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be broken for the tear film to break up. This study also serves 
as a foundation to examine meibum conformational differ-
ences in meibum from people with meibomian gland dys-
function.  Copyright © 2010 S. Karger AG, Basel 

 Introduction 

 Meibum is delivered from the meibomian gland ori-
fices located on the eyelid margins to the tear film on 
blinking  [1, 2]  to form a lipid layer about 100 nm thick 
 [3–6]  on the surface of the tear film. Both lipids and mu-
cins stabilize the tear film  [7–11]  and lipids may inhibit 
tears from evaporating  [12, 13] . Meibum may also prevent 
skin lipids from contaminating tears and prevent tears 
from flowing over the lid margin, however, species com-
parison of meibomian gland distribution make this func-
tion less likely  [14] .

  There are only a few studies that document changes in 
tear lipids with age. Younger people have lower lipid vis-
cosity, higher lipid volume  [1] , and a lower rate of tear 
evaporation  [15] . These studies are in contrast with oth-
ers that show no human age-related changes in the rate of 
evaporation  [16–18] .
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 Abstract 
 Both lipids and mucins contribute to the stability of the tear 
film and lipids may inhibit tears from evaporating. Younger 
people have lower lipid viscosity, higher lipid volume, and a 
lower rate of tear evaporation. Since age-related changes in 
human meibum composition and conformation have never 
been investigated, as a basis for the study of lipid-associated 
changes with meibomian gland dysfunction, we used the 
power of infrared spectroscopy to characterize hydrocarbon 
chain conformation and packing in meibum from humans 
without dry eye symptoms in relation to age and sex. Mei-
bum from normal human donors ranging in age from 3 to 88 
years was studied. Meibum phase transitions were quan-
tified by fitting them to a 4-parameter 2-state sigmoidal 
equation. Human meibum order and phase transition tem-
peratures decrease with age and this trend may be attrib-
uted to lipid compositional changes. If meibum has the same 
thermodynamic properties on the surface of the tears as it 
does on the lid margin, a decrease in lipid-lipid interaction 
strength with increasing age could decrease the stability of 
tears since lipid-lipid interactions on the tear surface must 
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  No age-related meibum compositional studies have 
been published. Human meibum lipid composition var-
ies greatly from study to study and has been attributed to 
the different analytical methodologies employed and the 
inherent variability of biological samples  [14] . There are 
three major lipid classes associated with meibum: wax, 
hydrocarbons and cholesterol esters. The range of hydro-
carbon chain types associated with each class of lipids is 
extremely diverse in human meibum, potentially compli-
cating a lipidomics analysis  [19] .

  Since all lipids have methylene (CH 2 ) groups, an initial 
approach to simplify the characterization of potential 
tear lipid differences with age, sex, and dry eye symptoms 
is to measure lipid-lipid interactions in terms of hydro-
carbon chain order, phase transition enthalpy, entropy, 
cooperativity, and phase transition temperature  [20] . 
Changes in these parameters would reflect changes in 
lipid composition. When lipids are highly ordered, the 
hydrocarbon chain  trans  rotamers predominate ( fig. 1 ). 
The lipids can pack tightly and van der Waal’s interac-
tions between hydrocarbon chains are maximal. When 
lipids are fluid,  gauche  rotamers predominate and cause 
the hydrocarbon chains to bend ( fig. 1 ). Lipids are far 
apart from each other and van der Waal’s interaction be-
tween chains is minimal. Temperature-induced phase 
transitions from an ordered (more  trans)  conformation to 
a disordered (more  gauche)  conformation can be used to 

measure the strength of lipid-lipid interactions  [21] . The 
phase transitions are similar to but not the same as melt-
ing curves because lipids pack in liquid crystalline struc-
tures and even when disordered maintain some struc-
ture. In a previous study, phase transitions of human mei-
bum were experimentally reproducible and were similar 
for multiple samples collected from the same person  [21] . 
The conformational changes observed in the hydrocar-
bon chains of meibum with temperature suggest that the 
observed therapeutic increased delivery of meibum with 
eyelid heating could be related to the increased disorder 
in the packing of the hydrocarbon tails  [21] .

