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ABSTRACT 

Impact of Pollutant Ozone on the Biophysical Properties of Tear Film Lipid Layer Model 

Membranes 

Mahshid Keramatnejad 

The human tear film lipid layer (TFLL) is a duplex lipid layer film comprising the outermost 

layer of the tear film, responsible for surface tension reduction of the tear film in the blinking 

function. Exposure of the tear film lipid layer to increased ground-level concentrations of air 

pollutants, for example tropospheric ozone, can impact the chemical composition, structure and 

the function of the tear film lipid layer by impacting its surface activity, stability, respreadability 

and viscoelasticity, important TFLL characteristics in the blinking function. This compromise in 

these characteristics, leads to the emergence of dry eye disease (DED). In this research, 

Langmuir films spread at the air-water interface are used as TFLL mimicking model membranes. 

In addition to the study of the functional role of each component in the TFLL, the impact of 

ozone exposure on their biophysical properties is also investigated using Langmuir balance, 

Brewster angle microscopy, a profile analysis tensiometer, and mass spectrometry. Moreover, 

the crystallinity, lateral ordering, and vertical structure of the cholesteryl oleate film, as an 

important cholesteryl ester used in TFLL model membrane studies is investigated using Grazing 

Incidence X-Ray Diffraction (GIXD), X-ray reflectivity (XR) and Grazing Incidence Off-

Specular Scattering (GIXOS), respectively. Crystallinity of the cholesteryl oleate film was 

attributed to the cholesterol ring packing and a flat, monolayer film was observed at lower 

surface pressures. Oxidation impacts the phase transition behaviour of the model membranes as 

well as their multilayer formation. It also leads to expansion of the films to higher molecular 

areas, fluidization of the films, significant morphological changes, reduction of their 

respreadability and a composition-driven impact on their viscoelasticity. These findings can help 

better understand the roles of TFLL components in its function as well as the impact of 

prolonged ozone exposure on the mechanical and biophysical properties of human TFLL.



 

 iv 

ACKNOWLEDGEMENTS 

 First, I would like to thank my supervisor Dr. Christine DeWolf for introducing me 
to this challenging and interesting project that went hand in hand with my passion. I am very 
grateful to her for always being available to discuss my results, doubts, and progress. More than 
anything, I would like to thank her for creating a positive lab environment and lastly, all her 
support and guidance throughout my M.Sc. 
 
 I thank the members of my committee Dr. Yves Gélinas and Dr. Dajana Vuckovic 
for their wisdom and guidance throughout my work.  
   
 Additionally, I would like to thank all the professors at the department of Chemistry 
and Biochemistry, for the highly enlightening and diverse graduate courses I took during my 
M.Sc. which contributed a great deal to making this an exceptional learning experience, Dr.  
Dajana Vuckovic, Dr. Cameron Skinner, Dr. Gregor Kos, Dr. Xavier Ottenwaelder and Dr. 
Gilles Peslherbe. Thanks also, to Dr. Cerrie Rogers, Dr. Jennifer Romero and Kai Lee for a 
rewarding teaching assistantship experience. Thanks to Dr. Heng Jiang in the CBAMS center for 
his guidance and to all the staff and students at the Department of Chemistry and Biochemistry 
who helped create a positive and friendly environment.  
 
 Thanks to my amazing labmates, Dr. Renaud Miclette Lamarche, Dr. Hala Youssef 
for their support and help during my experimental and data analysis training, thanks to Janet 
Gaba for my computational training, Dalia Ali, Javier Porro Suardiaz, Kailen Kroeger, Zahra 
Alinia and Patricia Taktikakis and all past and current undergraduate students at Dr. DeWolf’s 
research group for a memorable and rewarding M.Sc. experience. 
 
 I would especially like to thank my wonderful husband, Sohrab for his constant 
support and positivity, my hardworking parents, Maryam and Parviz for fighting to give us a 
quality education and my amazing brother, Dr. Kamran Keramatnejad for his constant love and 
understanding and all my friends all over the world whose support I relied on throughout this 
journey.  
 
This would not have been possible without any of you.  
 
Mahshid 
                                                                                                                            
 
 
 
 
 
 
 
 
 
 

 



 

 v 

 
Contribution of Authors 

 

All manuscripts and experiments have been carried out and written by Mahshid Keramatnejad 
under the supervision of Dr. Christine DeWolf.  
 
 
 

 



 

 vi 

Table of Contents 

Abbreviations ..................................................................................................................... ix 

List of figures ................................................................................................................... xiii 

List of tables .................................................................................................................... xvii 

List of equations ............................................................................................................. xviii 

Chapter 1. Introduction & Literature Review ..................................................................... 1 

1.1. Tear Film Lipid Layer Composition, Structure & Function .................................... 1 

1.2. Tear Film Lipid Layer Model Membrane Studies ................................................... 3 

1.3. Dry Eye Disease (DED) ........................................................................................... 5 

1.3.1. The Definition and Classification of Dry Eye Disease ..................................... 5 

1.3.2. The Epidemiology & Risk Factors of Dry Eye Disease ................................... 6 

1.3.3. Dry Eye Disease Correlation with a Compromised TFLL Composition, Structure & 

Function ...................................................................................................................... 7 

1.4. Tropospheric Ozone & DED ................................................................................... 7 

1.4.1. Tropospheric Ozone .......................................................................................... 8 

1.4.2. Correlation of DED Prevalence with Tropospheric Ozone .............................. 9 

1.5. Research Objectives ............................................................................................... 14 

1.6. Experimental Techniques for Studying Model Membranes .................................. 17 

1.6.1. Langmuir Film Balance, Surface Activity ...................................................... 17 

1.6.2. Profile Analysis Tensiometer, Rheology ........................................................ 19 

1.6.3. Brewster Angle Microscopy, Morphology ..................................................... 21 

1.6.4. X-Ray Techniques .......................................................................................... 23 

1.6.4.1. Grazing Incidence X-Ray Diffraction (GIXD) .................................................... 23 

1.6.4.2. X-Ray Reflectivity (XR) ...................................................................................... 24 



 

 vii 

1.6.4.3. Grazing Incidence X-Ray Off-Specular Scattering (GIXOS) ............................. 25 

1.7. Outline of Manuscripts .......................................................................................... 26 

Chapter 2. A Biophysical Study of Tear Film Lipid Layer Model Membranes ............... 27 

2.1. Abstract .................................................................................................................. 27 

2.2. Introduction ............................................................................................................ 27 

2.3. Materials & Methods ............................................................................................. 31 

2.4. Results & Discussion ............................................................................................. 34 

2.4.1. Preliminary Analysis of Individual Components of TFLL Model Membranes: Surface 

Activity & Morphology ............................................................................................ 34 

2.4.2. Surface Activity & Morphology of TFLL Model Membranes ....................... 38 

2.4.3. Compression-Expansion Cycles of TFLL Model Membranes ....................... 46 

2.4.4. Rheology Measurements of TFLL Model Membranes .................................. 49 

2.5. Conclusion ............................................................................................................. 53 

Chapter 3. A Biophysical Study of Cholesteryl Oleate Film Crystalline Structure.......... 55 

3.1. Abstract .................................................................................................................. 55 

3.2. Introduction ............................................................................................................ 55 

3.3. Materials & Methods ............................................................................................. 57 

3.4. Results & Discussion ............................................................................................. 61 

3.4.1. Surface Activity & Morphology ..................................................................... 61 

3.4.2. Grazing Incidence X-Ray Diffraction (GIXD) Analysis ................................ 63 

3.4.3. X-Ray reflectivity (XR) & Grazing Incidence X-Ray Off-Specular Scattering 

(GIXOS) Analysis ..................................................................................................... 67 

3.5. Conclusion ............................................................................................................. 70 

Chapter 4. Impact of Pollutant Ozone on the Biophysical Properties of Tear Film Lipid Layer 

Model Membranes ............................................................................................................ 72 



 

 viii 

4.1. Abstract .................................................................................................................. 72 

4.2. Introduction ............................................................................................................ 72 

4.3. Materials & Methods ............................................................................................. 75 

4.4. Results & Discussion ............................................................................................. 79 

4.4.1. The Impact of Ozone Exposure on the Surface Activity & Morphology of TFLL 

Model Membranes .................................................................................................... 79 

4.4.2. The Impact of Ozone Exposure on Compression-Expansion Cycles of TFLL Model 

Membranes ................................................................................................................ 88 

4.4.3. The Impact of Ozone Exposure on the Rheology Measurements of TFLL Model 

Membranes ................................................................................................................ 91 

4.5. Conclusion ............................................................................................................. 95 

Chapter 5. Conclusions & Future Work ........................................................................... 97 

References ....................................................................................................................... 102 

Appendices ...................................................................................................................... 120 

Appendix A ................................................................................................................. 120 

 

  



 

 ix 

Abbreviations 

AFM:                          Atomic Force Microscopy  

APS:                           Advanced Photon Source                           

ASDA:                      Axisymmetric Drop Shape Analysis 

BA:                            Behenyl alcohol 

BO:                            Behenyl oleate 

BAM:                        Brewster Angle Microscopy 

CE:                            Cholesteryl ester 

CE-13:                       Cholesteryl tridecanoate 

CE-16:                       Cholesteryl palmitate 

CE-18:                       Cholesteryl stearate 

CFSS:                        Corneal fluorescein staining score  

CN:                           Cholesteryl nervonate 

CO:                           Cholesteryl oleate 

DED:                        Dry Eye Disease 

DPOG:                     1,3-dipalmitoyl-2-oleoylglycerol                         

DPPC:                      Dipalmitoylphosphotidylcholine 

Egg PC:                    L-α-phosphatidylcholine 

ESI:                          Electrospray ionization 



 

 x 

FFA:                        Free fatty acids 

FWHM:                    Full width at half maximum 

GIXD:                     Grazing Incidence X-Ray Diffraction 

GIXOS:                   Grazing Incidence Off-Specular Scattering 

GT:                          Glyceryl trioleate   

HHP:                        Hydroxyhydroperoxides 

KNHANES:             Korea National Health and Nutrition Examination Survey 

MGD:                       Meibomian Gland Dysfunction 

MGS:                        Meibomian Gland Secretions 

MS:                          Mass Spectrometry 

NO:                          Nitric oxide 

NO2:                         Nitrogen dioxide 

NOx:                         Nitrogen oxides 

OAHFA:                  (O-Acyl)-ω-hydroxy fatty acids 

OEA:                        Oleic acid ethyl ester 

OH:                          Hydroxyl radical 

HO2:                         Hydroperoxyl radicals 

OSDI:                       Ocular surface discomfort index 

PA:                           Palmitic acid 



 

 xi 

PAT:                        Profile Analysis Tensiometer 

PBS:                        Phosphate-buffered saline 

PE:                          Phosphatidylethanolamines 

PM10:                      Particulate matter (diameter of 10 µm or less)   

PM2.5:                     Particulate matter (diameter of 2.5 µm or less)   

POPC:                    Palmitoyl-oleoyl-phosphatidylcholine 

POPG:                    1-palmitoyl-2-oleyl-phosphotidylglycerol 

Qxy:                        In-plane diffraction peaks  

Qz:                          Out-of-plane diffraction peaks 

RF:                          Fresnel reflectivity 

SA:                         Stearic acid 

SM:                        Sphingomyelin            

STR:                      Step Through Program 

TBUT:                   Tear Film Break-Up Time 

TFLL:                    Tear Film Lipid Layer 

TFOS DEWS II:    Tear Film & Ocular Surface Society Dry Eye Workshop II 

USA:                      United States of America 

UV:                        Ultraviolet 

VOC:                     Volatile Organic Compounds    



 

 xii 

WE:                        Wax ester 

XR:                         X-Ray Reflectivity 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 xiii 

 

List of figures 

Figure 1.1. Schematic of tropospheric ozone production ................................................... 9 

Figure 1.2. Comparison of the number of patients with ocular surface diseases on the same days 

in the 2016 smog event of Lahore vs. 2015 ...................................................................... 12 

Figure 1.3. Comparison of the concentrations of air pollutants on the same days in the 2016 smog 

event of Lahore vs. 2015 ................................................................................................... 13 

Figure 1.4. Ozonolysis of cholesteryl oleate (CO) via the Criegee mechanism. .............. 14 

Figure 1.5. Schematic of the systematic approach to the study of TFLL model membrane systems

........................................................................................................................................... 15 

Figure 1.6. Representative non-polar lipids of TFLL model membranes......................... 16 

Figure 1.7. Representative polar lipids of TFLL model membranes ................................ 16 

Figure 1.8. Schematic of Langmuir balance ..................................................................... 17 

Figure 1.9. Schematic of surface-pressure vs. area isotherm ............................................ 18 

Figure 1.10. Spreading a film on a pendant drop .............................................................. 20 

Figure 1.11. Schematic of the experimental setup used for ozone exposure of a film spread on a 

pendant drop...................................................................................................................... 21 

Figure 1.12. Schematic of the ozone exposure of an oleic acid film spread on a pendant drop

........................................................................................................................................... 21 

Figure 1.13. Schematic of the physical principle of Brewster Angle Microscopy ........... 22 

Figure 1.14. Schematic of ozone exposure setup on a Langmuir balance ........................ 22 

Figure 1.15. Basic principles of X-ray surface characterisation techniques Grazing Incidence X-

Ray Diffraction (GIXD) & X-Ray Reflectivity (XR) ....................................................... 23 

Figure 2.1. Representative non-polar lipids of TFLL model membranes......................... 30 

Figure 2.2. Representative polar lipid of TFLL model membranes ................................. 30 



 

 xiv 

Figure 2.3. Isotherms of cholesteryl oleate, egg PC, glyceryl trioleate, and free fatty acid mixture 

(palmitic acid: stearic acid 50: 50) on PBS ....................................................................... 36 

Figure 2.4. BAM images of cholesteryl oleate on PBS at 22 °C. ..................................... 37 

Figure 2.5. BAM images of glyceryl trioleate on PBS at 22 °C. ...................................... 38 

Figure 2.6. Isotherms of CO: PC (binary mixture), CO: GT: PC (ternary mixture) and CO: GT: 

FFA: PC (quaternary mixture) on PBS ............................................................................. 40 

Figure 2.7. BAM images of CO: PC 90: 10 (binary mixture) on PBS at 22 °C. .............. 41 

Figure 2.8. BAM images of CO: GT: PC 40: 40: 20  (ternary mixture) on PBS at 22 °C.42 

Figure 2.9. BAM images of CO: GT: FFA: PC 40: 25: 15: 20  (quternary mixture) on PBS at 22 

°C. ..................................................................................................................................... 44 

Figure 2.10. Comparison of isotherms of CO: PC 90: 10 (binary mixture), CO: GT: PC 40: 40: 

20 (ternary mixture) and CO: GT: FFA: PC  40: 25: 15: 20 (quaternary mixture) on PBS at 22 °C

........................................................................................................................................... 45 

Figure 2.11. Analysis of non-ideal behaviour of CO: PC 90: 10 (binary mixture), CO: GT: PC 

40: 40: 20 (ternary mixture) and CO: GT: FFA: PC 40: 25: 15: 20 (quaternary mixture) on PBS 

at 22 °C ............................................................................................................................. 46 

Figure 2.12. Compression-expansion cycles of CO: PC  90: 10 (binary mixture), CO: GT: PC 40: 

40: 20 (ternary mixture) and CO: GT: FFA PC 40: 25: 15: 20 (quaternary mixture) on PBS at 22 

°C ...................................................................................................................................... 49 

Figure 2.13. Surface dilational elasticity data of CO: PC  90: 10 (binary mixture), CO: GT: PC 

40: 40: 20 (ternary mixture) and CO: GT: FFA: PC 40: 25: 15: 20 (quaternary mixture) on PBS 

at 22 °C ............................................................................................................................. 52 

Figure 2.14. Surface dilational viscosity data of CO: PC  90: 10 (binary mixture), CO: GT: PC 

40: 40: 20 (ternary mixture) and CO: GT: FFA: PC 40: 25: 15: 20 (quaternary mixture) on PBS 

at 22 °C ............................................................................................................................. 53 

Figure 3.1. Chemical structure of cholesteryl oleate ........................................................ 57 

Figure 3.2. Isotherm of cholesteryl oelate on PBS at 22 °C ............................................. 62 



 

 xv 

Figure 3.3. BAM images of cholesteryl oleate on PBS at 22 °C. ..................................... 62 

Figure 3.4. Contour plots of the X-ray intensities for cholesteryl oleate on PBS at 22 °C.63 

Figure 3.5. Cholesteryl oleate Bragg peak integrated over the entire Qz range on PBS at 22 °C.

........................................................................................................................................... 64 

Figure 3.6. Qxy peaks from the slice analysis of cholesteryl oleate on PBS at 22 °C. ...... 66 

Figure 3.7. Fitted XR and GIXOS models of cholesteryl oleate on PBS at 22 °C. .......... 70 

Figure 4.1. Isotherms of CO: PC (binary mixture), CO: GT: PC (ternary mixture) and CO: GT: 

FFA: PC (quaternary mixture) before and after ozone exposure on PBS at 22 °C .......... 82 

Figure 4.2. BAM images of CO: PC 90: 10 (binary mixture) before and after ozone exposure on 

PBS at 22 °C. .................................................................................................................... 84 

Figure 4.3. BAM images of CO: GT: PC 40: 40: 20 (ternary mixture) before and after ozone 

exposure on PBS at 22 °C. ................................................................................................ 86 

Figure 4.4. BAM images of CO: GT: FFA: PC 40: 25: 15: 20 (quaternary mixture) before and 

after ozone exposure on PBS at 22 °C. ............................................................................. 87 

Figure 4.5. Compression-expansion cycles of CO: PC  90 : 10 (binary mixture), CO: GT: PC 40: 

40: 20 (ternary mixture) and CO: GT: FFA: PC 40: 25: 15: 20 (quaternary mixture) before and 

after ozone exposure on PBS at 22 °C .............................................................................. 90 

Figure 4.6.Relative area as a function of cycles  of CO: PC  90: 10 (binary mixture), CO: GT: PC 

40: 40: 20 (ternary mixture) and CO: GT: FFA: PC 40: 25: 15: 20 (quaternary mixture) before 

and after ozone exposure on PBS at 22 °C ....................................................................... 91 

Figure 4.7. Surface dilational elasticity data of CO: PC  90: 10 (binary mixture), CO: GT: PC 40: 

40: 20 (ternary mixture) and CO: GT: FFA: PC 40: 25: 15: 20 (quaternary mixture) before and 

after ozone exposure on PBS at 22 °C .............................................................................. 94 

Figure 4.8. Surface dilational viscosity data of CO: PC  90: 10 (binary mixture), CO: GT: PC 40: 

40: 20 (ternary mixture) and CO: GT: FFA: PC 40: 25: 15: 20 (quaternary mixture) before and 

after ozone exposure on PBS at 22 °C .............................................................................. 95 

Figure A1. Ozonolysis of cholesteryl oleate (CO) via the Criegee mechanism(Detailed)121 



 

 xvi 

Figure A2. Contrast, brightness and sharpness enhanced BAM images of cholesteryl oleate on 

PBS at 22 °C. .................................................................................................................. 122 

Figure A3. Contrast, brightness and sharpness enhanced BAM images of CO: PC 90: 10 (binary 

mixture) before and after ozone exposure on PBS at 22 °C. .......................................... 123 

Figure A4. Compression-expansion cycles of CO: PC  90: 10 (binary mixture), CO: GT: PC 40: 

40: 20 (ternary mixture) and CO: GT: FFA: PC 40: 25: 15: 20 (quaternary mixture) before and 

after ozone exposure on PBS at 22 °C ............................................................................ 124 

 

 

 

 

 

 

 

 

 

 

 

 



 

 xvii 

List of tables 

Table 1. Qxy peak positions, average d-spacing and average correlation length of the crystalline 

cholesteryl oleate film on PBS at 22 °C ........................................................................... 67 

Table 2. Fitted parameters for XR and GIXOS data of cholesteryl oleate film on PBS at 22 °C

........................................................................................................................................... 69 

Table A1. ESI-MS data for oxidized cholesteryl oleate ................................................. 125 

Table A2. ESI-MS data for oxidized glyceryl trioleate .................................................. 126 

Table A3. ESI-MS data for oxidized egg PC .................................................................. 129 

 



 

 xviii 

List of equations 

Equation 1.1. Lattice d-spacing ........................................................................................ 24 

Equation 1.2. Correction for instrumental resolution of the full width at half maximum (fwhm) of 

the Bragg peaks. ................................................................................................................ 24 

Equation 1.3. The Scherrer formula for the calculation of in-plane correlation length. ... 24 

Equation 1.4. The Scherrer formula for the calculation of the vertical correlation length.24 

Equation 1.5. The electron density profile. ....................................................................... 25 

Equation 3.1. Lattice d-spacing ........................................................................................ 58 

Equation 3.2. Correction for instrumental resolution of the full width at half maximum (fwhm) of 

the Bragg peaks. ................................................................................................................ 58 

Equation 3.3. The Scherrer formula for the calculation of in-plane correlation length. ... 59 

Equation 3.4. The Scherrer formula for the calculation of the vertical correlation length.59 

Equation 5. The electron density profile. .......................................................................... 59 



 

 1 

Chapter 1. Introduction & Literature Review 

1.1. Tear Film Lipid Layer Composition, Structure & Function 

The human tear film covering the surface of the cornea can be divided into three separate layers 
1–3. Firstly is a mucin layer directly at the surface of the cornea, composed of sugar-rich 

glycosylated proteins that have been suggested to assist in the lubrication of the eye surface in 

blinking 1. The second layer, the aqueous layer, is the thickest layer of the tear film 1,4 and 

consists of a solution of electrolytes, proteins, peptides as well as metabolites 1,5. This fluid is 

secreted continuously by the lacrimal glands 1. The outermost layer of the tear film which is 

predominantly composed of lipids is the tear film lipid layer (TFLL) 1.  

The human tear film lipid layer (TFLL) is an important interface in the body that covers the 

aqueous tear film, creating the eye-air interface. This important barrier plays a number of crucial 

roles, namely, the reduction of the surface tension due to its unique surface properties 1,6, aiding 

in the respreading of the tear film after each blink and maintaining the overall tear film stability 

at the air-tear interface 1,7,8, resistance to water evaporation, though this function of TFLL has 

been subject of debate in recent years 1,7–11 , providing a smooth refractive surface 1,9,11 and 

providing defense against microbial infections 8 as well as a environmental agents 12,13. The 

thickness of the TFLL has been estimated to be about 15-160 nm, most probably close to 30 nm 

and 5 to 20 molecules thick 1,12,14,15. TFLL is considered to have a multilayered structure at the 

air-tear interface 16–18.  

Meibomian gland secretions (MGS) are the main constituents of the TFLL, secreted by the 

meibomian glands situated within the eyelids 8,19 Therefore, they are the most researched in 

studies interested in understanding the composition, structure, and function of TFLL8. The exact 

composition of TFLL is still a major subject of debate in the literature due to the many 

limitations that exist in working with extracted meibum lipids, not the least of which are the use 

of various different sample collection techniques, i.e., glass microcapillary tube, Dacron swab, 

spatula or cytology microbrush, which lead to disparities between results of different research 

labs due to inter- and intra- individual biological variabilities 20, the typically small amounts of 

lipids collected from sample donors, lack of chemical standards, the samples being easily 

contaminated, the sheer number of lipid families to be analyzed within each sample and the need 
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to analyze them with different techniques. The difference in non-human meibum in comparison 

with human meibum 21 as well as occasional reports of contaminations throughout the analyses, 

leading to wrong assumptions on the composition of meibum 8,11,19,22–27 have also been cause for 

these disparities. Thus, it is difficult to report the exact composition and molar percentage of 

each lipid family in the TFLL, and different reports can be found.  

