which shows changes in the heat capacity of the entire sample as its
temperature changes. From the thermogram, one can calculate a range of thermodynamic
parameters that are important for understanding the phase transitions and properties of a
sample at different temperatures, including the enthalpy of transition AH, transition
temperature Tp,, cooperativity of melting (n and ¢) etc.

DSC is a well established technique that was developed in the early sixties of the 20t
century (O’Neill, 1964). There are many types of DSC instruments currently available on
the market, and multiple protocols related to lipid studies have been published (Huang and
Li, 1999; Huang, 2001; Lewis et al., 2007). However, the high complexity of the meibum
chemical composition, and low quantities of non-pooled human samples available for
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researchers, necessitated a systematic effort to design and validate DSC experiments with
human meibomian lipids.

Our calorimetric experiments were to answer one of the most intriguing questions related to
meibum studies: Why does meibum melt at relatively low physiological temperatures
(between 20 and 40 °C; measured Ty, 32-33 °C (Borchman et al., 2011; Butovich, 2008;
Butovich et al., 2010) while being composed of extremely long-chain compounds, whose
T, are expected to be much higher than that (Butovich, 2011a)? As an illustration, consider
that behenyl oleate — a natural component of meibum, whose T, is about 37°C — is one of
the shortest wax esters found there, with a typical oleic acid-based meibomian wax ester
being two to five CH, groups longer, and having, therefore, higher T,,,. Cholesteryl esters,
which constitute up to one-third of meibum, have even higher melting temperatures
[between 70 and 85 for esters with Cq5.g to Cyq:g fatty acid chains (2007b)]. A range of still
longer, and more complex, meibomian lipids — such as extremely long chain OAHFA
(Butovich et al., 2009; Chen et al., 2010; Lam et al., 2011) and their cholesteryl esters
(Butovich, 2011b; Butovich et al., 2011; Butovich et al., 2012b; Chen et al., 2010;
Nicolaides et al., 1981) — are expected to melt at even higher temperatures. Unfortunately,
these and many other common meibomian lipids are not available as pure standards, which
prompted us to concentrate on synthetic analogs of meibomian lipids that are available in
pure form from commercial suppliers (Table 1). In this pilot paper we focus on wax esters
that represent, on average, at least 40 % of meibomian lipids (wt/wt).

First, we conducted preliminary calorimetric experiments with pure lipid standards to
determine if their measured T, match published data, and, in fact, no significant differences
between the literature data and the values of T, measured in our experiments were observed
(Table 1 and Figure 2). Melting of individual wax esters, as expected, was highly
cooperative: the thermotropic peaks of individual wax esters were typically tall, narrow, and
symmetrical. Their shape allowed for the successful modeling of the transitions using a
simple MN2State model with just one T, for each lipid. The average cooperative unit size n
for tested wax esters was found to be 80.2 + 35.3 (Mean £ SD). We interpret this number as
a lowest number of lipid molecules in an independently melting lipid cluster (or
microcrystal) within the continuous lipid sample, the explanation which is in line with other
publications on lipid melting (Hinz and Sturtevant, 1972; Lewis et al., 2007). Though never
truly crystalline, the packing of lipid molecules within the cluster was tight and regular, as
evidenced by their narrow Ty, (typically, 0.5 °C or less). In an ideal case of infinite
cooperativity, the Ty, of the melting peak would have been approaching zero, and n would
have been approaching the total number of lipid molecules in the sample.

Melting of lipid mixtures, on the other hand, was much less cooperative with apparent
values of n being less than 10. The shapes of the peaks were very different from those of
individual standards: the peaks were lower, broader and less symmetrical. To approximate
the thermograms of lipid mixtures, they needed to be deconvoluted using a MN2State model
with at least several melting components with different Ty, AH, and Ty/,. However, a
common trend was that to form a continuous and monotonous melting peak, the mixture had
to have several (at least, four) components with close and regularly spaced T,, meaning that
their lengths should be changing in increments of two carbon atoms or less. If the number of
components was three or less, or if their T,,, were far apart from each other, bi- or even tri-
modal thermograms were observed.