  Infrared and fluorescence spectroscopes were also ap-
plied to characterize the molecular conformation and 
structure and dynamics of human meibum and tear lip-
ids  [21] . The molecular structure is the arrangement of 
lipid molecules in space which is defined by the molecu-
lar conformation of the molecules. Conformation is de-
fined by the dihedral angles between molecules. Molecu-
lar order is a nondynamic, structural term measured us-
ing infrared spectroscopy  [21] . The dynamic wobble and 
movement of molecules was measured using fluorescent 
probes  [21] . Meibum contained a significant amount of 
wax and more C=C and CH 3  moieties than tear lipids 
 [21] .

  Since age-related changes in human meibum have 
never been investigated, as a basis for the study of lipid-
associated changes with meibomian gland dysfunction, 
we used infrared spectroscopy to characterize hydrocar-
bon chain conformation and packing in meibum from 
humans without dry eye symptoms in relation to age and 
sex.

  Materials and Methods 

 Materials 
 Silver chloride windows for infrared spectroscopy were ob-

tained from Crystran Limited, Poole, UK.

  Collection of Tear Lipids 
 Meibum was obtained from normal living subjects as de-

scribed in Kilp et al.  [22] , except that meibomian gland excreta 
were collected with a platinum spatula. Normal status was con-
sidered when there were patent meibomian gland orifices without 
evidence of keratinization nor plugging with turbid nor thick-
ened secretions and without dilated blood vessels on the eyelid 
margin. Meibomian gland expression was done by compressing 
the eyelid between cotton-tipped applicators with strict attention 
to avoid touching the eyelid margin during expression. All 4 eye-
lids were expressed and about 1 mg of meibum was collected per 
individual for direct spectroscopic study. The expressate was col-
lected with a platinum spatula and immediately spread onto the 

Wax hydrocarbon chain conformations

All-trans rotamers

gauche rotamers

a

b

  Fig. 1.  Stick and space-filling models of a wax in the ordered all-
 trans  rotamer ( a ), and disordered  gauche  rotamer conformations 
( b ). 
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AgCl window, and the remainder of expressate on the tip then 
swirled into a solution of anhydrous tetrahydrofuran:methanol 
(3:   1). All samples were then frozen under argon gas until analysis. 
Analyses were performed within 3 weeks of collection of the sam-
ple. Written informed consent was obtained from all donors. Pro-
tocols and procedures were approved by the University of Louis-
ville Institutional Review Board as well as the Louisville Veterans 
Affairs Institutional Review Board, and procedures were in ac-
cord with the Declaration of Helsinki.

  Fourier Transform Infrared Spectroscopy 
 Infrared spectra were measured using a Nicolet 5000 Magna 

Series Fourier transform infrared spectrometer (Thermo Fisher 
Scientific, Inc., Waltham, Mass., USA). The meibum was placed 
on the AgCl window and in a temperature-controlled infrared 
cell holder. The cell was jacketed by an insulated water coil con-
nected to a Neslab R-134A (Neslab Instruments, Newton, N.H., 
USA) circulating water bath. The sample temperature was mea-
sured and controlled by a thermistor touching the sample cell 
window. The water bath unit was programmed to measure the 
temperature at the thermistor and to adjust the bath temperature 
so that the sample temperature was adjusted to the desired set 
point. The rate of heating or cooling (1   °   C/15 min) at the sample 
was also adjusted by the water bath unit. Temperatures were 
maintained within  8 0.01   °   C. Exactly 150 interferograms were re-
corded and averaged. Spectral resolution was set to 1.0 cm –1 .

  Infrared data analysis was performed with GRAMS/386 soft-
ware (Galactic Industries, Salem, N.H., USA). The frequency of 
the CH 2  band near 2,850 cm –1  was used to estimate the content of 
 trans  and  gauche  rotamers in the hydrocarbon chains (see Intro-
duction).     ν̃ sym  was calculated by first baseline leveling the CH 
stretching region near 3,100 and 2,700 cm –1 . The center of mass 
of the CH 2  symmetric stretching band was calculated by integrat-
ing the top 105 of the intensity of the band. The baseline for inte-
grating the top 10% of the intensity of the band was parallel to
the –CH region baseline.

