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Abstract 

Biological compounds such as lipids and proteins are building blocks of all living species and therefore, 

understanding how interactions between these molecules contribute to proper biological functioning is 

of great importance. Among the various perspectives of understanding lipid and protein interactions, 

this thesis is focused on the interaction of these molecules at the air-water interface. Lipid and proteins 

at the liquid interfaces are both abundant and influential. A few of the biological and physiologically 

relevant interfaces include cell membrane, tear film, and lung surfactant. While biological interactions 

of lipids and proteins regulate cell process, enable the lung function and keep us alive, some of these 

interactions could also be unfavorable in industrial applications. For example, interaction of proteins 

at the interfaces has been a source of concern in pharmaceutical industry due to the protein aggregation 

and particle formation initiated or increased in presence of the interfaces. This thesis has been focused 

in both biologically and industrially relevant studies of lipids and proteins at the air-water interface to 

learn how to better measure and predict these interactions. An active microrheology, imaging 

techniques, and surface energy measurements have been used to visualize and characterize the 

chemical-mechanical behavior of the lipids and proteins at the interface. The results showed interesting 

points on the influence of lipid chemistry, including headgroup charge, size, and saturation of the tail, 

on its interfacial rheological properties. The effect of subphase properties such as pH had a great 

influence on lipid packing. Additionally the interaction of lipids at the interfaces is greatly influenced 

by presence of even small ratios of protein or nanoparticles; the lipid-protein mixtures were 

significantly more viscose than lipid mixtures. Moreover our studies using a model IgG1 mAb had 

shown the role of air-water interface and its renewal due to mechanical stress on protein particle 

formation. The interfacial properties of the protein films were influenced greatly by the liquid buffer 

properties such as pH. Future studies on correlating the chemical-mechanical properties of lipids and 

proteins and their macroscale behavior at interface could shed light on important physiologically and 

industrially relevant questions. 
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1.1. Background 

Interfaces are everywhere, from every cell membrane in your body to the emulsions 

making your salad dressing. The boundary of two immiscible phases creates an interface also 

referred to as interphase [1]. The interface is the finite layer between two phases at which the 

chemical and physical properties change from one phase to next phase. Since there are three types 

of bulk phases, a variety of interfaces exist. This work is focused on the interfaces that involve 

liquids. Liquid interfaces play a great role in the creation of foams, emulsions, colloids, soaps [1, 

2]. The science and technology in the creation and modification of emulsions and foams are heavily 

used in food, paint, cosmetic, and pharmaceutical industries[1]. Due to the industrial importance 

of foams, emulsions, and colloids, liquid interfaces have been studied and characterized for the 

past couple decades [1, 3, 4]. The classical characterization of interfaces was mostly focused on 

pure compounds. Surface energy was commonly measured in terms of surface tension or surface 

pressure. At air-liquid and solid-liquid interfaces it was measured using Wilhelmy plate (figure 1), 

capillary rise, and contact angle. However, many of the liquid interfaces are complex interfaces 

where either the bulk phases are not pure compounds or material that exist in one of the two phases 

would concentrate or adsorb to the interface.  

Biological interfaces are among these complex interfaces, mostly liquid-liquid, and has 

been the sole focus of this thesis. The plasma membrane of a cell creates a liquid-liquid interface, 

where it separates two aqueous phases and controls the transport and therefore the properties of 

the intracellular matrix [5]. The cells are similar to the emulsions in that the membrane is the 

boundary that separates the two liquid phases. Another crucial liquid-liquid membrane is found 

where the blood capillaries meet the organ tissue where the mass transport between blood and the 
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tissue occurs [5]. In addition to liquid-liquid interfaces, air-liquid interfaces exist in the body at 

the outer surface of our eyes and inner lining of the lungs, where a liquid is in contact with air.  

1.2. Lung surfactant at the air -water interface 

Lung surfactant (LS) is referred to the lipid-protein mixture that exists at the air-liquid 

interface of the lungs. The lipids and proteins of the LS are secreted by alveoli cells in healthy 

lungs [6, 7]. Lipids are biological surfactants, holding both hydrophilic and hydrophobic moieties 

(figure 2), and therefore the lipids find it energetically favorable to adsorb to the air-water interface 

(figure 3). The phospholipids of lung surfactant are responsible for reducing the surface tension of 

the lung, which reduces the energy required to compress-expand the alveoli sacks. A unique feature 

of natural lung surfactant is the reversible collapse of the film after compression and re-adsorption 

of the surfactants [8]. The film also spreads very quickly during the expansion of the lung[9]. 

While the saturated lipid reduces the surface tension to almost zero, unsaturated lipids facilitate 

the re-adsorption of the lipids to the interface during the expansion [10-12]. Studies have shown 

that proteins also facilitate both the re-adsorption of the lipids and the reversibility of the collapsed 

film [10-13]. There are still many unanswered questions regarding the interactions between lipids 

and proteins and role of chemical moieties in creating an active, long-lasting lung surfactant.  

Understanding the basic science behind lung surfactant function, was investigated to 

understand the link between lung-related diseases and lung surfactant. Unfortunately, acute lung 

injury (ALI) and acute respiratory distress syndrome (ARDS) could affect patients of all ages from 

infants to adults[7]. The consequence of lung diseases and injuries, could be impaired breathing or 

in many severe cases it could cause death [7]. ARDS and ALI are coupled with deficiency or 

dysfunctionality of lung surfactant[7, 14]. One percent of all the new born babies suffer from 
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deficient lung surfactant since the lungs of premature babies are not developed yet to produce 

adequate natural lung surfactant [14]. To address lack of natural lung surfactant, replacement lung 

surfactant, also referred to as exogenous lung surfactant, has been made. The commercial 

exogenous LS were beneficial in clinical use especially for premature infants [7].  

Exogenous lung surfactant compositions vary significantly based on the source, the procedure, 

and the solvents [7, 9, 15]. The most successful exogenous LS to treat ARDS in premature infants 

have the most similar composition to natural LS, since all the natural component of LS play a 

significant role in the overall dynamic function[7]. While the presence of protein in success of in 

vivo models has been detected, biophysical research explored the mechanism of contribution of 

proteins in vitro. Imaging coupled with surface pressure isotherms suggested that the LS film folds 

at the end of compression, pushing parts of the folded layers into the liquid sub-phase, but un-folds 

to the air-liquid interface during the expansion by re-adsorption of the folded part to the air-liquid 

interface[8, 9, 13]. The proteins and lipids of LS are typically extracted from intact animal lungs 

[7]. Unfortunately using an animal source for the proteins can cause impurities in the mixture and 

inflammation issues in the patient [7]. Additionally, this type of extraction of lipids and proteins 

increases the cost of the final product [7]. The most desirable way of avoiding the cost and toxicity 

probabilities of using animal lung surfactant, is to synthesize the phospholipids and proteins 

instead. In theory, the synthetic lipids and proteins should ultimately guarantee similar clinical 

activity to the natural lung surfactant. However, since the function of lung surfactant is a very 

complicated chemical-mechanical behavior, producing synthetic LS with similar clinical activity 

is challenging in practice. 