However, it has been mostly found in such studies that the composition of human TFLL which 

for the most part is quite well represented by MGS, is composed of > 90% non-polar lipids 
1,8,11,28. 30-45 mol% of the human meibum is comprised of long acyl chain cholesteryl esters 

(CEs) (C22:1-C34:1) and 30-50 mol% are wax esters, with mostly C18:1 fatty acid chains with 

C18-C30 alcohols chains 1,8,11,19,22,28,29. Furthermore, 2 to 4 mol% of human meibum is 

comprised of triglycerides 8,11,28,30, 2.5 mol% or less of free fatty acids 3,28,31,32, 0.5-5.6 mol%  of 

free cholesterol 3,8,11,28,30–32 , 2 mol% of diesters 3,28,31,32 and 3-7 mol% of hydrocarbons 3,28,31,32. 

As for the polar lipids of TFLL, there are two classes of lipids that are reportedly constituents of 

the polar part of TFLL and as they are different in their origins, their exact roles in TFLL remain 

to be a point of controversy in the literature 1,7,8,11,25,33. These two classes of lipids are (O-Acyl)-

ω-hydroxy fatty acids (OAHFA) which are reported to make up 3-5 mol% of TFLL 19,25,33 and 

are MGS endogenous, as well as ~13 mol% phospholipids 1,8,34 which are of non-MGS origin, 

found generally in whole tear extracts and are composed of phosphatidylcholines (PCs > 60%), 

phosphatidylethanolamines (PEs, ~15%), ceramides and sphingomyelins (SM) (< 5%) 1,8,34. It is 

important to note that TFLL also has some proteins in its composition as well. Non-lipid 

components such as proteins, salt and polysaccharides have been found in MGS 1,8,35–38. It is 

suggested that these proteins may impact TFLL characteristics by intercalating between the lipid 

molecules of TFLL 1,8,38–40.  

Despite the controversies in the exact key components of the of the polar lipids of TFLL, they 

are considered to be quite crucial in the TFLL functions. The most widely accepted view of the 

structure of TFLL assumes a multilayered structure, wherein at the interface of aqueous tear film 

and TFLL, there is a sub-layer the amphiphilic polar lipids of TFLL, on top of which a bulky 

layer comprised predominantly of non-polar highly hydrophobic lipids reside which create the 

eye-air interface 1,3,8,41. As the non-polar hydrophobic lipids do not readily interact and spread on 
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top of the underlying aqueous layer, this sub-layer of polar amphiphilic lipids, able to interact 

with both layers, is crucial in stabilizing the TFLL as well as the aqueous tear film underneath 
1,3,7,8,24,34.  

This multilayered structure has been confirmed previously using grazing incidence X-ray 

diffraction (GIXD) in studying both tear lipid extracts as well as mixed films of lipids or model 

membranes 1,42. Moreover, Georgiev et al. 2017, 8 used data from previous work 19,43–48 to 

calculate the area per MGS molecule (59 Å2-9.7 Å2) which implies that during the compression 

of the meibum film, it can reach areas corresponding with multilayering. One of the notable 

biophysical characteristics observed from meibum extract films in studies using a Langmuir 

balance is the formation of compressible films that do not display collapse. This is quite relevant 

to the impact of the stability of TFLL while blinking and after multiple blinks. These two 

important characteristics have been attributed to either the formation of multilayers or reversible 

folding 1,49.  

1.2. Tear Film Lipid Layer Model Membrane Studies 

A number of studies have been dedicated to the study of TFLL model membrane films. Due to 

the discrepancies in the literature as to the exact composition of TFLL, as well as the 

complicated and multicomponent nature of physiological TFLL and the apparent difficulty in 

creating a physiologically relevant model from scratch, model membrane studies of TFLL have 

been challenging and rife with inconsistencies, comprising a wide range of both experimental 

and simulation-based surface characterization techniques, perspectives and components.  

In 1974, Holly reported using a partially oxidized indicator oil prepared from a petroleum 

lubricating oil to represent the TFLL which easily formed a duplex film while being compressed 

using a Langmuir balance 50,51. Several studies have used multicomponent mixtures of 

representative TFLL lipid families in order to study the effect of composition on the structure 

and function of TFLL. These studies have used a wide variety of lipids and more importantly 

proportions that generally differ from the physiological non-polar to polar ratio. One example of 

this is a study by Petrov et al. 2007, where a two-dimensional order was reported for using an 8-

component synthetic film, with oleic acid ethyl ester (OEA) being the major component (70.2%) 
42.  
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Experimental surface characterization techniques were used in conjunction with simulation 

models in two studies by Kulovesi et al. 2010 and 2012, respectively. In one study, they used an 

artificial TFLL composed of egg phosphatidylcholine (egg PC) as the polar lipid component, 

cholesteryl oleate (CO) as cholesteryl ester and a triglyceride mixture with PC comprising 60% 

of the film 17 which differs from the reported proportions of polar lipids in physiological TFLL, 

represented by MGS, being > 90% non-polar lipids 1,8,11,28. In another study and using similar 

experimental techniques and with a focus on the impact of composition on the stability of the 

tear film, several model membranes were investigated with varying proportions of egg PC, CO, 

egg phosphatidylethanolamine (PE), a mixture of various triglycerides as well as a free fatty acid 

mixture (FFAs) made from 50: 50 stearic acid (SA): palmitic acid (PA) 16. Aimed at 

understanding the impact of composition on the organization, stability and the dynamics of the 

TFLL, these two studies have provided valuable information on the topic such as the importance 

of the polar lipids in the stability of the TFLL and they used both experimental and simulation 

techniques 16,17. However, the polar lipid proportion in these mixtures were higher than reported 

in MGS, ranging form 60% to 90% compared with the 4% to 13% reported in physiological 

MGS 1,8,11,28.  

TFLL model membranes with more physiologically relevant proportions were used in TFLL 

model membranes studied by Rantamäki et al. 2012 and Kulovesi et al. 2014, using egg PC, CO, 

wax ester behenyl oleate (WE) and behenyl alcohol (BA) and egg PC, CO, GT and a wax ester 

mixture, respectively 52,53. These studies were mainly focused on the evaporation retardation role 

of TFLL and the impact of wax esters. Both reported that wax ester films alone are in fact 

capable of evaporation retardation, but the evidence of such an impact was lacking in mixed 

films of wax esters and other lipids 52,53. A model using the same lipids (excluding the wax esters 

and wax alcohol) was used recently by Xu et al. 2022, wherein an OAHFA was used as well as 

PC for the polar lipid components and a predominant impact of PC was reported on the surface 

activity of the recombinant film 54.  

Millar et al. 2012, used films of cholesteryl esters (namely cholesteryl nervonate (CN), and 

cholesteryl palmitate (CP)) along with extracted meibomian lipid films and their mixtures to 

study their structure where a duplex film containing liquid crystals was reported 55. An 

investigation on the effect of ectoine on the phase behaviour of TFLL model membranes by 
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Dwivedi et al. 2014, used binary and ternary films composed of 1,2-dipalmitoyl-sn-glycero-3-

phosphocholine (DPPC), cholesteryl-3-palmitate (CP) and 1,3-dipalmitoyl-2-oleoylglycerol 

(DPOG) where, similar to previous work, the polar lipids comprise a large proportion of the 

model membranes 56 contrary to their MGS proportions 1,8,11,28.   

In simulation studies of TFLL model membranes, palmitoyl-oleoyl-phosphatidylcholine (POPC) 

was used as the polar lipid along with CO, GT and free fatty acids where the neutral TFLL lipids 

was reported to increase the stability of TFLL 57,58. Patterson et al. 2016 and 2017, focused on 

the polar TFLL model membranes using strictly phospholipids, reporting the possible role of the 

polar TFLL on the stability of the tear film upon blinking 59,60.  

Recently, a minimalistic approach has been chosen for model membrane studies aiming at 

simplifying the study of the composition, structure and function relationship of TFLL where two 

component mixtures of non-polar and polar lipids were used 12,61. For example, binary mixtures 

of POPC and GT were used by Olyńskaż et al. 2020, 12 and mixtures of (O-oleyl)-ω-hydroxy 

arachidic acid (20-OAHFA) and cholesteryl nervonate (CN) were used by Paananen et al 61 

2020, both studies providing valuable information on the multilayer formation behaviour of 

TFLL model membranes. While various models have been used to study holistically one or more 

functions of TFLL, relatively less attention has been paid to the contributions of individual lipid 

classes to these functions.  

1.3. Dry Eye Disease (DED)  

This review will focus on the definition, epidemiology of dry eye disease (DED) as well as 

correlations of DED in the literature with respect to the TFLL composition, structure, and 

function relationship. 

1.3.1. The Definition and Classification of Dry Eye Disease  

According to the Tear Film & Ocular Surface Society (TFOS), Dry Eye Workshop II (TFOS 

DEWS II), the updated and internationally accepted definition of DED is as follows: 

“Dry eye is a multifactorial disease of the ocular surface characterized by a loss of homeostasis 

of the tear film, and accompanied by ocular symptoms, in which tear film instability and 
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hyperosmolarity, ocular surface inflammation and damage, and neurosensory abnormalities play 

etiological roles.” 62 

There are two main categories of DED that are not mutually exclusive: aqueous deficient dry eye 

and evaporative dry eye. Evidence has shown that a larger number of DED cases are in fact 

evaporative dry eye rather than aqueous deficient dry eye, or they are mixed 62. As was described 

previously, the fluid of the aqueous part of the tear film is secreted by the lacrimal glands, thus 

aqueous deficient dry eye is related to any conditions that affect the lacrimal glands 62. As for the 

major number of DED cases which are caused by evaporative dry eye, it describes conditions 

affecting the lids or the ocular surface. Prominent among the lid-related problems is meibomian 

gland dysfunction (MGD) which has been reported in 86% of DED cases with only a small 

percentage of the cases displaying symptoms of aqueous deficient dry eye 62,63. 

1.3.2. The Epidemiology & Risk Factors of Dry Eye Disease  

DED is the predominant ophthalmic related disease of the modern age and a growing ocular 

health concern 8,62, impacting the quality of life in 10%-30% of the global population 64. DED is 

characterized with an unstable tear film, hyperosmolarity and ocular inflammation 8,62. In severe 

cases, DED is associated with chronic eye pain, visual disturbances, poor quality of day to day 

life and depression 8,62.  

DED is characterized by a number of consistent risk factors associated with DED, prominent 

among which are MGD 8,65, age 64,66–68, race 62, sex 62,64,66,68,69, connective tissue disease 62, long 

term use of computer screens 8,62, environmental conditions most importantly pollution 64,68,70–72 

and low humidity 64,70 and the use of certain medications such as antihistamines 62,66 and 

antidepressants 62. The prevalence of DED has been reported to be 21.3% in Canada, 

corresponding to ∼6.3 million people 73, 7% in US women and 4% in US men 64,69, 7.4% in 

Australia 64,74, 27.5% in Indonesia 64,75, 33.7% in elderly Taiwan population 64,67 and 33% in 

Japan 64,76. The cost of DED in terms of treatment and negative impact on work productivity and 

income in USA alone has been calculated to be $55.4 billion 8,77 with similar global reports 8,78. 
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1.3.3. Dry Eye Disease Correlation with a Compromised TFLL Composition, 
Structure & Function 

As mentioned before, MGD, which is associated with changes in the secreted lipids of 

meibomian glands both in quality as well as quantity, is observed in most of the DED cases 79,80. 

It is still uncertain the extent to which compositional changes to MGS negatively impact the lipid 

structure as well as surface characteristics of lipids of TFLL; however, increased protein content 
8,36,37,81 and decrease in polar lipid content 26,27,82 have been previously as potential contributors.    

As for the impact on structural properties, Georgiev et al. 2014, showed that there are significant 

morphological differences between MGS of healthy subjects and patients with MGD 8,48, 

wherein a continuous and thick film was observed in healthy subjects and a patchy and 

discontinuous with thinner areas was observed in MGD patients 8,48. The continuous and thick 

film in healthy subjects has been associated with a tear film non- invasive break up time of > 15 

s implicating high stability for the film, whereas a non- invasive break up time of <5 s in MGD 

patients, indicates reduced stability 8,83–86. It has also been shown in the case of MGD that the 

important spreading characteristic of the TFLL may be impacted 87–89.  

It has been reported that delipidation of the tears results in a higher surface tension 53~55.5 

mNm-1, compared with the surface tension of the tears of healthy subjects (43.6 ± 2.7 mNm-1) 
6,8,90 and is quite close to values measured from samples of DED patients (49.6 ± 2.2 mNm-1) 8,91. 

Moreover, Georgiev reported that healthy MGS films predominantly display elastic behaviour, 

while films formed by meibum secretions collected from MGD patients, show higher viscosity, 

implying that the film shows less resistance to deformations 48. To add to the evidence that there 

is significant correlation between the compromised composition, structure and function of TFLL 

and DED emergence, recently similar results were observed wherein mutations in genes related 

to the synthesis of meibomian lipids, led to a compromised TFLL composition and eventually 

acute DED 92–94. 

1.4. Tropospheric Ozone & DED 

This review will focus on processes involved in the production of tropospheric ozone, its impact 

on the unsaturated acyl chains of TFLL components as well as the correlation of tropospheric 

ozone with the prevalence of DED in the populations recently highlighted in the literature.  
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1.4.1. Tropospheric Ozone 

While the scientific community believed for a long time (until 1970s) that the source of 

tropospheric ozone was stratosphere and that it was chemically inert, extensive scientific 

evidence has shown that this is not case 95–98. The production of tropospheric ozone is mainly 

due to the existence of NO and hydrocarbons in the troposphere. Some examples of the origin of 

NOx and hydrocarbons in the troposphere are fossil fuel burning, biomass burning, vegetation 

and landfills 98.  A simplified schematic of the series of reactions leading to the production of 

tropospheric ozone is provided in Figure 1.1 96. As observed, initially, hydroxyl radicals react 

with hydrocarbons, producing carbon dioxide, water and more importantly hydroperoxyl radicals 

(HO2) which in turn react with NO forming NO2 and even more hydroxyl radicals. Then, the 

photolysis of NO2 leads to the production of ground-state oxygen atoms O (3P) which in turn, 

react with oxygen to form tropospheric ozone 95–98. There is also a less notable source of 

tropospheric ozone which is via the stratosphere-troposphere ozone exchange 99.  

OH radicals are paramount in the chemical composition of the atmosphere, since many of the 

gases in the atmosphere, whether from natural or anthropogenic origins, have resident times that 

are greatly impacted by their reactivity with OH radicals 97,98. Thus, looking at this reaction 

pathway, it is important to note that tropospheric ozone also plays an important role in producing 

OH radicals through absorbing UV radiation 98. The surface concentrations of ozone have 

increased significantly due to anthropogenic activities from 10 to 15 ppb in the pre-industrial era 

to 30 to 40 ppb now 97,100. Ozone concentration as high as 300 ppb is reported in highly polluted 

areas and environmental smog 101 . This increase can be directly linked to the increase in fossil 

fuel and biomass burning, leading to an increase in surface levels of NOx  radicals 95,97,100. 

Moreover, it is noteworthy that ozone is a greenhouse gas as it is an infrared absorber, as well as 

being capable of absorbing UV emissions in the wavelength of 290 nm to 320 nm (potentially 

harmful to Terran life), so the increase in its average ground-levels has implications for climate 

change as well as our UV exposure levels 97,98,102. 
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Figure 1.1. Schematic of tropospheric ozone production (Figure reproduced from reference)96.  

1.4.2. Correlation of DED Prevalence with Tropospheric Ozone 

Although there is significant scientific evidence as to the impact of increased ground-levels of 

tropospheric ozone on climate change, it may also have adverse impacts on human health. 

Instances of photochemical smog with high ozone concentrations (200 ppb in Los Angeles 103 

and 154 ppb in Beijing 104 for example) have been previously reported. There is extensive 

evidence on the adverse effects of being exposed to high ozone concentrations on the pulmonary 

health 95. For example, a negative impact was found when correlating lifelong ozone exposure to 

lung function 95,105,106. Moreover, higher ozone concentrations were associated with a higher risk 

of death from pulmonary diseases 107.  

In recent years, there have been a number of studies focused on the correlation between ocular 

surface related diseases and exposure to air pollutants. A large-scale study focused on the ocular 

health of USA veterans was able to identify (with a confidence interval of 95%) air pollution as 
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well as atmospheric pressure as the most influential risk factors for the emergence or 

exacerbation of DED in the USA veteran population 108,109. In a follow up study on the same 

population, the seasonal pattern of DED prevalence was also acknowledged i.e. more prevalent 

in the winter and spring and less so in the summer 110.  In another time-stratified case crossover 

study in the province of Zhejiang in China, the outpatient conjunctivitis visits were strongly 

associated (confidence interval of 95%) with increased concentrations of air pollutants 111. A 

similar approach was used in Hangzhou, China for outpatient DED visits and a similar strong 

association was found with increased levels of air pollutants 70. Evidence of correlation between 

higher concentrations of pollutants and DED prevalence was also provided in a smaller size 

study by the National Eye Institute in USA 112.  

Figures 1.2 and 1.3 were created from the results of the 2016 smog event analysis of Lahore for 

easier demonstration of the reported data 71. This comparative cross-sectional study was 

performed in the form of comparison of both number of ocular surface disease patients from 

target hospitals as well as the comparison of the concentrations of air pollutants PM2.5, PM10, O3, 

VOC (volatile organic compounds), CO, SO2, NOx, NO2, and NO on the same days in the 

November of 2016 in the smog event of Lahore and 2015 as the baseline. The increase of the air 

pollutant concentrations consisted of a seventeen-fold increase in NOx, six-fold increase in PM10, 

four-fold increase in O3 and SO2 and a two-fold increase in CO, VOC as well as PM2.5. Along 

with these increases, an overall 60% increase was reported in the number of patients with ocular 

surface diseases, with dry eye, irritation and lid erosion contributing the most to this increase 71. 

A population-based epidemiologic study by The Korea National Health and Nutrition 

Examination Survey (KNHANES) conducted between 2010-2012 revealed strong associations 

(with a confidence interval of 95%) between the prevalence of DED and higher ozone 

concentrations as well as lower humidity 72. With the aim of providing a more complete study, 

this work was improved in 2016-2018 by studying the changes in the clinical parameters of DED 

according to pollutants’ concentrations rather than relying on the questionnaire 113. These 

parameters included Ocular surface discomfort index (OSDI) score, tear film break-up time 

(TBUT), corneal fluorescein staining score (CFSS), as well as measured tear secretion levels. An 

increased Ocular surface discomfort index (OSDI) score as well as reduced tear secretion was 
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associated with higher ground-levels of ozone 113. Moreover, exposure to ozone led to the 

exacerbation of allergic conjunctivitis and the deterioration of the ocular surface in mice 114. 

In a large-scale DED prevalence study from 32 cities in China aiming at identifying and updating 

the risk factors of DED, prevalence of 61.57% was reported for DED and air pollutants O3, 

PM2.5, and SO2 were reported as DED risk factors 68. A recent and similar report was provided 

signifying the correlation between DED patients younger than 60 years 115 and O3 concentrations. 

Moreover, long term exposure to ozone has been linked with increasing inflammation via the 

increase in inflammatory cytokines, oxidative damage, as well as diminishing production of tears 

and reducing conjunctival goblet cell density 116,117.  

Thus, there is quite a lot of evidence corroborating that ozone has adverse effects on the ocular 

surface health. However, very little research has focused on the impact of ozone exposure on 

biophyscal and mechanical properties of the TFLL. Exposure to ozone will lead to the oxidation 

of the unsaturated bonds in the acyl chains of TFLL components. According to a quantification 

study on the lipid species of meibum and their resulting molecular lipid speciation of the major 

classes of TFLL lipids, 43 mol% of the cholesteryl esters of meibum contain monounsaturated or 

di-unsaturated species 30. 85.9 mol % of the wax esters also contain unsaturation in their acyl 

chains 30. This proportion is 74 mol% for triglycerides, 100 mol% for OAHFAs and 93 mol% for 

PCs 30.  In a study by Georgiev et al. 2019, aiming at understanding the effect of saturation on 

the tear film stability and rheological properties, it was explained that there must be an important 

balance between the saturation and unsaturation of the tear film 118. This is due to the clear need 

for a lipid ordering in the tear film in order to resist the imposed force of blinking coexisting with 

the fact that too much lipid ordering will lead to lipid aggregates and impact spreading ability of 

the tear film 118. 
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Figure 1.2.Comparison of the number of patients with ocular surface diseases (Lacrimation, Uveitis, 

Conjunctiva, Cornea disease, Lid Erosion, Irritation and Dry Eyes) on the same days in the 2016 smog event 

of Lahore vs. 2015 (Data taken from reference71) 
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Figure 1.3.Comparison of the concentrations of air pollutants (PM2.5,PM10, O3, VOC, CO, SO2, NOx, NO2,and 

NO) on the same days in the 2016 smog event of Lahore vs. 2015 (Data taken from reference 71) 

The unsaturated bond of the acyl chain of the TFLL species undergoes oxidation by ozone via 

the Criegee mechanism of ozonolysis and produces aldehydes, carboxylic acids, peroxides and 

occasionally a more stable ozonide 119–123. Figure 1.4 presents a schematic of this reaction and 

the products of the ozonolysis of cholesteryl oleate via the Criegee mechanism. A more detailed 

description of this mechanism is provided in Appendix A (Figure A1). 
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Figure 1.4. Ozonolysis of cholesteryl oleate (CO) via the Criegee mechanism.  

1.5. Research Objectives 

The focus of this work is the investigation of the impact of oxidation by ozone on the surface 

activity, morphology, re-spreadability as well as rheological properties of TFLL model 

membranes as a function of their composition. In recent years, a minimalistic approach has been 
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adopted for model membrane studies with the aim of simplifying the study of the role of the 

TFLL lipid families in its structure and function 12,61. In this work, a systematic approach has 

been coupled with this minimalistic direction in the study of the TFLL model membranes. A 

more detailed study of the biophysical characteristics of cholesteryl oleate (CO) films and their 

liquid crystalline structure was performed as non-polar and hydrophobic cholesteryl esters are 

major components of physiological TFLL of which CO is one of the major constituents. 

 

Figure 1.5. Schematic of the systematic approach to the study of TFLL model membrane systems. 

A TFLL mimicking binary mixture was then chosen with 90 mol% of CO representing 

cholesteryl esters and 10 mol% L-α-phosphatidylcholine (egg PC) to represent the polar interface 

of TFLL between the aqueous layer of the tear film and TFLL. The next TFLL model membrane 

was produced by adding glyceryl trioleate (GT) as another non-polar lipid component, 

representing triglycerides with the ternary mixture composition being CO: GT: PC 40:40:20. The 

next and the most complex of the TFLL mimicking model membranes in this work was created 

by adding a mixture of palmitic acid and stearic acid as free fatty acid representatives (FFAs), 

making the quaternary mixture composition to CO:GT:FFA:PC 40:25:15:20. This systematic 

approach is effective in the study of the impact of each lipid family on the structure and function 

of TFLL model membranes. Once these roles have been established, the impact of ozone 

exposure on the biophysical properties of the TFLL model membranes can be evaluated 

following the same systematic approach; this aids in better understanding the impact of ozone 
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exposure on the biophysical properties of the TFLL model membranes as a function of 

composition. 

