Structure-property relationship of synthetic lung surfactant films

A DESSERTATION
SUBMITED TO THE FACULTY OF THE GRADUATE SCHOOL
OF THE UNIVERSITY OF MINNESOTA
BY

Cain Valtierrez-Gaytan

IN PARTIAL FULLFILMENT OF THE REQUIREMENTS
FOR THE DEGREE OF
DOCTOR OF PHILOSOPHY

Field of Materials Science and Engineering

Joseph A. Zasadzinski

Januan2023



© Copyiight by CAIN VALTIERREZ GAYTAN 2023
ALL RIGHTS RESERVED



Acknowledgements

All glory goes to God for giving me the opportunity and strength to pursue my dreams. My
journey through graduate school has been amazing and | want to thank everyone that believed and
supported me.

| would like tothank my adviser, Prof. Joseph Zasadzinski for welcoming me into his
research group with open arms and for his guidance and support. | am grateful to Joe for giving me
the space to be curious, ask questions, and take ownership over my work. | discgvpasdion
for science working agnundergraduate researcher for Prof. Benjamin Stottrup during my time at
Augsburg University. Ben continued to support me throughout my graduate career, and | am
incredibly grateful for the many opportunities he providedthat allowed me to grow as a scientist
and person. | would also like to thank Prof. Chris Macosko for encouraging me to pursue graduate
school and then supporting me along the way. Chris empowered me to pursue faith, and as a result
I now have a redefirkpurpose and direction in life. Additionally, | would like to thank Prof. Todd
Squires from the University of California Santa Barbara (UCSB) for his mentorship on interfacial
rheology, Dr. Greg Haugstad for his guidance in Atomic force microscopy, aid Bavid
Poerschke for helpful discussions on crystal growth and instabilities.

Nothing is done in isolation, and thus | want tentk everyone that | had the opportunity
to collaborate. Special recognition goes to Dr. Joseph Barakat (UCSB) for makorgtiital
physics accessible and helping me understand the impaty wfork on a broader scale. | also
would like to thank lan Williams (UCSB) and Julia Fisher (UCSB) for their work on interfacial
micro-rheology. | was blessed to have mentored and waal@thside Mitch Kohler, Sara Kieu,

Bjorn Solberg, and Aidan Dosch. | would also like to thank the great friends and mentors | gained

from the Zasadzinski group. In particular Anisha Veeren, Clara Ciutara, Steven lasella, Sourav



Barman, Zach McAllister, anklleenal RathiTheir enthusiasm for learning, hard work, and bright

company made much of the hard work in the lab enjoyable.

I am the first in my family to have graduated from college, and it is an honor to say that |
am the first in my family to obtaia PhD. This would not be possible without the unwavering love,
patience, and support of my family. In addition, | am thankful for all of my friends from home,
college, at the University of Minnesota, and in particular to Nyssa Capman, Fik Beyene, and Juan

Tigre for their close friendship and support.



Abstract

Structureproperty relationship of synthetic lung surfactant films

By

Cain ValtierrezGaytan

Surfactants are ubiquitous in our daily lives as they are found in household,
personal care, and pharmaceutical products. Surfactants also play an important in making
life possible by helping essential cellular components organize and grow. Of particular
interest is lung surfactant (LS), a lipilotein mixture that makes breathipgssible by
reducing the interfacial tension of the-Bfuuid interface of the alveoli. This modulation of
the interfacial tension enables effortless lung expansion and stabilizes the lung against
collapse thus allowing for proper oxygenation of the bébadm. The lack of LS or its
inhibition leads to deadly respiratory illnesses. Various anbaaéd replacement lung
surfactant (RLS) therapies currently exist that have decreased the mortality of neonatal and
acute respiratory distress syndrome, howabese RLS therapies do not work as well as
natural LS, are expensive, and vary widely in composition. This motivates the development
of a synthetic LS formulation. One of the major challenges is that we do not know an ideal
LS composition. Therefore, teetter understand LS function and make progress towards
a viable synthetic LS formulation we require a detailed study that considers both the

fundamental science and physiologically relevant performance parameters.



In this dissertation, we have elucidatéa role of dihydrocholesterol (DChol)
within the context of a simple model LS system composeddipalmitoytsnglycero3-
phosphocholine (DPP@nd thexadecanol (HD) in modulating film microstructure, phase
behavior, interfacial rheology, and film nanmeechanics. Using confocal microscopy, we
found that DPPC and HD phase separate into crystalline domains within a fluid matrix.
The addition of DChol to our model LS system causes domains that are initially semi
circular to develop fingering instabilitiesxd undergo a spontaneous and reversible shape
transition to stripes of uniform width. The fingering instabilities follow a version of the
classical Mullinssekerka growth instability theory and depend on domain growth kinetics.
The stripe morphology is md to be an equilibrium state governed by ¢bepetition
between dipolalipole interactions within the domains and the line tension at the domain
boundariesand depends on film composition, temperature, and surface pressure. To study
how LS spreads on air-water interface, we use surface micheology to show that HD
causes the film to resist flow while DChol causes the film to be morelike&dWe transfer
our monolayers from the aiater interface onto a supported substrate and show using
atomic brce microscopy that the addition of DChol destabilizes the crystalline and liquid
like phases with highly dissipative nastsuctures. Overall, we believe the work presented
in this dissertation provides the building blocks for using fundamental ane@agplence

to develop a synthetieplacemenLsS therapy.
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Figure 1.1 Schematic of healthy vs. injured alveolus