Typical thermograms of these types are shown in Figures 3 and 4). We consider these results
to be an indication of the existence of two or more relatively poorly miscible lipid phases,
rather than phase pre-transitions within one continuous ideally miscible lipid phase,
primarily because of the comparable sizes (i.e., values of AH¢,;) of thermotropic peaks 1 and
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2, which would most likely be different had they originated from some sort of a pre-
transition that had occurred before the major solid (or gel)-to-liquid transition (Heimburg,
2000; Lewis et al., 2007; Rand, 1975). Notably, most if not all, poorly miscible lipid
mixtures tested in this study showed at least two transitions peaks which were comparable to
each other size-wise.

The best mixing was typically obtained if lipid mixtures were formed from several
homologous wax esters with chain lengths differing by no more than two carbon atoms
(such as those shown in Figure 5). Needless to say that evaluation of all possible
combinations of all tested wax esters was impossible. Therefore, there could be situations
when the thermograms of mixtures would deviate from this rule.

Importantly, mixtures of wax esters melted at temperatures noticeably lower than the T, of
their individual components. From our data, it appears that if two or more lipids were
present in the sample, they could influence each other’s melting behavior by intercalating
each other’s domains within the sample and making them less organized, which effectively
decreased the degree of cooperativity of their melting. This conclusion is supported by two
observations: 1) the much larger apparent values of Tq/, of the mixtures (e.g., 8 to 10 °C for
a mixture of four oleic acid-based wax esters, Figure 5), and 2) relatively small (compared to
pure standards) cooperative unit sizes n for their corresponding deconvoluted peaks,
calculated as AHqq/AH,, (about 5, 8, 11, and 15 for the four deconvoluted peaks with Ty,
values of 16, 20, 23, and 25 °C).

One peculiarity that remains to be fully understood and explained is our observation of the
noticeable differences in the values of Ty, (but, typically, not in AH.,) of the first and the
subsequent thermograms for virtually every tested lipid sample. Sometimes, the shift in T,
did not exceed a few tenths of a degree, but from time to time it could exceed a few degrees
of Celsius. A preliminary explanation of this phenomenon is that the lipid samples, which
were allowed to repetitively melt and solidify in the microcalorimeter, could possibly
change their physical shape in the cell, e.g. as a result of their spreading/thinning or
irreversible changes in their aggregation state, which, in turn, could impact their Tp,.
However, once the samples had resumed their stable shapes after one or two initial melting/
cooling cycles, the thermograms typically stabilized and their T,, became more
reproducible. Note that no chemical decompaosition of wax esters in the microcalorimeter
after repetitive melting/cooling cycles was detected as tested by GC/MS as described earlier
(Butovich et al., 2012a). With lipid mixtures, the first melting cycle routinely produced very
complex and irreproducible thermograms similar to the one shown in Figure 3. We consider
this to be a preparatory cycle during which different types of lipids, after they had been
loaded into the DSC cell, undergo mixing or phase separation to assume their final shape.

Meibum samples (Figure 8), essentially, have demonstrated a behavior similar to the one of
well-miscible wax esters. Never bi- or tri-modal, meibum thermograms were broad with Ty»
of 10 °C and above. To deconvolute these thermograms, one needed to use a model with at
least three individually melting components. The accurate determination of the cooperative
unit sizes for them is impossible because of their undetermined molecular weights and
composition. However, if we assume an average molecular weight of meibum lipids to be
about 700 Da (Butovich et al., 2010), then the apparent cooperativity unit size for the whole
sample, estimated using Equation 1, is ~10, while for the three individual deconvoluted
peaks the values of n ranged from 20 to 45 to 100 (Figure 8, Panel C, three deconvoluted
peaks from left to right). The AH4 values for meibum (about 6 kCal/mole) were several
times lower than those of the mixture of unsaturated wax esters (about 16 kCal/mole, Figure
5, Panel B). Three plausible effects can lower AH,; values for meibum compared to
individual lipid standards and their simple mixtures. 1) Meibum is a much more diverse
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mixture of various lipids, which could impede formation of tightly packed lipid clusters due
to better chances of intercalating each other’s domains. 2) In complex mixtures, formation of
uniform, homogeneous lipid clusters formed from just one type of lipid could be suppressed
because of the diffusion limitations (i.e., high viscosity of samples means slow diffusion of
molecules). 3) Meibum has a substantial presence of branched lipids (Butovich et al., 20123;
Nicolaides et al., 1981), which generally melt at lower temperatures than their straight-chain
counterparts, again due to their less tight packing.