Treating dysfunctional LS has been more challenging compared to treating lack of lung 

surfactant. One of the issues that appears in injured lungs are the presence of plasma lipids or blood 
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proteins in surface of Lungs which interfere with the natural surfactant film [7, 15]. The 

inflammation by bacteria or viruses could degrade the surfactants and proteins, inhibiting the 

presence of natural composition of LS .  Additionally, type II cells, the stem cells of epithelium, 

could be damaged in lung injuries that affects the synthesis, secretion, and recycling of natural LS 

[7, 15]. The replacement LS has not been successful in targeting inflammatory lung injury since a 

combined-modality therapy is required to treat ARDS [7, 15]. To design a replacement that has 

combined-modality therapy, the interfacial science behind the surface activity of combination of 

different LS related components should be studied.  

One of the less studied aspects in lung surfactant composition is the influence of each 

component in overall interfacial fluidity of the film to improve both fast spreading and reversible 

folding of the film. Two major features of natural lung surfactant, fast spreading and reversible 

compression-expansion, could be characterized based on the mechanical properties of the film [16, 

17]. More specifically, the viscoelastic properties of the film could describe the fluidity and the 

elasticity of the LS in its natural function. During the compression, the available surface area 

decreases and, the surfactant packing changes from a two-dimensional liquid-expanded phase, to 

liquid-condensed phase and ultimately a solid phase [17-21]. The change in packing which occurs 

during the transition from liquid-expanded to solid 2D is drastic and dependent on the chemical 

features of natural LS [16, 17, 22]. The presence of protein and the combination of unsaturated-

saturated lipids accommodate the viscoelastic properties but there are not enough studies to 

quantify the viscoelasticity of the mixture. To learn more about the viscoelastic properties of LS 

and the role of each component in the overall behavior of the LS, rheometry should be used at the 

air-liquid interface. 
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The rheology of LS could explain the nature of its intermolecular interactions and therefore, 

a motivation to study the viscoelasticity of this lipid-protein film. As the attractive interaction 

between the components (surfactants, proteins, or particles) of the film increases, more energy is 

required to overcome these interactions for the fluid to flow. The dissipation energy is measured 

in terms of surface viscosity. If the nature of the interactions are more irreversible that would 

enable the film to store the applied energy and therefor the film might have elastic properties as 

well as viscous properties. Surfactant layers, such as lipids, mostly possess viscous properties [16, 

17, 22]. However, by addition of particles or proteins to the surfactant mixtures the type of 

interaction could change [22]. Complexity of a lipid-protein rheological behavior is equivalent to 

a surfactant-protein or surfactant-particle system that have applications in industrial manufacturing 

[1]. In the emulsion and foam design, soluble or non-soluble surfactants in combination with 

nanoparticles are used. The viscoelastic properties of the mixed layer of particle and surfactant 

varies based on the hydrophobicity of the particle and the interactions of it with the interface [1]. 

1.3. Interfacial rheology 

Due to the interest in exploring the films and interfacial properties, interfacial rheological 

instruments have been designed. A majority of interfacial rheometrical instruments are inspired by 

the bulk rheometry and modified to specifically measure the viscosity and elasticity of the interface 

[3, 4]. Among these interfacial rheometrical instruments both dilatational and shear rheology have 

been used [3, 4, 23]. In both cases the response of the fluid to an applied stress is measured at the 

interface. the common theories to calculate viscous and elastic components are the Kelvin-Voigt 

and the Maxwell model based on the assumption of additive stress (parallel dashpot and spring) or 

additive strain (dashpot and spring in series) [3, 4, 23]. In applying a shear stress, the surface area 

remains constant while a probe shears the sample and changes the shape. On the other hand in 
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applying the dilatational stress, the shape remains constant while the surface area is forced to 

change. Both shear and dilatational rheology could be categorized in different types; the 

instrumentation and the sensitivity of these rheometers varies. 

One of the common methods of applying the dilatational rheology to a film at air-water 

interface is change of surface area using a Langmuir trough while recording surface pressure 

(surface tension). The viscoelastic modulus ( Ὁὸ ) could be obtained based on change 

of surface pressure versus area [1, 3, 4]. For insoluble monolayers at equilibrium the viscoelastic 

modulus equals the compressibility modulus [1]. In conditions further away from equilibrium the 

response of the film to change of surface area is non-linear. The solution to the non-linear response 

of films is more complicate to analyze since the numerical solutions do not provide accurate 

answers to complicated theoretical equations based on the irreversible thermodynamics [4]. 

Additionally, using the Langmuir trough, stress-relaxation and creep experiments could also be 

studied by applying sudden perturbation or compression after reaching equilibrium [1, 24]. 

Furthermore, several different dilatational rheometrical instruments have been used to explore 

complex fluid-fluid interfaces including pendant drop, bubble tensiometer, and capillary wave 

techniques.  

Shear rheology studies the response of the fluid to a shear stress applied by a solid probe. 

While shear rheometry has been used for decades to measure the viscoelastic properties of the 

bulk, measuring the rheological properties of a film at an interface is very challenging. The main 

challenge in surface rheometry, is decoupling the interfacial properties from the bulk properties as 

introduced by Lord Rayleigh[5, 25, 27, 28]. To decouple the interface from the bulk, a ratio has 

been defined by Boussinesq as interfacial stresses to bulk stresses ( ὄ  ) . The surface 
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viscosity is presented by – while – presents the subphase (or bulk) viscosity, and L is the ratio of 

the wetted surface area to perimeter of the rheometer probe. This dimensionless number includes 

the effect of the size of the rheometrical probe (L). Therefore, to increase the sensitivity, either the 

specific geometrical length of the probe should be reduced or the perimeter to surface area ratio 

should be increased [25, 28]. The bigger the ὄ number, the more sensitive the measurements are. 

The common commercially available techniques are bi-cone surface rheometer, double-wall ring 

rheometer, the channel viscometer [3, 4, 25, 28]. The sensitivity of these instruments varies form 

10-3-10-6 Ns/m depending on the geometry of the probes.  