 

Figure 1.6. Representative non-polar lipids of TFLL model membranes.  

 

Figure 1.7. Representative polar lipids of TFLL model membranes.  

For all systems, the techniques used for the study of surface activity, morphology, re-

spreadability and rheology of the model membranes were employed i.e. Langmuir balance, 

Brewster Angle Microscopy (BAM) and Profile Analysis Tensiometer. Additionally, highly 

sensitive synchrotron-based X-ray surface characterization techniques were used to study the CO 

liquid crystalline structure i.e. Grazing Incidence X-Ray Diffraction (GIXD), X-Ray Reflectivity 



 

 17 

(XR) as well as Grazing Incidence X-ray Off-specular Scattering (GIXOS). These techniques are 

summarized in the next part of the introduction.  

1.6. Experimental Techniques for Studying Model Membranes 

This review will focus on a summary of the techniques used in the study of model membranes’ 

biophysical characteristics.  

1.6.1. Langmuir Film Balance, Surface Activity 

Figure 1.8 depicts a schematic of a Langmuir balance. The fundamental basis for the study of the 

air-water interface was initially developed by Pockels 124 and Langmuir 125 and they are used to 

this day very much the same way. The Langmuir balance (made from Teflon) is filled with water 

or the subphase of choice and it is equipped with either one or two controlled Teflon barriers that 

slide over the surface, creating an enclosed area whose parameters are increased or decreased 

using the barriers, depending on the experimental need. A filter paper or wire connected to a 

pressure sensor is used as a Wilhemy plate 126. Immersed in the water, it measures the surface 

tension while the plate in being pulled down due to the surface tension 126. Using a syringe, 

appropriate quantities of a surfactant solution are spread on the water/subphase surface, thus 

creating a monolayer film whose surface tension is measured leading to a measurement of its 

surface pressure π defined as the difference between the surface tension of pure water γ0 and the 

surface tension in the presence of a film γ. The compression of the film is achieved as the 

barriers close and reduce the area available to the molecules of the film. Thus, the film undergoes 

structural changes which affect its surface pressure, leading to a surface pressure vs. molecular 

area isotherm. 

 

Figure 1.8. Schematic of Langmuir balance.  



 

 18 

Figure 1.9 shows a schematic of a generic surface pressure vs. molecular area compression 

isotherm of a lipid monolayer at the air-liquid interface. At high molecular area, the lipids are in 

the gaseous phase where there is little to no interaction between the lipid molecules and the 

surface pressure remains at zero mNm-1. As the monolayer film is compressed, the molecular 

area is reduced and the lipid molecules interact to form a fluid, liquid expanded (LE) phase 

where the film has high fluidity and compressibility. This coherent film reduces the surface 

tension and so the surface pressure rises as the film is compressed. As the film is compressed 

even further, some lipids can pack together to form a condensed phase in which the alkyl chains 

are in their all-trans, fully extended conformation and are closely packed with liquid-crystalline 

order. Thus the fluidity and compressibility are lowered. The monolayer collapses when there is 

no more molecular area available to the lipids. The interactions of the molecules of the film lead 

to the formation of these two-dimensional phases which have been confirmed using several 

techniques, including diffraction 127.  

 

Figure 1.9. Schematic of surface-pressure vs. area isotherm. 
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1.6.2. Profile Analysis Tensiometer, Rheology 

Rheology or viscoelasticity is explained in terms of elasticity as well as viscosity, the first 

describing a material’s recovering capacity following the elimination of a force applied to it, and 

the latter elucidated as the resistance capacity of a material to flow and deformations after a force 

is imposed on it 95. The rheology of surfactant films dictates their stability and performance 95,128. 

The TFLL has to undergo a number of dynamic processes and deformations such as the 

spreading of the film and then its compression while blinking, tear flow and evaporation as well 

as lipid secretion from the meibomian glands, thus, the rheology of TFLL is quite an important 

characteristic to study 12. Specifically for the TFLL and the blinking function, dilational rheology 

is paramount as it directly relates the oscillations caused by the change in surface area and 

therefore surface tension to the viscoelastic properties of the film 95,129.  

Dilational rheology measurements are performed using Profile Analysis Tensiometer (PAT). In 

order to perform rheological measurements, appropriate quantities of a surfactant solution are 

spread on a pendant drop composed of water or subphase of choice (Figure 1.10). After the 

equilibration time of the film passes, a program specific to the film is employed. As the volume 

and therefore the surface area of the drop is controllable, the film is compressed to a target 

surface pressure, equilibrates, then oscillated at a target frequency with a specific amplitude 

chosen based on the experimental conditions 130,131, equilibrates again, and thus this cycle 

continues until a drop surface area of 15 mm2 is reached which is the smallest stable area 

reachable by the drop. Each program is created based on the surface pressure vs. molecular area 

isotherm of each specific film in order to ensure that with each compression stage in the 

program, a change of 1 mNm-1 in the surface pressure is achieved.  

The axisymmetric drop shape analysis (ASDA) 130,132,133 is employed as well as the visual profile 

of the drop to calculate the surface pressure. The Young-Laplace equation is used to relate the 

arc of the drop to surface pressure 130,134. In rheology measurements, the result is a complex 

elastic modulus which can relate the drop surface area oscillations to the surface tension 133. This 

complex modulus is separated into dilational elasticity and dilational viscosity of the film 130. 

Therefore, it is important that the drop maintains a Laplacian shape throughout the measurements 
135. The oscillation frequency and the amplitude can affect the rheology measurements, and so 
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They dictate the experimental parameters so that the film is not disturbed both in terms of 

hormonic distortions as well as drop loss during the measurements 130–132,136,137.  

 

Figure 1.10. Spreading a film on a pendant drop. 

Figure 1.11 shows the schematic of the experimental setup starting from ozone generation to film 

exposure on a pendant drop. Ozone was generated by first passing compressed air through a 

drying tube filled with the drying agent Drierite™ (anhydrous calcium sulfate) in order to 

remove water. Then, to generate hydrocarbon-free air, the dry air was passed through a VOC 

scrubber and a ChromGas zero air generator (Parker), after which a UVP ozone generator 

equipped with a Pen-Ray lamp (wavelength 185 nm, power 2 to 20 watts) was used to generate 

ozone. A 2B Technology ozone monitor was used to measure and monitor the ozone 

concentration based the absorption level of UV light at 254 nm. Using an Aalborg digital mass 

flow controller, the flow rate of the generated ozone gas was controlled before entering the 

reaction chamber. Figure 1.12 shows the schematic of the ozone exposure of a representative 

oleic acid film spread on a pendant drop.  
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Figure 1.11. Schematic of the experimental setup used for ozone exposure of a film spread on a pendant drop. 

 

 

Figure 1.12. Schematic of the ozone exposure of an oleic acid film spread on a pendant drop. 

1.6.3. Brewster Angle Microscopy, Morphology 

Brewster Angle Microscopy (BAM) is a visualization technique used to study the morphology of 

the surfactant films spread at the air-water interface. It works on the basis of light reflection 

between the perfect interface of two non-absorbing media with different refractive indices and 

Brewster angle 138. As a result of Fresnel’s formula 138  p-polarized light directed at this interface 

at Brewster angle α is not reflected. However, should a film of surfactant molecules be spread at 
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this interface, α will no longer correspond to Brewster angle and therefore light is reflected 

which can in turn be detected with a microscope located at Brewster angle. Thus, this method 

allows the visualization of the morphology of amphiphilic films, spread at the air-water interface 
138. Figure 1.13 shows the schematic of the physical basis of Brewster Angle Microscopy. 

 

Figure 1.13. Schematic of the physical principle of Brewster Angle Microscopy. 

Figure 1.14 shows the experimental setup of ozone exposure experiments, performed on the 

Langmuir trough for surface activity, compression-expansion cycles, and BAM experiments by 

enclosing the trough with a Plexiglass cover with and inlet and outlet at opposite ends. The same 

ozone generator setup was used in this experiment as that for pendant drop experiments (1.6.2). 

 

Figure 1.14. Schematic of ozone exposure setup on a Langmuir balance. 
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1.6.4. X-Ray Techniques 

Synchrotron based X-ray surface characterization techniques are quite important in monolayer 

studies. This part of the introduction is dedicated to a brief summary of these techniques.  

 

Figure 1.15. Basic principles of X-ray surface characterisation techniques Grazing Incidence X-Ray 

Diffraction (GIXD) and X-Ray Reflectivity (XR)-(Image modified from 139). 

1.6.4.1. Grazing Incidence X-Ray Diffraction (GIXD) 

Grazing Incidence X-Ray Diffraction (GIXD) is one of the most important techniques in the 

study of lateral organization of films formed at the air-water interface. A monochromatic X-ray 

beam is directed at an angle marginally smaller than the critical angle for total reflection between 

the interface of two media with different refractive indices. Thus, the wave moves nearly parallel 

to the surface, leading to the illumination of only the upper 8 nm of the surface, making this 

technique highly surface sensitive and optimal for the study of the two-dimensional crystalline 

powder structures formed by films at the air-water interface 139. The periodicity in this crystalline 

structure results in a diffraction that is determined by horizontal and vertical scattering vector 

components Qxy and Qz (in-plane and out of plane) respectively 139. By the analysis of the 

diffraction pattern, valuable structural information can be obtained.  
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Bragg peaks are acquired by integrating the intensity over a Qz window and model Lorentzian 

peaks are used to fit the Bragg peaks and obtain their full width at half maximum (fwhm) as well 

as their Qxy position which in turn, are used to calculate the lattice d spacing (equation 1.1) as 

well as in-plane correlation length using the Scherrer formula (equation 1.3) 139–141. The peak 

positions and patterns correspond to specific unit cells as previously described 127. 

𝑑 = 2𝜋/𝑄𝑥𝑦 Equation 1.1. Lattice d spacing. 

The full width at half maximum (fwhm) of the Bragg peaks is corrected for the instrumental 

resolution (0.0084 Å-1) (equation 1.2) 139–141. 

𝑓𝑤ℎ𝑚𝑖𝑛𝑡𝑟𝑖𝑛𝑠𝑖𝑐(𝑞𝑥𝑦) = [𝑓𝑤ℎ𝑚𝑖𝑛𝑡𝑟𝑖𝑛𝑠𝑖𝑐(𝑞𝑥𝑦)2 − 𝑓𝑤ℎ𝑚𝑟𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛(𝑞𝑥𝑦)2]1/2 Equation 1.2. 

Correction for instrumental resolution of the full width at half maximum (fwhm) of the Bragg 

peaks 139–141 

𝑥𝑥𝑦 ~ 0.9 × 2 𝜋/𝑓𝑤ℎ𝑚𝑖𝑛𝑡𝑟𝑖𝑛𝑠𝑖𝑐(𝑞𝑥𝑦)    Equation 1.3. The Scherrer formula for the calculation of 

in-plane correlation length 139–141 

Bragg rods are obtained by integrating the intensity over a Qxy and model Gaussian peaks are 

used to fit the Bragg rods and acquire their full width at half maximum (fwhm) and their Qz 

position. The out-of-plane position is used to determine the tilt angle of the molecule with 

respect to the normal (higher Qz values correspond to higher tilt angles). The fwhm of the Bragg 

rod is used to calculate the vertical correlation length (corresponding to the thickness of the 

crystalline region) using the Scherrer formula (equation 1.4) 139–142. 

𝐿~ 0.9 × 2 𝜋/𝑓𝑤ℎ𝑚(𝑞𝑧)    Equation 1.4. The Scherrer formula for the calculation of the vertical 

correlation length 139–142. 

1.6.4.2. X-Ray Reflectivity (XR) 

As opposed to GIXD which can only give information on the crystalline structure of the film 

(condensed phase), X-ray reflectivity (XR) gives information about the vertical structure of the 

film regardless of its phase 139. In this technique, the incident beam is angled at the angle of 

specular reflection (Figure 1.15) 139. The measurement of X-ray reflectivity is performed in terms 

of the vertical scattering vector component (Qz), leading to the measurement of the electron 
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density 𝜌(𝑧) variation of the vertical structure of layers formed at the air-water interface. The 

measured XR R (𝑄𝑧 ) is normalized by the Fresnel reflectivity 𝑅𝐹 (𝑄𝑧) which is calculated for a 

perfectly sharp air-water interface 139,141. The Parratt method is used for the calculation of the X-

ray reflectivity 141,143–146. A slab model is used to find the most appropriate presentation of the 

film as a stack of slabs through the best matching of the scattering profiles. Each slab has 

specific structural characteristics with a constant thickness and electron density. The average of 

the electron density profile 𝜌 (𝑧) is calculated over both the ordered and disordered parts of the 

film under the X-ray beam footprint by a sum of error functions (Equation 1.5) 141,147,148. 

𝜌(𝑧) =
1

2
∑ erf (

𝑧−𝑧𝑖

√2𝜎
)𝑁−1

𝑖−0 (𝜌𝑖+1 − 𝜌𝑖) +
𝜌0+𝜌𝑁

2
     Equation 1.5. The electron density 

profile141,147,148.  

The erf(z) in equation 5 is calculated as erf(𝑧) = (2 √𝜋⁄ ) ∫ 𝑒−𝑡2
𝑑𝑡

𝑧

0
 and N is the number of 

internal interfaces. 𝜎 is the surface roughness calculated from capillary wave theory, zi is the 

position of the ith interface, 𝜌𝑖 is the electron density of the ith interface, and 𝜌0 is the electron 

density of the aqueous subphase 141,147,148.  

1.6.4.3. Grazing Incidence X-Ray Off-Specular Scattering (GIXOS) 

Grazing Incidence X-Ray Off-Specular Scattering (GIXOS) provides similar structural 

information on the film to XR and it is used as a more rapid alternative 146. GIXOS is especially 

useful for the study of new and unknown systems and in particular ones that form multilayers as 

that formation can be very dynamic. The sensitivity of GIXOS stems from the grazing incidence 

geometry with a depth of x-ray penetration of normally 3 nm 146. Although GIXOS is an 

inherently lower resolution technique, it is a far less complex method as, unlike XR, no 

movement in the steering crystal, sample or detector is needed and it has a fixed geometry which 

reduces the typical damaging of the sample by X-ray 146. Thus, it is a faster and intriguing 

alternative to XR when time is of essence, the system is unknown and there is a possibility of a 

change in the structure of the film during the time required for XR measurements (15 minutes as  

opposed to 75 minutes). The GIXOS data is normalized to the intensity of the first minimum In 

which is quite a reproducible region and it leads to more reliable GIXOS data analysis 146. In 

GIXOS data analysis, the scattering from the background is subtracted. A similar slab model 
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technique to XR is used to map the electron density variation 𝜌(𝑧) of the film’s vertical structure 

as a stack of slabs with characteristic thickness and electron density. 

1.7. Outline of Manuscripts  

Three manuscripts are included in this research (Chapters 2, 3 &4):  

The first manuscript (Chapter 2) focuses on the study of the surface activity, morphology, re-

spreadability and rheology of the binary, ternary, and quaternary mixtures in order to determine 

the roles of each representative lipid family in TFLL structure and function.  

The second manuscript (Chapter 3) focuses on a detailed study of the liquid crystalline structure 

of CO as the major non-polar lipid of the TFLL model membranes.  

The third manuscript (Chapter 4) studies the impact of ozone exposure on the biophysical 

properties of TFLL model membranes which are correlated with ESI-MS analysis of all the 

products of the surface ozone reaction.  
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Chapter 2. A Biophysical Study of Tear Film Lipid Layer 
Model Membranes 

2.1. Abstract 

Tear film lipid layer (TFLL), the final layer of the human tear film is one of the most important 

interfaces in the body, responsible for surface tension reduction while blinking, water 

evaporation retardation and maintaining the stability of the tear film. The study of the 

composition-structure-function relationship of TFLL is paramount, as a compromised structure 

of TFLL leads to the emergence of dry eye disease (DED) which is one the most prevalent 

ophthalmic surface diseases of the modern world, associated with chronic pain and reduced 

visual capability. In this model membrane study, a systematic approach is used to study the 

biophysical properties of TFLL model membranes as a function of composition. Three model 

membranes are studied along with their individual components. Comprised of cholesteryl oleate 

(CO), glyceryl trioleate (GT), L-α-phosphatidylcholine (egg PC) and a free fatty acid mixture, 

the models become progressively more complex from binary to quaternary mixtures, allowing 

the role of each individual lipid to be derived. Langmuir balance, Brewster Angle Microscopy 

(BAM) and Profile Analysis tensiometer (PAT) are used to study the surface activity and 

compression-expansion cycles, morphology, and rheological behaviour of the model membranes, 

respectively. Evidence of multilayering is observed with inclusion of CO and a reversible 

collapse is associated with the GT phase transition. An initially more coherent film is observed 

due to the addition of polar PC. Notably, these individual behaviours are retained in the mixed 

films and suggest a possible role for each physiological component of TFLL. 

2.2. Introduction 

The human tear film lipid layer (TFLL) is the outermost layer of the tear film which covers the 

aqueous tear film and is an important interface in the body 1. This interface is crucial in helping 

with the respreading of the tear film after each blink using its surface properties, as well as 

maintaining the tear film stability 6–8 and prevention of water evaporation from the eyes 1,7–11. 

The thickness of the human TFLL is an estimated 15-160 nm, possibly close to 30 nm and 5 to 

20 molecules thick 1,12,14,15. There are many discrepancies in the literature as to the exact 
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composition of the tear film lipid layer due to many limitations in working with extracted 

meibomian gland secretions (MGS) which comprise >93% of the TFLL composition 8,11,19,22–28, 

therefore the exact composition of TFLL is still under debate.  

The overall consensus in the literature is that the TFLL is composed of > 90% non-polar lipids 
1,8,11,28. The most abundant non-polar lipid species of TFLL are long acyl chain cholesteryl esters 

(CEs) (30-45 mol%) and wax esters (30-50 mol%) 1,8,11,19,22,28,29, followed by 2 to 4 mol% 

triglycerides 8,11,28,30, 2.5 mol% or less free fatty acids 3,28,31,32, 0.5-5.6 mol% free cholesterol 
3,8,11,28,30–32 , 2 mol% diesters 3,28,31,32 and 3-7 mol% hydrocarbons 3,28,31,32. There are reportedly 

two classes of polar lipids that are constituents of the polar sub-layer of TFLL, creating the 

interface between the aqueous tear film and TFLL 1,3,8,41 : (O-Acyl)-ω-hydroxy fatty acids 

(OAHFA) (3-5 mol%) 19,25,33  and Phospholipids (~13 mol%) 1,8,34 .  

A multilayered structure is assumed for TFLL, wherein on top of the sub-layer of amphiphilic 

polar lipids at aqueous tear film/TFLL, a bulky layer of non-polar hydrophobic lipids resides 

creating the eye-air interface 1,3,8,41. It is suggested that as these hydrophobic lipids do not easily 

spread on top of the underlying aqueous layer, this sub-layer of polar amphiphilic lipids, acts in 

stabilizing the TFLL as well as the aqueous tear film underneath 1,3,7,8,18,24. Notably, it has been 

observed previously that meibum extracts form compressible and non-collapsible films. It has 

been suggested that these two important characteristics can either be due to formation of 

multilayers or reversible folding 1,49.  

Compromise in the TFLL composition, and therefore its structure can lead to dry eye disease 

(DED) which is one the most common ocular health diseases of today. DED impacts the quality 

of life in 10%-30% of the global population 64. Characterized with an unstable tear film, DED is 

associated with chronic eye pain, visual disturbances, poor quality of day-to-day life and 

depression 8,62.  In Canada, the prevalence of DED is 21.3%, corresponding to ∼6.3 million 

people 73. There are many risk factors associated with DED, among which are MGD 8,65, age 
64,66–68, race 62, sex 62,64,66,68,69, pollution 64,68,70–72, low humidity 64,70, use of certain medications 

such as antihistamines 62,66 and antidepressants 62. 

According to the Tear Film & Ocular Surface Society , Dry Eye Workshop II, meibomian gland 

dysfunction (MGD) is reported in 86% of DED cases 62,63, associated with changes in the 
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secreted lipids of meibomian glands both in quality as well as quantity 79,80, likely leading to a 

compromise in the TFLL composition and disrupting its structure and function. Evidence of this 

has been previously reported in terms of reduced polar lipid content 26,27,82, significant 

morphological changes in the MGS film of patients with MGD 8,48 compared with that of healthy 

subjects, a tear film non- invasive break up time of <5 s, as opposed to > 15 s for healthy 

patients, indicating an impact on the stability of the tear film 8,83–86, impaired spreading ability of 

the TFLL film in MGD cases 87–89, as well as increased tear surface tension 6,8,90,149 and a film 

displaying lower elasticity and higher viscosity 48. 

With all the evidence of correlations of an impaired TFLL composition and structure leading to 

MGD and eventually DED, it is important to understand the composition, structure, and function 

relationship of TFLL. Due to the highly complex and dynamic structure of TFLL, much 

regarding the roles of lipid families of TFLL in its structure and function remains speculative. 

Georgiev et al. 2017, provided a contemporary perspective on this relationship in their review 8 

and a TFLL molecular level view with an emphasis on TFLL models and molecular simulations 

was reviewed by Cwiklik, 2016 1.  

 In recent years, a minimalistic approach has been adopted in order to simplify the understanding 

of the roles of the TFLL lipid families 12,61. In the current work, a systematic approach has been 

chosen for creating the TFLL model membranes. A TFLL mimicking binary mixture of 

cholesteryl oleate (CO) representing the non-polar components of TFLL and L-α-

phosphatidylcholine (egg PC) representing the polar lipids of TFLL was initially used. A more 

complex ternary mixture was generated by adding glyceryl trioleate (GT) as another non-polar 

lipid component, after which a mixture of palmitic acid and stearic acid was added as free fatty 

acid representatives (FFAs), creating the quaternary mixture model membrane. Such a 

systematic addition of lipid family representatives, aids in gleaning the possible impacts of each 

lipid family on the model membrane characteristics. A Langmuir balance is used to study the 

surface activity of the model membranes as well as enabling cycle experiments to study the 

respreadablity of the films. The morphology of the films was investigated using Brewster Angle 

Microscopy (BAM) and dilational rheology experiments were performed through pendant drop 

experiments using Profile Analysis Tensiometer (PAT). The findings of these experimental 
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techniques begin to describe the possible roles of the TFLL lipid families investigated in the 

TFLL functions.  

 

Figure 2.1. Representative non-polar lipids of TFLL model membranes.  

 

 

Figure 2.2. Representative polar lipid of TFLL model membranes.  
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2.3. Materials & Methods 

Materials. L-α-phosphatidylcholine (egg PC, > 99%) was purchased from Avanti Polar 

Lipids. Cholesteryl oleate (CO, > 98%), glyceryl trioleate (GT, ≥99%), palmitic acid (PA, 

>99%), stearic acid (SA, >99%) and phosphate-buffered saline tablets (PBS, pH 7.4, 10 mM 

phosphate, 137 mM NaCl, 2.7 mM KCl) were all purchased from Sigma-Aldrich. In all the 

experiments, the spreading solvent was HPLC grade chloroform purchased from Fisher 

Scientific.  

Preparation of Mixtures, Solutions & Subphases. The CO:PC (binary mixture) and 

CO:GT:PC (ternary mixture) mixtures were prepared using stock solutions of CO, Egg PC and 

GT to achieve molar ratio of 90:10 for the binary mixture and 40:40:20 for the ternary mixture. 