Adapted from Ware et al. 2000. Lung surfactant forms an interfacial layer to reduce the
air-liquid surface tension to < 10 mN/m. Severe injury can lead to inflammation, and blood
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Fig. 2.2Inverted Langmuir -Shaeffer transfer using a deposition stage

Films were trasferred from the aiwater interface onto circular mica discs using a custom
made stainless steel deposition stage (schematic in pandica disc is held in place by

4 pins and a knife edge cuts the monolayer to maintain a fixed area per moleculk throug
the deposition process. Schematic in pahahows monolayer spread on the\aater
interface of the trough. The film is compressed to desired surface pressure, and then
lowered onto the mica by removing water from the subphase using a peristalti& ®20mp
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Representative confocalicroscopy images of films spread from a 3Ali¢ D), 5:1 E to

H), or 9:1 ( to L) r-DPPC to PA mole ratio with 1.5 mol % DChalt 3 2Shape
transitions arsimilar tothoseobserved iiernary monolayers containing HD (FD. (A,

E, I) Asymmetric, smi-circular domains nucleate at low surface pressures and grow with
increasing surface pressur8, ¢, J) Increasing the surface pressure to 7 mN/m causes
finger instabilitesvi t h -che fieppd ci ng (CoG, H)eHolding the surface
pressureat 7 mN/m results in finger growthD( H, L) Waiting approximately an howt
constant surface pressussults in the conversion of the domains into stripes. The cusp is
maintained through the entire transition as shown with white arrows. Stripe widths in D,
Hrand Larep®d 1@&,1t81 1T®& ‘' & and 1& T1&° d&respectivelysimilar to those

for DPPC:HDmixturesinFigure34A é é e é ééeééeeééeééeeé. 34



Figure 3.4. Cholesterol drives the transition.

Representative images for 3: DPPC:HD A to C), 9:1 rDPPC:HD with 0.5 mol %

DChol D to F), and 9:1 1DPPC:HD with 4.0 mol % DChol3 to I). (A to C) Without

DChol, -DPPC:HD domains nucleate below 2 mN/m and retain their-sgoular shape

with a single cusp throughout coexistence up to a surface pressure of 10 mN/m. No
fingering instability is observed nor a transition to stripes. The same characterstic se
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lowers the line tension of the-iL e interface allowing for complex patteknee é € . . 3 6
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to-stripe transitionB) The initial domains for the ternary mixtures ( @i .7 ) are

asymmetric in shape with a line tension that varies around the boundary; line tension is
likely highest near cusp and lowest opposite. The domain composition is 2:1 DPPC:HD,

with excess DPPC arall the DChol remaining in theelphaseC) As the surface pressure

is increased above the binary coexistence line (black line in A), the boundary of the 2:1
DPPC:HD domains become epitaxially enriched with DPPC which causes a decrease in

the line tensionD) The reduced line tension enables a Mulldekerka type fingering

instability. The finger spacing is given B & & in which& is a capillary length that

depends on the line tension andis a diffusion length that depends on the DPPC
diffusivity and the crystal growth velocity (See Fig. E). As the system reaches
equilibrium, the fingers anneal away, and the domains elongate into stripes of uniform

width with spacingy v8) Q hasshowninFig88and3.10¢ é é ¢ éé éé 44

Figure 3.7. Schematic diagram of the MullinsSekerka instability.

During Lc domain growth (dark grey), concentration gradients are set up in the
multicomponent k phase (blue) as DPPC is depleted near the domain boundaries. A flat
growth front is unstable to a sinusoidal fluctuation that compresses the concentration
gradent at the tips of the fingers (dotted lines) and expands the gradient in the troughs
between fingers. The higher flux at the fingertips increases the growth rate, while the lower
flux in the troughs between fingers slows the growth rate, which feedsdtability.
Opposing the growth instability is the line tensignwhich acts to flatten the fingers to
minimize the length of the boundary. The instability is favored by low line tensions that
arise as the domain boundaries are enriched in DPPC. pamsen between fingers is
setby* @i a inwhicha O yis the diffusion length andl  _j| Y& s the
capillary length, or the ratio gf to| Yo , whereYo @ @ is the difference in
concentration between thd®2crystal and the meltand k T jT @ isthe convexity

of the free energy near the equilibrium melt concentratigné é ¢ ¢ é € ¢ ¢ é. 46

Fig88e I ndividual domains reéach an equil i bt

A plot of the di medasbjond easlsed obmai nhiavi dt ht i
versus the scéd!logw fd oma iEfy Bar. Ht e the shape
expectewd Obhpe(ndotted | ine). Theory predicts

Xi



©F pp and one f or of ecxTernmaurl yarmisBhPaRpteess n(dd f HD aa&

mol ar ratios of 3:1 (blue circles), 5:1 (g
DChol sdoavgrgeoafeartuefsorgr eater t hah nkr(erascetsa

the rectangul ar domains approach a wuniform
set by the comamédth dari oeng beelt weeseile )it hreatriyo anhla
experi ment follow the same generald tprend, |
due to differences in the energetics of a

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Figure 3.9. Reversible &i pe-to-circle-to-stripe transition by temperature oycling.