  Lipid CH 2  groups in the hydrocarbon chains are present as 
 gauche  rotamers, prevalent in disordered hydrocarbon chains, or 
 trans  rotamers, more abundant in ordered hydrocarbon chains 
( fig. 1 ). Thus, lipid hydrocarbon chain order may be evaluated in 

terms of the amount of CH 2   trans  rotamers. The frequency of the 
CH 2  symmetric stretch,         ν̃ sym , is dependent on the amount of  trans 
 or  gauche  rotamers  [23]  and has been used to characterize lipid 
phase transitions  [20, 24–31]  to measure the  trans  rotamer con-
tent of lipid hydrocarbon chains with changes in temperature  [20, 
23–26] . Since rotamers are either  trans  or  gauche,  phase transition 
plots,         ν̃ sym  versus temperature, can be described by a two-state 
sigmoidal equation shown below, as described by Borchman et al. 
 [20] .

        ν̃   sym  =  P  1  + [ P  2 /([1 +  P  3  /T ] P  4 )]                                               (1)

  The phase transition data were fit to equation 1 using the 4-
parameter logistic curve fit in SigmaPlot software, version 10 
(Richmond, Calif., USA). Lipid order at 33.4   °   C was calculated by 
extrapolating          ν̃  sym  at 33.4   °   C from the fit of the phase transition 
and then converting          ν̃  sym  to the percentage of  trans  rotamers, a 
measure of lipid conformational order  [20] , using equation 2.

   % trans rotamers = 100  !  (2,855.36 –         ν̃  sym  )/2,855.36 – 
2,848.00                                                                              (2) 

  To estimate the van’t Hoff enthalpy of the phase transition, 
Arrhenius plots, i.e., ln (%  trans  rotamer) versus 1/T (T in kelvin) 
were constructed  [24] . The slope of the linear region of the Ar-
rhenius plot near the phase transition temperature was used to 
calculate the enthalpy of the phase transition. The change in en-
tropy (randomness) of the phase transition was calculated by di-
viding the enthalpy by the phase transition temperature ( � S = 
H/T, at equilibrium conditions,  � G = 0, where H is the enthalpy 
and T is the phase transition temperature). Arrhenius plots from 
tear lipid phase transitions were linear with correlation coeffi-
cients greater than 0.998.

  Statistics 
 Data are presented as mean  8  standard error of the mean. 

Significance was determined using Student’s t test or the correla-
tion coefficient from the linear regression best fit. Values of p  !  
0.01 were considered statistically significant.

  Results 

 Human Material 
 Twenty-seven human donors of meibum were recruit-

ed from the members and associates of Dr. Borchman’s 
laboratory and patients of Dr. Foulks at the Kentucky Li-
ons Eye Center and the Veterans Affairs Hospital, Louis-
ville, Ky., USA. Ages of subjects ranged from 3 to 88 years 
and samples were assigned to three groups by age ( ta-
ble 1 ). There were 21 males and 8 females. The racial/eth-
nic distribution was 23 Caucasians, 3 Asians, and 1 Afri-
can-American. None of the donors had ever experienced 
dry eye symptoms or blepharitis. Females with eye make-
up were excluded.

Table 1. Human meibum sample information

Age/sex/ethnicity

Group 1
Meibum below 14 years

3/M/C, 4/F/C, 6/M/C, 8/F/C, 10/M/C, 
12/F/C, 13/F/C 

Group 2
Meibum 14–33 years

17/M/C, 19/M/C, 19/F/C, 20/F/A,
20/M/A, 21/M/C, 21/M/C, 23/M/C, 
23/M/C, 24/M/C, 26/M/A, 32/M/C

Group 3
Meibum above 33 years

52/F/C, 54/M/C, 62/M/C, 65/M/C,
67/M/C, 80/F/B, 83/M/C, 88/M/C 

The age is in years. M = Male; F = female; A = Asian; B =  Black; 
C = Caucasian.
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  Lipid Phase Transitions and the Infrared CH 
Stretching Region 
 The CH stretching region of the infrared spectrum 