Analyzed samples from two donors were shown to be similar. No major differences were
observed between their samples collected on different occasions: their shapes, transition
temperatures, effective starting and effective completion temperatures of transition, AHg
and apparent cooperativity of melting (in terms of T, and n) were close.

The asymmetrical shape of the meibum’s melting curve with a relatively abrupt downward
trend in its heat capacity Cp, from about 30 °C and up is indicative of a highly cooperative
melting of the sample in this temperature range (note the much higher value of n for the
third deconvolution peak in Figure 8, Panel C), and may be important for the physiology of
the tear film. Earlier, using a totally different experimental approach we demonstrated that
the T1/o of meibum was about 32 °C, with approximately 90% of meibum melted at 35 °C
(Butovich et al., 2010). In recent studies, the mean eyelid temperature in healthy people with
no ocular disorders was measured to be between 30.7 £ 1.2 °C (Pult et al., 2012), 32.2 £ 0.8
°C (Shih et al., 2010) and 33.4 + 0.1 °C (Nagymihalyi et al., 2004), the mean corneal surface
temperature was between 31.7 + 0.9 °C (Shih et al., 2010), 32.3 £ 0.5 °C (Terada et al.,
2004), and 34.8 + 0.8 °C (Efron et al., 1989; Klamann et al., 2013). All these temperatures
are falling between the Ty, values of human meibum (~30 °C) and its effective completion
temperature of transition (~35.5 £ 0.5 °C). Since meibomian lipids seem to complete
undergoing this major phase transition at a normal bodily temperature, one can speculate
that at physiologically relevant ocular surface temperatures of 30 to 35 °C meibum is always
partly, but not completely, melted. This partly melted state of meibum can be characterized
as liquid-crystalline state, while the state it assumes above 36 °C is disorganized and liquid
[Butovich et al.; a manuscript in preparation]. The latter may facilitate excretion of meibum
from the meibomian gland orifices, and its delivery onto the ocular surface. The higher
cooperativity of meibum melting at higher temperatures (between 30 and 36 °C) than
between 10 and 30 °C emphasizes the role of the eyelid and ocular surface temperatures in
the physiology and biophysics of the tear film — even a slow change in those temperatures
will have a measurable effect of the excretion of meibum from meibomian glands and on the
properties of the meibomian lipid films.

The high susceptibility of meibum to changes in temperature, especially its rapid
solidification upon lowering the temperature from 35 to 30 °C and below, may and,
probably, does have a strong impact on the properties of the tear film and its outermost part
— the tear film lipid layer — in vivo. Earlier we studied the effects of temperature on
meibomian lipid films (Butovich et al., 2010), and concluded that their in-plane elasticity
rises when their temperature falls. This makes the meibomian films rigid, and their
spreading and restoration more difficult and slow, which could impact their protective
properties. Thus, it seems to be important to correlate the main transition temperature T,
and the effective completion temperatures of transition — the two apparently most
physiologically significant transition points in the thermograms of meibum — with changes
in its composition in the relation to dry eye disease and other ocular pathologies.
Experiments are underway to test this idea.
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A typical baseline-corrected DSC thermogram of a wax ester stearyl oleate and
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thermodynamic parameters computed from the data.
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Panel A. A correlation between the literature data on melting temperatures of standard wax
esters and T, values determined in experiments with dry-loaded samples.
Panel B. A correlation between the Ty, values of standard wax esters determined using the
“dry-loading” procedure and in experiments with chloroformic solutions of the analytes

(“wet loading”).

Panel C. Raw, baseline-corrected thermograms of palmityl oleate obtained in four repetitive
experiments are shown. Note an incremental, but unilateral, shift in T, values toward lower

temperatures with each repetitive cycle.

