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Abstract

Biological compounds such as lipids and prateire building blockof all living species and therefqre
understandingpow interactions between these molecules contribute to proper biological functioning is
of greatimportance Among the various perspectives of understanding apdiprotein interactions,

this thesis is focused on the interaction of these moleculesat-taterinterface Lipid and proteins

at the liquid interfaces are both abundant and influemtiéw of the liological and physiologically
relevant interfacemcludecell membrane, tear film, and lung surfactafhile 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 applicatiéosexample, interactioof proteins

at the interfaces has been a source of concern rmpleautical industry due to tipeotein 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 theatér inerface to

learn how to better measure and predict these interactiomsactive microrheologyimaging
techniques and surface energy measurememése been usetb visualizeand characterizehe
chemicalmechanical behavior of the lipids and proteinthatinterfaceThe results showed interesting
points on thenfluence of lipid chemistry, includingeadgroup chargsjze and saturation of the tail,

on its interfacial rheological properties. The effect of subphase propertieaspehhad a great
influence on lipid packing. Additionally the interaction of lipids at the interfaces is greatly influenced
by presence of even smaihtios of protein or nanoparticles; the lipjtotein mixtures were
significantly more viscose than lipid mixtures. Moreover studies using a model IgG1 mAb had
shown the role of aiwater interface ands renewal due to mechanical stress on protein particle
formation.The interfacial properties of the protein films were influenced greatly by thedliouffer
properties suchs pH. Futurestudies on correlating the chemicakchanical 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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Chapter 1. Introduction



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 interphagg]. 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 dhat
liquids. Liquid interfaces play a great role in the creation of foams, emulsions, colloids[lsoaps
2]. The science and technology in the creation and modification of emulsions and foams are heavily
used in food, paint, cosmetic, and pharmaceutical indudifid3ue to the industrial importance
of foams, emulsions, and colloids, liquid interfaces have been studied and characterized for the
past couple decad¢s, 3, 4] The classical characterization of interfaces was mostly focused on
pure compounds. Surface energy was commonly measured in termsaoédgerfsion or surface
pressure. At attiquid and solidliquid 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 aré mare 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, and has
been the sole focus of this thesis. The plasma membfaneell creates a liquiliquid interface,
where it separates two aqueous phases and controls the transport and therefore the properties of
the intracellular matri{5]. The cells are similar to themeilsions in that the membrane is the
boundary that separates the two liquid phases. Another crucial-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 occur$5]. In addition to liquidliquid interfaces, aHiquid 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 ligadotein mixture that exists at the -figuid
interface of the lungs. The lipids and proteins of the LS are secreted by alveoli cells in healthy
lungs|[6, 7]. Lipids are biologicksurfactants, holding both hydrophilic and hydrophobic moieties
(figure 2), and therefore the lipids find it energetically favorable to adsorb to twatar interface
(figure 3) The phospholipids of lung surfactant are responsible for reducing theestension of
the lung, which reduces the energy required to comyergsand the alveoli sacks. A unique feature
of natural lung surfactant is the reversible collapse of the film after compressionasbrption
of the surfactant§8]. The film also spreads very quickly during the axgion of the lun@].

While the saturated lipid reduces the surface tension to almost zero, unsaturated lipids facilitate
the readsorption of the lipids tde interface during the expansidi®-12]. Studies have shown

that proteins also facilitate both theadsorption of the lipids and the reversibility of the collapsed

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

and poteins and role of chemical moieties in creating an active;llEstong lung surfactant.

Understanding the basic science behind lung surfactant function, was investigated to
understand the link between lunglated diseases and lung surfactant. Unfoteipaacute lung
injury (ALI) and acute respiratory distress syndrome (ARDS) could affect patients of all ages from
infants to adulfg’]. The consequence of ludgseases and injuries, could be impaired breathing or
in many severe cases it could cause dEAthARDS and ALI are coupled with deficiency or

dysfunctionalityof lung surfactar?, 14]. One percent of all ghhnew 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 surfact@t]. 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 beficial in clinical use especially for premature infafis

Exogenous lung surfactant compositions vary significantly based on the source, the procedure,
andthe solvent$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 overatlynamic functiofi7]. While the presence of protein in succesmof
vivo models has been detected, biophysical research explored the mechanism of contribution of
proteinsin vitro. Imaging coupled with surface pressure isotherms suggested that the LS film folds
at the end of compression, pushing parts of the folded layetheliguid subphase, but wholds
to the airliquid interface during the expansion byadsorption of the folded part to the-agquid
interfacg8, 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 patigf. Additionally, this type of extraction of lipids and proteins
increases the cost of the final prodi@dt Themost 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 chemicahechanical behavior, producing synthetic LS with similar clinical activity

is challenging in practice.