corresponding to meibum is shown in  figure 2 . The CH 2  
stretching bands are predominant in the infrared spectra 
of lipids due to the large number of CH 2  groups in their 
hydrocarbon chains. The CH stretching region is com-

posed of 6 major bands. In this study, we used          ν̃  sym  near 
2,850 cm –1  to estimate the  trans  to  gauche  rotamer con-
tent of the hydrocarbon chains ( fig. 1 ).          ν̃  sym  increases with 
the number of  gauche  rotamers concurrent with a de-
crease in intensity. A phase transition from the ordered 
(gel) phase, at lower temperatures, to the disordered (liq-
uid crystalline) phase, at higher temperatures, is notice-

CH2 asymmetric

CH3 asymmetric

CH3 moiety
Fermi resonant

Wave numbers (cm–1)

CH3 symmetric

CH2 symmetric

=CH cis

3,100 3,050 3,000 2,950 2,900 2,850 2,800 2,750

  Fig. 2.  Typical infrared spectrum of the CH stretching region for 
human meibum composed of at least 6 bands. The CH 2  symmet-
ric stretching band frequency was used to calculate lipid hydro-
carbon chain conformation. 
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  Fig. 3. a  Phase transitions of meibum from a 3-year-old male 
(open symbols) and an 88-year-old male (filled symbols). The 
open triangles and circles represent phase transitions measured 
on the same sample weeks apart. Curves represent the extremes 
of the values measured. Other examples are seen in  b  and  c .
 b  Phase transitions of meibum lipid from a 21-year-old male. Dif-
ferent symbols represent phase transition measured on 3 different 
samples of the same person collected months apart.  c  Phase tran-
sition of an 83-year-old male. Different symbols represent 3 phase 
transitions measured on the same sample weeks apart. A lower 
value for the CH 2  symmetric stretching frequency corresponds to 
higher hydrocarbon chain order or stiffness. 
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able for meibum ( fig. 3 ). The extreme age-related differ-
ences between meibum phase transitions are evident in 
the meibum phase transition of a 3-year-old male ( fig.
3 a, open symbols), compared with an 88-year-old male 
( fig. 3 a, filled symbols). Repeatability of measurement 
was strong: the phase transitions for 3 meibum samples 
taken from a 23-year-old male at least 2 weeks apart were 
identical ( fig. 3 b). Likewise, the results for both a 3-year-
old male ( fig. 3 a, right phase transition) and an 83-year-
old male ( fig. 3 c) were closely repeatable when the phase 
transition for the same sample was measured 2–3 times, 
weeks apart. This degree of intrasample experimental re-
producibility was documented for 2 human meibum 

samples in Borchman et al.  [20]  and many samples in this 
study (data not shown).

  Meibum phase transitions were quantified by fitting 
them to a 4-parameter 2-state sigmoidal equation as de-
scribed by Borchman et al.  [20] . The 4 parameters fitted 
were: the minimum and maximum of          ν̃  sym  of the phase 
transition corresponding to the most ordered state and 
disordered state, respectively; the transition temperature 
at which half of the lipid molecules have undergone a 
phase change, and the relative cooperativity. The broader 
the phase transition the smaller the absolute value for the 
cooperativity. Cooperativity describes how the order of a 
lipid influences that of neighboring lipids.