One of the most successful surface rheometers, the interfacial stress rheometer (ISR), is 

designed by Fuller group at Stanford University[25] (figure 4). ISR consist of a magnetic needle 

at the air-water interface of a channel. By applying a magnetic field, the needle oscillates on its 

axial direction. Based on the geometry of the needle, the magnitude of the applied force, and the 

needle oscillation amplitude surface viscosity, storage modulus, and loss modulus could be 

calculated. Since the size of the needle is on the scale of millimeters, it allows measurement of 

surface viscosity down to 10-6 Ns/m [25]. This rheometer is also called a needle rheometer and has 

been used to explore several types of lipid-protein interactions mostly focusing on tear film lipids. 

The macrorheology techniques including ISR has been successful in measuring the viscoelastic 

properties of lipid-protein films that contain significant viscoelasticity, however, a higher 

sensitivity is needed to capture the interfacial properties of less viscous layers including 

phospholipid monolayers.  

With the development of fabrication techniques and nanotechnology, micron and 

submicron sized probes have been designed and used to increase the sensitivity of the measurement 

2-3 orders of magnitudes higher than commercially available instruments [3, 4, 23, 27-29]. Since 
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these smaller size probes provide a possibility of measuring the viscoelastic properties in micron 

scale of material, the instruments are called microrheology. For each geometry the impact of the 

bulk and interfacial stresses are carefully analyzed and separated. The microrheology therefore is 

more appealing to explore the phospholipid interfaces, since the sensitivity is more appealing [28]. 

It is important to note that the micrometer sized probes are used in both active and passive 

rheometry to explore biological interfaces [4, 23]. In active rheometry the probe is forced to move 

and the deformation of surrounding environment in response to the applied force, is measured. On 

the other hand, in passive rheometry the probe is not forced to move, rather passively moved by 

Brownian motion of the molecules[1]. The viscosity is then measured based on the displacement 

of the probe and using Einstein equation[4, 23]. Passive rheometry with small probes promises a 

high sensitivity of measurements. However, especially in presence of proteins that increase the 

elasticity of the film, the passive rheometry could be less accurate compared to active rheometry 

to measure the viscoelasticity of the film, since the probes only sense a limited local 

microenvironment [3, 4, 23]. To improve this limitation two-point microrheology has been used 

which records the correlated thermal motion of two particles to take into account a larger local 

range [3, 4, 23].   

One of the successful active microrheometry instruments, used by Zasadzinski and Squires 

groups is a disk-shape magnet that rotates in presence of a magnetic field to align in the magnetic 

direction [26] (figure 4). The reorientation of the disk-shape probe, also referred to as micro-

button, shears the microenvironment. The micro-button has been used to characterize lipids present 

in lung surfactant [16, 22, 26, 30]. The disk has a 100 µm diameter and 1 µm thickness that allows 

for surface viscosity measurement as low as 10-7 Ns/m could be measured [22]. Zasadzinski and 

Squires groups have coupled the fluorescence imaging with rheometrical studies to visualize the 
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effect of the probe on the deformation of the lipid monolayer at the air-water interface [26]. They 

have applied different surface pressures (surface tension) that correspond to change of surface area 

during the compression-expansion of the lung, and have studied the rheological properties of a 

saturated phospholipid monolayer[22, 26, 30]. Furthermore, they have studied the effect of 

additional components, such as palmitic acid and cholesterol, on lipid monolayer fluidity. While, 

in the liquid-condensed phase of phospholipid monolayer, a high viscosity and even elasticity has 

been detected, there is a lot less information available on the liquid-expanded phase. It is expected 

that in the absence of crystalline order in LE phase, the monolayer should have lower viscosity 

and the sensitivity of micro-button was not sufficient to detect any changes in that region. 

Additionally, more complex films with different combinations of saturated and unsaturated lipid 

and protein compositions have not been explored.  

Dhar and Fischer groups have designed and used an even more sensitive active 

microrheology instrument using nanorods that are 300nm in diameter and 3-50 µm in length [31-

34]. The nanorods similar to the disk-shape probe reorient toward the applied magnetic field and 

the viscoelastic properties of the film could be calculated based on the geometry of the rod and 

rate of the reorientation [31, 32, 34]. The smaller size of nanorods allows for measuring the surface 

viscosity down to 10-9 Ns/m [31, 32, 34]. This instrumentation have been used to measure the 

viscoelastic properties of different type of bulk and films including surfactant-particle mixture and 

protein films [31, 32, 34]. The success of the previous studies led us to use this technique to explore 

the biological films in more details.  

The majority of the studied lipids are present in lung surfactant; however, they are also 

main components of cell membrane. The relation between their nanoscale chemical features to 

microscale packing and fluidity could be used to understand fundamentals of membrane fluidity. 
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Membrane fluidity could be a key element in drug delivery science. Furthermore the lipid-protein 

interactions mimicking cell membrane could shed light on discovering more about diseases such 

as Alzheimerôs that are involved with complex cell membrane disruption.  

Furthermore, the existence of biological interfaces extends beyond the physiological 

examples, to the biotechnological applications of large molecules. Interfaces including solid-liquid 

and air-liquid are factors effecting protein aggregation in pharmaceuticals. For example, 

monoclonal antibodies (mAb), designed as therapeutic treatments encounter several interfaces 

during manufacturing and consumption [35-38]. There is a significant concern that these 

unavoidable interfaces can induce unwanted protein aggregation, since protein particles in 

biological drugs can lead to loss of functionality of the protein drug or result in undesirable immune 

response. Due to challenges of isolating the interface from the bulk, there are lots of questions on 

the unfolding/aggregation pathways triggered by the interfaces. To minimize the exposure of 

proteins to the air-liquid interface, surfactants are commonly used in industry [39, 40]. With 

smaller size and amphiphilic properties, surfactant adsorb faster than proteins to the interfaces and 

protect the proteins from interfaces. Because of the industrial impact of the protein-protein 

interactions at interfaces, studying these interactions have captured a lot of attention. The basic 

biophysical science that explores Langmuir surfactant monolayers and surfactant-protein films 

could be used to study these protein films even further.  