A) Stripes are the equilibrium configuration at22nd a surface pressure of 8.5 mN/m.

B) Increasing the temperature to >32%t 8.5 mN/m places the system above the binary
coexistence line in Fig.6A, causing the stripes to shorten &jdeventually revert to the
same semcircular shapes present at low surface pressures in3Fige.3.4. This suggests

that the DPPC laydhat grew on the 2:1 DPPC:HD domains melted away, leading to a
higher line tension boundarf) The cooling process involves growth of the low line
tension DPPC boundary, which in turn initiates the Mullekerka fingering instability.

E) As the systemanls, the fingers grow similar to when the surface pressure is increased
at a constant temperatufé. Cooling the monolayer back to 22causes the stripes to-re

form with similar width to (A). The process can also be reversed by changes in surface
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Figure 3.10. Surface pressure and temperature dependence of the stripe width.
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Figure 4.1 Role of growth kinetics on domain instabilities and circle to stripe
transition
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Figure46Quench depth afdiercdlIse roevw @luv & kil ryt o str

Representative fluorescence mi croscepy i m
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Figure47Ci rcl e to stripe transition time as fU

Measurements of the time required for <circ
into stripes off uwnrcitfiornm oWWi dhohnodsayar sur f a
composedDPRPRC:OHO + 1.5 mol % DChol, subphas
and film compressed at a rate of 3 cm*2/ m
determined from fluorescence i maging and
mor phol ogy was stripes of uni form width t
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Contserst with Fig. 4.6, we find that a high
transition time. We believe that as the st
transition into stripes i ncreasesdgerdiimneg t
di fferences remain constant). The starting
|l i ke as the surface pressure is increased,
the circular domain coreAnekbdghtesubacenpe
MmN/ m), the transitioné &ééneé beeggé vé&sé d . @ 4r each

Figure 5.1 Influence of DChol on surface shear viscosity and solid phase area fraction

PanelA shows surface viscosity vs surface pressurmr a 3:1 DPPC:HD + Xnol %
DChol as recorded by the microbutton technique. For all compositions ther8 isrd&'s

of magnitude increase in the surface viscosity in the surface pressure rargendi/th
(region 1) and further increase in surface viscosity®btders ofmagnitude in the surface
pressure range of80 mN/m (region 2). DChol does not significantly influence viscosity
in region 1, but acts to make the film more fHilce in region 2. Pand® shows the tarea
fraction (%) vs surface pressure for 3:1 DPRO:+ X mol % DChol. We find a linear
increase in k area fraction in region 1 and then a plateau in region 2. The area fraction
decreases with increasing DChol contentinregioré2e ¢ ¢ ¢ é é é é € € € ...99

Figure 5.2 2D suspension model relating surface viscosity and:lphase fraction

Relating surface viscosity toclphase area fraction using @2suspension model. Panel

A shows fit of surface viscosity data to Efmsing a random loose packing approximation

for the critical area fraction (77.2%). We find the fitting exponentp be 1.967 (1.927,
2.008 for 95 % confidence interval) and the surface viscosity ofgiphése (yintercept)

to be 0.009 0 £xx (0.0085 to 0.0099 0 tx for 95 % confidenceniterval). PaneB

shows fits to the critical area fractioli; when the exponent is fixed at= 2. We findAc

to be 73 3 %, good agreement with the random loose packing approximation. Surface
viscosity and area fraction measurements of films composed ofL®P€:HD + Xxmol

% DChol where X ranges from 0, 2, 4, 6, and 8 mol % DChol with a subphase temperature

///////////////////////////////

Figure 5.3 Cholesterol destabilizes film microstructure

Films composed of 5::DPPC:HD with 0, 0.1, 0.5, 1.5, 2.5 and 8 mol % DChol (panels

A throughF respectively). Films transferred at a surface pressure of 5 mN/m and subphase
temperature of 22 from the airwater interface onto mica substrates using the inverted
LangmuirShaeffer technique using a custom transfer stage (see Fig. 5.5nod€
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imaging in the attractive regime shows that the phase becomes increasingly
inhomogeneous and discontinuous with-like islands when the content of DChol
increases (starting at 0.1 mol % DChol). Thedhase is homogeneous at low DChol
concentrations but ndmstrecturepsimiladoche dcpliateaat e c hi
higher DChol concentrations (greater than 1.5 mol % DChol). Increasing DChol
concentration also causes the domain sizes to decrease consistent with the idea that DChol
acts as a contaminant to crystal growth (compare domain sizewf afor 0 mol %

///////////
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PanAbdsBshow topography and phaseDPm&@gEDOTf

with 0O mol % Dchol transferred at a press.
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Fiug®Nanwechanli-.a®dofhase8 mol % DChol