Treating dysfunctional LS has been moraltdnging 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 [#ilnil5]. The
inflammation by bacteria or viruses could degrade the surfactants and proteins, inhibiting the
presence ohatural composition of LS . Additionally, type Il 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
combinedmodality therapy is required to treat ARIPR 15]. To design a replacement that has
combinedmodality therapy, the interfacial scienioehind 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 bédist spreading and reversible
folding of the film. Two major features of natural lung surfactant, fast spreading and reversible
compressiorexpansion, could be characterized based on the mechanical properties of[th&, film
17]. More sgcifically, 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 fromdirtvemsional ljuid-expanded phase, to
liquid-condensed phase and ultimately a solid pfies21]. The change in packing which occurs
during the transition from liquigxpanded to solid 2D is drastic and dependent on the chemical
features of natural LEL6, 17, 22] The presence of protein and the combination of unsaturated
saturated lipids accommodate the viscoelastic properties but there are not enoughtcstudies
guantify 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 explathe nature of its intermolecular interactions and therefore,
a motivation to study the viscoelasticity of this Iyptbtein film. As the attractive interaction
between the components (surfactants, proteins, or particles) of the film increases, moresenergy
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 theth®film might have elastic properties as
well as viscous properties. Surfactant layers, such as lipids, mostly possess viscous gafperties
17, 22] However, by addition of particles or proteins to the surfactant mixtures the type of
interaction could chand@2]. Complexity of a lipidprotein rheological behavior is equivalent to
a surfactanprotein or surfactarparticle system that have applications in industrialufecturing
[1]. In the emulsion and foam design, soluble or-soluble surfactants in combination with
nanoparticles are used. The viscoetaproperties of the mixed layer of particle and surfactant

varies based on the hydrophobicity of the particle and the interactions of it with the intgfface

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 rheometrgnd 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 use(B, 4, 23] In both cases the response of the fluid to an applied stress is measured at the
interface. the ammon theories to calculate viscous and elastic components are the-Xeigin
and the Maxwell model based on the assumption of additive stress (parallel dashpot and spring) or
additive strain (dashpot and spring in serj8s}, 23] In applying a shear stress, the surface area

remains constant while a probe shears the saamqechanges the shape. On the other hand in

14



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 theensitivity of these rheometers varies.

One of thecommon methods of applying thdadational rheology to a film at awater

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

(surface tension). The viscoelastic modul@sd — ) could be obtained based on change

of surface pressarversus arefl, 3, 4] For insoluble monolayers at equilibrium the viscoelastic
modulus equals the compressibility modylis In conditions further away from equilibrium the
response of the film to change of surface area idinear. The solution to the ndimear 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 thermodyAfqmics
Additionally, using the Langmuir trough, stresdaxation and creep experiments could also be
studied by applying sudden perturbation or compression after reaching equiljdriu2d].
Furthermore, several different dilatational rheometrical instruments have been used to explore
complex fluidfluid interfaces including pendant drop, bubble tensiometed, capillary wave

techniques.

Shear rheology studies the response of the fluid gbear 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 rbenetry, is decoupling the interfacial properties from the bulk properties as
introduced by Lord Rayleidh, 25, 27, 28] To decouple the interface from the bulk, a ratio has

been defined by Boussinesq as interfacial stresses to bulk strésses— ) . 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 prblsedimensionless number includes

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

specific geometrical length of the probe should be reduced or the perimeter to surface area ratio
should be increasda5, 28] The bigger thé& number, the more sensitive the measaeis are.