Table 2. Phase transition parameters

Phase transition parameter Meibum Age-related difference

below 14 years 14–35 years above 35 years

Age (mean 8 SD), years 881 2284 6784
Minimum frequency, cm–1 2,849.3780.08 2,849.8280.08 2,849.980.1 below 14 years, p < 0.01
Maximum frequency, cm–1 2,853.3180.31 2,853.480.1 2,853.480.1 r = 0.115; p > 0.05
Cooperativity –9.480.5 –8.480.6 –9.080.5 r = 0.054; p > 0.05
Phase transition temperature, ° C 31.380.9 29.980.4 28.280.5 r = 0.576; p > 0.005
Enthalpy, kcal/mol 15488 135810 14688 r = 0.0597; p > 0.05
Entropy, kcal/mol/degree 0.5180.03 0.4580.03 0.4880.03 r = 0.0411; p > 0.05
Phase transition fit (r) 0.999 0.997 0.997
Order at 33.4° C, % 5084 4082 2782 r = 0.501; p > 0.005
Number of samples 7 12 8
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  Fig. 4.  Relationship between meibum phase transition temperature and age.           
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  The phase transition parameters for the three age 
groups of human meibum are listed in  table 2 . Two of the 
phase transition parameters, the maximum frequency and 
cooperativity, did not change with age (p  1  0.05;  table 2 ). 
The minimum frequency was slightly but significantly 
lower in the younger age group compared to the two older 
age groups (p  !  0.01;  table 2 ). The ungrouped individual 
phase transition temperatures versus age ( fig. 4 a) could be 
fit with linear regression analysis by the line with a slope 
of –0.0456 and an intercept of 31.2 (r = 0.576, p  !  0.005). 

The phase transition temperature decreased by 4   °   C from 
about 31   °   C at birth to about 27   °   C at 90 years of age.

  The small 4   °   C difference in the phase transition tem-
perature has a profound influence on lipid order. Lipid 
order at 33.4   °   C was calculated by extrapolating         ν̃ sym  at 
33.4   °   C from the fit of the phase transition and then con-
verting          ν̃  sym  to the percentage of  trans  rotamers, a mea-
sure of 0.005 ( table 2 ). The ungrouped individual lipid 
order data versus age ( fig. 5 a) could be fit with linear re-
gression analysis by the line with a slope of –0.197 and an 
intercept of 47.7 (r = 0.501, p  !  0.005). Meibum hydrocar-
bon chain order decreased from about 48%  trans  rotam-
ers at birth to about 30%  trans  rotamers at 90 years old 
( fig. 5 b). A small 2   °   C decrease in transition temperature 
resulted in a large and significant decrease in the lipid 
order from 44% at birth to 32% at 90 years old.

  The values for meibum order and phase transition 
temperatures ( fig. 6 ) were fit by linear regression analy-
sis. The fitted line had a slope of 0.202 and an intercept of 
21.6 (r = 0.879, p  !  0.005).

  The percent  trans  rotamer data were used to calculate 
the phase transition enthalpy and entropy from the slopes 
of Arrhenius plots as described in Borchman et al.  [20] . 
The enthalpy, 143  8  8 kcal/mol, and entropy, 0.47  8  0.02 
kcal/mol/degree, of the phase transitions did not change 
significantly with age ( table 2 ).

  Prior to measuring phase transition, infrared spectra 
of samples were measured outside of the temperature-
controlled cell just after collection. Water was not present 
in our samples measured prior to phase transition mea-

H
yd

ro
ca

rb
on

 c
ha

in
 o

rd
er

 (%
 tr
an

s)

0 20 40 60 80 100
Age (years)

100 

0

20

40

80

60

a
9 9.7 21.9

Average age (years)

p = 0.041

p = 0.008

p = 0.021

71.6

60 

40

0

20

b

H
yd

ro
ca

rb
on

 c
ha

in
 o

rd
er

 (%
 tr
an

s)

Ph
as

e 
tr

an
si

tio
n 

te
m

pe
ra

tu
re

 (º
C

)

20 30 40 50 60 70
Hydrocarbon chain order (% trans)

38 

26

28

30

32

34

36

  Fig. 5.  Relationship between meibum order at 33.4   °   C and age.           

  Fig. 6.  Relationship between meibum phase transition tempera-
ture and order at 33.4   °   C.           
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surements because only a small OH stretching band near 
3,400 cm –1  was measured in 7 of our 29 samples and the 
intensity of the CH stretching band was only 0.01. The 
OH stretch may be due to lipid hydroxyl groups rather 
than water since the intensity of this band did not change 
after a phase transition. There was no correlation be-
tween lipid order and the OH band intensity.