PanAaasBshow topography and phaseDPmMm&@gEDOTf

with 8 mol % DChol transferred at a press:!
22from wheéeéeairnterface amotde mimaagi @b g tnr & the
regi me ai med at gentl yAsmows atcap on@s wpWwy, t ha
phase i magapd. pbatste lare i nhpheosgeneews!l ods
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Figure 5.8 AFM -Infrared spectroscopy

All images are 5 aby 5 & Topography (paned), friction image (paneB), AFM-IR-
amplitude (panelC), and AFM-IR frequency (paneD) for a film composed of 5:1-r
DPPC:HD with trace amount of DChol. Pang@lghroughC show that there is minimal
contrast within the £ domain under typical AFM acquisition modes, however for an IR
frequency of 2852 crh we find $rong contrast in the IR amplitude and frequency signal
(panelsC and D). We hypothesize that the observed contrast within thddmains in
panelsC andD are due to stiffness differences caused by changes in the moleculas#tilt.

Figure 6.1 Parallel vs perpendicular surface pressure measurements
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Anisotropic pressure dependency is maintained throughout a setridsie®btherm cycles.
The maximum pressure is independent of the number of compressions. Inset: plate

/////////////////////

Figure 6.2 GO interaction with wilhelmy plate

(a) Schematic showing how plate orientation interacts differently with the GO film. GO
sheets compressed onto the plate have greater interaction than. (b) Images of

Wil hel my plates with stains fAismtermaagdser ed G
Yellow line shows approximate contact line. Theplateshows a faint distribution of GO

sheets higher than contact line. For theplate, GO coverage ends slightly above contact

ineé e éeéeééeéeéeéeecéeéeéeéeéeéeéeéeée .. 134

Figure63Ef f ect of | i near masg | oading as recor

Black and red curves correspond tensiometer (A) and (B) respectivelyA(sptherms
showed an increase in h@ff area with more material. (b) When rescaled to surface
concentration we see there is inefficiency during linear mass depéséi@ané € .. 137

Figure 6.4 Film microstructure using Brewster angle microscopy

Direct correlation b @drallet erientaton) arfda stefimpr e s s u |
morphology. Complete coverage occurs at low surface pressures. Images were acquired
after the initialcompression with barriers intermittently stopped to provide for stable

////////////

Figure 6.5 Effect of modulating sub-phase pH to basic

Image progression from (a) no pH tuning to (b) neutral and to (c) basibaaépesults in
|l ow concentrations of m aAt isetherrnes Icorr@bsrateoldws e r v e
surface activity and are labeled corresponding to pHaxi¥ max of 2 mN/mg é & 142

Figure 6.6 Effect of modulating sub-phase pH to acidic

Subsequent pH tuning from basic pH to acidic show at (a) pH 4.0 dilute levels of GO at
the surface. (b) pH 3.0 shows an increase in GO. (c) pH 2.0 shows an interface nearly

,,,,,,

XViii



Figure 6.7: Effect of modulating sub-phase pHi basic to acidic

Continuation from acidic to basic subphase conditions. (a) pH 2.0 shows high surface
activity. (b) pH 7.0 shows continued surface activity. (c) pH 9 sustagls surface
activity. GO brought to the surface of the trough by the addition of acid, remains at the

,,,,,,,,,,

Figure 6.8 Schematic explaining effect of pH modulation

(a) Schematic depictings®™ ions coordinating by hydrogen bonding around the GO sheet
in acidic conditions as opposed to basic conditions where hydrogen bonding is more

,,,,,,,,,,,,,,,,,,,,,,,,,,,

Figure S1.1 rDPPC monolayers and binary mixtures of DPPC with
dihydrocholesterol or 1-hexadecanol.

Confocal microscopy images of phase separated films; black:csgstalline domains of

liquid condensed (t), red: liquid expanded @) matrix. The prefential partitioning of

0.75 mol % Texas Red DHPE dye into the LE phase provides the contrast between phases.
(A to D) Images for dipalmitoylphosphatidylcholinePPC) (at 233 ). A) Domain
nucleation begins at a surface pressure of 7+ 0.2 mN/mat (6 £ 0.2 mN/m @ 22

3 ) and B) further compression leads to midte branching that (C and D) ultimately
results in characteristic chiral8be triskelion structures that grow larger with increasing
surface pressure. (E to H) The addition of 1.5 #alihydrocholesterol (DChol) results

(E and F) in smaller domains with similar mutibe structures. G) As the film is
compressed, the line width at a given surface pressure significantly decreases, and the
degree of branching increases. H) At high stefaressures, the line width decreases below

our optical resolution. (I to L) The addition ofhexadecanol (HD) (3 to :DPPC to HD

molar ratio) results in domain nucleation at Rearo surface pressures consistent with a
more stable t crystal. The dmains are senmircular and have a singular cusp that is
maintained as the domain grows with increasing surface pressure. All images are

////////////////////////////

Figure S1.2 Variation in line tension produces cusps

A) Model variable line tension from Eqgn. S5. The line tension is a maximum=dr
which depends on the valuefofand decreases symmetrically with 2B) Calculated
domain shapes (Egns. S6, S7), with the cusp emerging (fop) at the pole wherthe

line tension is peaked, which corresponds+00. These calculated domains are similar
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to those in Fig. 2 for raDPPC. The chirality of theDPPC makes the domain shapes