The FFA (free fatty acids) mixture was prepared using stock solutions of PA and SA to achieve a 

molar ratio of 50:50 respectively. The CO:GT:FFA:PC (Quaternary mixture) mixture was then 

prepared using solutions of CO, GT, FFA and Egg PC to achieve molar ratios of 40:25:15:20 

respectively. Water subphases were comprised of ultrapure water with resistivity of 18.2 MΩ cm-

1 from a Milli-Q® HX 7080 water purification system (HC). The PBS buffer was prepared by 

dissolving one phosphate-buffered saline tablet in 200 mL of ultrapure water.  

Langmuir Film Balance, Surface Activity. Surface pressure-area isotherms were 

obtained using Langmuir film balance connected to a thermostated water bath. Using monolayer 

solutions with concentrations of up to 1.0 mg mL-1, monolayers were spread at the air-buffer 

interface on a Langmuir trough (NIMA Technologies). A period of 10 minutes was allowed for 

the films to equilibrate and the chloroform solvent to evaporate, after which, the barriers of the 

Langmuir balance closed at a speed of 5 cm2 min-1 in order to generate the surface pressure- 

molecular area isotherms. The surface pressure (π) was obtained using a Wilhelmy plate. For 

each system at least 3 reproducible measurements were obtained, within 1-2 Å2 Molecule-1. 

Brewster Angle Microscopy, Morphology. Brewster Angle Microscopy (BAM) was 

performed through coupling the Langmuir film balance with an I-Elli2000 imaging ellipsometer 

(I-Elli2000, Nanofilm Technologies). This ellipsometer has a 50 mW Nd:YAG laser (λ = 532 

nm). The images were obtained as the films were compressed at a speed of 5 cm2 min-1 with a 

20X magnification lens, a resolution of 1 µm, and an incident angle of 53.15 ̊. 
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Compression-Expansion Cycles The compression-expansion cycles were obtained by 

spreading the monolayer solutions at the air-buffer interface with the same experimental details 

as for the surface pressure-area isotherms. After the 10-minute equilibration and solvent 

evaporation period, the film was compressed and expanded for 6 consecutive cycles at the speed 

of (196 cm2 min-1) which is the highest achievable speed with the Langmuir trough. Each 

measurement was repeated at least 3 times.  

Profile Analysis Tensiometer, Rheology. Rheological measurements were performed 

using a SINTERFACE profile analysis tensiometer (PAT). A detailed description of this 

technique can be found in the literature 150–152. The tear film lipid layer model membrane films 

were spread (spreading solution concentration approximately 0.1 mg mL-1) on a pendant drop 

with a volume of 13 µL at the area of 32 mm2. The drop was allowed to equilibrate for 3 

minutes, after which, the area was increased to 40 mm2 and allowed to equilibrate for an 

additional 3 minutes. After the equilibration time, the drop area was adjusted to 40 mm2. A pre-

programmed set of molecular area steps (described below) was used to perform rheological 

measurements on the films at different surface pressures along the isotherm.  

The PAT employs axisymmetric drop shape analysis (ASDA) 130,132,133  and the profile of the 

drop to calculate surface pressure, using the Young-Laplace equation to relate the arc of the drop 

to surface pressure130,134. Thus, the drop must keep its Laplacian shape throughout the 

measurements. It has been previously reported that the oscillation frequency as well as the 

amplitude can impact the rheological measurements and they must be selected such that that 

there is little disturbance to the films in terms of hormonic distortions and drop loss during the 

measurements 130–132,136,137. The amplitude of 2.50 % (of the drop area) was chosen in order to 

minimize such effects 130 and the frequency of 0.16 Hz  calculated from the frequency of 

blinking i.e. 10 blinks per minute in normal subjects as reported previously in the literature 153 to 

be physiologically relevant. 

For each film, a unique, stepwise program was designed to account for the changes in the slope 

of the surface pressure-area isotherms of each model membrane film. This ensures that sufficient 

measurement points are taken to ensure maximum surface pressure coverage (each 1 mN min -1 

change in the surface pressure). For the CO:PC 90:10 (binary mixture), there was an initial 
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compression from 40 mm2 to 37 mm2, after which the drop was allowed to equilibrate for 300 

seconds. The drop then underwent 25 oscillations for 156.25 s with an amplitude of 2.50 % (of 

the drop area) and a frequency of 0.16 Hz 153. After the oscillations, the drop was equilibrated for 

180 s, and compressed to 34 mm2, equilibrated (300 s), and underwent oscillations of the same 

parameters explained above. This cycle was repeated 4 times in total until the next part of the 

program, where due to the slope change in the isotherm of the binary mixture, the change in the 

drop area was reduced so that the 1 mN min -1 change was still maintained. After the 5th 

oscillations cycle and the equilibration time (180 s), the drop area was reduced from 25 mm2 to 

24.2 mm2. From this point on, the same cycle was repeated until at last the drop reached an area 

of 15.1 mm2 and the rheology measurements were complete providing the measurements of 

viscosity and elasticity of the film along the entire isotherm130,132,134. 

For the CO:GT:PC 40:40:20 (ternary mixture) the initial compression was from 40 mm2 to 38.66 

mm2, after which the drop was equilibrated (300 s) and oscillated with the same parameters as 

explained before. After the second set of oscillations and the following equilibration time (180 

s), a change in the drop area reduction was needed for a 1 mN min -1 increase to occur in the 

surface pressure. Thus, the third compression comprised of the reduction of the drop area from 

37.33 mm2 to 35.69 mm2, followed by equilibration (300 s), oscillations with the same 

parameters as before, equilibration (180 s) and the next compression. This cycle was repeated 

until the 12th. set of oscillations had been completed, after whose equilibration (180 s), the next 

compression comprised of drop area reducing from 20.95 mm2 to 19.8 mm2 in order to ensure a 1 

mN min -1 in the surface pressure. The same cycle was repeated for a total of 5 times until a drop 

area of 15.23 mm2 was achieved.  

For the CO:GT:FFA:PC 40:25:15:20 (quaternary mixture), the initial compression changed the 

area of the drop from 40 mm2 to 38 mm2, followed by an equilibration time of 300 s, oscillations 

with the same parameters as previous programs and an equilibration time of 180 s. Next, the 

program entered its second stage where a change in the slope of the isotherm necessitated a 

change in the drop area reduction size, thus the drop area was reduced from 38 mm2 to 36.1 mm2, 

followed by equilibration time (300 s), oscillations of the same parameters and equilibration time 

(180 s). This cycle was repeated for a total of 12 times, until at last the area of the drop reached 

15.2 mm2 and the rheology measurements were complete, providing the dilational surface 
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elasticity and viscosity of the film. For each system at least 4 separate measurements were 

obtained. 

2.4. Results & Discussion 

2.4.1. Preliminary Analysis of Individual Components of TFLL Model 
Membranes: Surface Activity & Morphology 

The surface activity and morphology of the films of individual components of the TFLL model 

membranes were studied on PBS as the subphase at 22 °C.  Figure 2.1. depicts the compression 

isotherms of these individual components. The cholesteryl oleate, glyceryl trioleate and the free 

fatty acid mixture or FFA (palmitic acid:stearic acid 50:50) serve as representatives of the non-

polar components of TFLL and Egg PC represents amphiphilic components which reside at the 

interface between the aqueous layer and the non-polar TFLL. As shown in Figure 2.1., the egg 

PC film s starts to exhibit an increase in its surface pressure at an area of ~ 98 Å2molecule-1, after 

which a continuous surface pressure increase is observed, indicative of the film remaining in a 

liquid expanded (LE) phase, until at last it reaches the area of ~25 Å2 molecule-1 where it 

collapses at a surface pressure of ~ 38 mNm-1. After the collapse, the film shows no discernible 

surface pressure increase. This behaviour of the egg PC film is in agreement with the fluidity of 

lipid films with unsaturated acyl chains studied previously as egg PC is a mixture of 

phospholipids with a fatty acid distribution that contains > 53% unsaturated acyl chains 54,154,155. 

The FFA mixture isotherm shows the highest surface activity of all the individual components 

with a phase transition from tilted to untilted condensed phase at the pressure of ~20 mNm-1, and 

the film showing collapse at 53 mNm-1. The observed behaviour of FFAs film is corroborated by 

previous work 156,157. From the individual components, cholesteryl oleate and glyceryl trioleate 

show the lowest surface activity as far as their isotherms are concerned. However, both display 

unique film morphology and surface behaviour shown in Figures 2.2 and 2.3 respectively.  

The cholesteryl oleate isotherm shows a phase transition at ~6 mNm-1. BAM images of 

cholesteryl oleate are shown in Figure 2.2. Interestingly, for a molecule that has a unit of 

unsaturation in its acyl chain and might be considered to form a fairly fluid film 155, evidence of 

condensed phase is observed quite early on in the progression of the isotherm at surface 
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pressures as low as 0.5 mNm-1 (image not shown). This condensed phase coexists with darker 

holes which are presumed to be either liquid expanded or gaseous phase. GIXD results 

corroborate the existence of condensed phase even at low surface pressures, as diffraction peaks 

were observed on the CO film at 3 mNm-1, results of which will be discussed in more detail in 

Chapter 3 of this thesis. The holes vary in size as the pressure increases. As the film enters the 

phase transition at an approximate pressure of 6 mNm-1, two key morphological changes emerge: 

The first is the appearance of small, bright islands emerging within the larger holes, the second is 

that upon enhancement of the images, another phase with intermediate grey level is evident 

(Appendix A, Figure A2, red arrow).  

Multilayered structures have been proposed for both saturated and unsaturated chain cholesteryl 

esters 61,158,159. Thus the areas showing different, but regular levels of brightness (i.e. thickness) 

may be attributable to multilayering of the film on top of an underlying monolayer as the film 

compresses. The multilayering is especially noticeable at higher pressures with the emergence of 

much thicker multilayers on top of the initial condensed phase, which increase in size and 

surface coverage. Eventually after the pressure of 12 mNm-1 (molecular areas < 10 Å2 molecule-

1), the circular domains become much larger and at least three distinct brightness levels and very 

few residual holes are observed. Similarly, cholesteryl nervonate films exhibited additional 

multilayers forming on top of the previous ones, wherein the surface homogeneity of the film 

reduces and thicker multilayers are formed locally 61. The increase in the proportion of 

crystalline structures with pressure is corroborated with GIXD data (data not shown) as an 

increase in peak intensity was observed with increasing pressure. This multilayering behaviour is 

in agreement with the most widely suggested structure of the non-polar, outermost layer of TFLL 
1,7,8,42,49.  
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Figure 2.3. Isotherms of cholesteryl oleate (top, left), egg PC (top, right), glyceryl trioleate (bottom, left), and 

free fatty acid mixture (palmitic acid:stearic acid 50:50) (bottom, right) on PBS at 22 °C. 

 



 

 37 

Figure 2.4. BAM images (220 µm wide) of cholesteryl oleate film at surface pressures (top, left to right): 2 

mNm-1, 5 mNm-1, 7 mNm-1, 9 mNm-1, (bottom, left to right): 10 mNm-1, 11 mNm-1, 12 mNm-1, 13 mNm-1 and 

14 mNm-1 on PBS at 22 °C.  

The glyceryl trioleate film isotherm shows an increase in the surface pressure at ~ 128 Å2 

molecule-1. The film remains in a continuous LE phase until 70 Å2 molecule-1 (15 mNm-1), after 

which the surface pressure remains essentially stable. This has been attributed to an expulsion of 

glyceryl trioleate (termed an envelope transition) from the monolayer to form a bulk phase 160. 

The morphology of the film shown in BAM images of Figure 2.3 shows that the film remains 

homogeneous until the envelope point with no discernible GT aggregates. After the envelope 

point, this bulk phase is visible in the form of bright domains that are consistent in their 

diameter. These domains were previously attributed by Olyńskaż et al. 2020 12 to three 

dimensional aggregates of GT instead of forming a homogenous multilayered structure. 

Olyńskaż et al. 2020 12 also observed a similar morphology using florescence imaging where 

evidence of the three-dimensional aggregates of glyceryl trioleate bulk phase was found by 

analysing the signal intensity. However, unlike the morphology observed by Olyńskaż et al., 

2020 12, the results in this work show a consistent size in these aggregates. 
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Figure 2.5. BAM images (220 µm wide) of glyceryl trioleate film at surface pressures 7 mNm-1, 13 mNm-1 and 

15 mNm-1 on PBS at 22 °C.  

2.4.2. Surface Activity & Morphology of TFLL Model Membranes  

Figure 2.6 shows the isotherms of the TFLL model membranes studied in this work along with 

the isotherms of the individual components comprising each mixture. The binary mixture CO: 

PC 90:10 is the simplest physiologically representative TFLL mixture in this work with CO 

representing the non-polar cholesteryl esters and PC representing the polar lipid interface 

between the aqueous and non-polar part of TFLL. The CO:PC 90:10 mixture isotherm shows a 

slight expansion to larger molecular areas compared with that observed for the CO isotherm 

(Figure 2.1) which can be expected given that only 10% PC is present in this mixture. A previous 

report by Xu et al., 2022 54 of a film with a similar composition i.e. similar total non-polar to 

polar lipid ratio where both CO and PC were also used, showed significantly higher surface 

activity for the mixed film, i.e. reaching surface pressures as high as 45 mNm-1 which they 

attributed to PC driving the surface activity of the film. This is unusual given the low proportion 

of the amphiphilic components and their isotherms indicating a high deviation from ideality 

which will be discussed later. In the current system, the film shows only a slight increase in its 

surface activity compared with CO film, commensurate with its dominant component i.e. CO at 

90%.   

The binary mixture shows a similar morphology including a coexistence of condensed phase 

with what appears to be gaseous phase at very low pressures as observed for CO film 

(Figure2.5). Yoshida et al. 2019 161 reported a spontaneous formation of thicker regions 

comprising cholesteryl esters and wax esters at ultra low pressures coexisting with a polar 

monolayer phase on extracted rabbit meibum films. The binary mixture also shows a similar 
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morphological progression as CO with a few notable differences. We observe the formation of 

domains within the holes at lower surface pressures well below the phase transition plateau 

(Figure 2.5, 2 mNm-1). Similar holes were observed with a mixture of cholesteryl nervonate 

(CN):POPC 90:10 wherein it was suggested that the ester groups of the cholesteryl ester 

molecules are facing the buffer interface 61. As the pressure increases and the phase transition 

occurs (at ~7 mNm-1) it is evident that at a comparable pressure (9 mNm-1), the binary mixture is 

more continuous with fewer holes compared with the pure CO film. This indicates that the polar 

PC molecules initially contribute to the formation of a more coherent underlying film. 

The emergence of multilayers in the form of thicker circular domains also occurs at a lower 

surface pressure (10 mNm-1) compared with CO (12 mNm-1). At higher surface pressures (11 

mNm-1 and onwards) we can observe the coexistence of multilayer domains with at least two 

different brightness levels parallel with the multilayering observed with CO. It appears that the 

addition of the polar lipids induces earlier phase transitions at all stages. Additionally, from 11 

mNm-1 onwards, dark areas of the monolayer underneath the CO multilayers begin to reappear 

and increase in surface coverage and number with pressure. This indicates that as the pressure 

increases and as the PC acyl chains in the underlying monolayer become more close-packed, the 

PC-PC and CO-CO interactions dominate over the interdigitation interactions between PC and 

CO which Paananen et al., 2020 61 have suggested as the cause of the less homogeneous 

multilayering. So, the overlying CO multilayer domains begin to get further expelled from the 

film and form additional levels of multilayers, resulting in local, circular multilayer domains 

which lack their initial surface homogeneity observed at lower pressures.  
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Figure 2.6. Isotherms of  CO:PC (binary mixture) (top, left), CO:GT:PC (ternary mixture) (top, right) and 

CO:GT:FFA:PC (quaternary mixture) (bottom) on PBS at 22 °C. 
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Figure 2.7. BAM images (220 µm wide) of CO:PC 90:10 (binary mixture) film at surface pressures (top, left 

to right): 2 mNm-1, 5 mNm-1, 7 mNm-1, 9 mNm-1, (bottom, left to right): 10 mNm-1, 11 mNm-1, 12 mNm-1, 13 

mNm-1 and 14 mNm-1 on PBS at 22 °C.  

The CO:GT:PC 40:40:20 (ternary) mixture isotherm shows an expansion to higher molecular 

areas due to higher proportions of GT and PC, the latter also leading to a higher surface activity 

of the film. Two phase transitions are also observed, one at 6 mNm-1 and another at 16 mNm-1. 

Comparison of the isotherm (Figure 2.4) and BAM images (Figure 2.6) with those of the 

individual components (Figures 2.2 and 2.3) indicates that the first phase transition is 

commensurate with the initial transition in the CO isotherm while, the second phase transition is 

commensurate with the envelope transition point observed in the GT isotherm, the latter similar 

to results reported for GT films 12,160.   

In the pressures below the first phase transition, the film is homogenous. At the surface pressure 

of 6 mNm-1 the CO domains appear and are smaller in size compared to both the pure CO and 

the binary mixture films. Moreover, the circular domains do not exhibit the same growth pattern, 

that is, they do not coalesce, nor are domains of differing brightness levels i.e. thickness 

observed. This may be due to the smaller percentage of CO in the ternary mixture. However as 

the surface pressure of the film increases, the condensed phase domains of CO increase in both 

number and size (up to approximately 15-20 µm) indicating the increase of the overall CO 
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condensed phase surface coverage. Notably upon further compression of the film, only one 

distinct grey-level is observed for the CO domains, suggesting that the surface pressure at which 

CO multilayering occurs has been shifted in the ternary mixture, increasing to a point 

unreachable by the Langmuir trough used in this work. This is likely due to the added fluidity of 

the film by increase in PC and GT contents. Overall, the addition of GT to the film and the 

reduction of CO percentage in the film, appears to have added to the fluidity of the film as the 

dark LE phase covers a large surface area throughout the compression. Moreover, the lack of CO 

multilayered domains is indicative that the interaction with the lipids hinders the formation of 

interdigitated CO multilayers as described for the binary mixture. After the second transition of 

the film, commensurate with the envelope transition of GT at the pressure of 16 mNm-1 the BAM 

images show an emergence of the bright isolated three-dimensional aggregates of GT bulk phase 

with the same consistent size, coexisting with the already growing CO condensed phase domains 
160.   

 

 

Figure 2.8. BAM images (220 µm wide) of CO:GT:PC 40:40:20 (ternary mixture) film at surface pressures 

(top, left to right): 2 mNm-1, 7 mNm-1, 11 mNm-1, (bottom, left to right): 13 mNm-1, 15 mNm-1 and 17 mNm-1 

on PBS at 22 °C.   
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The CO:GT:FFA:PC 40:25:15:20 (quaternary) mixture isotherm also shows two phase 

transitions. The first phase transition, associated with the condensation of CO, occurs at a 

slightly smaller pressure compared with the same change in the ternary and binary films. The 

film shows an overall higher surface activity compared with the previous films, attributable to 

the addition of highly surface active FFA component., where these saturated FFAs are known to 

form condensed phases at all surface pressures above 0 mN m-1. It has been previously studied 

that FFAs can easily be incorporated into the model membrane films of similar composition 

without an impact on the stability of the film due to their small headgroups 16.  

The quaternary mixture film morphology is shown in Figure 2.7. The CO condensed phase 

domains begin to be visible at 4 mNm-1. Although the film remains dominated by a continuous 

LE phase coexisting with these domains, they again increase in size and number with film 

compression. On the other hand, the surface pressure for the second phase transition of the 

quaternary mixture, which is associated with the GT expulsion (envelope transition), occurs at a 

higher pressure (20 mNm-1) than the ternary mixture (16 mNm-1), although the morphology is 

similar. The interaction of the more surface active FFA with the GT molecules anchors the GT 

plane of the monolayer, driving the GT envelope transition to a higher surface pressure.  

It is worth noting that the envelop transition coincides with the phase transition of FFAs film 

from a tilted to an untitled condensed phase (~ 20 mNm-1). While not conclusive, this transition 

to a more highly packed monolayer could induce the expulsion of the GT. Similar to the ternary 

mixture, there is no evidence of CO multilayering on top the underlying monolayer, only the 

coexistence of CO condensed phase domains with the bright aggregates of GT at higher 

pressures after the second phase transition. 
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Figure 2.9. BAM images (220 nm wide) of CO:GT:FFA:PC 40:25:15:20  (quaternary mixture) film at surface 

pressures (top, left to right): 2 mNm-1, 5 mNm-1, 7 mNm-1, 9 mNm-1, 11 mNm-1, (bottom, left to right): 13 

mNm-1, 16 mNm-1, 18 mNm-1, 20 mNm-1, 22 mNm-1 on PBS at 22 °C.  

Figure 2.8 directly compares the isotherms of the three TFLL models studied in this work.  The 

phase transitions associated with CO and GT are conserved in the mixed films.  For the CO 

condensation, the surface pressure of the phase transition is lowered in the case of the model 

membranes, in particular in the more complex ternary and quaternary mixtures. There is also an 

increase in the surface activity of the films as this progression in complexity of the film 

composition occurs. The binary mixture appears to be the least surface-active film with only 

10% PC in its composition. However, the ternary and quaternary mixtures, both show higher 

surface activity. In the ternary mixture, the envelope pressure of GT, discussed previously by 

Mitsche et al., 2010 160, has increased compared to GT film and it shows a more fluid like state 

over a greater range of pressures due to a higher PC %. The same behaviour is also observed in 

the quaternary mixture, showing the highest surface activity among the three films as well as a 

higher GT envelope pressure (20 mNm-1). This is due to the impact of FFAs in the film 

composition, having been incorporated into the film and their phase transition into untilted 

condensed phase increasing the GT envelope transition pressure.  



 

 45 

 

Figure 2.10. Comparison of isotherms of CO:PC 90:10 (binary mixture), CO:GT:PC 40:40:20 (ternary 

mixture) and CO:GT:FFA:PC 40:25:15:20 (quaternary mixture) on PBS at 22 °C.  

To better understand the non-ideal behaviour of the three TFLL films, an additional area analysis 

was performed at five different surface pressures, i.e. the mixture area was compared to that 

expected for an ideal mixture based on the isotherms of the individual components (Figure 2.9). 

The relative experimental area of the binary mixture film shows a reduction in area compared to 

the calculated (ideal mixture) area which at its highest is at 20%. This is possibly due to the 

impact of PC on the film. As previously discussed, in the binary mixture, with increasing 

pressure, the CO molecules begin to get expelled from the film and form multilayers on top. The 

multilayering of CO occurred at a smaller pressure in the binary mixture compared with CO 

(Figures 2.2 & 2.5), meaning that at a smaller pressure, the film molecules started to be expelled 

form the monolayer and form multilayers. The calculation assumes all molecules reside in the 

plane of the film and thus smaller average molecular area reflects the expulsion of molecules out 

of this plane at lower surface pressures. Both the ternary and quaternary mixtures also exhibit 

non-ideal behaviour, however in these cases a notable expansion of the film is observed and the 

deviation from an ideal mixture decreases as the surface pressure increases. Given that both films 

have a reduced percentage of CO in their compositions (40% rather than 90%) compared with 

the binary mixture, and no evidence of CO multilayering was observed, it can be deduced that 

the increased average molecular area reflects the retention of CO molecules in the plane of the 

monolayer and the increased proportion of LE phase. This effect is amplified in the quaternary 

mixture with the addition of the surface active FFAs.  
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Figure 2.11. Analysis of non ideal behaviour of CO:PC 90:10  (binary mixture), CO:GT:PC 40:40:20  

(ternary mixture) and CO:GT:FFA:PC 40:25:15:20 (quaternary mixture) on PBS at 22 °C.  