  Discussion 

 A major finding of this study is that meibum hydro-
carbon chain order decreased from about 48%  trans  ro-
tamers (52%  gauche  rotamers) at birth to about 30%  trans  
rotamers at 85 years old indicating that meibum compo-
sitional changes occur with age. Because of the complex-
ity and wide range of lipid classes associated with mei-
bum  [14] , it is not possible at this time to assess, specifi-
cally, which lipid components or interactions lead to the 
observed thermodynamic and conformational differenc-
es found in this study. Meibum is composed of wax esters, 
di- and triglycerides, cholesterol esters and hydrocarbons 
 [14] . The possible interactions among these lipids and 
their relationship to lipid hydrocarbon order deserve fur-
ther investigation.

  We studied phospholipid conformation-composition 
relationships with age in the human lens  [24–27] . Lipid 
order in the human lens increases with age as a result of 
an overall increase in hydrocarbon chain saturation and 
mostly due to an increase in the relative amount of satu-
rated sphingolipid  [27] . Cholesterol has been shown to 
order disordered lipids and disorder ordered lipids  [28] . 
Insight cannot be gained from these lens studies because 
sphingolipid and cholesterol are very minor components 
of human meibum composing less than a percent of the 
total lipid and meibum is composed of unusual lipids not 
found elsewhere in the human body  [14] .

  Human meibum composition varies greatly from 
study to study in the literature  [14] . The compositional 
variability has been attributed to the different analytical 
methodologies employed and the inherent variability of 
biological samples  [14] . Interperson variability in lipid or-
der is much greater than the experimental variability and 
intraperson variability of lipid order. We can infer from 
the low intraperson variability in our phase transition pa-
rameters that meibum compositional/conformational 
changes are negligible on a month-to-month basis. The 
higher interperson variability indicates that meibum 
compositional/conformational differences between age-
matched individuals could be relatively higher.

  What Causes Changes in Meibum Order and Phase 
Transition Temperature? 
 Because waxes are not present throughout the human 

body, composition-conformation relationships have not 
been studied as extensively as they were for phospholipid 
membranes  [32] . In general, one might expect that hydro-
carbon chain saturation and length would order the lip-
ids and increase the phase transition temperature. How 
wax, diglycerides, hydrocarbons, and cholesterol esters 
interact with each other and the aqueous tear film could 
be the subject of many future studies.

  Meibum phase transition temperature decreased by 
4   °   C from about 31   °   C at birth to about 27   °   C at 90 years 
old. The phase transition temperature range is close to 
the surface temperature of the cornea which ranges 
from 26.4   °   C (ambient air temperature of –20   °   C) to 
36.7   °   C (ambient air temperature of 40   °   C)  [33] . The 
melting of meibum has been visually assessed to range 
from 19 to 39   °   C  [34–37] . As the temperature increased 
from 25 to 45   °   C, a significant decrease in the refractive 
index has been reported for human meibum  [38] . In line 
with these trends, we found that lipid hydrocarbon or-
der decreased when the temperature was raised from 25 
to 40   °   C ( fig. 3 ), the same temperature range at which 
lipid delivery to the margins was observed to increase 
 [39] . When lipid order decreases, van der Waal’s interac-
tions between lipids decrease and the meibum would 
become less viscous and spread more readily perhaps 
increasing delivery to the margins. In another study us-
ing a fluorescent probe, we showed that the motion of 
the hydrocarbon chain region increases with an increase 
in the hydrocarbon chain disorder. This enhanced mo-
tion could affect meibum delivery. Lipid hydrocarbon 
chain order measured in a separate study was related to 
meibum delivery  [20]  to the eyelid margin  [39] . This 
raises the possibility that hydrocarbon chain order could 
contribute to the delivery of meibum from the meibo-
mian glands to the lid margins. Lipid-protein and lipid-
aqueous interactions may influence meibum structure 
and spreading on the surface of tears  [40–44] . Assuming 
meibum finds its way to the aqueous tear film surface, 
if the lipid-lipid interactions are too strong, the lipid will 
aggregate and will not spread. Strong meibum lipid-lip-
id interactions have to be overcome by perhaps meibum-
protein interactions to allow the meibum to spread on 
the tear film surface  [40] . The current study forms the 
basis for future model studies to determine the roles of 
tear film moieties in influencing the structure and 
spreading of meibum.
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