""""""""

Figure S1.3 Simple models for rmalecular tilt

A) Schematic diagram of simple, unstructured lipid molecules with different tailgapup (
and headgrougb] projected areas, he‘r‘éa) 1o For vertical packing, a gap would exist

(red arrows) between the molecules and minimal van\deals interactionsB) If the
molecules are tilted & 5, A T-O m8y close packing occurs for— ¢ v8C) Mixing

large and small headgroup molecules together reduces the overall tilt, increasing the van
der Waals interactions as there is less offset twibe molecules. For more realistic
molecules witt8-dimensional structure, arbitrary tilt angles are not compatible with closest

,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Figure S1.4 All trans structure of alkanes limits number of close packed tilt angles.

A) The all trans configration of an alkane chain leads to azag pattern with 0.0254 nm

between each two carbon atoms and an angle of 102 . B) Untilted all trans alkanes

can pack most tightly if the zgag patterns are nested and aligned between molecules.

C) If the alkane chains are tilted, only discrete tilt angles can align ttmaggleading to
close packing. Here every other chDAin 1is
Here, each chain is offset by a-zigg leading to a larger til- —. The actual packing

motifs of alkanes are further complicated by the real three dimensional shapes of the

////////////////////

Figure S1.5 Solid phase area fraction images for b:1 spreading solutions

Confocal images of monolayers of b:PPC:HD spreading solutions fbr= 2, 3, 5, and

9. The images are thresholded and turned into binary images (black or white) with the
black representing theclphase and the white the phase. Image analysis with Image J

is used to calculate the fraatiof black pixels in each image. In the example images: for

b = 2, the fraction of black LC pha%s 1@ mtForb =3%. 1@ pforb=5% 1@ O

and forb=9%. T® wFrom Eqn. 5, analyzing all available images for each composition
results ing ¢8p TR, or the actual ratio of DPPC to HD or PA in the LC crystals is

""""""""""""

Figure S1.6 Binary r-DPPC + 1.5 mol % DChol as a function of temperature
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As the temperature is increased, the nucleation of ¢hehkase (black) occurs at higher
surface pressures. As the surface pressure is increased at a given temperature, the domains
develop multiple lobes that decrease in width. Within a rangebofidN/m from the start

of nucleation, the domain widths reach tlesolution limit of our confocal microscope.

The crystallization phase diagram (F&6A) of the binary phase (red diamonds) were
determined by recording the temperature at which domains first become visible during

,,,,,,,,,

Figure S1.7 Increasing DChol mol fraction does not alter the coexistence surface
pressure

Isotherms of DPPC and various fractions of DChol. The coexistence plateau surface
pressure of ~ 7 mN/m is indistinguishable forf @ mol % Dol at 233 . From Ref.
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Figure S1.8 2:1 rDPPC:HD + 1.5 mol % DChol does not undergo fingering instability
or circle-to-stripe transition

Compression of the 2:1-DPPC:HD + 1.5 mol % DChaodystem does not induce a
fingering instability as the surface pressure is increased or a transition to stripes. This is
consistent with the hypothesis that thedomain composition is fixed at 2:1 DPPC:HD
mole ratio. Allimagesarg Tmp il é é 6 é ééééééééééééé .. 179

S14.

Figure S1.10 Dispersion relation between the amplification rate and the
wavenumber.

/////////////////////////////////////

Figure S1.11 Reversibility via surface pressure at constant temperature

Representative images for 5 DPPC:HD + 1.5 mol % DChol. The stripe widths are
reversible during monolayer expansion (reduction of surface pressure) at constant
temperature (22 ). Compare to Fig. 1 (second row) for the cirtdestripe transition as the
surface pressure is increased. Decreasing the surface pressure below the binary phase
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crystallization conditions (22 and 6 mN/m) results in stripes reverting back to circles.
The time scale for the conversion from stripes to circles depends on the dkthits
experiment. We find the transition to occur on the order of minutes when the pressure is
slightly below the crystallization conditions, and as fast as several seconds when the
surface pressure is quickly brought near to 0 mN/m. All images argtp i é 193

Figure S1.12 Replacing insoluble fluorescent lipid dye with soluble dye

Replacing the insoluble Texas Red DHPE lipid dye that resides in the monolayer with
the green watesoluble Rhodamine 123 does not change the fingering instaluolitibe
circle to stripe transition. The rhodamine preferentially adsorbs toethbdse domains.
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Figure S21Phas e b e hmR/R®,r O, rand DChol mi xtures
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interface of the trough. The film is comp
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Fiug®2.5 High resol.itibomunidmrayi,ngd.dt mobl % DC

PanAbdsBshow topography and phaseDPm&@gEDOTf
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Fiug®d. Hi gh resolutilgboumdgryg @t5Lmol % DC

PanAbdsBshow topography and phaseDPm@gkEDOf

with 0.5 mol % DChol transferred at a pres
22from wheéeéeairnterface amotde mimaa i @b g tnr & the
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Figure S2.7 High resolution imaging at lc 1 Le boundary, 1.5 mol % DChol