The common commercially available techniques areobe surface rheometer, doulall ring
rheometer, the channel viscomdt&r4, 25, 28] The sensitivity of these instruments varies form

103-10° 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 Stanforditersity25] (figure 4) ISR consist of a magnetic needle
at the airwater interface of a channel. By applying a magnfiid, 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 dfet needle is on the scale of millimeters, it allows measurement of
surface viscosity down to F0Ns/m[25]. Thisrheometer is also called a needle rheometer and has
been used to explore several types of Hpidtein interactions mostly focusing on tear film lipids.
The macrorheology technigues including ISR has been successful in measuring the viscoelastic
propertes of lipidprotein 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 ammhotechnology, 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 instrunf#erts23, 2729]. Since
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these smaller size probes provide a possibilitpne&suring 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 appeahg to explore the phospholipid interfaces, since the sensitivity is more apdé&ling

It is important to note that the micrometer sized probes are used in both active and passive
rheometry to explore biological interfadds 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 rativer, passively moved by
Brownian motion of the moleculgd. The viscosity is then measured based on the displacement

of the probe and usinginstein equatigd, 23]. Passive rheometry with small probes promises a
high sensitivity of measurements. However, especially in presence of proteins that increase the
elasticity of he 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
microenvironmen{3, 4, 23] To improve this limitation twgpoint microrheology has been used
which records the correlated thermal motion of two particldake into account a larger local

range[3, 4, 23]

One of the successful active microrheometry instruments, used by Zasadzinski and Squires
groups is a dislshape magnet that rotates in presence of a magnetic field to align iaghetra
direction [26] (figure 4) The reorientation of the digdhape probe, also referred to as micro
button, shears the microenvironment. The miautton has been used to charactdifads present
in lung surfactanl6, 22,26, 30] The disk has a 100 um diameter and 1 um thickness that allows
for surface viscosity measurement as low ag N3/m could be measurg®2]. Zasadzinski and

Squires groups have cdeqd 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 theader interfacg¢26]. They

have applied diierent surface pressures (surface tension) that correspond to change of surface area
during the compressieexpansion of the lung, and have studied the rheological properties of a
saturated phospholipid monolaj#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 liquidcondensed phase of phospholipid monolayer, a highsitycand even elasticity has

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

that in the absence of crystalline order in LE phase, the monolayer should have lower viscosity
and the sensitivity of micrbutton 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 w@sedeven more sensitive active
microrheology instrument using nanorods that are 300nm in diameterzhr8 in lengt{31-
34]. The nanorods similar to the diskape probe reorient toward the applied magnetic field and
the viscoelastic properties of the film could be calculated based ordineetyy of the rod and
rate of the reorientatid®1, 32, 34] The smaller size of nanorods allows for measuring the surface
viscosity down to 18 Ns/m [31, 32, 34] This instrumentation have been used to measure the
viscoelastic properties of different type of bulk and films including surfaptnticle 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 peat 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 cold be a key element in drug delivery science. Furthermore thegipigin
interactions mimicking cell membrane could shed light on discovering more about diseases such

as Al zhei merds that are involved with compl ex

Furthermore,the existence of biological interfaces extends beyond the physiological
examples, to the biotechnological applications of large molecules. Interfaces includidgsalid
and airliquid are factors effecting protein aggregation in pharmaceuticals. Fampme,
monoclonal antibodies (mAb), designed as therapeutic treatments encounter several interfaces
during manufacturing and consumptig85-38]. 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 tdhallenges 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 ailiquid interface, surfactants are commonly used in indug8®y 40] With
smaller size and amphiphilic properties, surfactant adsorb faster than proteins to the interfaces and
protect the proteins from interfaces. Besa of the industrial impact of the protgirotein
interactions at interfaces, studying these interactions have captured a lot of attention. The basic
biophysical science that explores Langmuir surfactant monolayers and susfaotairt films

could be sed to study these protein films even further.

1.4. Thesis overview

Thelong-term goalof this project is to increase our fundamental understanding of lipid/protein
interactions at interfaces with applications in biology and biotechnology. The mechanical

propeties at the interface are linked to the structurection 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 setip which is three orders of magnitude maensitive 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 thgpé 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 imaginguafate
tension measurements was built to characterize the interfacial properties of phospholipid
monolayersThe nanorods as rheometrical probes have been used to measure surface viscosity by
applying magnetic field. The unique feature of thisigetsthat 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. Thip a0 enables
simultaneous fluorescencedawisible 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 candidateslyto
rheological properties as their molecular packing at thevaier 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 alkgirtlength 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 ietfacial 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 tiveatsr 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 reseasdb 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 (pHand 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 ofdseabundant 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 nooles at the aiwater interface. Additionally, the
topographical imaging of lipid monolayers by atomic force microscopy (AFM) confirmed the
increased presence of rhomogeneous features at lower pH that possibly contribute to the overall

surface viscosyt

In chapter 4, the interfacial properties of phospholjmiotein 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 overallamieeh 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 dfie 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 monoclanabody (mAb) protein has
been characterized at-auater 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 understaride 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 compressipansion cycles were applie
to protein samples at different rates and durations. Surface pressarsotherms coupled with
fluid imaging, and topographical imaging by AFM have confirmed that protein particle formation
indeed initiates from the interface and only causes pafticheation in bulk solution at higher

rates/durations of compressterpansion cycles.
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1.5. Table and figures