 

2.4.3. Compression-Expansion Cycles of TFLL Model Membranes 

Figure 2.10 depicts the compression-expansion cycles of the model TFLL films. Although the 

compression-expansion rate used (196 cm2 min-1, equivalent to 1.5 min/complete cycle) is slower 

than the average blinking rate of 10 blinks per minute 153, the films were compressed and 

expanded with the highest speed achievable by the Langmuir trough used, in order to mimic the 

blinking cycle. The Figure 2.10 insets show the change in relative area at 10 mN m-1 (taken as a 

representative pressure) as a function of cycle number. The relative area is the film area 

expressed relative to the initial molecular area of the first cycle at 2 mN m-1. The hysteresis 

observed in the initial cycle which is apparent for all mixtures is typical to such compression-

expansion cycles.  The first cycle serves as a priming cycle after which a memory effect is 

observed. 

The cycles of the binary mixture show an overall impressive respreadability and very little 

material loss as the number of cycles progresses, suggesting the reversibility of the formation of 

the CO multilayers atop of the underlying monolayer as the film goes through expansion. PC 

films also show this reversibility, if collapse has not been reached 160 which may have likely 

reenforced this behaviour in the mixed film. Respreadability and reversibility is a key 
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characteristic of TFLL 7,9 and even the binary mixture displays this key property with similarity 

to previously reported results for extracted meibum films 49,55,161,162.  

There is a slight expansion of the binary film with each cycle at low surface pressures, i.e. below 

the first phase transition, after which all the cycles show a high respreadability and 

reproducibility in both compression and expansion segments of the cycles. This expansion leads 

to an overall increase in the hysteresis (difference between compression and expansion cycles) 

with increasing cycle number. As explained by Yoshida et al., 2019 161, hysteresis occurs when 

the rate of the respreading of the film is slower than the increase in the area when undergoing 

expansion. In this case, the hysteresis is associated with the reversal of the CO multilayering. 

The consequence of this is that at each cycle the film exhibits higher surface pressures for the 

same molecular area than the previous cycle. This also leads to a higher surface pressure as the 

film undergoes compression, than it did in the previous cycle. Given the observed reproducibility 

above the phase transition which marks the beginning of multilayering, it can be assumed that 

the film multilayering adds to the overall stability of the film.  

The ternary mixture also shows an impressive respreadability upon compression-expansion 

which is observed especially after the second phase transition of the film which is commensurate 

with the envelope transition point of GT. Interestingly, before this phase transition, i.e. the initial 

transition commensurate with that of CO where the film appears to remain in a mainly LE phase, 

less respreadablity is observed as the cycles progress. As shown in the inset, the cycle hysteresis 

is reduced as the cycles progress, an indication of the increased stability of the film due to the 

envelope transition of the GT within the film and the apparently reversible exclusion of GT 

molecules from the underlying monolayer into three-dimensional aggregates and creating a GT 

bulk phase 12,160. 

The quaternary mixture is the least re-spreadable film and shows area shifts with each cycle. 

However, the inset indicates that as the cycles progress, the hysteresis is reduced. It is worth 

noting that unlike the binary mixture, both ternary and quaternary mixtures show a reduction in 

the area as the cycles progress. This may be due to some molecules not completely returning to 

the film upon each expansion which in turn, reduces the molecular area and leads to the observed 

phenomenon.  
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It has been reported that films comprised of lipid molecules with saturated acyl chains tend to 

lack respreadability compared with those comprised of lipids with unsaturated acyl chains 7,49,55. 

Moreover, It has been previously observed in simulations of lung surfactants that the addition of 

unsaturated chained lipids to films otherwise comprised of saturated chained lipids improves the 

overall respreading behaviour of the film 163–166. Therefore, the reduced respreadability of the 

quaternary mixture can be directly linked to the addition of FFAs with saturated acyl chains and 

the impact of other components of the film with unsaturated acyl chains i.e. CO, GT and > 53% 

of PC fatty acid distribution by reduction of the impact of FFAs on the re-spreading behaviour of 

the film. Overall, among all three models, the ternary mixture shows the highest stability, the 

lowest hysteresis, and the greatest similarity to extracted meibum lipid films. Thus, although 

FFAs are components of the TFLL, it appears that strong attention must be paid to the proportion 

of FFAs in TFLL model membranes 16.  
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Figure 2.12. Compression-expansion cycles of CO:PC 90:10 (binary mixture, top, left), CO:GT:PC 40:40:20 

(ternary mixture, top, right) and CO:GT:FFA:PC 40:25:15:20 (quaternary mixture, bottom) on PBS at 22 

°C. The insets represent the relative area at 10 mNm-1 of the compression (black) and expansion (red) as a 

function of the number of cycles. The data points and error bars represent the mean and standard deviation 

of at least three independent cycling experiments. Cycle 1 blue, cycle 2 cyan, cycle 3 green, cycle 4 yellow, 

cycle 5 orange, cycle 6 red.  

2.4.4. Rheology Measurements of TFLL Model Membranes 

Figures 2.11 and 2.12 show the results of rheology measurements of the three TFLL model 

membranes. Detailed description of the methodology and the programs used in these 

experiments can be found in section 2.3. The films were oscillated at a frequency comparable 

with the frequency of blinking in normal subjects as reported in the literature 153. Previous 

reports for extracted meibum as well as TFLL model membranes, employed a frequency sweep 
47,48,54,162. Herein, by oscillating the films at a blinking comparable frequency (0.16 Hz) which is 

possible with the Profile Analysis Tensiometer (but not with common Langmuir troughs), 
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physiologically relevant results are obtained. Moreover, the frequency used is well below the 

maximum limit of oscillation frequency in drop tensiometry i.e. (< 1 Hz) 135 and ensures no 

deviation from the Laplacian drop shape 135. 

It can be immediately observed that all three films show a moderate elasticity and ultra low 

viscosity at the oscillating frequency of blinking at each given pressure. This is in agreement 

with previous reports of the viscoelastic behaviour of extracted meibomian lipids 47,48,162 at 

similar experimental parameters i.e. temperature & frequency. Although experimental conditions 

such as temperature in the TFLL membrane work by Xu et al., 2022 54 are different from this 

work, i.e. the pressure at which the data was reported by their recombinant film (compositionally 

comparable with this work) is only achievable by the quaternary mixture (20 mNm-1), they 

nonetheless also reported a highly elastic rather than a viscous film. Moreover, at the comparable 

frequency of 0.1 Hz their recombinant film shows similar ranges of elasticity and viscosity i.e. 

<40 mNm-1 and <10 mNm-1 i respectively compared with the maximums reported here (at the 

lowest molecular area i.e. highest surface pressure achieved by each TFLL film).  

The dilational elasticities (~40-45 mNm-1) and viscosities (~ 3-7 sec mNm-1) reached by each 

film at surface pressures of 13-18 mNm-1 are comparable with those reached by extracted human 

meibomian lipids under similar experimental parameters i.e. temperature (20 °C) and frequency 

(1 rads-1 or 0.159 Hz) 47. The differences are minimal considering the range of values typically 

reported for lipid films 95. Thus the model membranes share similar dilational rheology 

characteristics with extracted meibum films, which may be attributable to the high non-polar to 

polar lipid ratio, rather than the presence of any one specific component 47,48,162. It also lends 

support to the use of artificial model membranes to represent TFLL. 

In general, all three mixtures show an increase in their elasticity as the film compresses to 

smaller molecular areas. As for the same increase in viscosity upon compression, it is mostly 

observed for the quaternary mixture and to a much smaller extent the binary mixture. In the 

latter, this occurs at molecular areas commensurate with where multilayering is observed i.e. 17 

 

i The unit of viscosity used by Xu et al. 2022 54 is mNm-1 rather than sec mNm-1, thus, it is assumed in this work that 
the reported viscosity values were measured in 1 s to warrant the change in the unit.  
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Å2 molecule-1 and smaller. Among the three films, the binary mixture film experiences higher 

standard deviations in both dilational elasticity and viscosity (Figures 2.11 and 2.12), especially 

as the film reaches smaller molecular areas i.e. at 27 Å2 molecule-1 and lower. This is likely due 

to the aforementioned multilayering which can impact the response of the film to oscillations, 

especially when high hysteresis is observed. Predictably, this behaviour is observed in neither the 

dilational elasticity nor viscosity data of the ternary and quaternary mixtures, implying that the 

lack of multilayering, or rather the shift of the multilayering transition to surface pressures not 

achievable by the profile analysis tensiometer has generated more reproducible films. It is also 

worth noting that an increase is observed in the maximum elasticity and viscosity reached by the 

quaternary mixture compared with the ternary and the binary mixtures. This behaviour has been 

attributed to the addition of lipids with saturated acyl chains, reducing the fluidity of the overall 

film 131 which was observed with these films.  
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Figure 2.13. Surface dilational elasticity data of CO:PC 90:10 (binary mixture, top, left), CO:GT:PC 40:40:20 

(ternary mixture, top, right) and CO:GT:FFA:PC 40:25:15:20 (quaternary mixture, bottom) on PBS at 22 

°C. The data points and error bars represent the mean and standard deviation of at least four independent 

measurements. 
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Figure 2.14. Surface dilational viscosity data of CO:PC 90:10 (binary mixture, top, left), CO:GT:PC 40:40:20 

(ternary mixture, top, right) and CO:GT:FFA:PC 40:25:15:20 (quaternary mixture, bottom) on PBS at 22 

°C. The data points and error bars represent the mean and standard deviation of at least four independent 

measurements.  

2.5. Conclusion 

By using a systematic approach of adding components to the TFLL model membranes and 

progressively creating more complex and more physiologically relevant model membranes, it 

can be deduced that each of the components in the TFLL model membranes play an independent 

role commensurate with their own surface behaviour. It was observed that both CO and GT have 

their own multilayering/envelope transition respectively, to a bulk phase which are retained in 

the mixtures i.e.there is no clear mixing of the components above their respective phase 

transition pressures. All the mixtures showed deviation from ideal mixing even at low surface 
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pressures, which appears to be primarily related to changes in the impact of cholesteryl esters on 

the film. For the binary mixture, a decrease in the molecular area is observed due to increased 

CO multilayering, whereas the ternary and quaternary films show an expansion, as no 

multilayering is observed within the molecular areas achievable by the Langmuir trough.  

The respreadability is a key characteristic of a TFLL as in physiological conditions, the TFLL 

undergoes constant compressions and expansions while blinking. Among the mixtures studied in 

this work, the ternary mixture showed the most respreadable film with the lowest hysteresis 

within the cycles, indicative that the reversible envelope transition of GT plays a role in 

increasing the stability of the film as it undergoes compression-expansion cycles.  

Overall, the binary mixture, while informing us on the role of polar phospholipids as well as 

cholesteryl esters of TFLL, does not itself sufficiently represent the properties of physiological 

meibum lipid film since it appears that the multilayering of CO makes rheological measurements 

less reproducible, shows a higher hysteresis in cycles experiments and creates non-ideal mixing 

behaviour. Moreover, the addition of just 10% phospholipid to CO, creating the binary mixture, 

seemed to induce an early onset of multilayering behaviour of CO in the mixture which may be 

attributed to the packing of the PC chains. While it is worth noting that physiologically, the 

cholesteryl ester proportion is lower than 90 % 1,8,11,19,22,28,29, comparison of the results of the 

binary and ternary mixtures is a useful tool for understanding the role of cholesteryl esters, 

triglycerides and phospholipids in TFLL. Moreover, the addition of saturated acyl chain FFAs 

makes the film more viscous than physiological TFLL, leads to reduced respreadability as well 

as increased non-ideality in the film which indicates the importance of tuning the percentage of 

FFAs when creating TFLL model membranes. While each of these components have a role to 

play, the ternary mixture best reproduces the characteristics of physiological TFLL. 

It is important to remember that TFLL is a complex lipid mixture wherein each family of lipids 

play their own significant role in the many functions of TFLL. The results of this work are 

valuable in shedding light on some of these components’ roles which will aid in our 

understanding of the impact of alterations in the tear film lipid layer composition on its dynamic 

structure in relation to DED. 
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Chapter 3. A Biophysical Study of Cholesteryl Oleate Film 
Crystalline Structure 

3.1. Abstract 

Cholesteryl esters are an important class of lipids found in the tear film lipid layer (TFLL) which 

coats the ocular surface, and it is paramount in maintaining the tear film stability while blinking. 

The crystalline structure of cholesteryl oleate (CO) films, frequently used in TFLL model 

membrane studies, were investigated using Langmuir balance and Brewster Angle Microscopy 

(BAM) to determine the surface activity and the morphology of the CO film, respectively. The 

lateral structure and ordering of the film were investigated using Grazing Incidence X-Ray 

Diffraction (GIXD). X-ray reflectivity (XR) and Grazing Incidence Off-Specular Scattering 

(GIXOS) were used to study the vertical structure of the CO film. BAM images revealed 

evidence of multilayer formation at higher surface pressures. The crystallinity of the CO film 

was determined to be the result of the cholesterol ring packing only and not the interdigitation of 

the CO unsaturated acyl chains. At lower surface pressures, CO forms a monolayer film with 

multilayers forming only above the CO phase transition observed. This is in contrast to saturated 

chain cholesteryl esters previously reported to form ordered interdigitated bilayers. 

3.2. Introduction 

Cholesteryl esters are one of the multiple lipid families comprising the complex and 

multicomponent human tear film lipid layer (TFLL) which is the outermost layer of the human 

tear film, covering the aqueous tear film and in direct contact with the environment 1,6. TFLL is 

responsible for a number of important roles as it is capable of reducing the surface tension of the 

tear film while blinking due to its distinct surface properties 1,6. The tear film must respread upon 

each blink, for which a stable tear film is needed and TFLL maintains this stability.  

It has been suggested previously that TFLL has a multilayered structure at the air-tear interface 
16–18. The human TFLL composition is reasonably well represented by meibomian gland 

secretions (MGS), secreted by the meibomian glands located within the eyelids 8,19. More than 

90% of the entire TFLL composition is made up of non-polar lipids and the rest is composed of 

polar lipids 1,8,11,28. The most widespread suggestion for the structure of TFLL is typically a 
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duplex film wherein a monolayer of polar lipids exists at the interface of aqueous tear film and 

TFLL, which facilitates the interaction of the highly hydrophobic layer on top of it which is 

composed of non-polar lipids, mainly cholesteryl esters and wax esters for which a multilayered 

structure has been previously suggested 1,3,7,8,16–18,24,34,41.  

In order to understand the composition-structure-function relationship of TFLL, the study of 

TFLL model membranes has been a subject of interest in the literature for years. Model 

membrane studies focus on the biophysical investigation of mixtures composed of representative 

lipids with an emphasis on surface activity, morphology and rheology of these model membranes 
16,17,52,53,57,58. Many of the TFLL model membranes previously studied, contain a cholesteryl ester 

representative of the long acyl chain Cholesteryl esters (CEs) which constitute 30-45 mol% of 

human TFLL 1,8,11,19,22,28,29, in order to be physiologically relevant.   

Cholesteryl oleate (CO) is a cholesteryl ester which has been used as a representative and 

common TFLL cholesteryl ester in model membranes for many years 16,17,52,53,57,58. Despite this, 

while there are previous reports on several other cholesteryl esters, namely, cholesteryl 

tridecanoate, cholesteryl palmitate, and cholesteryl stearate 159, little research has focused on the 

biophysical properties of the cholesteryl oleate film, itself.  

The current communication focuses on the biophysical properties of the cholesteryl oleate film. 

Langmuir balance and Brewster Angle Microscopy (BAM) are used to study the surface activity 

and morphology of the cholesteryl oleate film.  Synchrotron-based X-ray surface characterization 

techniques are used to study the two-dimensional crystalline structure of cholesteryl oleate film. 

Specifically, Grazing Incidence X-Ray Diffraction (GIXD) was used to gain information on the 

lateral structure and X-ray reflectivity (XR) and Grazing Incidence Off-Specular Scattering 

(GIXOS) were used to study the vertical structure of the CO film. 
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Figure 3.1. Chemical structure of cholesteryl oleate. 

3.3. Materials & Methods 

Materials. Cholesteryl oleate (CO, > 98%), and phosphate-buffered saline tablets (PBS, 

pH 7.4, 10 mM phosphate, 137 mM NaCl, 2.7 mM KCl) were purchased from Sigma-Aldrich. 

The spreading solvent was HPLC grade chloroform purchased from Fisher Scientific.  

Preparation of Mixtures, Solutions & Subphases. Solutions of cholesteryl oleate were 

prepared with an average concentration of up to 1.0 mg mL-1 by dissolving the appropriate 

quantities of cholesteryl oleate in chloroform. Water subphases were comprised of ultrapure 

water with resistivity of 18.2 MΩ cm-1 from a Milli-Q® HX 7080 water purification system 

(HC). The PBS buffer was prepared by dissolving one phosphate-buffered saline tablet in 200 

mL of ultrapure water.  

Langmuir Film Balance, Surface Activity.  To obtain the surface pressure-molecular 

area isotherms, Langmuir film balance was used. The cholesteryl oleate solution with 

concentrations of up to 1.0 mg mL-1 was spread at the air-buffer interface on a Langmuir trough 

(NIMA Technologies). After an equilibration period of 10 minutes for the film and the 

evaporation of chloroform, the barriers of the Langmuir balance closed at a speed of 5 cm2 min-1 

to generate the surface pressure-area isotherms. A wilhelmy plate was used to obtain the surface 

pressure (π). At least 3 reproducible measurements were performed for each experiment.  

Brewster Angle Microscopy, Morphology. A Langmuir film balance from NIMA 

Technologies was coupled with an I-Elli2000 imaging ellipsometer (I-Elli2000, Nanofilm 

Technologies) equipped with a 50 mW Nd:YAG laser (λ = 532 nm) to obtain Brewster Angle 
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Microscopy (BAM)  images. CO solutions with concentrations up to 1.0 mg mL-1 were spread on 

a physiologically relevant subphase (PBS buffer). BAM images were obtained during the 

compression of the film at a speed of 5 cm2 min-1 with a 20X magnification lens, a resolution of 

1 µm and an incident angle of 53.15 ̊. 

Grazing Incidence X-Ray Diffraction (GIXD) The GIXD experiments were carried out 

at beamline 15-ID-C ChemMatCARS at the Advanced Photon Source (APS) in Argonne 

National Laboratory using monochromatic X-rays of energy 10 keV. The following parameters 

were used for the experiments: X- ray beam wavelength of 1.239 Å, incidence angle of 0.0906°, 

horizontal size of 20 µm, and vertical size of 120 µm, creating a beam footprint of 20 µm by 7.6 

cm. The 2D Swiss Light source PILATUS 100K set to single photon counting mode was used as 

the detector. Two sets of slits were used in order to minimize the intense low-angle scattering: 

one situated in front of the detector and the other at 292.0 nm from the sample. A Langmuir 

balance with the surface area of 340 cm2 was used for the experiments. The films were spread at 

the air-buffer interface and following a 20-minute-long equilibration time, they were compressed 

at a speed of 5 cm2min-1 (equivalent to 1.5 Å2molecule-1min-1) using a mobile barrier. The 

measured GIXD data is plotted as contour plots of the X-ray intensity as a function of both the 

horizontal (Qxy) and the vertical (Qz) scattering vector components. The in-plane diffraction data 

was fit using Lorentzian function to obtain the lattice d spacing (equation 3.1) 141.  

𝑑 = 2𝜋/𝑄𝑥𝑦 Equation 3.1. Lattice d spacing. 

The full width at half maximum (fwhm) of the Bragg peaks were corrected for the instrumental 

resolution (0.0084 Å-1) (equation 3.2) 139–141. 

𝑓𝑤ℎ𝑚𝑖𝑛𝑡𝑟𝑖𝑛𝑠𝑖𝑐(𝑄𝑥𝑦) = [𝑓𝑤ℎ𝑚𝑖𝑛𝑡𝑟𝑖𝑛𝑠𝑖𝑐(𝑄𝑥𝑦)2 − 𝑓𝑤ℎ𝑚𝑟𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛(𝑄𝑥𝑦)2]1/2 Equation 3.2. 

Correction for instrumental resolution of the full width at half maximum (fwhm) of the Bragg 

peaks 139–141. 

Using the Scherrer formula, the full width at half maximum (fwhm) of the Bragg peaks was used 

to calculate the in-plane correlation length (equation 3.3) 139–141. 
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𝑥𝑥𝑦 ~ 0.9 × 2 𝜋/𝑓𝑤ℎ𝑚𝑖𝑛𝑡𝑟𝑖𝑛𝑠𝑖𝑐(𝑄𝑥𝑦)    Equation 3.3. The Scherrer formula for the calculation of 

in-plane correlation length 139–141. 

The out of plane Bragg rod intensity was fit using a Gaussian function and the vertical 

correlation length was calculated using the fwhm of the Bragg rods (equation 3.4) 142. 

𝐿~ 0.9 × 2 𝜋/𝑓𝑤ℎ𝑚(𝑄𝑧)    Equation 3.4. The Scherrer formula for the calculation of the vertical 

correlation length 139–142. 

The GIXD experiments were carried out at surface pressure of 3,8 and 12 mNm-1 on PBS buffer 

as the subphase and at the temperature of 22 °C. The GIXD data was analyzed using an open-

source software developed by Wei Bu, who is a beamline scientist at ChemMatCARS as well as 

OriginPro 2018.  

 X-ray Reflectivity (XR) The XR experiments were carried out at beamline 15-ID-C 

ChemMatCARS at the Advanced Photon Source (APS) in Argonne National Laboratory using 

monochromatic X-rays of energy 10 keV. XR is measured as a function of the vertical scattering 

vector component (Qz), measuring the variation in electron density 𝜌(𝑧) of the layers’ vertical 

structure at the air-buffer interface. The film is represented using a slab model as a stack of slabs, 

with a constant thickness and electron density attributed to each slab. An average of the electron 

density profile 𝜌 (𝑧) was calculated over both the ordered and disordered parts of the film under 

the X-ray beam footprint and was calculated by a sum of error functions (Equation 3.5) 141,147,148. 

𝜌(𝑧) =
1

2
∑ erf (

𝑧−𝑧𝑖

√2𝜎
)𝑁−1

𝑖−0 (𝜌𝑖+1 − 𝜌𝑖) +
𝜌0+𝜌𝑁

2
     Equation 3.5. The electron density 

profile141,147,148.  

The erf(z) in equation 3.5 is calculated as erf(𝑧) = (2 √𝜋⁄ ) ∫ 𝑒−𝑡2
𝑑𝑡

𝑧

0
 and N is the number of 

internal interfaces. 𝜎 is the surface roughness calculated from capillary wave theory, zi is the 

position of the ith interface, 𝜌𝑖 is the electron density of the ith interface, and 𝜌0 is the electron 

density of the aqueous subphase 141,147,148. The X-ray reflectivity measured R (𝑄𝑧 ) is normalized 

by the Fresnel reflectivity 𝑅𝐹 (𝑄𝑧). The Fresnel reflectivity 𝑅𝐹 (𝑄𝑧) is calculated for a perfectly 

sharp air-water interface. The Parratt method was used to calculate the X-ray reflectivity 141,143–

146. XR measurements were carried out at a lateral surface pressure of 3 mNm-1 and temperature 
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of 22 °C. X-ray reflectivity data was analyzed using the open-source software developed by Wei 

Bu, beamline scientist at ChemMatCARS. 