Panel D. Four repetitive raw, baseline-corrected thermograms of stearyl oleate are shown.
The shift in T, was much less noticeable than in experiments with palmityl oleate.
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Figure 3.

Thermograms of a four-component lipid mixture.

The mixture composition was as follows: arachidyl oleate:behenyl oleate:stearyl
stearate:behenyl stearate = 1:1:0.5:0.5 (mol). The first melting/cooling cycle (labeled as 1-st
scan) is considered to be a preparatory cycle during which the lipids mix, distribute, and
assume their final shape inside the microcalorimeter’s cell. Note the bimodal nature of the
thermogram. The AH of the peaks were comparable.

Chem Phys Lipids. Author manuscript; available in PMC 2014 May 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Luetal.

Page 19

15 T 37.8°C
— 104
o ]
@
2 ]
_g ]
© |
O
X 54 0
- T 60.2°C
O -
04
LA A B L L L B B T T
20 30 40 50 70
Temperature (°C)
Figure 4.

A sample thermogram of a binary mixture of palmityl laurate and behenyl stearate.

Solid line: experimental data; broken line: fitted curve. The curve-fitting procedure was
performed using the ThermoCal/Origin software. Note the bimodal nature of the
thermotropic transitions of the mixture. The AHy,; of the peaks were close to each other. The

thermograms were baseline-corrected.
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Figure 5.

Effects of mixing of four unsaturated wax esters on their phase transition behavior.

Panel A. Raw thermograms of four unsaturated wax esters tested individually and as a four-
component equimolar mixture. Tested lipids: palmityl oleate (PO), stearyl oleate (SO),
arachidyl oleate (AO), and behenyl oleate (BO). Solid lines: individual wax esters; broken
line: the mixture of four waxes. The thermograms were baseline-corrected.

Panel B. Deconvolution of a thermogram of the four-lipid mixture shown in Panel A. Note
that at least four individually melting domains with comparable AHg values are needed to
adequately describe the experimental thermogram. For this particular mixture of four lipids,
the following individual T, were calculated: 16.2, 19.9, 22.8, and 25.0 °C. The value of Ty,
for the entire thermotropic peak was calculated to be about 8.4 min, T, was 24.9 °C, while
AHcy was 16 kCal/mole. Solid line: experimental data; broken line: deconvoluted peaks;
dotted line: the sum of individual melting peaks.
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Figure 6.

Effects of mixing of four saturated wax esters on their phase transition behavior.

Tested sample — an equimolar mixture of palmityl laurate, palmityl palmitate, stearyl
stearate, and behenyl stearate. Note an approximately equal sizes of Peak | and Peak I1.
Solid line: experimental data; broken line: deconvoluted peaks | and I1; dotted line: the sum
of individual melting peaks a-d.
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Effects of mixing of four unsaturated wax esters on AHcg.

Lipids were mixed in the equimolar ratio (0.5 pmol each). The experimental AH of the
mixture (the left-most bar) was about 80% of the arithmetic sum of its individual
components (the right-most bar).
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Figure 8.

Thermotropic behavior of human meibum.

Panel A. Five repetitive raw thermograms of a sample of human male meibum.
Approximately 0.4 mg of meibum was loaded.

Panel B. Repetitive raw thermograms of a sample of human meibum after baseline
correction.

Panel C. A deconvoluted thermogram of a male meibum sample. At least three T, were
needed to adequately model the thermotropic behavior of human meibum. Cooperativity of
melting of these three peaks, expressed as n, rose from 10 to 40 to 100 (from left to right).
Note a striking resemblance of the meibum thermogram and a thermogram of a four-
component mixture of unsaturated wax esters depicted in Figure 5, Panel B.

Panel D. Comparison of two human samples.

Both samples were loaded into the microcalorimeter in the amount of 0.4 mg (male, solid
line; female, broken line). Note almost identical values of T, (about 30 °C), Ty (10.0 £ 0.5
°C), and the completion temperature of transition (35.5 = 0.5 °C) determined for both the
samples.
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