Wilhelmy
plate

D Surface Intermolecular A%
tension forces || | N |, (G —

v S Yy = y:surface tension
wat f_& f [(cost) F:measuring force
v - - ?—3‘\/ l:perimiter of the plate
- /U u\_/\/ 0: contact angel

Figurel. 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 interfaesal fo
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Hydrophobic
Fatty acid tail
Glycerol
Phosphate | Hydrophilic
group
Head group

POPC DPPC

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

compressiorexpansion cycles and therefore minimized the work of breathing.
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Needle shape probe

Monolayer at interface, G*(w)

Bulk liquid, n

Bi-cone probe

C t Rheometer
Bicone Ty
geometry

\ Fluid 2
Fluid 1

Disk shape micro probe

Slip line

Double wall ring probe

t Rheometer
DWR
geometry

Figure 4.Interfacial shear rheometers vary in geometry and sizegirtsbe. (A) Magnetic

needle rheometer has been designed by Fuller group at university of Stanford. Bh&psk

magnetic probes (microbuttons) with

Afbutton

by Squires and Zasadzinski at university of foatiia. (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 sensifBit}7, 25, 26]
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2.1. Introduction
Phosphatidylethanolamines (PE)ake up a substantial fraction of the lipids in the central

nervous systemsuch aghewhite matterof brain, nerves, neural tissue, and in ggenal cordIn
contrast to phosphatidylcholin®E is concentrated with phospiditiserine in the inneror
cytoplasmic monolayesf the plasma membrafg]. PE is also the dominant lghin bacterial cell
membranes; specific interactions with PE are often essential to development of new antimicrobial
medicationg 2]. PE and other phospholipichonolyers exhibit a range of structural polymorphs

[3] that can be readily accessida Langmuir trougtby altering the area occupied by a fixed
number of molecules at the aiater interface. Understanding the sture property relationships

of Langmuir filmsprovides insight intdhe properties of PE in biomembranes as well ag in
variety of liquidvapor interfaces common tbe chemical, petroleum, and food industriés.

Often, the goal in these studies is to determine how the shapansgizdemical 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 synchrotronry diffraction (GIXD has become preferred
method to determine molecular packing in different phases as well as the extent of molecular order,
and how these change at phase transit[dn$]. However, well before the development of
synchrotron Xray sources, Harkins and coworkers showed that monolayer rheology could identify
phase transitions or molecular rearrangementsigia not obvious from Langmuir isother{irs.

Slight differences in the molecular lattice or molecular tilt arenoftecompanied by significant
changes in the surface viscosity of fatty d8jdand fatty alcoho]9, 10] films. Similar changes in
surface rheology are expected at phase transitions in phospholipid yeyefld]; in particular,
second order phase transitions in phospholipid monolayers are difficult to detect from Langmuir

isotherms and involve only subtle changes iaray diffraction patterng5]. However, the
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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 thrdenensional subpha$&2-17]. This decoupling
is quantified by the Boussinesg numk#ryhich is the ratio of surface to bulkad) on a probe of

characteristic dimensiom,(here the length of the nanorod):

6 — — (1)

hsis the surface viscosityxw andha are the bulk viscosities of water and diy, &> hJ). Reliable
measurements of surface viscosity reqiire> 1. Detailed analysis by Reynaert et al. show that
current surface rheometers with macroscopic pr¢b820] (such as those used by Harkin and
others) can be used to measune > 10® N-s/m [21]. Since fhospholipid films in the liquid
expanded (LE) phase have surface viscosities ®NE8/m or lowe[14-17, 22-24], the LE phase
isinaccessible to macroscopic interfacial rheometers. As a result, the flow behavior of a significant
portion of the phospholipid monolayer phase space remains unexplbredduction of new
passive and active microrheology techniqussg micron and even nanometer size prqBés

have increased the sensitivity of interfacial rheometers, the geometric ratio of our probesbeing 10