 Grazing Incidence X-Ray Off-Specular Scattering (GIXOS) The GIXOS experiments 

were carried out at beamline 15-ID-C ChemMatCARS at the Advanced Photon Source (APS) in 

Argonne National Laboratory using monochromatic X-rays of energy 10 keV. The grazing 

incident geometry was achieved by fixing the X-ray incidence angle below that of the critical 

angle for total reflection (α=0.1°), minimizing the scattering from water 146. The geometry was 

fixed while collecting the scattering pattern for a range of output angle ß (0° -7.3°) leading to the 

coverage of the vertical scattering vector component Qz in the range 0.055 A˚-1 to 0.647 A˚ -1 for 

an azimuthal angle θ=0.4 146. The 2D Swiss Light source PILATUS 100K set to single photon 

counting mode was used as the detector with a pixel size of 172 µm by 172 µm and a detected 

area of 33.5 mm (horizontal) and 83.8 mm (vertical) 146. The detector was placed 570 mm 

downstream from the sample. Two sets of guard slits, open at 0.12 mm horizontally and 100 mm 

vertically, were used in order to reduce the background scattering, one 300 mm downstream 

from the sample and one directly against the detector 146.  

The GIXOS data was normalized to the intensity of the initial minimum In in order to increase 

the reliability of the GIXOS data analysis 146. Moreover, the scattering from the background was 

subtracted in all the GIXOS data obtained. A similar slab model technique to XR was used to 

probe the electron density variation 𝜌(𝑧) of the vertical structure of the film as a stack of slabs, 

each with distinct thickness and electron density. GIXOS data was also analyzed using the open-

source software developed by Wei Bu, beamline scientist at ChemMatCARS. 

 Crystallography Analysis PyGid 0.9 xtreme edition is a crystallographic analysis 

software developed by Dr.Ingo Salzmann. It was used to analyze the Qxy peak positions of 

cholesteryl esters in the literature using the reported unit cell parameters and compare the peak 

positions with those obtained in this work in order to determine the cholesteryl oleate unit cell 

type.  
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3.4. Results & Discussion 

3.4.1. Surface Activity & Morphology  

Figures 3.2 and 3.3 show the surface pressure vs. area isotherm and BAM images of the 

cholesteryl oleate film on PBS buffer at 22 °C, respectively. It can easily be seen that the 

cholesteryl oleate film has a phase transition at ~6 mNm-1. Although it might be expected from 

the unit of unsaturation in the CO acyl chain that it would form a more or less fluid film 155, the 

BAM images of cholesteryl oleate show indications of a condensed phase forming at very low 

surface pressures (as low as 0.5 mNm-1 , image not shown) which is observed alongside an either 

liquid expanded or gaseous phase, the latter observed in the form of dark holes whose size 

change with surface pressure. Above the phase transition at ~ 6 mNm-1, two levels of grey are 

observable in the enhanced BAM images (Appendix A, Figure A2, red arrow), as well as the 

growth of smaller and brighter domains from within the existing ones.  

The emergence of areas with varying degrees of brightness within the BAM images is taken as 

evidence of multilayering of the film as the surface pressure increases. As the film is compressed 

to smaller molecular areas, brighter i.e. thicker areas, emerge atop the condensed phase that 

increase in surface coverage. The film shows three clear brightness levels. The behaviour of 

multilayering with compression has been suggested previously for different cholesteryl esters 
61,158,159, most notably, cholesteryl nervonate films displayed the formation of these thick layers 

upon previous layers 61. 
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Figure 3.2. Isotherm of cholesteryl oelate on PBS at 22 °C. 

Figure 3.3. BAM images (220 µm wide) of cholesteryl oleate film at surface pressures (top, left to right): 2 

mNm-1, 5 mNm-1, 7 mNm-1, 9 mNm-1, (bottom, left to right): 10 mNm-1, 11 mNm-1, 12 mNm-1, 13 mNm-1 and 

14 mNm-1 on PBS at 22 °C.  
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3.4.2. Grazing Incidence X-Ray Diffraction (GIXD) Analysis  

In order to further analyze the structure of the condensed phase of CO, GIXD was performed at 

surface pressure of 3, 8 and 12 mNm-1. Figure 3.4 shows the contour plots of the X-ray 

intensities for cholesteryl oleate versus scattering vector components horizontal Qxy and vertical 

Qz. It can be observed that the intensity of the 2-dimensional plot increases with surface pressure, 

indicating a higher signal to noise (S/N) ratio. This means that cholesteryl oleate film has a larger 

number of crystalline domains in the beam footprint at higher surface pressures which 

cumulatively give diffraction. 

 

Figure 3.4. Contour plots of the X-ray intensities versus in-plane scattering vector components Qxy and Qz for cholesteryl 

oleate at surface pressures (top, left) 3 mNm-1, (top, right) 8 mNm-1, (bottom) 12 mNm-1 on PBS at 22 °C.  
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In order to analyze the GIXD data, initially, the intensity was integrated over the entire Qz range 

to generate the Qxy cholesteryl oleate Bragg peak. The resulting Bragg peak is shown in Figure 

3.5. The resulting Bragg peak is quite broad peak compared to previous work on cholesteryl 

esters namely, cholesteryl tridecanoate (CE-13) and cholesteryl stearate (CE-18) who produced 

multiple sharp and distinct peaks 159. In the same work however, cholesteryl palmitate (CE-16) 

was also studied and showed much broader and less intense Bragg peaks 159. It was deduced that 

in the case of CE-13 and CE-18 a crystalline interdigitated bilayer results in the best fit 159.  It is 

important to note that the cholesteryl esters mentioned above, all contain fully saturated acyl 

chains which impacts the resulting interdigitation. However, cholesteryl oleate, similar to 43% of 

the cholesteryl esters 30 constituting the TFLL contains an unsaturation in its acyl chain which 

affects the chain packing behaviour of the molecules in the film and results in a more fluid film 

and broader diffraction peaks. In fact, the peak observed in Figure 3.5 is quite similar in width 

and position to the peak generated by cholesterol in the study of the interactions of cholesterol 

and phospholipid by Ivankin et al. 2010 167.  

 

Figure 3.5. Cholesteryl oleate Bragg peak integrated over the entire Qz range at 12 mNm-1 on PBS at 22 °C.  
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In order to further analyze the data, an approach was adopted wherein small 0.04 Å sized slices 

across the Qz  range were taken. An example of the result of this approach is shown in Figure 3.6. 

It can be observed that there are three main fitted Bragg peaks within these slices whose 

positions remain consistent not only across all the slices but also across surface pressures 3, 8 

and 12 mNm-1. It can be observed that the intensity of these peaks is quite low at 3 mNm-1, 

gradually increasing as the surface pressure increases to 8 and 12 mNm-1. This may be due to 

fewer crystalline domains at smaller surface pressures, which results in lower intensity of the 

peaks and higher diffuse scattering from the background (lower S/N ratio). However, as the 

surface presure increases, and the crystalline domains are compressing together, there is a larger 

number of domains in the beam footprint resulting in an increased S/N ratio as observed at 

higher surface pressures.  

The average d-spacings and the horizontal correlation lengths of the cholesteryl oleate lattice 

were calculated and are listed in Table 1. In order to determine the unit cell type of cholesteryl 

oleate, a crystallography software was used to analyze the Bragg peak positions of previously 

studied cholesteryl esters and cholesteol using their reported unit cell parameters 159,167,168. A 

pattern was observed in the peak positions of the cholesteryl esters CE-13, CE-16 and CE-18 159 

which was quite similar to the peak positions of the three Bragg peaks of cholesteryl oleate 

(Figure 3.6 and Table 1). The most similar pattern of peaks to those of cholesteryl oleate was 

cholesteryl acetate reported by Rapaport et al. 2001 168 wherein a pseudo-rectangular lattice unit 

cell was suggested and implied that the cholesterol ring structure plays a part in the 

crystallization of the film. This is similar to previous reports of the crystalline cholesterol film 

structure 169,170. Using this comparison, it was deduced that cholesteryl oleate also adopts a 

pseudo-rectangular unit cell. 

Analysis of the Bragg rod showed that all the peaks were found in-plane, (Qz=0) indicative of an 

untilted structure. Using the fwhm of the Bragg rod, the thickness of the crystalline portion of the 

film was determined to be 9.42 Å which corresponds almost exactly to the thickness of the 

cholesterol ring structure as reported previosuly by Ivankin et al. 2010 169. This is further 

evidence that the crystallinty observed in the cholesteryl oleate film is sourced in the cholesterol 

ring packing and not the interdigitaion in its unsaturated acyl chain 159 . 
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Figure 3.6. Qxy peaks from the slice analysis of cholesteryl oleate at surface pressures (top, left) 3 mNm-1, (top, right) 8 

mNm-1, (bottom) 12 mNm-1 on PBS at 22 °C.  
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Table 1. Qxy peak positions, average d-spacing and average correlation length of the crystalline cholesteryl 

oleate film at surface pressures 3, 8 and 12 mNm-1 on PBS at 22 °C. The d-spacing reported represents the 

average for each peak position across multiple slices.  

Pressure (mNm-1)   12 8 3 

Qxy1 

Peak Position 1.16 1.13 1.13 

Average d-spacing (Å) 5.42 5.53 5.52 

Average Correlation 
Length (Å) 74.22 118.51 122.65 

Qxy2 

Peak Position 1.24 1.23 1.23 

Average d-spacing (Å) 5.06 5.1 5.09 

Average Correlation 
Length (Å) 86.64 44.86 62.89 

Qxy3 

Peak Position 1.31 1.33 1.34 

Average d-spacing (Å) 4.79 4.73 4.64 

Average Correlation 
Length (Å) 267.01 189.18 84.03 

 

3.4.3. X-Ray reflectivity (XR) & Grazing Incidence X-Ray Off-Specular 
Scattering (GIXOS) Analysis  

In order to analyze and evaluate the vertical layered structure, XR and GIXOS data of cholesteryl 

oleate were obtained. Using a slab model, based on the electron density and the thickness of each 

slab, models with 4 slabs generated the best possible fits for the data.  The XR data analysis 

yielded two possible four slab models. The details of these two models are given in Table 2 and 

Figure 3.7. 
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In the first model (model 1), the thickness and the electron density of each slab i.e. the chain, the 

ester, the ring structure, and the smaller chain are in agreement with estimated values for each 

slab. Regarding the chain electron density, it is possible that the fluidity of the chain especially at 

the pressure of 3 mNm-1 could account for the lower electron density of the chain slab than what 

is usually expected from films with saturated acyl chains 141,159.  

The slab thickness corresponding to the cholesterol ring structure in both models is in acceptable 

agreement with the scattering rod length obtained from GIXD as well as with literature values 

for cholesterol ring structure 169 and cholesteryl esters 159. However, as can be observed in Figure 

3.7 the fit with model 1 is not ideal. The notable difference between the two models is that the 

length of the smaller chain is twice the size of what would be expected in model 2. Model 1 

suggests a flat film with the cholesteryl oleate molecules facing the buffer interface with the 

smaller chain and where no multilayering is occurring at the surface pressure of 3 mNm-1. Model 

2 yields chain regions above and below the ring of equal thickness. Given the difference in the 

length of these chains (Figure 2.2), this could only be explained with an alternating ring 

orientation. However, such a structure is not compatible with the ring-packing that has been 

observed from GIXD results both in this work and of cholesterol in the literature 169. Despite this, 

model 2 gives a better fit to the data (Figure 3.7). 

It is important to note that the XR data was only measured at the surface pressure of 3 mNm-1 

where the film is quite inhomogeneous (Figure 3.3). At this low surface pressure, the phase 

coexistence of a condensed phase with a gaseous phase which have very different properties, 

makes fitting more challenging.  

Due to time and film constraints, GIXOS was performed at the higher surface pressure of 8 

mNm-1. GIXOS provides the same information as XR but with inherently a lower resolution. The 

surface pressure of 8 mNm-1 was selected as it was just above the CO phase transition and should 

generate a film with high condensed phase surface coverage and only minimal multilayering. 

The GIXOS data at this surface pressure supports the validity of XR model 1. It supports the 

existence of a flat film at the surface pressure of 8 mNm-1 and that no multilayering is occurring. 

However, GIXOS is inherently a lower resolution technique and so XR data from higher surface 

pressure of CO would be needed to obtain the best model. 
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Table 2. Fitted parameters for XR and GIXOS data of cholesteryl oleate film at surface pressures 3 and 8 

mNm-1 on PBS at 22 °C.  

Technique 
 

XR GIXOS 

Model 
 

1 2 1 

Pressure (mNm-1) 
 

3 3 8 

Chain (Small) Thickness [Å] 6.3 12.6 6.3 

ρ [e-Å-3] 0.26 0.28 0.26 

Cholesterol Ring Thickness [Å] 10 10.2 11.9 

ρ [e-Å-3] 0.4 0.43 0.38 

Ester Group Thickness [Å] 4.7 4.4 3.6 

ρ [e-Å-3] 0.4 0.39 0.4 

Chain (Long) Thickness [Å] 11.7 12 14.9 

ρ [e-Å-3] 0.17 0.17 0.36 
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Figure 3.7. Fitted XR models of cholesteryl oleate at surface pressures 3 mNm-1 (model 1, top), 3 mNm-1 

(model 2, middle), and GIXOS model of cholesteryl oleate at surface pressure 8 mNm-1 (model 1, bottom) on 

PBS at 22 °C.  

3.5. Conclusion 

This study focused on the crystalline structure of the cholesteryl oleate film, as an important 

cholesteryl ester used in multiple TFLL model membrane studies 16,17,52,53,57,58. It was deduced 

that the cholesteryl oleate film forms a crystalline film wherein the crystalline thickness 

corresponds to that of the cholesterol ring structure. Thus, it is the cholesterol ring packing and 

not the packing of the cholesteryl oleate unsaturated chains that is the source of the crystallinity. 
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Moreover, no evidence of the chain interdigitation or bilayer formation previously reported for 

saturated acyl chain cholesteryl esters, was observed 159.  

The results of X-ray reflectivity and GIXOS at lower surface pressures, showed that cholesteryl 

oleate does not form multilayers at lower surface pressures, but forms a flat film with the smaller 

chain facing the buffer subphase. In order to ascertain the multilayer formation of cholesteryl 

oleate, evidence of which was reported by BAM, X-ray reflectivity measurements from higher 

surface pressures are needed. The results of this work can contribute to better understanding the 

structure of cholesteryl esters with unsaturation in their acyl chain and provide physiologically 

relevant information on TFLL structure and function.  
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Chapter 4. Impact of Pollutant Ozone on the Biophysical 
Properties of Tear Film Lipid Layer Model Membranes 

4.1. Abstract 

Ozone exposure from environmental smog has been implicated as a risk factor for developing 

dry eye disease (DED). The tear film lipid layer (TFLL) which is the outermost layer of the tear 

film and responsible for surface tension reduction while blinking, is in direct contact with the 

environment and serves as the first line of defense against external aggressors such as 

environmental pollution. The impact of exposure to ozone on the biophysical properties of three 

TFLL model membranes was investigated. These model membranes include a binary mixture of 

cholesteryl oleate (CO) and L-α-phosphatidylcholine (egg PC), a ternary mixture of CO, glyceryl 

trioleate (GT) and PC as well as a quaternary mixture of CO, GT, a mixture of free fatty acids 

palmitic acid and stearic acid (FFAs) and PC. Langmuir balance, Brewster Angle Microscopy 

(BAM) and a Profile Analysis tensiometer (PAT) were used to study the surface activity and 

respreadability, the morphology as well as viscoelastic properties of the films, respectively.  

Expansion to higher molecular areas was observed in all the TFLL model membrane films which 

is attributable to the accommodation of the cleaved chains into the film. Significant 

morphological changes were observed, namely fluidization and the disruption of phase transition 

behaviour of GT and multilayer formation of CO. The hysteresis loop of the films was also 

impacted by ozone exposure. On the other hand, the viscoelastic properties of the films exhibited 

differential impacts from ozone exposure as a function of composition. These findings are 

correlated to chemical changes to the lipids determined using ESI-MS.  

4.2. Introduction 

Tear film lipid layer (TFLL) is the final layer of the human tear film which covers the surface of 

the cornea and is responsible for creating the air-tear interface 1. TFLL is mainly composed of 

lipids secreted by the meibomian glands 8,19. Despite the many controversies that exist in the 

literature regarding the exact composition of TFLL, it has been reported that the composition of 

TFLL is  > 90% non-polar lipids 1,8,11,28 with a smaller percentage of polar lipids. The meibum is 

composed of 30-45 mol% cholesteryl esters (CEs), 30-50 mol% are wax esters 1,8,11,19,22,28,29 2~4 

mol% triglycerides 8,11,28,30, up to 2.5 mol% free fatty acids 3,28,31,32, 0.5-5.6 mol% free 
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cholesterol 3,8,11,28,30–32 , 2 mol% diesters 3,28,31,32 and 3-7 mol% hydrocarbons 3,28,31,32. The polar 

lipids of TFLL are reported to be 3-5 mol% (O-Acyl)-ω-hydroxy fatty acids (OAHFA) 19,25,33 and 

~13 mol% phospholipids 1,8,34 of meibomian and non-meibomian origins, respectively.  

Despite the controversies in the literature and the challenges regarding the determination of the 

exact composition of TFLL, there is no doubt that this 15-160 nm thick interface is paramount in 

the function of blinking, responsible for the tear surface tension reduction 1,6 and the stability of 

the tear film while blinking by respreading after each blink due to its distinct surface 

characteristics 1,7,8. A multilayered structure is suggested for TFLL 16–18 with the polar lipids 

creating an amphiphilic sublayer on top of the aqueous tear film and the non-polar lipids, 

creating a hydrophobic bulky layer on top of the polar amphiphilic layer 1,3,8,41. The amphiphilic 

nature of the polar sub-layer aids in the spreading of the non-polar lipids on the aqueous layer 

underneath, allowing the stabilization of the TFLL1,3,7,8,18,24.  

Disruption in the composition and structure of TFLL leads to the development of dry eye disease 

(DED) which is a multifactorial disease impacting the ocular surface 62. Meibomian gland 

dysfunction (MGD) is reported in 86% of DED cases 62,63 wherein an unstable and patchy tear 

film as well as a non- invasive break up time of <5 s is reported compared with the stable and 

continuous tear film in healthy subjects with a non- invasive break up time of > 15 s 8,48,83,85,86. 

DED is one of the major ophthalmic health concerns of the modern world 8,62 with a life quality 

altering effect on 10%-30% of the global population 64 and an estimated annual cost of  $55.4 

billion 8,77 in USA with a similar global impact 8,78. It is characterized with instability in the tear 

film, inflammation in the ocular surface as well as tear hyperosmolarity 8,62. With a prevalence of 

21.3% in Canada 73, many risk factors have been associated with DED including MGD 8,65, age 
64,66–68, race 62, sex 62,64,66,68,69 and most recently air pollution 64,68,70–72.  

Many studies in the recent years have reported a correlation between ophthalmic surface diseases 

and air pollution with a special emphasis on the air pollutant ozone. Air pollution was reported as 

one of the risk factors of DED in a study on USA veterans 108,109. In a time-stratified study in in 

Hangzhou, China, higher concentrations of air pollutants were significantly associated with DED 
70. A smog analysis in Lahore associated increases in the concentrations of pollutants NOx, PM10, 

O3, SO2, CO, VOC as well as PM2.5 with overall 60% increase in the number of ocular surface 
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patients with dry eye, irritation and lid erosion being the major contributors 71. Significant 

associations have been found between DED prevalence and increased ozone levels in Korea 
72,113. Among other air pollutants, O3 was reported as a DED risk factor in a large-scale study in 

China where the prevalence of DED was found to be 61.57% 68. Moreover, exposure to ozone 

long term, is associated with increase in inflammation, lower tear production and conjunctival 

goblet cell density 116,117.  

Tropospheric ozone is produced from the photolysis reaction of NO2 in the troposphere layer 

which is produced the reaction of NO with the hydroperoxyl radicals (HO2) which are produced 

from the reaction of hydrocarbons with hydroxyl radicals 95–98. A increase in fossil fuel and 

biomass burning, has caused the increase in surface levels of NOx  radicals 95,97,100 and has led to 

a major reported increase in ground-levels of ozone compared to the pre-industrial era from 10 to 

15 ppb to 30 to 40 ppb now 97,100 with levels as high as 300 ppb in very polluted areas and 

photochemical smog 101,103,104.  

Despite the many studies focused on the correlation between DED prevalence and ground-level 

ozone concentrations, the research on the impact of ozone exposure on the mechanical properties 

and biophysical characteristics of TFLL is limited. Ozone is capable of reacting with the 

unsaturated double bond in the acyl chain of TFLL components via the Criegee mechanism as 

was shown in a study focused on the impact of ambient ozone exposure on wax esters 123. Thus, 

with a large proportion of the TFLL components’ acyl chains containing one or more unsaturated 

carbon-carbon double bond 30,  it is valuable to know the impact of ozone oxdiation on the TFLL 

characteristics.  

The goal of this work is to study the impact of ozone exposure on the biophyical and surface 

characteristics of TFLL model membranes. Three TFLL model membranes are used in this study 

which are created using a systematic approach of adding on representative components to create 

more complex mixtures as used in a previous study (Chapter 2). A binary, ternary and quaternary 

mixture is used which are composed of cholesteryl oleate (CO), egg PC 90:10, CO:glyceryl 

trioleate (GT):PC 40:40:20 and CO:GT:FFAs (palmitic acid:stearic acid 50:50):PC 40:25:15:20.  

The impact of ozone on the surface activity of the model membranes as well as cycle 

experiments to study the respreadablity of the films, are studied using Langmuir balance.  
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Brewster Angle Microscopy (BAM) is used to study the morphology of the films and the 

dilational rheology experiments were carried out using pendant drop experiments by Profile 

Analysis Tensiometer (PAT). ESI-MS is used to study the products of the ozonolysis. The 

findings of these experimental techniques begin to describe the impact of ozone exposure on the 

mechanical and biophysical properties on TFLL and aid in better understanding of the 

relationship between ozone exposure and DED prevalence.  

4.3. Materials & Methods 

Materials. L-α-phosphatidylcholine (egg PC, > 99%) was purchased from Avanti Polar 

Lipids. Cholesteryl oleate (CO, > 98%), glyceryl trioleate (GT, ≥ 99%), palmitic acid (PA, > 

99%), stearic acid (SA, > 99%) and phosphate-buffered saline tablets (PBS, pH 7.4, 10 mM 

phosphate, 137 mM NaCl, 2.7 mM KCl) were purchased from Sigma-Aldrich. HPLC grade 

chloroform was purchased from Fisher Scientific and used in all experiments as the spreading 

solvent. 