1.4. Thesis overview 

The long-term goal of this project is to increase our fundamental understanding of lipid/protein 

interactions at interfaces with applications in biology and biotechnology. The mechanical 

properties at the interface are linked to the structure-function relationship of the lipid protein but 
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are not a well explored characteristic at the interface. By developing and using a unique active 

microrheology set-up which is three orders of magnitude more sensitive than commercial 

rheometers, surface viscosity and elasticity of these monolayers can be accurately measured for 

the first time. Furthermore, measurement of the interfacial energy in terms of surface tension could 

add to our understanding of the type and strength of interactions at interface.  To investigate 

interfacial properties which are modulated by the biochemical composition, the following studies 

are completed:  

In chapter 2, an active interfacial microrheology setup coupled with imaging and surface 

tension measurements was built to characterize the interfacial properties of phospholipid 

monolayers. The nanorods as rheometrical probes have been used to measure surface viscosity by 

applying magnetic field. The unique feature of this set-up is that the coils are imbedded in the 

Langmuir trough, therefore while by moving the barriers of trough the surface pressure of the layer 

could be controlled, the rheological properties could be measured.  This set-up also enables 

simultaneous fluorescence and visible imaging of lipids and nanorods. As a first step, the fluidity 

of two saturated phospholipid monolayers has been characterized; which share the same (PE) head 

group but differ in their hydrocarbon chain length. These lipids are great candidates to study 

rheological properties as their molecular packing at the air-water interface is very well established 

by X-ray diffraction and other high resolution techniques. The result suggests that changes in 

surface viscosity were related to changes in alkyl chain length and modulated by packing density, 

which leads to differences in phases and phase transition. Therefore for the first time, phase 

transitions of phospholipid monolayers have been detected by surface viscosity measurements.  

In chapter 3, the interfacial rheological properties of unsaturated phospholipid monolayers 

were characterized. Unsaturated phospholipids contribute greatly to the overall desired fluidity of 
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natural lung surfactant by virtue of their unique packing properties at the air-water interface. 

Regardless of head group moiety, unsaturated phospholipids exist in liquid expanded order and 

therefore possess a high fluidity, however the fluidity of these monolayers have not been quantified 

before. Since one of the goals of this research is to ultimately evaluate the mechanical properties 

of replacement lung surfactant, unsaturated phospholipids should be characterized individually as 

one of the main components. Furthermore, since unsaturated lipids are exposed to changes of bulk 

charge (pH and presence of ions) in biological relevant situations, this study also explored the 

potential change in packing density of unsaturated lipids by change of pH. Following chapter 2, 

the effect of head group moiety on surface viscosity of four types of the most abundant unsaturated 

phospholipids present at cell membranes have been studied. The surface viscosity measurements 

at pH 4.4 compared to pH 7.4 showed how the charge and size of head group could potentially 

influence the packing density of these molecules at the air-water interface. Additionally, the 

topographical imaging of lipid monolayers by atomic force microscopy (AFM) confirmed the 

increased presence of non-homogeneous features at lower pH that possibly contribute to the overall 

surface viscosity. 

In chapter 4, the interfacial properties of phospholipid-protein mixtures, mimicking lung 

surfactant were characterized. The effect of saturation/unsaturation of lipid tails, size/charge of 

phospholipid head group and presence of protein on overall mechanical properties of monolayer 

has been evaluated. While the addition of unsaturated lipids decreases the overall viscosity of the 

lipid-protein mixture, the charge of the headgroup moiety of unsaturated lipids greatly influenced 

the extent of reduction of the surface viscosity. This furthermore emphasizes on the importance of 

the presence of both zwitterionic and anionic unsaturated lipids to modulate the interfacial 

rheological properties.    
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In chapter 5, interfacial properties of a model IgG1 monoclonal antibody (mAb) protein has 

been characterized at air-water interface. Protein aggregation due to mechanical agitation is a cause 

for concern in pharmaceutical industry due to the possibility of adverse effects with respect to 

patient safety. To understand the role of mechanical stresses at the air water interface and 

continuous renewal of interfacial area due to agitation, we have isolated the mechanical stress at 

the interface by using a Langmuir trough. Controlled compression-expansion cycles were applied 

to protein samples at different rates and durations. Surface pressure-area isotherms coupled with 

fluid imaging, and topographical imaging by AFM have confirmed that protein particle formation 

indeed initiates from the interface and only causes particle formation in bulk solution at higher 

rates/durations of compression-expansion cycles. 
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1.5. Table and figures 
 

 

 

 

 

 

Figure1. Interfacial Characterization of surface energy: (A,B) Wilhelmy plate and 

Langmuir trough are commonly used to measure surface tension in a controlled surface area. (C,D) 

Wilhelmy plate is designed to measure the surface tension based on the interfacial forces.  
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Figure 2. Phospholipid: head group moiety and alkyl tail. Head group: varies in size and 

charge, and the tail varies in saturated vs unsaturated. 
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Figure 3. Natural lung surfactant is a mixture of lipid and proteins that line the alveoli cells 

in humans and other mammals. Lung surfactant minimizes the surface tension during continuous 

compression-expansion cycles and therefore minimized the work of breathing. 
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Figure 4. Interfacial shear rheometers vary in geometry and size of the probe. (A) Magnetic 

needle rheometer has been designed by Fuller group at university of Stanford. (B) Disk-shape 

magnetic probes (microbuttons) with ñbutton holesò has been designed as microrheology probes 

by Squires and Zasadzinski at university of California. (C) The interfacial rheology system (IRS) 

that uses a bicone to shear the surface is commercially available. (D) Adopted double wall ring 

modified by Vermant and coworkers to increase the sensitivity [3, 17, 25, 26].   
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2.1. Introduction  
Phosphatidylethanolamines (PE) make up a substantial fraction of the lipids in the central 

nervous system, such as the white matter of brain, nerves, neural tissue, and in the spinal cord. In 

contrast to phosphatidylcholine, PE is concentrated with phosphatidylserine in the inner or 

cytoplasmic monolayer of the plasma membrane [1]. PE is also the dominant lipid in bacterial cell 

membranes; specific interactions with PE are often essential to development of new antimicrobial 

medications [2]. PE and other phospholipid monolayers exhibit a range of structural polymorphs 

[3] that can be readily accessed in a Langmuir trough by altering the area occupied by a fixed 

number of molecules at the air-water interface. Understanding the structure-property relationships 

of Langmuir films provides insight into the properties of PE in biomembranes as well as in a 

variety of liquid-vapor interfaces common to the chemical, petroleum, and food industries [4].  

Often, the goal in these studies is to determine how the shape, size and chemical features of the 

molecules that make up the films influence the organization, range and perfection of molecular 

ordering, and how these change with surface pressure and temperature.  

Modern grazing incidence synchrotron X-ray diffraction (GIXD) has become a preferred 

method to determine molecular packing in different phases as well as the extent of molecular order, 

and how these change at phase transitions [5, 6]. However, well before the development of 

synchrotron X-ray sources, Harkins and coworkers showed that monolayer rheology could identify 

phase transitions or molecular rearrangements that were not obvious from Langmuir isotherms [7].  

Slight differences in the molecular lattice or molecular tilt are often accompanied by significant 

changes in the surface viscosity of fatty acid [8] and fatty alcohol [9, 10] films. Similar changes in 

surface rheology are expected at phase transitions in phospholipid monolayers [11]; in particular, 

second order phase transitions in phospholipid monolayers are difficult to detect from Langmuir 

isotherms and involve only subtle changes in X-ray diffraction patterns [5]. However, the 

http://en.wikipedia.org/wiki/White_matter
http://en.wikipedia.org/wiki/Brain
http://en.wikipedia.org/wiki/Spinal_cord
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interfacial rheology of these biologically relevant films has not been systematically examined due 

to their much lower surface viscosity and elasticity.  