PanelsA andB show topography and phase image of flm composed of-BRRC:HD

with 1.5 mol % DChol transferred at a pressure of 5 mN/m and subphase temperature of
223 from the airwater interface onto mica substrate.-A@de imaging in the attractive
regime aimed ajently interacting with the film (panél shows topography, panglshows

phase image). The addition of DChol does not changedhphése topography or phase
image homogeneity. However, the phase develops narstructures that appear similar

to the Lc phase both in height and in phase. Pa@dlsroughF show A/A, dependence of
phase (paneéB andE) and fractional energy dissipation per-s@mple interaction (panel

C andF) at two drive amplitudes to probe attractive and repulsive interactions. At low
drive amplitudes, we see both curves follow the attractive branch and energy dissipation is
slightly larger for the E phase. At a higher drive amplitude, both phases jump to the

rrrrrr

Fiug®2.8 High resol.itibomunidmnayi,ng@. &t mol % DC

PanAbsBshow topography and phaseDPm@gkDof

with 2.5 mol % DChol transferred at a pres
22from wheraimterface ombdemimagsuanlgsti nat d& ¢
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energy diéLLiépdtéiédreéééééééééééééééé 204

Fiug®2. 9 High resol.itibomunidmayi,n@ atolL % DCho
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PanAaasBshow topography and phaseDPmM&@gHEDOTf

with 8 mol % DChol transferred at a press:!
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Fiug®2. 10 High resolfullibomndmagi ngtatpé& phas
DChol

PanAbdsBshow topography and phaseDPm&@gEDOTf

with 1.5 mol % DChol that was held at 7 mN
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Fiug®2. 11 Frictlipogs.phheasged ncgompar i son

Contact mode AFM where the canti ID&€VPEr HDet p
+ 0.1 mol %ARBGHBshowPahel film topography at
shows how the set p oD snhto wsa st hvwea rciaeldc,u | aantde dp
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Figurle csd2ea fraction vs surface pressure
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Sample componsi bPBPE@sHDfBGOXI mol We 6fnd a | in
Lcarea fraction feri®almN/cah aln dcen tddlBatt nefaum.f o r
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The plateau area fractionédéeceéasé20f8or in
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Schaefer technique. At optical resolution
morphééédggecéecééecééecééecéecéeecéeeée. 209

Figure S3.1Wide-angle X-ray diffraction

WXRD patterns were acquired on the @@ (synthesized via the Tetarcano method)
using a PANalytical XPert Pro MPD Xray Diffractometer equipped with a Co source (45
kV, 40 mA, k = 1.790A°) and an-Kelerator @tector. Data was collected fofl 2anging

from 5°to 60 in increments of 0.024nd a dwell time of 2.0s. The dry sample was first
ground into a fine powder in a porcelain crucible, before loading 50 mg onto the quartz

,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Figure S3.2: Xray photoelectron spectroscopy

XPS spectra were collected using an SEX instrument (Surface Science Laboratories,
Inc.) equipped with a 200W high throughput bent quartz crystal monochromatedxAl K

ray source, a hemispherical sectonlgmer (HSA) and a resistive anode detector. The
sample powder was mounted in a flat layer on the sample holder using-dimigalearbon.

The base pressure of the XPS system was 6.0"%Tidrr. During the data collection, the
pressure was ca. 1.0 x-80Torr. A low-energy electron beam (10 eV) was applied for
charge neutralization of the insulating sample to prevent charge build up.-fEyesgot

size was 1 x 1 mfwhich corresponded to antdy power of 200 W. The survey spectrum

was collected usingdt16 scans at 150 eV pass energy and 1 eV/step. The high resolution
spectra were collected using 50 eV pass energy and 0.1 eV/step. Atomic compositions were
calculated from the survey spectra using the ESCA HAWK software. For high resolution
data, the lowst bindingenergy C 1s peak was set at 285.0 eV and used as the reference
for all of the other elements. The curve fitting used a combination of Gaussian/Lorenzian
function with the Gaussian percentages being at 80% or higher. XPS spectrum for Tour
MarcanoGO shows that the elemental composition is primarily C and O, with each peak
deconvoluted and resolved in the insets to reveal different bonding environments. C:O ratio
= 1.67 as computed from the peak integrations under the Cls and Ols peaks

,,,,,,,,,,,,,,,,,,,,,
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Figure S3.3 Raman spectroscopy

Result for TourMarcano GO in powder formA Witec Alpha 300R confocal Raman
microscope equipped with a UHTS200 spectrometer and a DV401 CCD detector from
WITec (UIm, Germany) was employed to collect Raman spectra. AnorAlaser with a
wavelength of 532 nm, a 10x lens and a power of 6 mW was usecdcftatiex. The data

was collected over 360s. The sample was depositecdlat layer of dry powder on glass
slides for the measuremeBtG band ratio calculated to be 2.0 based on peak integrations

"""""""""

Figure S3.4Size distribution of GO sheets

Tour-Marcano GO size distribution data using combined characterization of fluorescence
guenching microscopy and atomic force microscopy. Line is a log normal fit to the data.