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

The reorientation of a nickel nanorod (diameter = 390tength ~ 350 mm) due to an
externally applied magnetic field was used to measure surface viscosity and detect elasticity. The
nanometer dimensions of the probe decrease=l increaseB for a given valuef Asin Eqn. 1,
allowing reliable measurements of surface viscosity as low asl4n By extending the Fischer
model for analyzing the motion of an object at an interface with a finite immersion[@&ptb
the motion of infinitely thin cylinders at an interface, it is possible to relate the drag on a nanorods

31



to the Boussinesq number, and hence, the surface vig@gityincreasing the applied external
torque allows measurementstefof 10° Ns/m or higherHere we present the surface viscosity of

two phosphtdylethanolaminenonolayes, DLPE and DMPEjverarange of surface pressare

that includethe liquid expanded (LE) phase, liquid condensed (h@&seand tle LC-solid (S)

phase transitionusing a reently developed magnetic nanorod microrheomgiéy. 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 incidenceray diffraction andsurface pressutarea isotherms and
morphological information of both DLPE and DMPE are availghl83], allowing us to correlate

our surface viscosity measurements with molecular structure.

We find that the surface viscosity dbth 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 oursensitivity limit of ~10° N-s/m. However,He first order LELC phase transitiois
accompanied by a measurable, discontinuous jump in the surface viscosity, and the surface
viscosity increases exponentially with surface pressure in the LC phHse.seond order
transition from LC to S phase both DMPE and DLPEs accompanied by an abrupt appearance
of elasticity in the film The second order LS phase transition iRE films is easy to miss in
isothermsbut synchrotron Xray diffractionshows that tb molecular tilt disappears at the{C
transition for DMPHS5, 34] (see Supplemental Materialgjowever the dramatic onset of elasticity
makesthe transition macroscopicalbbvious It is not clear if the untiltingand 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 cannoebected by Xay diffraction

2.2. Materials and Methods

HPLC grade chloroform solutions of 3igauroyl-snglycere3-phosphoethanolamine
(DLPE) and 1,2dimyristoyl-sn-glycero3-phosphoethanolamine (DMPRyere purchased from
Avanti Polar Lipids, Alabaster, ALand used as receiveliexas Red® 1 2lihexadecanoy$n
glycero3-phosphoethanolamine, triethylammonium s&fXR-DHPE) was purchased in the
dried form from Life Technologies (Invitrogen) and dissolved in HPLC grade chloroform. All
organic solvents werpurchased from Fisher Scientifithe subphase watere§istivity 18.2
Mq / cwa¥ prepared usingMillipore Gradient System (Billerica, MA)The lipids were stored

at-20 C when not in use.

Surface tension and surface compressibility modulsfilter-paper Wilhelmy plateon a
Langmuir trough(KSV-NIMA, Biolin Scientific) was used to measure the surface pressure as a

function of area occupied lilge phospholipid molecule$he 2D isothermal bulk modulug, is

the inverse of the isothermal compressibility moduus 0o — 0o — -

For a monolayer, the surface compressibility modulus is a measure of the ability of the monolayer
to store mechanical energy as strd8sth b andk are relatedo the second derivative of the free
energyG, (T — K ®& — ), whichmeansthdt- 0 (or k- =) atthe first order LE

LC transition. At a second order L& phase transition, the area/molecule, A, is continuous, but
b changes discontinuously. The compressibility modulus was calculated from the isotherm data

by taking numerical derivates of the surface pressure vs. molecular area isotherms using the
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Differentiate tool in the Origin 8.6 graphical plotting software. Tilnenerical derivatives were

smoothed with a Fourier filtarsing 5 points.

Active MicrorheologyThe nickel nanorods used as probes were synthesized by electrochemical
deposition of nickel into alumina templat€35], then magnetized, thoroughly cleaned, and
dispersed in a 90% isopropyl alcohol, 10% water sol@éh A 1 mg/ml solution of DLPE or

DMPE with 1 wt% of TXRDHPE in chloroform was used as a spreading solution. To initiate each
experiment, 2810 m 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 umx150 pum scale that the videos are taken. The isdpodil a

was allowed to evaporate for 45 minutes; a population of nanorods was retained at the interface by
capillary forces. Next, the DLPE or DMPE /TXPHPE spreading solutions were added drop

wise from a micresyringe onto the air/water interface, and ¢théoroform 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 honiilt electromagnetic coils, oriented perpendicular to each
other, were used to apply arternal magnetifield (10 Gi 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 visualizedamtiikon 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 gaelysis

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

surface viscosity alue.