The smaller the surface viscosity, the harder it is to decouple the response of the two-

dimensional interfacial film from that of the three-dimensional subphase [12-17]. This decoupling 

is quantified by the Boussinesq number, B, which is the ratio of surface to bulk drag on a probe of 

characteristic dimension, a (here the length of the nanorod): 

 ὄ       (1) 

hs is the surface viscosity; hw and ha are the bulk viscosities of water and air (hw >> ha). Reliable 

measurements of surface viscosity require B >> 1.  Detailed analysis by Reynaert et al. show that 

current surface rheometers with macroscopic probes [18-20] (such as those used by Harkin and 

others), can be used to measure hs > 10-6 N-s/m [21]. Since phospholipid films in the liquid-

expanded (LE) phase have surface viscosities of 10-9 N-s/m or lower [14-17, 22-24], the LE phase 

is inaccessible to macroscopic interfacial rheometers. As a result, the flow behavior of a significant 

portion of the phospholipid monolayer phase space remains unexplored.  Introduction of new 

passive and active microrheology techniques using micron and even nanometer size probes [25] 

have increased the sensitivity of interfacial rheometers, the geometric ratio of our probes being 10-

3, [26-31] by two to three orders of magnitude [14-17],  making the current work possible.  

The reorientation of a nickel nanorod (diameter = 300nm, length ~ 3-50 mm) due to an 

externally applied magnetic field was used to measure surface viscosity and detect elasticity. The 

nanometer dimensions of the probe decreases a and increases B for a given value of hs in Eqn. 1, 

allowing reliable measurements of surface viscosity as low as 10-9 Ns/m. By extending the Fischer 

model for analyzing the motion of an object at an interface with a finite immersion depth [32] to 

the motion of infinitely thin cylinders at an interface, it is possible to relate the drag on a nanorods 
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to the Boussinesq number, and hence, the surface viscosity[29] . Increasing the applied external 

torque allows measurements of hs of 10-5 Ns/m or higher. Here we present the surface viscosity of 

two phosphatidylethanolamine monolayers,  DLPE and DMPE, over a range of surface pressures 

that include the liquid expanded (LE) phase, liquid condensed (LC) phase and the LC-solid (S) 

phase transition, using a recently developed magnetic nanorod microrheometer [26]. DLPE and 

DMPE have identical headgroups and differ by two CH2 groups per alkyl chain, which leads to 

significant difference in the surface pressure at which phase transitions occur.  Detailed structural 

characterization by grazing incidence X-ray diffraction and surface pressure-area isotherms and 

morphological information of both DLPE and DMPE are available [5, 33], allowing us to correlate 

our surface viscosity measurements with molecular structure. 

We find that the surface viscosity of both DLPE and DMPE undergo several orders of 

magnitude change in surface shear viscosity with surface pressure in the LC and S phases.  The  

measured surface viscosity does not change with surface pressure in the LE phase, suggesting that 

it is below our sensitivity limit of ~10-9 N-s/m. However, the first order LE-LC phase transition is 

accompanied by a measurable, discontinuous jump in the surface viscosity, and the surface 

viscosity increases exponentially with surface pressure in the LC phase.  The second order 

transition from LC to S phase in both DMPE and DLPE is accompanied by an abrupt appearance 

of elasticity in the film. The second order LC-S phase transition in PE films is easy to miss in 

isotherms, but synchrotron X-ray diffraction shows that the molecular tilt disappears at the LC-S 

transition for DMPE [5, 34] (see Supplemental Materials). However the dramatic onset of elasticity 

makes the transition macroscopically obvious.  It is not clear if the untilting (and the transition to 

hexagonal from orthorhombic symmetry) is sufficient to create a jump in monolayer elasticity or 
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if the untilting is accompanied by a change in headgroup ordering due to enhanced hydrogen 

bonding between PE headgroups, which cannot be detected by X-ray diffraction. 

2.2. Materials and Methods 

HPLC grade chloroform solutions of 1,2-dilauroyl-sn-glycero-3-phosphoethanolamine 

(DLPE) and 1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine (DMPE) were purchased from 

Avanti Polar Lipids, Alabaster, AL, and used as received. Texas Red® 1,2-dihexadecanoyl-sn-

glycero-3-phosphoethanolamine, triethylammonium salt, (TXR-DHPE) was purchased in the 

dried form from Life Technologies (Invitrogen) and dissolved in HPLC grade chloroform. All 

organic solvents were purchased from Fisher Scientific. The subphase water (resistivity 18.2 

Mɋ/cm) was prepared using a Millipore Gradient System (Billerica, MA). The lipids were stored 

at -20 C when not in use.  

Surface tension and surface compressibility modulus: A filter-paper Wilhelmy plate on a 

Langmuir trough (KSV-NIMA, Biolin Scientific) was used to measure the surface pressure as a 

function of area occupied by the phospholipid molecules. The 2-D isothermal bulk modulus, b, is 

the inverse of the isothermal compressibility modulus k :  ὃ ὃ  

 For a monolayer, the surface compressibility modulus is a measure of the ability of the monolayer 

to store mechanical energy as stress.  Both b and k are related to the second derivative of the free 

energy, G, (   ȟ ὃ  ), which means that   (or ) at the first order LE-

LC transition.  At a second order LC-S phase transition, the area/molecule, A, is continuous, but 

b changes discontinuously. The compressibility modulus was calculated from the isotherm data 

by taking numerical derivatives of the surface pressure vs. molecular area isotherms using the 

b0 k ¤
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Differentiate tool in the Origin 8.6 graphical plotting software. The numerical derivatives were 

smoothed with a Fourier filter using 5 points.  