/////////////

Figure S3.5 GO Sheets on Solid Substrate

Fluorescence Quenching Microscopy Image (FQM) of GO film deposited on a glass
coverslip through Langmuis haef er deposition at =~ = 6 mN
observed there are large opencgsawith no GO sheets in this solid substrate deposition.

This contrasts our observations of a completely covered surface. Scale bar 50
mcrong e é é6éééééeééeéééecécécécécéeeeeeéeé 215

Figure S3.6 Wilhelmy plate calibration

10 pL deposition of 0.5 mg/mL DMPC lipid in chloroform. Pressareaisotherms are all
identical within experimental error regardless of Wilhelmy plate orientation. (a)

,,,,,,,,

Figure S3.7 Variation in Coverage at Low Concentration

Langmuir isotherms for two Wilhelmy plates, both in perpendicular orientation. At low
concentrations, 1 and 2 units of GO, the difference is significant suggesting
inhomogeneous film coverage. With the addition of GO isotherms converge to agree. 1
unitof GO is 0.0625 mg of materialinsolutbrée ¢ ¢ € é é é é e é e € € € ...217

Figure S3.8 Aspiration and Monolayer SelHHealing
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GO at the awwater interface is not selfealing after aspiration. In this experiment two
Wilhelmy plates (Plates A & B) both in the perpendicular orientadi@nused to test for
surface pressure differences before and after the surfaces is aspirated. A series of
compressions are performed and then while the film is compressed, material is aspirated
from the interface close to plate A as shown in Figure $8eaopen the barriers and let

the system rest for one hour. Figure S8.b shows thagmieation andpost s pi r-At i on
isotherms. Both praspiration curves show a homogenous coverage of material at the
interface. However, postspiration curves indicatan inhomogeneous GO coverage.
These results agree with the conclusion that GO sheets become interlocked after film
compression, and thus are unable to reorganize on the interface within the time frame of a

,,,,,,,,,,,,,,,,,

Figure S3.9GO Surface Time Evolution pH 3.0

After incorporation of HCI the GO surface is monitored. Over the course of 1 hour a

,,,,,,,,,,,,,

Figure S3.10: AcidBaseAcid pH Experiment

Acid, Base, Acid progression gonsistent with reported observation that GO remains at
the surface one the monolayer has become @ciélié é é ¢ € € € € € € é é é 220

Figure S3.11XPS Survey of GO (nho pH modulation)

The XPS measurements were performed on a PHI Versa Probe Il XPS system (ULVAC
PHI) using a monochroated Al Ka X-ray source (1486.6 eV). The base pressure was 5.0

x 108 Pa. During data collection, the pressure was cax 1.0° Pa. Each sample was
mounted on a stainless steel holder using a piece of carbon sticking tape. The samples
were notconductive and the charge neutralization was used. Titag Xpot size was 0.1

x 0.1 mnt with a power of 25 W under 15 kV. The survey spectra were collected using
280 eV pass energy and 1.0 eV/step. The high resolution spectra were collected using 26
eV pass energy and 0.1 eV/step. In order to minimize the substrate interference, a number
of spots were surveyed on each sample. Silicon was detected on each spot. The
measurements were conducted at the spots with the lowest Si percentages (2&nic 1

The atomic percentages were calculated from the survey spectrum using the Multipak
software provided with the XPS systerfRor the high resolution data, the lowest binding
energy C1s peak was set at 285.0 eV and used as the reference for all of #lerots.

The curve fitting used a combination of Gaussian/Lorenzian function with the Gaussian
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percentages being 80% or higher. XPS survey analysis of neutral pH GO with no pH
modulation.C:O=4.Ré e éééécécéecéécéééeéeéeéeée..221
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Chapter 1: Introduction

1.1 Overview of dissertation

Surfactants reduce the interfacial tension between two interfaces and are found in
all aspects of life from cell membranes to personal care products. longsr we have
lung surfactant (LS), a monolayer composed of lipids and proteins that lines-¢eexir
interface of the alveoli. Fatal respiratory disorders due to the lack of inhibition of LS require
replacement LS (RLS) treatments. All current cliniRalS treatments are animdérived
and this motivates the development of a synthetic formulation. One of the major challenges
in developing a synthetic RLS therapy is establishing an ideal composition. We believe
that n order to identify the role of compition it is important to simplify the number of
components. Natural LS is composed of many constituents, however the most important
are dipalmitoylphosphatidylcholine (DPP&)dhexadecanol (HD) or palmitic acid (PA)
DPPC is by far the largest compondbly weight percent) of LSand HD or PA
(interchangeablegre known to help stabilize DPPThis work will focus on elucidating
the role ofdihydrocholesterol (DChalla component that is debated to be part of natural
LS and whose role in determining LS @tion is not well understood. We aim to establish
the structureroperty relationship of LS bwtilizing confocal and atomic force
microscopy, surface tensiometry, and interfacial mrbwology. This dissertation can be

subdivided into three sections) fundamental understanding of how composition affects



microstructure and phase behavior, 2) role of composition in determining how LS might
spread on the alveolar interface by studying film surface rheology, and 3) investigation of
the nanemechanical prperties of LS films with the goal of connecting film microstructure

to film rheology.