Analysis of nanorod motior.he orientation of a magnetic nanorod (lenigtmagnetic moment
Hom) due to an externally applied magnetic fidt],can be described by the ang'l@), between
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the long axis of the rod and the direction of the applied (tbkel applied field direction is defined

to be;/ =0). In a purely viscous medium, the magnetic field provides the torque needed to align

therod, which is resisted by the viscous drag on the[ A6t

a0l Qe e 0 — 2
the solution to which is:
OAdTc A@D- (3)
The relaxatiortime,t ——, givesthe dimensiordss drag coefficient of the rofi= fw + fs,

which is a sum of the bulit) and surfacefd) drag.The magnetic moment of the rod can be written
in terms of the magnetizatiov), and the rod aspect ratildr, which gives the relaxation time,

t, as:

t - 4

The magnetization of rods was calibrated by averaging the motion of several rsaimovwater
and glycerol solution$29, 36, 37] and the average value of magnetization was used for all
subsequengxperimentsThe relaxation timé, was obtained by fitting equationt® the measured
values of rod orientatioobtained by analyzing digitized videotthe rod motiorusinga particle
tracking program an@rigin 8.6. The subphase drdg, is taken tabe equal tdalf that of the drag

on a rod ofadiusr and lengtH (for I/r ©20) rotating in a viscous fluifR9, 36, 37):

0 5)

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

interfacial stresse§he rod axial ratiol/r, is the only relevant parameter needed to calctlate
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For each value of, fs was calculated by subtractirig from f;.. The relationship between the
Boussinesq numbés, for a givenfsfor an incompressible interfacial filmas determineth Dhar

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

Elasticity, E, in the fim adds a term proportional &j to the right hand side of Eqn.fjch

that the torque balance equation now becomes:

40 QE Q- ad— O - o (6)

A finite elasticitycauses the rod fd s t @+ 9 1) at a norzeroangle where the elastic force is

balanced by the magnetic torg{mote that the magnetic torque goes to zero 8stin Eqgns. 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 wisoootayers

the reorientation curves superimpodsthe rod comes to rest alighevith the applied magnetic
field (+ © ), and themeasuredeorientation ratés well described by Eqgn. Fig. 5). However,

for viscoelastianonolayersthereorientation in different directions dibt

overlap suggesting anisotropic ordering in the monolayer. The rod never alignetievéthplied

field (¢ 1 for t = < in Fig.5), and Egn. 3id not fit therelaxation rate data.

2.3. Results and Discussion

Figure Jashows a representative surface presdtiresg g(gp =72 mN/m for watergis the
measured surface tension) vs. molecular area isotherrdbP& (black curve) an®@MPE (red
curve)monolayes. As the area available to the monolayer is redueéadcreases from zero, and

the monolayer enters the disordered, ligenghanded (LE) phaqdQ]. For the DLPE monolayer,
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continued compression causes the surface pressure to increase staadth{yto a plateau Bt

~ 37 mN/m DMPE (with two more methyl grougeer chain than DLPE) plateaatP .~ 7 mN/m

At P, decreaes in the area/molecule occur atearly constantsurface pressuyavhich defines

the LE-LC coexistencd3, 41]. Compression beyond the LHEC coexistence plateau to surface
pressures greater thén results in aralmostlinear increase in the isotherimthe LC phas. In

the LE phase at surface pressures bélewthere is steady increase in the bulk modufysyith
decreasing area/molecule (Fig. 1b). However, at thé CEEoexistenceb goes to zero, consistent
with a first order phase transitionflso undergoes a rapid linear increase with decreasing
area/molecule and is significantly larger in the LC phase than the LE @ix&eof DMPEshows

that trese changesorrelate with alecrease in the molecular i, 5]. The correlation length,
which is a measure of thextentof the crystalline domains, also increasesnotonicallywith
increasing surface pressyisg A kink in the slope of the isothermRt, which isvisiblein DMPE
isothermsbut not DLPE, markshe seconérder transition to the solid (S) phase DMPE
Similarly, a small step in &t the same &sis shown in Figure 1b. GXI[B4] shows that the tilt

of the alkane chains of DMPE goes to zero at a surface pregsu8 mN/m, accompanied by a
significant increase in the positi ofGlatticeor der