Active Microrheology: The nickel nanorods used as probes were synthesized by electrochemical 

deposition of nickel into alumina templates [35], then magnetized, thoroughly cleaned, and 

dispersed in a 90% isopropyl alcohol, 10% water solution [26]. A 1 mg/ml solution of DLPE or 

DMPE with 1 wt% of TXR-DHPE in chloroform was used as a spreading solution. To initiate each 

experiment, 20-40 ml of the rod solution was deposited uniformly using a micropipette at the 

air/water interface in a Langmuir trough. This concentration of nanorods would allow an average 

of two nanorods in each 150 µm×150 µm scale that the videos are taken. The isopropyl alcohol 

was allowed to evaporate for 45 minutes; a population of nanorods was retained at the interface by 

capillary forces. Next, the DLPE or DMPE /TXR-DHPE spreading solutions were added drop-

wise from a micro-syringe onto the air/water interface, and the chloroform allowed to evaporate 

for 20 minutes. The films were compressed to the desired surface pressure using the barriers of the 

Lanmguir trough. Two sets of home-built electromagnetic coils, oriented perpendicular to each 

other, were used to apply an external magnetic field (10 G ï 120 G) to orient the nanorods. Initially 

only magnetic field at one axis is on next that axis is turned off and the other axis is on making the 

rod reorient in toward new magnetic field. Individual rods were visualized with a Nikon E3800 

microscope using a 50x long working distance objective. Videos of the rod reorientations were 

recorded with a CCD camera connected to a personal computer and digitized for analysis [26]. At 

each surface pressure a minimum of two data analysis has been done to assure the accuracy of 

surface viscosity value. 

Analysis of nanorod motion: The orientation of a magnetic nanorod (length l, magnetic moment 

µom) due to an externally applied magnetic field, H, can be described by the angle, , between j t( )
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the long axis of the rod and the direction of the applied field (the applied field direction is defined 

to be ). In a purely viscous medium, the magnetic field provides the torque needed to align 

the rod, which is resisted by the viscous drag on the rod [26]:  

 ‘άὌίὭὲ•Ὢ–ὰ     (2) 

the solution to which is: 

    ÔÁÎ•Ⱦς ÅØÐ      (3) 

The relaxation time, † , gives the dimensionless drag coefficient of the rod, fr = fw + fs ,  

which is a sum of the bulk (fw) and surface (fs) drag. The magnetic moment of the rod can be written 

in terms of the magnetization, M, and the rod aspect ratio, l/r , which gives the relaxation time, 

t, as:  

 †   (4) 

The magnetization of rods was calibrated by averaging the motion of several nanorods in water 

and glycerol solutions [29, 36, 37] and the average value of magnetization was used for all 

subsequent experiments. The relaxation time t, was obtained by fitting equation 3 to the measured 

values of rod orientation obtained by analyzing digitized videos of the rod motion using a particle 

tracking program and Origin 8.6. The subphase drag, fw, is taken to be equal to half that of the drag 

on a rod of radius r and length l (for l/r Ó 20) rotating in a viscous fluid [29, 36, 37]: 

      

 Ὢ
 Ȣ

   (5)   

Typically, fs >> fw in these experiments, suggesting that the measurements are sensitive to the 

interfacial stresses. The rod axial ratio, l/r , is the only relevant parameter needed to calculate fw. 

j = 0
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For each value of t, fs was calculated by subtracting fw from fr. The relationship between the 

Boussinesq number, B, for a given fs for an incompressible interfacial film was determined in Dhar 

et al. [29] and used to calculate the surface viscosity using Eqn. 1.   

Elasticity, Es, in the film adds a term proportional to Esj to the right hand side of Eqn. 2, such 

that the torque balance equation now becomes: 

‘άὌίὭὲ•Ὢ–ὰ Ὁ •           (6) 

A finite elasticity causes the rod to ñstallò ( ᴼπ) at a non-zero angle where the elastic force is 

balanced by the magnetic torque (note that the magnetic torque goes to zero as •ᴼπ in Eqns. 3 

and 5) [27, 38, 39]. To detect elasticity, as well as any anisotropic contribution from the monolayer 

microstructure, torques were applied in both the x and y direction. For purely viscous monolayers, 

the reorientation curves superimposed, the rod comes to rest aligned with the applied magnetic 

field (•ᴼπ), and the measured reorientation rate is well described by Eqn. 3 (Fig. 5). However, 

for viscoelastic monolayers, the reorientation in different directions did not 

 

overlap, suggesting anisotropic ordering in the monolayer.  The rod never aligned with the applied 

field (• πfor  in Fig. 5), and Eqn. 3 did not fit the relaxation rate data.  

2.3. Results and Discussion 

Figure 1a shows a representative surface pressure, P=go-g, (go =72 mN/m for water, g is the 

measured surface tension) vs. molecular area isotherm of a DLPE (black curve) and DMPE (red 

curve) monolayers.  As the area available to the monolayer is reduced, P increases from zero, and 

the monolayer enters the disordered, liquid-expanded (LE) phase [40]. For the DLPE monolayer, 
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continued compression causes the surface pressure to increase smoothly leading to a  plateau at Pc 

~ 37 mN/m. DMPE (with two more methyl groups per chain than DLPE) plateaus at Pc~ 7 mN/m. 

At Pc, decreases in the area/molecule occur at a nearly constant surface pressure, which defines 

the LE-LC coexistence [3, 41]. Compression beyond the LE-LC coexistence plateau to surface 

pressures greater than Pc results in an almost linear increase in the isotherm in the LC phase. In 

the LE phase at surface pressures below Pc, there is steady increase in the bulk modulus, b,  with 

decreasing area/molecule (Fig. 1b). However, at the LE-LC coexistence, b goes to zero, consistent 

with a first order phase transition. b also undergoes a rapid linear increase with decreasing 

area/molecule and is significantly larger in the LC phase than the LE phase. GIXD of DMPE shows 

that these changes correlate with a decrease in the molecular tilt [4, 5].  The correlation length, 

which is a measure of the extent of the crystalline domains, also increases monotonically with 

increasing surface pressure [5].  A kink in the slope of the isotherm at Ps, which is visible in DMPE 

isotherms but not DLPE, marks the second-order transition to the solid (S) phase in DMPE. 

Similarly, a small step in b at the same as Ps is shown in  Figure 1b. GXID [34] shows that the tilt 

of the alkane chains of DMPE goes to zero at a surface pressure of ~ 35 mN/m, accompanied by a 

significant increase in the positional order (correlation length, ɕ) from around 10 to 50-70 lattice 

spacings in DMPE films [5].   

Figure 2 shows representative fluorescence microscopy images of the DLPE and DMPE 

monolayers; contrast in the images is due to the partitioning of 1 wt % Texas Red-DHPE into the 

disordered LE phase [42]. At surface pressures below Pc, the LE phase is homogeneously bright, 

consistent with a uniform distribution of the fluorescent lipid in the disordered monolayer.  The 

lack of any GIXD reflections in this phase is consistent with a lack of positional order [5]. As the 

surface pressure is increased, flower shaped or snowflake-shaped dark domains of LC phase start  
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to nucleate, suggesting the presence of two-dimensional pseudo-hexagonal order. Contrast in 

these images is due to the greater solubility of the Texas Red-DHPE in the disordered LE phases 

compared to ordered LC phases [43-45]. With increasing compression or decreased mean 

molecular area in the LE-LC coexistence region, the LC domains grow in size but not in number 

at the expense of the LE phase; the snow-flaked shaped dark domains of DMPE grow via tip 

splitting until the tips start touching, at which point the domains grow in width.  Compression in 

the LC region causes the dark LC domains to grow such that they are in contact with each other 

causing the appearance of uniformly dark films. No change in appearance occurs at Ps; 

conventional fluorescence microscopy cannot detect this second-order phase transition between 

ordered phases.  