Preparation of Mixtures, Solutions & Subphases. Stock solutions of CO, Egg PC and 

GT were used to reach molar ratio of 90:10 for the binary mixture and 40:40:20 for the ternary 

mixture. Stock solutions of PA and SA were used to achieve a molar ratio of 50:50 for the FFA 

(free fatty acids) mixture to be used as a component of the quaternary mixture. Solutions of CO, 

GT, FFA and Egg PC were used to reach molar ratios of 40:25:15:20 respectively and make the 

CO:GT:FFA:PC (Quaternary mixture) mixture. The PBS buffer subphase was prepared by 

dissolving one phosphate-buffered saline tablet in 200 mL of ultrapure water with resistivity of 

18.2 MΩ cm-1 from a Milli-Q® HX 7080 water purification system (HC). 

Langmuir Film Balance, Surface Activity. Langmuir film balance was used to obtain 

surface pressure-area isotherm on which the surface pressure (π) is obtained using a Wilhelmy 

plate. The monolayer solutions with concentrations of up to 1.0 mg mL-1 were prepared as 

explained previously as well as the PBS subphase solution. Monolayer solutions were spread on 

PBS buffer on a Langmuir trough (NIMA Technologies). 10 minutes was allowed for the films 

to equilibrate and the chloroform solvent to evaporate. After the equilibration time, the barriers 

of the Langmuir balance closed at the speed of 5 cm2 min-1 to compress the films and produce the 
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surface pressure-area isotherms. At least 3 reproducible measurements were performed for each 

system.   

Ozone exposure experiments were performed on the Langmuir trough by enclosing the trough 

with a Plexiglass cover equipped with and inlet and outlet at opposite ends. After spreading the 

films and the 10-minute equilibration time, the films were exposed to ozone concentrations of an 

average of 800 ppb, with a flow rate of 100 mLm-1 for a period of 30 minutes, after which the 

experiments were carried out. To generate ozone, first, dry and hydrocarbon-free air was 

generated by passing compressed air first through a drying tube filled with anhydrous calcium 

sulfate and then a VOC scrubber and a ChromGas zero air generator (Parker). A UVP ozone 

generator with a Pen-Ray lamp (wavelength 185 nm, power 2 to 20 watts) was used and to 

monitor ozone concentrations as well as the flow of the gas, a 2B Technology ozone monitor 

based on the absorption level of UV light at 254 nm and an Aalborg digital mass flow controller 

was used respectively.  

Brewster Angle Microscopy, Morphology. Brewster Angle Microscopy (BAM) was 

performed through coupling Langmuir film balance from NIMA Technologies with an I-

Elli2000 imaging ellipsometer (I-Elli2000, Nanofilm Technologies). This ellipsometer has a 50 

mW Nd:YAG laser (λ = 532 nm). The monolayer solutions of the films with concentrations up to 

1.0 mg mL-1 were spread on PBS subphase and similar to obtaining surface pressure-area 

isotherms, the barriers of the Langmuir trough compressed the film at the speed of 5 cm2 min-1. 

The images of the films were obtained as the films were compressed with a 20X magnification 

lens and a resolution of 1 µm and an incident angle of 53.15 ̊. 

To carry out the ozone exposure BAM experiments, the Langmuir trough was enclosed with a 

Plexiglass cover with and inlet and outlet at opposite ends. After spreading the films and the 10-

minute equilibration time, the films were exposed to ozone with similar parameters as explained 

above. 

Compression-Expansion Cycles The compression-expansion cycles were obtained by 

spreading the monolayer solutions on PBS buffe and after the equilibration (10-minutes) and 

solvent evaporation period, the films were compressed and expanded for 6 consecutive cycles at 
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the speed of (196 cm2 min-1) which is the highest achievable speed with the Langmuir trough. 

The measurements for each system were repeated at least 3 times.  

To carry out the ozone exposure cycles experiments, the Langmuir trough was enclosed with a 

Plexiglass cover with and inlet and outlet at either end. After spreading the films and the 10-

minute equilibration time, the films were exposed to ozone with similar parameters as above. 

Profile Analysis Tensiometer, Rheology. A SINTERFACE profile analysis tensiometer 

(PAT) was used for the rheology experiments. Detailed description of this method can be found 

in the literature 150–152. The films with concentrations up to 0.1 mg mL-1 were spread on a PBS 

pendant drop with a volume of 13 µL at the area of 32 mm2. After an equilibration time of 3 

minutes, the area was increased to 40 mm2 followed by an additional 3 minutes of equilibration. 

After the equilibration time, the drop area was adjusted to 40 mm2 in order for the TFLL model 

membrane film specific Step Through Program (STR) programs to begin and perform 

rheological measurements on the films at different surface pressures.  

The axisymmetric drop shape analysis (ASDA) 130,132,133 is used by PAT which relates arc of the 

drop to the surface pressure using the Young-Laplace equation 130,134. The surface pressure is 

calculated by PAT, using a camera and the profile of the drop and so, it is important for the drop 

to keep its Laplacian shape throughout the experiments. Thus, there must be negligible 

disturbance to the drop profile such as harmonic distortions as well as drop loss while the 

measurements are being performed 130. This can be done by correctly choosing the oscillation 

frequency and the amplitude of the rheological measurements as it has been previously reported 

that they can impact rheological measurements 130–132,136,137. An amplitude of 2.50 % (of the drop 

area) was chosen in order to minimize such effects 130. The frequency of 0.16 Hz  calculated 

from the frequency of blinking i.e. 10 blinks per minute in normal subjects as reported 

previously in the literature 153 to be physiologically comparable. 

A system-specific program was built to specifically account for the changes of 1 mN min -1 in the 

slope of the pressure-area isotherms of each film, allowing efficient experiment time. The 

CO:PC 90:10 (binary mixture) program underwent an initial compression from 40 mm2 to 37 

mm2, after which there was an equilibration time of 300 seconds. The drop then underwent 25 

oscillations for 156.25 s with an amplitude of 2.50 % (of the drop area) and a frequency of 0.16 
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Hz 153 followed by an equilibration time of 180 s, then compressed to 34 mm2, equilibrated (300 

s), and underwent oscillations of the same parameters. After 4 more repeats of this cycle, the 

program moved on to the next part where, following the binary mixture isotherm slope change, 

the drop area change was reduced to ensure the 1 mN min -1 surface pressure increase. Thus, 

after the 5th. oscillations cycles and the equilibration time (180 s), the drop area was reduced 

from 25 mm2 to 24.2 mm2. The same cycle was repeated until the drop area of 15.1 mm2 was 

reached with the rheology experiments providing the measurements of viscosity and elasticity of 

the film 130,132,134. 

The initial compression of the CO:GT:PC 40:40:20 (ternary mixture) film was from 40 mm2 to 

38.66 mm2, after which the drop was equilibrated (300 s) and oscillated with the same 

parameters as before. After the second set of oscillations and the following equilibration time 

(180 s), to ensure the 1 mN min -1 increase, the amount of reduction of the drop area was 

changed. The drop area was reduced from 37.33 mm2 to 35.69 mm2, followed by equilibration 

(300 s), oscillations with the same parameters as before, equilibration (180 s) and the next 

compression. This cycle was repeated until the 12th. set of oscillations had been completed, after 

whose equilibration (180 s), the next compression comprised of drop area reducing from 20.95 

mm2 to 19.8 mm2. The same cycle was repeated for a total of 5 times until a drop area of 15.23 

mm2 was achieved.  

the initial compression of the CO:GT:FFA:PC 40:25:15:20 (quaternary mixture) program 

changed the drop area from 40 mm2 to 38 mm2, followed by an equilibration time of 300 s, 

oscillations with similar parameters as before, and an equilibration time of 180 s. The program 

then entered its second stage where a change in the drop area reduction size was needed, thus the 

drop area was reduced from 38 mm2 to 36.1 mm2, followed by equilibration time (300 s), 

oscillations of the same parameters and equilibration time (180 s). This cycle was repeated for a 

total of 12 times, until the area of the drop reached 15.2 mm2, completing the rheology 

measurements and providing the dilational surface elasticity and viscosity of the film. For each 

system, the experiment was repeated at least 4 separate times. 
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Ozone exposure experiments were performed by first spreading the film followed by a 3-minute 

equilibration time, after which the drop was exposed to ozone with the same parameters as above 

in a 40 mL reaction chamber prior to each rheology measurement.  

Electrospray ionization mass spectrometry (ESI-MS) was performed on Thermo LTQ Orbitrap 

Velos mass spectrometer in both negative and positive ESI modes to identify the ozonolysis 

products. MS samples were prepared by spreading the film on a pendant drop and exposing it to 

an average of 800 ppb ozone for a period of 30 minutes with similar parameters as the rheology 

ozone exposure experiment. An average 6 to 10 drops were collected to reach sufficient material 

for analysis (approximately 30 ng). The drops containing the oxidized lipid material were dried 

under nitrogen and resolubilized in a 2:1 chloroform/methanol solution and were directly 

injected in the ESI-MS using an autosampler. Full scans were performed in an m/z range of 15-

2000. Mass spectra were analyzed using the software FreeStyle TM 1.8 SP2. A putative 

identification of products was performed based on MS1 data only by comparison to the 

theoretical mass of known products and pathways. 

4.4. Results & Discussion 

4.4.1. The Impact of Ozone Exposure on the Surface Activity & Morphology 
of TFLL Model Membranes  

Surface pressure-area isotherms of the three TFLL model membrane systems are presented in 

Figure 4.1. For all three systems, an expansion to higher molecular areas is observed in their 

ozone exposed isotherms, which is the most pronounced in the case of the binary mixture, and 

less so consecutively for the ternary and quaternary mixtures. Similar behaviour was observed in 

previous work in ozone exposed lung surfactant model membranes composed of phospholipids 

DPPC and POPG where only POPG contains unsaturated acyl chain in its structure and can be 

oxidised by ozone 95,130.  

It is known that ozone reacts with the carbon-carbon double bond via the Criegee reaction 

mechanism 120,171,172 which acts through an ozonide being formed leading to the formation of the  

Criegee intermediate and whose final major products are aldehydes, hydroxyl hydroperoxides or 

carboxylic acids 122,173,174 and water-soluble species such as short chain aldehyde (nonanal) and 
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nonanoic acid 175. In the case of the ozonolysis of wax esters by ambient ozone, in addition to 

these products, a stable ozonide was also observed 123. Regarding the components of the TFLL 

model membranes utilized in this work, CO, GT, and > 53% of the egg PC fatty acid distribution 

have unsaturation in their acyl chains and are predisposed to oxidation by ozone. Thus, the 

expansion observed in the isotherms could be due to accommodation within the film of the 

cleaved lipid chains which are the products of the ozonolysis and have altered surface 

characteristics. Most notably, given the increased polarity upon chain cleavage, the oxidized 

chains will disrupt the film organization and disturb the packing of the lipid molecules. These 

alterations affect film permeability and enable the water molecules to enter the film 130,172.  

Interestingly, despite the oxidation, all three films retain their amphiphilic characteristics and 

surface activity, displaying similar or higher surface pressures as they are compressed to lower 

molecular areas. Moreover, oxidation has also impacted the phase change behaviour of the films 

i.e. a smoothing effect can be observed in their compression isotherms, where previously distinct 

phase transitions would be observed. This impact will be further discussed using the BAM 

imaging.  

Following exposure to ozone, the lipid films were collected for analysis by ESI-MS which 

confirmed the existence of the aldehydes, carboxylic acids, hydroxyl hydroperoxides, stable 

ozonide as well as interestingly some Criegee intermediates, all of which contribute to the film’s 

net surface behaviour (Appendix A, tables A1, A2, and A3). It was previously reported by 

Thompson et al. 2013 176 that the exposure of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine 

(POPC) to ozone leads to the C9 fragment being lost, either entering the bulk phase or gas phase 

and the increase in the surface pressure was attributed not to the incorporation of the separated 

C9 fragment into the film but to the rearrangement of the molecules to allow for the reversal in 

the orientation of the damaged oxidized acyl chain and its incorporation into the film led by the 

formation of an aldehyde or carboxylic acid group at the tail 95,176.  

Compared with the impact of oxidation on the ternary and the quaternary mixture films, the 

increase in surface activity for the binary mixture is much more prominent. Since 90% of the 

composition of this mixture is CO, it is reasonable to assume that with nonanal leaving the film 

through either evaporation or dissolution, the enhanced surface activity observed in the binary 
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film post oxidation may be due to the incorporation of the CO aldehyde and carboxylic acid 

chains into the film through orientation reversal or the stable ozonide remaining in the film, 

which has lead to the an almost two-fold increase in the surface activity observed. The same 

impact may also be attributed to the aldehyde and carboxylic species observed from egg PC 

oxidation 95,176.   

As noted already, the ternary mixture also shows an expansion to higher molecular areas post 

oxidation that is less extensive than that observed with the binary mixture. ESI-MS revealed that 

oxidation of GT yielded products with varying degrees of reaction progress, that is, combinations 

of uncreacted chains, Criegee intermediates, fully oxidized aldehydes and carboxylic acids 

(Appendix A, Table A2). With some of the products, all of the chains are found in the fully 

reacted aldehyde form, moreover, no stable ozonide is observed. These species may also be 

incorporated into the film much as explained before, although one might assume that the smaller 

percentage of CO compared with the binary mixture led to the smaller film expansion upon 

oxidation. However, considering the ESI-MS analysis shows oxidation of the unsaturated acyl 

chains of CO, GT and PC, there may be competing factors impacting the film’s behaviour and 

the smaller impact of oxidation on the ternary mixture isotherm (incorporation versus dissolution 

of products).  

As for the quaternary mixture, it is expected that this film would be less predisposed to oxidation 

due to 15% of the film composition being FFAs with saturated acyl chains. This is observed with 

the smaller shift to higher molecular areas, meaning there was less need for the accommodation 

of the Criegee reaction products in the film. It is apparent that the GT oxidation products also 

play a role in the increase in the surface activity of the film, as the reduction of their composition 

percentage has led to reduced surface activity in the oxidated quaternary film. This is especially 

the case, since the addition of saturated acyl chain FFAs has not helped the film retain its surface 

activity. As the reduction of surface tension is paramount as one of the major functions of TFLL, 

the reduction in the maximum surface pressure attained by the film due to the existence of 

damaged lipid species in the film, will strain the overall TFLL system. Moreover, the oxidation 

has impacted the envelope transition of GT 12,160 in both the ternary and quaternary films, 

(evident both from the isotherms and BAM images). This could imply that the oxidized GT 

species do not have a GT typical phase transition, possibly impacting the film stability.  
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Figure 4.1 Isotherms of  CO:PC (binary mixture) (top, left), CO:GT:PC (ternary mixture) (top, right) and 

CO:GT:FFA:PC (quaternary mixture) (bottom) before ozone exposure (red) and after ozone exposure (blue) 

on PBS at 22 °C. 

The BAM images of the CO:PC 90:10 (binary mixture) film (Figure 4.2 A&B) show significant 

morphological changes to the film after ozone oxidation. The oxidized film shows what is 

predominantly gaseous or LE phase, with some circular domains periodically appearing with low 

contrast (5 mNm-1, Appendix A, Figure A3, red arrow), whereas at the same pressures for the 

unoxidized film, the growth of the condensed phase domains could be easily observed. This is in 

agreement with the isotherms wherein the phase transitions are not as apparent for the oxidized 

film as they are on the unoxidized film. Moreover, periodically irregular aggregates with higher 

contrast appear (Figure 4.2 A, 7 mNm-1) on a film that seems to be predominantly in a fluid 

phase. This is quite different from the unoxidized film where at the same pressures, a large 
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surface percentage of the film is predominantly covered by condensed phase domains. Thus, the 

oxidation of CO unsaturated acyl chains has impacted the domain formation of the film and the 

packing of the cholesteryl oleate molecules, and as a result, the eventual multilayering which is 

observed on the unoxidized film at higher surface pressures. More than 53% of the PC fatty acid 

distribution contains unsaturated acyl chains and the majority of these lipid molecules comprise 

at least one unsaturated chain which can be impacted by ozone exposure.  

Interestingly, the ozone exposed binary film eventually starts to display a phase transition and 

more regular and brighter domains begin to appear at around 12 mNm-1 (image not shown). 

Where in the unoxidized binary film at pressure of 13 and 14 mNm-1, the film shows 

predominantly condensed phase with evidence of multilayering (two brightness levels), the 

oxidized film shows regular and small domains of condensed phase surrounded by a 

predominantly fluid film, thus oxidation has made the film fairly fluid. The phase transition and 

the domain formation of the film may be from the cholesterol ring packing in the oxidized 

species, evidence of which was gained through GIXD of CO film (Chapter 3).  The same 

behaviour is also observed at higher surface pressures than reachable by the unoxidized film, 

where small areas of very bright multilayers with a higher level of brightness than that of the 

condensed phase domains are observed until mostly irregular aggregates are apparent. It was 

observed that after the compression of the oxidized film was finished and the Langmuir trough 

barriers remained closed, the film’s surface pressure almost immediately lowered and large areas 

of very bright chain-like aggregates were detected (Figure 4.2 B, the last image to the right), 

which is evidence of oxidation disrupting the oxidized film’s otherwise stable characteristics.  
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Figure 4.2. (A) BAM images (220 µm wide) of CO:PC 90:10 (binary mixture) film at surface pressures (left to 

right): 2 mNm-1, 5 mNm-1, 7 mNm-1, 13 mNm-1 and , 14 mNm-1 before ozone exposure (top) and after ozone 

exposure (bottom) on PBS at 22 °C. (B) BAM images (220 µm wide) of CO:PC 90:10 (binary mixture) film at 

surface pressures (left to right): 16 mNm-1, 18 mNm-1, 19 mNm-1, 23 mNm-1 after ozone exposure on PBS at 22 

°C. The last BAM image to the right is of CO:PC 90:10 (binary mixture) film at surface pressure of 20 mNm-1 

after ozone exposure on PBS at 22 °C taken after the end of film compression.  

The BAM images of the CO:GT:PC 40:40:20 (ternary mixture) (Figure 4.3 A&B) shows the 

impact of oxidation by ozone exposure on the morphology of the film. At the same pressures, the 

oxidized film has become more fluid with much smaller CO domains than the unoxidized film. 
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Thus, it can be deduced that the oxidation of CO acyl chain has impacted its domain growth 

behaviour which is readily observed on the unoxidized film. 

Most notable is the impact of oxidation on the envelope transition of GT in the ternary mixture. 

On the unoxidized film, the transition of GT into aggregates of similar diameter occurs through 

the expulsion of GT from the film as was previously observed 160, whereas this transition into 

three-dimensional aggregates, is not observed on the oxidized film. This is attributed to one or 

more of the GT acyl chains being oxidized. Instead, the oxidized film shows small domains of 

CO increasing in number but not size as the surface pressure increases to higher than those 

achieved by the unoxidized film.  

Similar to the binary mixture, the ternary mixture morphology and surface behaviour was also 

investigated after the compression was finished where the Langmuir trough barriers remained 

closed (Figure 4.3, B, the last three images to the right), immediately after which, the surface 

pressure of the film dropped, and the film showed irregular aggregates with CO like domains 

surrounded by brighter and thicker 3-dimensional aggregates.  
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Figure 4.3. (A) BAM images (220 µm wide) of CO:GT:PC 40:40:20 (ternary mixture) film at surface 

pressures (left to right): 7 mNm-1, 9 mNm-1, 12 mNm-1, 14 mNm-1 and , 17 mNm-1 before ozone exposure (top) 

and after ozone exposure (bottom) on PBS at 22 °C. (B) BAM images (220 µm wide) of CO:GT:PC 40:40:20 

(ternary mixture) film at surface pressures (left to right): 18 mNm-1 and 20 mNm-1 after ozone exposure on 

PBS at 22 °C. The last three BAM images to the right is of CO:GT:PC 40:40:20 (ternary mixture) film at 

surface pressures (left to right): 18 mNm-1, 16 mNm-1, 15 mNm-1 after ozone exposure on PBS at 22 °C taken 

after the end of film compression.  

The BAM images of the CO:GT:FFA:PC 40:25:15:20 (quaternary mixture) show that at the 

same surface pressures on the oxidized film, there are more CO condensed phase domains than 

on the unoxidized film. Moreover, while before ozone exposure, the domains show a growth in 

their size, but this does not seem to be the case post-ozone exposure, though the surface coverage 
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of the CO domains has increased. Additionally, the contrast between the phases is diminished 

after oxidation which may be due to a decrease in domain thickness due to chain cleavage. The 

smaller size of the CO domains on the oxidized film may be due to the presence of the saturated 

chain FFAs component which affects the line tension and are enriched in these domains as other 

components are oxidized. A similar impact was previously observed as a result of PA on a lung 

surfactant model 95. Therefore, though they cannot be oxidized, the FFAs can still impact the 

film’s characteristics post-oxidation. This is observed in the CO domains as there is a noticeable 

difference in the post oxidation morphology behaviour of the ternary and the quaternary films, 

even though their CO composition is the same.  

Figure 4.4. BAM images (220 µm wide) of CO:GT:FFA:PC 40:25:15:20  (quaternary mixture) film at surface 

pressures (left to right): 5 mNm-1, 9 mNm-1, 13 mNm-1, 16 mNm-1 and , 18 mNm-1 before ozone exposure (top) 

and after ozone exposure (bottom) on PBS at 22 °C.  
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4.4.2. The Impact of Ozone Exposure on Compression-Expansion Cycles of 
TFLL Model Membranes 

Figure 4.5 shows the impact of oxidation by ozone on the compression-expansion cycles of the 

model TFLL films. The compression-expansion rate used (196 cm2 min-1) is slower than the 

average blinking rate of 10 blinks per minute 153, however, it is the highest possible speed by the 

Langmuir trough used, in order to mimic the blinking cycle. Figure 4.6 shows the change in 

relative area percentage at the representative pressure of 10 mN m-1 as a function of cycle 

number. The relative area percentage is the percentage of the film area relative to the molecular 

area of the first cycle at 2 mN m-1. The compression-expansion cycles shown in Figure 4.5 have 

been normalized to their relative area for easier comparison of ozone impact. To study the cycles 

expressed by their molecular area, please refer to Appendix A, Figure A4. There are two key 

parameters that are evaluated through these compression-expansion cycles: 1. Changes to the 

hysteresis loop wherein the area between the compression and expansion represents the work 

done in the cycle representing the blinking process. 2. The extent to which the films recover after 

each subsequent cycle, that is the shift in area per molecule, which is indicated by the slope of 

the change in the relative area % as a function of cycle number (Figure 4.6). Respreadability and 

reversibility are of paramount importance in the proper function of a healthy TFLL7,9, observed 

typically as a characteristic of extracted meibum films 49,55,161,162. 

Other than the expansion observed due to oxidation of the binary mixture film and the increased 

surface activity, also observed in the isotherms (Figure 4.1), the impact of ozone on the 

respreadability of the films is fairly small. The impact of ozone on the compression-expansion 

cycles of the binary mixture can more easily be observed in Figure 4.6 where before oxidation 

hysteresis (the difference between compression and expansion) got larger as a function of cycles, 

but interestingly, a smaller hysteresis is observed from the oxidized film. 

The binary mixture displays high respreadability before ozone exposure, indicated by the fairly 

constant relative area as a function of cycles, which was previously suggested to be the result of 

reversible multilayer formation (Chapter 2), adding to the stability of the film. The compression 

isotherms are relatively similar, reflecting a high recoverability after a couple of priming cycles. 

Thus, the respreadability has only been slightly impacted as a result of ozone oxidation, which is 

possibly due to the reduced multilayering of the film as well as a larger composition of the film 
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being composed of lipids with saturated fatty acid chains. However the expansions show 

distinctly different relative areas pre- and post exposure but do not appear to change significantly 

with cycle number for either. The greater difference between the compression and expansion 

cycles (Figure 4.6) reflects a larger hysteresis pre-exposure, however it should be noted that the 

loss of the distinct phase transition amplifies the difference at this particular pressure (10 mNm-1) 

which is the phase transition. The oxidation seems to have reduced this observed hysteresis.  