spacings in DMPE film§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 % Texd3HRE into the
disordered LE phagdd?2]. At surface pressas belowP, the LE phasés homogeneously bright,
consistent with a uniform distribution of the fluorescent lipidhe disordered monolayeiThe

lack of any GIXD reflections in this phase is consistent with a lack of positional [&jdéis the

surface pressure is increas#adwer shaped osnowflakeshaped dark domains of LC phasart
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to nucleate suggesting the presence of tdimmensional pseudbexagonal order. Contrast in
these images is due to the greater solubility of the TerdDRIPE in the disordered LE phases
compared to ordered LC phasp&3-45]. With increasing compression or decreased mean
molecular area in the LEC coexistence region, the LC domains grow in size but not in number
at the expense of the LE phase; the sflaked shaped dark domains of DMPE grow via tip
splitting until the tips strt 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. Bltange in appearance occurs Ry
conventional fluorescence microscopy cannot detect this sematedt phase transitionetween

ordered phases

Figure 3a (squares) presents the total friction faterfw + fs, determined from the analysis
of the characteristic time for rod rotation (EgBg}) as a function of surface pressure for a DLPE

monolayer, along with the corresponding subphase friction fdgtmircles). Figure 3a shows

that forP <P, f; is not significantly larger thafy. It is not possible to determine the absolute
value of surface viscosity in this regime, except to sayih@ “1Nds/m, the limit of sensitivity

of the rheometerBo ~ 1, Eqgn. 1). Figure 3b shows the calculated values of surface viscosity as a
function of surface pressure determined friarfrom Fig. 3a. Within the experimental error

does not change with increasing surface pressure in the LE phase up to ~ 35 mN/m. However,
there is an exponential increasefidrior P > P, makingf, >> fy, and thedrag on the probe is
primarily due tohs. Between 36 and 39 mN/rhg increased by nearly two orders of magnitude,

corresponding tdhe first orderLE-LC phase transitionAt coexistence, the measured surface
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viscosity varied much more than in atlthe 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 phaséncreases exponentially up B 41

mN/m at whichhs ~ 10° 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 1transition in DLPE.

The LC phase is much moextensive in DMPE at room temperature, and theS.C
transition more obvious, making it more accessible to the rheometer (Fig. 4). As was the case for
DPLE, Figure 4a shows that fBr< P, fr ~ fw, while forP > P, fr > >fw. AtP ~P¢, there is an
order of magnitude jump ifa andhs (Figure 4a and between 7 and 8 mNjncorresponding to
the LE-LC phasetransition For P > P, GIXD reveals distinctreflectionsindicating a two
dimensional seracrystalline ordering in the LC phafg 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 phd&e9]. However, this discontinuity in the surface viscosity in
a phospholipid monolayer has nbéen quantified before, as the surface viscosity at the@.E

phasenvasbeyond the sensitivity limit of macroscopic rheomefé&®; 46, 47).

BetweerP candPs, the surface viscosity increased exponentially with surface pressure, similar
to DPPC, and mixed DPPC and cholesterol monold3&s16, 48, 49]. However, even with the
greatly increased surface viscosity, we were unable to detect any elasticity within the LC phase
The rod orientation decayxmonentially with time (Eqn. 3) as expected for a purely viscous

system (Fig5, 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 tor¢@epplemental Information)his overlap
in the two decay curves alsadicates that the rod motion did not damage structures in the film

[39].

However, folP Ps~ 34 mN/m, he rod reorientation dynamics were not consistent with Eqn.
3 (Figure 5). Theod no longer reorieatiparallel to the directionfahe magnetic field, but stalled
tan { /2) dd not decay to zero as would be expected from Eduir8les) Further increases in
surface pressure caused the rod to be completely immdh#se alterations in the rod response
indicate an elastic contribution to the filmthe S phasé&sIXD of DMPE shows a transition from
a tilted to untilted molecular orientati@tP s[5, 34]. The translational order parameter increased
gradually from ~ 10 lattice spacingsRato ~5070 lattice spacings &s[5]. Helm et al. suggest
that the LGS transition may be accompanied by a dehydration and ordering of the lipid head
groups, in addition to the elimination of molecular @it The abrupt appearance of elasticity in
the monolayer shows thiite LGS 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 thatigalmitoylphosphatidylcholine (DPPC) films at sudgaressures between
12-14 mN/m also shoed an onset of aexponential increase iglasticitythatcould correspond
to a possible LES transition[38]. The slope of the surface viscosity vs. surface pressure also
showed a change in slope at surfacessures between -12 mN/m, consistent with a second
order phase transitidi8]. However, 1 is difficult to see any kink in DPPC isothermandDPPC
molecules remain tilted at all surface pressiséls which suggests that the L&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 LCigphase

consistent with the free area model previously used to correlate surface viscosity iB2BBC
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51, 52] and DPPGcholesterol[53] films. Figure 6ab represent aorrelaton of the surface
viscosity with thefree-area mode]51]. The free areenodel is the tweadimensional analog of the

classic free volume model developed to describe liquid viscopdgand is given by:

10 L BA
InA. =InA° +—2 7
on, =it + 51 )

The free arealy, is the difference between the measured area/mole&aea given”, and the
closepacked area/molecul®y: As=A(P)-Ao. The parameteB in Egn. 7 accounts for overlaps of
free volumein the original theona n d r a n g e B O1 [64. We fihd tBat tii@ value d@
makes little difference ithe importanfitting parameters of the modelp we seB = “2and used

Ao and InA° as the two fitting parameters in Fig. Gable 1 shows that the values of the close

packed molecular arefy, determined from the fits of the free area model to the surface viscosity
for both DLPE and DMPE LC phasesrresponchearly exactly with the area/molecule at the
maximum compressibility (monolayer collapse) in Fig. 1b. This excellentragreadetween the
area/molecule at the maximum compressibility &sds consistent with the basic assumptions
used to derive the fremrea and free volume mod¢#d]. 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 phosphatidylethanolemalayers
in the LE, LC and S phases, and the discontinuities in surface viscosity at-tt@ fifSt order
phase transitions. Over much of the disordered LE phases of DLPE and DMPE, the surface
viscosity is < 16 Ns/m, which is below the sensitivity dfie magnetic nanorod viscometer.

However, for both DLPE and DMPHésurfaceviscosityundergoes discontinuougump 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 phagEig. 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 surfassupe at room

temperature.

A kink in the DMPE isotherm signifies &rC-S phase transitiofor P ~ 3435 mN/m and is
accompanied bgn abrupt onset of elasticiiy the monolayer. GIXD shows that the molecular
tilt in DMPE is eliminated at the LG transition, this transition between orthorhombic and
hexagonal molecular packing may be the origin of the elastidiky elimination of molecular tilt
shows that the area occupied by the PE headgroup matches the area occupied by the crystalline
alkane chais at the LGS transition. We also observed an abrupt onset of surface elasticity in
DLPE at ~4641 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 Jeregéxpect
that DLPE also untilts at the L8 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 hypotlsesi

Interfacial microrheology is a sensitive tool to detect phase trans#ti@hsritical parameteia
phospholipid films that are lessdbviousfrom isotherns. The correlation of elasticity with the
elimination of molecular tilt in DMPE suggests thatrthis a previously unknown L-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 wideand more detailed examination of phospholipid monolayer structure
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2.5. Table and figures

Ao(free area model) | Ao ( max.compressibility) | hso (NNs/m)
A2molecule A2/molecule
DLPE 43.61.4) 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 la.Surface pressure vs. molecular area isotherm of DLPE(straight black line) and DMPE

(dash red |ine) show the progression from a #

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

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

and“ ~ 7 mN/m for DMPE; further compression causes theph@se to grow at the expense of

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

the firstorder LELC transition. At the end of the plateau, compression rapidly increases the

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

in the crystalline order in the film. The secemdier LGsolid (S) transition of DMPE corresponds

to a kink in the isotherm and an increased sloge at34 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 correspondind Eel the
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 foisthble 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 TA. 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, muldipteed structures (the
better ordered LC phase excludes the lipid dye) lmight, unstructured, continuous LE phase in
which the lipid dye is concentrated. Fdr “ (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 imagesaur at* .
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Figure 3a. The total friction factor,fand the friction factor due to the subphase wajeonfa

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

friction factor has been calculated uskgn.3 in text. Below a surface pressuré of 37 mN/m,

the monolayer is in the liquid expanded phase and has a low friction factor close {0 the f

Increasing the surface pressure abbvgethe fis orders of magnitude higher than the Ih the

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

order LE LC transition is indicated by a sudden increase, ofdicating acorresponding reliable

increase in the surface stressegalues 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. Belofaaespressure

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 surfem®sity at the first order LH_C 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 coexistence indicate the heterogeneity of the
surface in the LE.C 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 magfietot.
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