Figure 3a (squares) presents the total friction factor, fr = fw + fs, determined from the analysis 

of the characteristic time for rod rotation (Eqns. 3,4) as a function of surface pressure for a DLPE 

monolayer, along with the corresponding subphase friction factor, fw (circles).  Figure 3a shows  

 

that for P < Pc, fr is not significantly larger than fw. It is not possible to determine the absolute 

value of surface viscosity in this regime, except to say that hs Ò 10
-9 N-s/m, the limit of sensitivity 

of the rheometer (Bo ~ 1, Eqn. 1). Figure 3b shows the calculated values of surface viscosity as a 

function of surface pressure determined from fs from Fig. 3a. Within the experimental error, hs 

does not change with increasing surface pressure in the LE phase up to ~ 35 mN/m.  However, 

there is an exponential increase in fr for P > Pc, making fr >> f w, and the drag on the probe is 

primarily due to hs. Between 36 and 39 mN/m, hs increased by nearly two orders of magnitude, 

corresponding to the first order LE-LC phase transition. At coexistence, the measured surface 
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viscosity varied much more than in either the LE or LC phases (large error bars in Fig. 3b).  This 

is likely due to the location of the nanorod probes relative to the coexisting LE or LC domains 

(Fig. 2); the location of the probes can lead to differences in the local viscosity, as the rods are 

about the size of individual domains.  In the LC phase, hs increases exponentially up to P  ~ 41 

mN/m at which hs ~ 10-6 Ns/m.  Increasing the surface pressure further causes the rods to stop 

rotating entirely, consistent with an onset of surface elasticity (Eqn. 6). However, the isotherm in 

Fig. 1 shows no evidence of an LC-S transition in DLPE.  

The LC phase is much more extensive in DMPE at room temperature, and the LC-S 

transition more obvious, making it more accessible to the rheometer (Fig. 4). As was the case for 

DPLE, Figure 4a shows that for P < Pc, fr ~ fw, while for P > Pc, fr > >f w.  At P ~ Pc, there is an 

order of magnitude jump in fr  and hs (Figure 4a and b between 7 and 8 mN/m), corresponding to 

the LE-LC phase transition.  For P > Pc, GIXD reveals distinct reflections indicating a two 

dimensional semi-crystalline ordering in the LC phase [5, 34].  Similar discontinuous changes in 

hs were previously reported in fatty acid/alcohol monolayers at first order phase transitions from 

less ordered to more ordered phases [8, 9]. However, this discontinuity in the surface viscosity in 

a phospholipid monolayer has not been quantified before, as the surface viscosity at the LE-LC 

phase was beyond the sensitivity limit of macroscopic rheometers [18, 46, 47].   

Between Pc and Ps, the surface viscosity increased exponentially with surface pressure, similar 

to DPPC, and mixed DPPC and cholesterol monolayers [39, 46, 48, 49]. However, even with the 

greatly increased surface viscosity, we were unable to detect any elasticity within the LC phase. 

The rod orientation decays exponentially with time (Eqn. 3) as expected for a purely viscous 

system (Fig. 5, circles), the rod aligns with the applied field at long times, and the decay curves 
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overlap for perpendicular directions of applied torque (Supplemental Information). This overlap 

in the two decay curves also indicates that the rod motion did not damage structures in the film 

[39]. 

However, for P > Ps ~ 34 mN/m, the rod reorientation dynamics were not consistent with Eqn. 

3 (Figure 5). The rod no longer reoriented parallel to the direction of the magnetic field, but stalled;  

tan (j/2) did not decay to zero as would be expected from Eqn. 3 (circles). Further increases in 

surface pressure caused the rod to be completely immobile. These alterations in the rod response 

indicate an elastic contribution to the film in the S phase. GIXD of DMPE shows a transition from 

a tilted to untilted molecular orientation at Ps [5, 34].  The translational order parameter increased 

gradually from ~ 10 lattice spacings at Pc to ~50-70 lattice spacings at Ps [5].   Helm et al. suggest 

that the LC-S transition may be accompanied by a dehydration and ordering of the lipid head 

groups, in addition to the elimination of molecular tilt [5].  The abrupt appearance of elasticity in 

the monolayer shows that the LC-S transition is likely not just an elimination of tilt, but requires a 

significant change in the intermolecular interactions such as an ordering of the lipid head groups. 

Kim et al. reported that dipalmitoylphosphatidylcholine (DPPC) films at surface pressures between 

12-14 mN/m also showed an onset of an exponential increase in elasticity that could correspond 

to a possible LC-S transition [38]. The slope of the surface viscosity vs. surface pressure also 

showed a change in slope at surface pressures between 12-14 mN/m, consistent with a second 

order phase transition [38]. However, it is difficult to see any kink in DPPC isotherms, and DPPC 

molecules remain tilted at all surface pressures [50], which suggests that the LC-S transition likely 

involves the head group ordering rather than the tilt of the tail groups. 

The exponential increase in surface viscosity with surface pressure in the LC phase is 

consistent with the free area model previously used to correlate surface viscosity in DPPC[39, 49, 
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51, 52] and DPPC-cholesterol [53] films. Figure 6a-b represent a correlation of the surface 

viscosity with the free-area model [51]. The free area model is the two-dimensional analog of the 

classic free volume model developed to describe liquid viscosities [54] and is given by: 

     lnh
s

= lnh
s

0 +
BA

0

A
f

    (7)  

The free area, Af , is the difference between the measured area/molecule, A at a given P, and the 

close-packed area/molecule, A0: Af =A(P)-A0.  The parameter B in Eqn. 7 accounts for overlaps of 

free volume in the original theory and ranges from 1/2 Ò B Ò 1 [54]. We find that the value of B 

makes little difference in the important fitting parameters of the model, so we set B = ½ and used 

A0 and lnh
s

0  as the two fitting parameters in Fig. 6.  Table 1 shows that the values of the close-

packed molecular area, A0, determined from the fits of the free area model to the surface viscosity 

for both DLPE and DMPE LC phases correspond nearly exactly with the area/molecule at the 

maximum compressibility (monolayer collapse) in Fig. 1b.  This excellent agreement between the 

area/molecule at the maximum compressibility and A0 is consistent with the basic assumptions 

used to derive the free area and free volume models [54].   The free area model also correlates the 

limited surface viscosity data we have obtained in the LE phase of DMPE (Fig. 6). 