For the ternary mixture, both pre- and post oxidation compression isotherms show a shift in the 

molecular area at pressure below the phase transition, evidenced by the slope of the line in 

Figure 4.6. This shift is only observed on the oxidized film above the phase transition pressure 

(Figure 4.5), this is likely because the GT envelope transition was impacted by oxidation 

(observed in isotherms and BAM images). It can be suggested that the lack of reversibility could 

have been caused by the disruption of the typically reversible GT phase transition i.e. GT acyl 

chains have oxidized and no longer pack as they normally would. As with the binary mixture, the 

size of the hysteresis loop is larger in the pre-oxidized film, evident from the difference between 

the compression and expansion isotherms in Figure 4.6, although less pronounced in the ternary 

mixture. 

The quaternary mixture isotherm is less spreadable by nature even pre-oxidation which may be 

attributable to the existence of the saturated chain FFAs which are known to reduce the 

respreadability of the film as opposed to films primarily composed of unsaturated acyl chain 

lipids 7,49,55,163–166.  The impact of ozone exposure on the quaternary mixture cycles is quite 

small. Previous to oxidation, the film showed little respreadability typical to films with higher 

proportion of saturated acyl chain lipids 7,49,55,163–166. It can be observed that after being oxidized, 

the respreadability slightly reduces which is expected due to the higher saturated chain lipid 

composition (PC). Moreover, similar to the film before oxidation, the oxidized film also shows a 

similar hysteresis pattern as a function of cycles where the hysteresis is reduced at higher cycle 

numbers.  
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Figure 4.5. Compression-expansion cycles of CO:PC 90:10  (binary mixture, top, left), CO:GT:PC 40:40:20  

(ternary mixture, top, right) and CO:GT:FFA:PC 40:25:15:20 (quaternary mixture, bottom) before ozone 

exposure (red color family) and after ozone exposure (blue color family) on PBS at 22 °C.   
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Figure 4.6. The relative area at 10 mNm-1 of the compression (dark red line (before ozone exposure), dark 

blue line (after ozone exposure)) and expansion (dashed light red (before ozone exposure), dashed light blue 

(after ozone exposure)) as a function of the number of cycles of CO:PC 90:10  (binary mixture, top, left), 

CO:GT:PC 40:40:20  (ternary mixture, top, right) and CO:GT:FFA:PC 40:25:15:20 (quaternary mixture, 

bottom) before ozone exposure (red) and after ozone exposure (blue) on PBS at 22 °C. The data points and 

error bars represent the mean and standard deviation of at least three independent cycling experiments.  

4.4.3. The Impact of Ozone Exposure on the Rheology Measurements of 
TFLL Model Membranes 

The impact of ozone exposure on the viscoelastic properties of the TFLL model membrane films 

is shown in Figures 4.7 and 4.8. For further details on the description of the technique and the 

programs used for each film, please refer to section 4.3. The oscillation frequency chosen for the 

rheological measurements (0.16 Hz) is similar to the reported blinking frequency in healthy 

subjects in the literature 153 in order to ensure physiologically comparable results as well as no 

deviation from the drop’s Laplacian shape (< 1Hz) 135.  

It can immediately be observed that the binary mixture rheology measurements show the highest 

standard deviations compared with the other two mixtures. This is evident in the rheology 
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measurements both before and after exposure to ozone. The high standard deviation of the binary 

film is especially observable in molecular areas smaller than 27 Å2 molecule-1 which is where the 

film shows evidence of multilayering. The inhomogeneity generated by the multilayering 

appears to impact the response of the film to oscillations, which is amplified with increasing 

hysteresis. Although the ozone exposure reduced the multilayering to only very small and 

occasional areas at smaller molecular areas, the standard deviation for the exposed film remains 

high at these areas compared to the other mixtures. Moreover, the ozone exposure seems to have 

increased the elasticity of the film throughout the compression. It is important to note that in the 

oxidized binary film, for the same areas, the surface pressure is much higher (Figure 4.1) which 

contributes to the higher elasticity and viscosity observed. In the case of viscosity, the 

differences due to ozone exposure are only observed at areas smaller than 23 Å2 molecule-1. The 

viscosity and the elasticity increases can be attributed to the remaining CO moiety after the chain 

has cleaved off, adding to the elasticity and viscosity of the film at areas where condensed phase 

forms by the remaining CO moiety.   

Interestingly, the impact of ozone exposure on the ternary mixture is negligible for both the 

elasticity and the viscosity of the film. Compared to the binary mixture, the addition of GT has 

already reduced the multilayering and increased the fluidity of the pre-oxidation film as seen in 

BAM (Figure 4.3). This dominance of the fluid phase is retained even after oxidation (Figure 

4.3). which explains the low viscosity and elasticity and the lack of change upon oxidation.  

In contrast to both binary and ternary mixtures, ozone exposure decreases both the elasticity and 

the viscosity of the quaternary mixture film where the viscosity of the film remains at ultra low 

values throughout the compression. It is important to note that unlike the binary mixture, for the 

quaternary mixture, the shift in molecular area upon oxidation is very small.  

For the binary mixture, it was the change in the surface pressure at a given area that was a 

dominant factor in the elasticity and viscosity increase upon oxidation. For the quaternary 

mixture, this was not the case and therefore changes in the intermolecular interactions and 

morphology of the film are implicated. An intermediate molecular area shift is observed in the 

ternary mixture and morphology changes similar to the quaternary mixture. Thus, it can be 
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deduced that the apparent small impact of ozone exposure on the ternary mixture is probably due 

to the existence of competing factors.  

One of the factors is clearly the reduced CO content in both ternary and quaternary mixtures 

compared with the binary mixture. Thus, any of its oxidation products which seemingly are the 

reason behind the increase in the binary mixture’s elasticity and viscosity, are now present in 

lower amounts and its impact is observed in the form of no impact or reduction of elasticity and 

viscosity of the ternary and quaternary mixture films. It can also be deduced that GT’s oxidation 

products have an increasing impact on the viscoelastic properties of the films as well, as can be 

seen from the lowered elasticity and viscosity of the quaternary mixture post oxidation as 

opposed to the negligible impact of oxidation on the ternary mixture.  
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Figure 4.7. Surface dilational elasticity data of CO:PC 90:10 (binary mixture, top, left), CO:GT:PC 40:40:20 

(ternary mixture, top, right) and CO:GT:FFA:PC 40:25:15:20 (quaternary mixture, bottom) before ozone 

exposure (red) and after ozone exposure (blue) on PBS at 22 °C.  



 

 95 

 

Figure 4.8. Surface dilational viscosity data of CO:PC 90:10 (binary mixture, top, left), CO:GT:PC 40:40:20 

(ternary mixture, top, right) and CO:GT:FFA:PC 40:25:15:20 (quaternary mixture, bottom) before ozone 

exposure (red) and after ozone exposure (blue) on PBS at 22 °C.  

4.5. Conclusion 

The purpose of this work was to study the impact of exposure to ozone on the mechanical 

properties of TFLL model membranes. Surface ozone oxidation generated aldehydes, carboxylic 

acids and in some cases, stable ozonide, hydroxyhydroperoxides and some Criegee 

intermediates. Ozone exposure leads to an increase in surface pressure as well as an expansion to 

higher molecular areas in the surface pressure-area isotherms of the TFLL model membranes 

attributable to the accommodation of the cleaved chains into the film which is most apparent for 

the binary mixture and less so for the ternary and the quaternary mixtures. This may be due to 

competing factors impacting the film’s surface behaviour. Moreover, the oxidation has a 
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significant impact on the morphology of all of the TFLL model membranes, fluidizing the binary 

and ternary mixture films, disrupting the CO condensed phase domain growth and multilayering 

behaviour, as well as the phase transition of GT. The oxidation of CO, GT, and PC leads to a 

more unstable film. The presence of FFAs which do not themselves oxidize, impact the line 

tension and leads to a higher condensed phase surface coverage post oxidation. The impact of 

ozone oxidation on the film respreadability is strongly correlated with GT content and alteration 

of the GT envelope transition, which has been shown to be reversible in unoxidized film, adding 

to the stability of the film. The effect of oxidation on the film elasticity and viscosity is highly 

dependant on film composition, underlining the importance of using appropriate model 

membranes.  

Thus, it is evident that exposure to high concentrations of ozone induces significant changes in 

the surface characteristics and behaviour of the TFLL model membranes, impacting their surface 

activity, morphology, viscoelasticity and stability, all of which are paramount in the proper 

function of physiological TFLL. The results of this work help shed light on the impact of ozone 

on TFLL and ocular surface health on which little investigation was done previously. This can 

aid in better understanding the correlation between a compromised structure of TFLL in DED 

patients with ozone concentrations in the troposphere layer as well as prevention planning.  
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Chapter 5. Conclusions & Future Work 
The purpose of this thesis research was to determine the impact of the pollutant ozone 

exposure on the biophysical properties of tear film lipid layer (TFLL) model membranes. First, it 

was important to investigate the surface characteristics of lipid mixtures with relevant 

compositions of representatives of important TFLL lipid families i.e. cholesteryl esters, 

triglycerides, phospholipids, and free fatty acids, with a physiologically relevant non-polar to 

polar lipid ratio. As understanding the contribution of each component to the biophysical 

characteristics of TFLL model membranes is important in its own right, in addition to being 

necessary to investigate how ozone exposure may impact their behaviour. Thus, the first 

manuscript is dedicated to the study of three TFLL model membranes and an effort was made to 

glean the possible roles of each component on their distinct surface characteristics, by studying 

both the individual components as well as the mixtures. The second manuscript is devoted 

specifically to the detailed study of surface characteristics of cholesteryl oleate film, as an 

important cholesteryl ester, typically used in TFLL model membrane studies. 

The systematic study of the TFLL model membranes led to intriguing results. BAM 

imaging revealed that CO forms a condensed phase quite early in its compression and also forms 

multilayers at higher surface pressures. This CO phase behaviour was interestingly retained in 

the mixtures, leading to non-ideal mixing through molecular area decrease in the binary mixture, 

but increased molecular area in the ternary and quaternary mixtures where multilayering is not 

observed in BAM imaging. Moreover, CO also increased the hysteresis observed in the 

compression-expansion cycles of the binary mixture and produced less reproducible 

viscoelasticity measurement results. Thus, although the CO proportion in the binary mixture is 

higher than  physiologically occurring in natural meibum (90% vs. 60%) 1,8,11,19,22,28,29, its 

comparison with the ternary and quaternary mixtures has helped in gleaning the possible impact 

of cholesteryl esters and phospholipids in physiological TFLL.  

In the more detailed study of the two-dimensional CO crystalline structure, outlined in 

the second manuscript in this thesis, GIXD revealed that the crystallinity of the CO film structure 

is rooted in the cholesterol ring-packing and not the interdigitation of its chains as is typically 

observed with saturated acyl chains of cholesteryl esters 159. Additionally, the crystalline areas of 

the CO film led to more prominent intensity observed at higher surface pressures, corroborating 
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the assumption that the proportion of the crystalline film increases as molecular area decreases. 

However, XR and GIXOS indicate that the CO film forms a flat film and not multilayers at 

surface pressures below that of its phase transition, emphasising that the multilayering behaviour 

of CO may only be observed at higher surface pressures than 8 mNm-1. Thus, future XR and 

GIXOS measurements of the CO film should focus on higher surface pressures to better 

understand the multilayering behaviour of the film. The condensing and multilayering behaviour 

of CO are physiologically relevant, as it was previously suggested that the meibum film may 

reach areas corresponding with multilayering 8,19,43–48 (59 Å2-9.7 Å2). As similar molecular areas 

were observed in the binary mixture, the multilayering behaviour observed in the natural meibum 

film may be partly attributed to the non-polar cholesteryl esters. 

The study of the TFLL model membranes in the first manuscript also revealed possible 

roles for other important representative lipids. BAM imaging revealed that the addition of 

phospholipid PC to the binary mixture, induced phase transitions as well as multilayering of the 

CO at lower surface pressures than their onset on the individual CO film. This impact has been 

observed previously with cholesteryl nervonate (CN) 61 where the PC-PC and CO-CO 

interactions dominating the CO-PC interdigitation were suggested as the cause of less 

homogenous multilayer formation than for CO alone. This indicates that the packing of the polar 

phospholipids of meibum, creates an overall more stable TFLL, while retaining the multilayer 

formation of the non-polar cholesteryl esters. Additionally, it was observed that the GT envelope 

phase transition to a bulk phase is also retained in the mixtures, indicating a lack of mixing of the 

components. The compression-expansion cycles revealed that the ternary mixture is the most 

respreadable film of the three TFLL model membranes with the lowest hysteresis observed. This 

indicates that the reversible GT envelope transition is responsible for the increased stability of 

the film. This has implications for the physiological role of triglycerides in natural TFLL. The 

respreading of the physiological TFLL is paramount in the blinking function and the respreading 

of the TFLL upon blinking and there is evidence in this work that triglycerides of TFLL play a 

part in it. The addition of FFAs lead to increased deviation from ideal behaviour in the 

quaternary mixture, as well as increased viscosity to higher levels than reported for extracted 

meibum film 47. Moreover, the saturated acyl chains of FFAs reduced the respreabaility of the 

film. Thus, while the FFAs can easily be incorporated in the TFLL film, this highlights the 

importance of finetuning their proportion in TFLL model membranes, in order to best duplicate 
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the behaviour of physiological TFLL as it was the ternary and not the quaternary mixture that 

best achieved this in this work, in terms of respreadability and rheology. 

Thus, the results of the first and second manuscripts are valuable in understanding the 

role of each component in the TFLL composition, structure and function relationship. In order to 

further study the phase behaviour and the crystallinity of the three TFLL model membranes 

studied in this work, GIXD analysis must be performed with the mixed lipid model membranes 

to determine how the CO multilayering impacts the mixture films’ structure and lateral ordering. 

Moreover, XR analysis of the films will be quite helpful at higher surface pressures of the films, 

to understand the multilayer thickness and vertical structure of the three model membrane films. 

Atomic force microscopy (AFM) would also be a valuable additional analysis to achieve this. 

Additionally, the addition of OAHFAs as another important class of polar TFLL lipids is 

essential to take another step towards a physiologically relevant TFLL model membrane. 

After the study of the biophysical properties of the three TFLL model membranes and 

better understanding of the components’ roles, the impact of ozone exposure on these films was 

investigated. The surface ozonolysis yielded aldehydes, carboxylic acids as well as stable 

ozonide, hydroxyhydroperoxides and some Criegee intermediates. The observance of the latter 

was not expected and demonstrates that these intermediates are long-lived in the surface 

environment. The mechanism behind this stability is not known and must be investigated. The 

compression isotherms of the mixtures showed a surface pressure increase as well as an 

expansion to higher molecular areas as the result of the accommodation of the cleaved 

unsaturated chains in the films. This impact is most prominent in the binary mixture. BAM 

images revealed significant morphological changes on the TFLL model membrane films. The 

most prominent of these morphological changes was observed in the case of the binary and the 

ternary mixtures where they were quite fluidized compared to their unoxidized equivalents. 

Moreover, the CO condensed phase domain formation and growth behaviour as well as its 

multilayering, implied to be an important behaviour in the first and second manuscript in TFLL 

film function, were disrupted due to oxidation by ozone. Very significantly, BAM images 

revealed that the reversible envelope transition of GT to a bulk phase, discovered to be important 

in the stability and rerpreadability of the TFLL film, was also disrupted after ozone exposure. 

However, while the quaternary mixture film became less surface active after oxidation, it showed 
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a higher coverage of CO condensed phase which points to the impact of the FFAs with saturated 

acyl chains. As the fluidization of the films also points to the PC oxidation reducing the film’s 

stability, these two factors both reflects a less stable and respreadable ternary film, as observed in 

the results of the compression-expansion cycles. While all films showed reduced hysteresis upon 

ozone oxidation, it was only the respreadability of the ternary mixture that was reduced 

significantly as a result of the GT phase transition disruption, as little impact was observed on 

the binary and quaternary mixtures’ respreadability. This result also further consolidates the 

result of the first manuscript regarding the impact of triglycerides on the TFLL stability. Quite 

significantly, differing changes were observed on the viscoelasticity of the films upon ozone 

exposure. While the increase in the surface pressure of the binary mixture after oxidation has led 

to increased viscoelasticity, The seemingly negligible impact of oxidation on the rheology of the 

ternary and the reduction of the viscoelasticity of the quaternary mixture film after oxidation, 

point to competing factors playing their parts in the intermolecular interactions.   

Further analysis of the ozone exposure impact on the TFLL model membranes must be 

performed to further dissect each effect. Atomic force microscopy (AFM) must be done in order 

to compare the films’ thicknesses before and after ozone exposure, which in turn can help 

understand the exact impact of oxidation on the multilayer formation and their thickness. 

Additionally, GIXD analysis of the films would aid in shedding light on the ozone exposure 

effect on the crystallinity and lateral ordering of the films. XR studies of the films would be a 

helpful additional tool in the study of ozone impact on multilayer formation of the films and their 

thickness. 

Previous studies have associated other airborne pollutants with DED prevalence 68,71. 

Using the approach developed in this work, this investigation can be expanded to include NOx, 

particulate matter and VOCs. 

To generalize the results outlined in this research, possible roles for each of the studied 

representative lipids of TFLL model membranes were deduced as to the function of a healthy 

physiological TFLL which were significantly impacted by exposure to ozone. Thus these are 

strong implications that the high concentrations of ground-level ozone negatively impact the 

composition, structure and function of the TFLL which is in direct contact with the environment. 
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These findings provide mechanical and biophysical results to further explain the correlation 

between the prevalence of DED with higher ozone concentrations. The investigation of possible 

remedies for DED has been a subject of great interest, especially in the recent years 177–183. These 

remedies range from oral medication 177 to topical eye-drop formulations 178–183. Eye drop 

formulations typically contain several components each with different purposes such as surface 

lubrication and humectation, osmotic stress balancing, stabilization of the formulation as well as 

lipids such as castor oil, flaxseed oil and mineral oil to help in the stabilization of the TFLL 179. 

Recently, the use of antioxidant species such as tocopherol acetate (vitamin E) and polyphenols 

has been suggested in eye drop solutions with fairly significant success 178,180. Thus, the results 

of this thesis can help in better understanding the impact of atmospheric pollutants on the 

blinking function of TFLL and DED emergence which can in turn, aid in more effective 

formulations of eye drop solutions targeted at DED.    
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Appendices 

Appendix A 

Figure A1 presents a detailed schematic of the ozonolysis reaction of cholesteryl oleate and the 

products of the ozonolysis via the Criegee mechanism.  
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Figure A1. Ozonolysis of cholesteryl oleate (CO) via the Criegee mechanism (Detailed).  
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Figure A2. Contrast, brightness, and sharpness enhanced BAM images (220 µm wide) of cholesteryl oleate 

film at surface pressures (top, left to right): 2 mNm-1, 5 mNm-1, 7 mNm-1, 9 mNm-1, (bottom, left to right): 10 

mNm-1, 11 mNm-1, 12 mNm-1, 13 mNm-1 and 14 mNm-1 on PBS at 22 °C. The enhanced BAM image of CO 

film at the pressure of 7 mNm-1 shows three distinct phases, liquid expanded or gaseous phase (black area, 

blue arrow), intermediate phase (grey area, red arrow) and condensed phase (bright area, green arrow).  
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Figure A3. (A) Contrast, brightness and sharpness enhanced BAM images (220 µm wide) of CO:PC 90:10 

(binary mixture) film at surface pressures (left to right): 2 mNm-1, 5 mNm-1, 7 mNm-1, 13 mNm-1 and , 14 mNm-1 

before ozone exposure (top) and after ozone exposure (bottom) on PBS at 22 °C. (B) BAM images (220 µm wide) 

of CO:PC 90:10 (binary mixture) film at surface pressures (left to right): 16 mNm-1, 18 mNm-1, 19 mNm-1, 23 

mNm-1 after ozone exposure on PBS at 22 °C. The last BAM image to the right is of CO:PC 90:10 (binary 

mixture) film at surface pressure of 20 mNm-1 after ozone exposure on PBS at 22 °C taken after the end of film 

compression. The enhanced BAM image of the film at the pressure of 5 mNm-1 shows circular domains with low 

contrast (red arrow). 
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Figure A4. Compression-expansion cycles of CO:PC 90:10 (binary mixture, top, left), CO:GT:PC 

40:40:20 (ternary mixture, top, right) and CO:GT:FFA:PC 40:25:15:20 (quaternary mixture, bottom) 

before ozone exposure (red color family) and after ozone exposure (blue color family) on PBS at 22 °C.   
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Table A1. ESI-MS data for oxidized cholesteryl oleate.  

Structure Theoretical 

m/z 

Observed  

m/z 

Mass 

Error 

(ppm) 

Signal 

Intensity 

Mode 

 

 

 

541.4615 

 

 

541.4614 

 

 

-0.0907 

 

 

1.13E+05 
 

 

 

 

Positive 

 

 

557.4564 

 

557.4566 

 

0.3606 

 

8.94E+04 

 

Positive 

 

 

 

 

699.5922 

 

 

699.5957 

 

 

5.0825 

 

 

2.72E+06 

 

 

Positive 
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Table A2. ESI-MS data for oxidized glyceryl trioleate.  

Structure Theoretical 

m/z 

Observed  

m/z 

Mass 

Error 

(ppm) 

Signal 

Intensity 

Mode 

 

 

 

789.6249 

 

 

789.6239 

 

 

-1.3773 

 

 

7.74E+03 

 

 

 

Negative 

 

 

 

 

 

695.4739 

 

 

695.4738 

 

 

-0.1847 

 

 

4.93E+03 

 

 

Negative 

 

 

 

 

 

 

679.4790 

 

 

 

679.4793 

 

 

 

0.4644 

 

 

 

1.18E+04 

 

 

 

Negative 
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Structure Theoretical 

m/z 

Observed  

m/z 

Mass 

Error 

(ppm) 

Signal 

Intensity 

Mode 

  

 

585.3280 

 

 

 

585.3281 

 

 

0.2577 

 

 

1.28E+06 

 

 

Negative 

 

  

 

621.3491 

 

 

621.3412 

 

 

-12.6749 

 

 

1.44E+05 

 

 

Negative 

 

  

 

637.3440 

 

 

637.3483 

 

 

6.6855 

 

 

4.91E+03 

 

 

Negative 

 

 

 

 

 

569.3331 

 

 

569.3333 

 

 

0.3751 

 

 

1.37E+06 

 

 

Negative 
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Structure Theoretical 

m/z 

Observed  

m/z 

Mass 

Error 

(ppm) 

Signal 

Intensity 

Mode 

  

 

601.3229 

 

 

601.3231 

 

 

0.4067 

 

 

1.38E+05 

 

 

Negative 
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Table A3. ESI-MS data for oxidized egg PC.  

Structure Theoretical 

m/z 

Observed  

m/z 

Mass 

Error 

(ppm) 

Signal 

Intensity 

Mode 

  

 

171.1390 

 

 

171.1393 

 

 

 

1.5435 

 

 

1.06E+06 

 
 

 

 

 

Negative 

 

  

635.4167 

 

635.4115 

 

 

-

8.2534 

 

4.09E+03 

 

 

Negative 

 

 

 

 

651.4116 

 

651.4111 

 

 

-

0.8842 

 

5.67E+03 

 

 

Negative 

 

 

 