 

2.4. Conclusions 

We present the detailed measured surface rheology of phosphatidylethanolamine monolayers 

in the LE, LC and S phases, and the discontinuities in surface viscosity at the LE-LC first order 

phase transitions. Over much of the disordered LE phases of DLPE and DMPE, the surface 

viscosity is < 10-9 Ns/m, which is below the sensitivity of the magnetic nanorod viscometer.  

However, for both DLPE and DMPE, the surface viscosity undergoes a discontinuous jump at the 
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LE/LC phase transition, consistent with a first order phase transition and the onset of semi-

crystalline order in the LC phase (Fig. 2). Within the LC phase, the surface viscosity increases 

exponentially with surface pressure (or decreasing area per molecule), with negligible surface 

elasticity.   The surface viscosity in the LC phase of both DLPE and DMPE fit the free area model, 

with excellent agreement between the closed packed area/molecule predicted by the free area 

model and that given by the maximum in monolayer compressibility at monolayer collapse, even 

though the LC phase in DLPE only exists over a narrow range of surface pressure at room 

temperature.   

A kink in the DMPE isotherm signifies an LC-S phase transition for P ~ 34-35 mN/m, and is 

accompanied by an abrupt onset of elasticity in the monolayer.  GIXD shows that the molecular 

tilt in DMPE is eliminated at the LC-S transition, this transition between orthorhombic and 

hexagonal molecular packing may be the origin of the elasticity. The elimination of molecular tilt 

shows that the area occupied by the PE headgroup matches the area occupied by the crystalline 

alkane chains at the LC-S transition. We also observed an abrupt onset of surface elasticity in 

DLPE at ~40-41 mN/m, although no kink was observed in the DLPE isotherm.  As DLPE and 

DMPE are chemically identical except for a two methyl group difference in chain length, we expect 

that DLPE also untilts at the LC-S transition as the areas occupied by the headgroup and crystalline 

alkane chains should be nearly identical to DMPE.  However, we are not aware of any GIXD data 

on DLPE with which we can validate this hypothesis. 

Interfacial microrheology is a sensitive tool to detect phase transitions and critical parameters in 

phospholipid films that are less obvious from isotherms.  The correlation of elasticity with the 

elimination of molecular tilt in DMPE suggests that there is a previously unknown LC-S transition 

in DLPE. Interfacial rheology can be extremely useful in examining phase transition and molecular 
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arrangements in monolayers that are difficult to examine by GIXD and its relative simplicity 

allows for a much wider and more detailed examination of phospholipid monolayer structure. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



44 
 

2.5. Table and figures  
 

 

 

 

 

 

 

 

 A0(free area model) 

Å2/molecule 

A0 ( max. compressibility) 

Å2/molecule 
hs0 (nNs/m) 

DLPE 43.6(1.4) 44.6 0.005 

DMPE 40 (0.5) 40.6 6.11 

 

Table 1: Fitting parameters from the free area model 
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Figure 1a. Surface pressure vs. molecular area isotherm of DLPE(straight black line) and DMPE 

(dash red line) show the progression from a ñgaseousò phase (G) at high areas per molecule to a 

liquid-expanded (LE) phase as the film is compressed (i.e. molecular area decreased) as reflected 

in the lift -off of the isotherm from “=0. The LC phase is nucleated at “  ~ 37 mN/m for DLPE 

and “ ~ 7 mN/m for DMPE; further compression causes the LC phase to grow at the expense of 

the LE phase at roughly constant surface pressure. This coexistence plateau in the isotherm marks 

the first-order LE-LC transition. At the end of the plateau, compression rapidly increases the 

surface pressure in the LC phase and is related to a decrease in the molecular tilt and an increase 

in the crystalline order in the film.  The second-order LC-solid (S) transition of DMPE corresponds 

to a kink in the isotherm and an increased slope at “ ~ 34 mN/m. 
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Figure 1b. Smoothened surface compressibility modulus vs. molecular area isotherm of DLPE 

(straight black line) and DMPE (dash red line) shows increasing compressibility modulus at the 

onset of the LE phase, and a sudden dip in the curve at values corresponding to the LE-LC 

coexistence plateau. A small discontinuity in the compressibility of DMPE corresponds to the kink 

in the surface pressure vs. area isotherm. The peak in the curves correspond to the onset of 

monolayer collapse, this is the close packed limit for the stable monolayer.  
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Figure2. The fluorescence micrographs of DLPE and DMPE at three different phases 

corresponding to the positions marked in the isotherm in Figure 1A. At “ “   (image A,D), the 

LE phase is uniformly fluorescent due to high solubility of the lipid dye in the disordered 

monolayer. At “  (image B, E) the LC phase nucleates as dark, multiple-armed structures (the 

better ordered LC phase excludes the lipid dye) in a bright, unstructured, continuous LE phase in 

which the lipid dye is concentrated.  For  “ “ (image C,F), both the LC and S phases are 

uniformly dark without distinguishable domains (the S phase also excludes the lipid dye); no 

changes in the images occur at “.  
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Figure 3a. The total friction factor, fr and the friction factor due to the subphase water, fw on a 

half-immersed rod at the air/lipid interface vs. surface pressure for DLPE samples. The total 

friction factor has been calculated using Eqn.3 in text. Below a surface pressure of “~ 37 mN/m, 

the monolayer is in the liquid expanded phase and has a low friction factor close to the fw. 

Increasing the surface pressure above “ , the fr is orders of magnitude higher than the fw. In the 

LE region, fr ~ fw, indicating that there is no measureable viscosity change in this phase. The first 

order LE- LC transition is indicated by a sudden increase of fr, indicating a corresponding reliable 

increase in the surface stresses. fr values have been used to calculate the surface viscosity plotted 

in the Figure 3b, by using the theory of Fischer et al. for a infinitely thin cylinder at an interface. 
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Figure 3b. Surface viscosity vs. surface pressure for a DLPE monolayer.  Below a surface pressure 

of “~ 37 mN/m, the monolayer is in the liquid expanded phase and has a low viscosity consistent 

with the disordered molecular arrangements of the phase.  Increasing the surface pressure above 

“causes a sudden increase in the surface viscosity at the first order LE- LC transition. Each data 

point is an average of surface viscosity of multiple rods, and the error bars is the standard deviation 

of the data. The significant error bars at LE-LC coexistence indicate the heterogeneity of the 

surface in the LE-LC phase. Further increases in surface pressure cause the surface viscosity to 

increase exponentially. At surface pressures above 41mN/m, the monolayer acted like a solid; the 

rod stalled, and did not turn at all with increase in magnetic field. 






















































































































































































































