In this work we present @pontaneous evolution of sewircular domains
transitioning tostripesof uniform width via a fingering instability at constant surface
pressire and temperaturd.S monolayers are known to phase separmatgstallinelike
domains grow in a liquidike matrix due tothe competition between interfacial and
electrostatic interactions. Is found that semcircular domains form at low levels of
system compression with a crystal stoichiometry of 2:1 DPPC to HD/PA stoichiometry
ratio (as indicated by mass balance afrdydiffraction).As this cecrystal nucleates and
grows, HD or PA is depleted from the liquid phase and excess DPPC and all theaDCho
concentrated in the liquid phase. As the interfacial tension of the system is decreased the
excess DPPC from the liquid phase epitaxially grows on the existing crystal and this causes
the line tension of the resultant domains to decrease. This dedreéise tension is
sufficient that perturbations of the domain boundary result in fingering instabilities
(Mullins-Sekerka theory) on the order of several microns (domains are tens of microns).
The domain shape then transitions towards a stripe phasie doe system now being
electrostatically dominated as a function of time at static experimental conditions. It is
further shown that thisircle to stripe transition is reversible and follows an equilibrium
theory. Thus, we effectively show that a systeman spontaneous transition from a
kinetically trapped state to an equilibrium state via an instability growth pattern.

2



Understanding the rheological properties of these films is directly relate8 to
performance, as LS requires a low surface viscogitynd inhalation (film needs to
quickly respread on the alveolar interface) yet also requires a high surface viscosity during
exhalation (in order to resist Marangoni flow due to pressure differences betweemtliffer
regions of the lung). It was found thaur model system increases roughly 3 orders of
magnitude during the domain growth stage at low surface pressuwé&sriN/m) and then
begins to plateau at higher surface presstires § mNm). We proposed that the initial
increase in surface viscosity is due to dorrdomain interacts and model the system using
a 2D hard disk suspension model. The addition of DChol does not change the initial abrupt
increase in surface viscosity at low swe pressures, however, DChol does systematically
lower the surface viscosity at higher surface pressures. This showhaltacts tanake

theinterfaceless dissipative.

Finally, we transferred our modelS films from an akwater interface onto
suppoted substrateand investigated their nasmechanical properties using atomic force
microscopy (AFM). Instead of using the standard LangiBilodgett (LB) technique
(vertical dipping), we placed a deposition stage containing our substrate in the subphase
and slowly lowered the film until transfer. This allowed for fluorescence imaging through
the entire transfer and allowed us to establish that the microstructure remained unchanged
by the transfer procesEilms were found to be highly continuous and homaogas at
optical length scaledHowever, at high resolution using AFM we found that the addition

of DChol (starting at 0.1 mol % DChol) to our model LS system resulted in morphological

inhomogeneities of the liguWd i ke phase at t hehdsc@lelOAdtheof nar
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addition of roughly 1.5 mol % DChol t he
nanest ruct ur es of si ze 106s of nm. Usi ng
intermodulation imaging we show that the addition of DChol increasesqte-like

phase, which is found to be highly dissipatividwus, we find a conflict in material
properties, the monolayer becomes less dissipative with DChol, yet more of the dissipative
phase is present with addition of DChol. We believe that the dedredeeain size and
decrease in film percolation leads to greater lubricative effects between domains,

explaining the fluidizing effect of DChol.

Overall, this dissertatioalucidates the structwgroperty relationship ahixtures
of phospholipids and dhesterol We connectilm microstructure, phase behavior, surface
rheology, and nanomechanical properties provide a comprehensive study of the

fundamental properties of LS

1.2 Introduction to lung surfactant

Molecules situated at an interfgoessess additional energy compared to molecules
situated in the bulk. Substances that change interfacial energies are termed surfactants and
are found in all aspects of life, from technological applications such as detergent, to
biological functions thateep us alive and the subject of my research, lung surfactant (LS).

LS is a complex mixture of lipids and proteins that line the alveolar walls in the (limngs.
3) LS makes breathing possible by lowering the pressure differential requiredate infl
the lungs during inhalatiof#f) while promoting uniform lung inflation and preventing the

accumulation of fluids ding exhalation(1-3) Lack or inhibition of LS can also lead to
4

C



life threatening conditions in premature infants, childrem, adults(l) This motivates
understanding the role that composi{®7), structur€8-10), and phase behaviad) play

in determining function and ultimately develop novel surfactant formulation.

1.3 Lung Surfactant Function

LS modulates and lowers the otherwise hgghface tensiorn () of the aqueousir
interface of the millions of alveoli in the lungs to allow for proper respirgddnThe
crucial role of LS in lowering can be understood by considering the physical changes
that occur during breathing. During exhalation, the alveoli decreases in both volume and
surface area and sin¢e acts to minimize surface area, high agd tension during
exhalation would result in alveoli shrinkage and ultimately coll§p8e.During the first
moments of inhalation, loWw is what allows the alveoli to quickly expand,rass the
energy required to create new interfacial afeysiologically, air flows through the lungs
due to a negative pressure differential caused by the motion of the diaphragm. This
generates a low@ressure in the pleural sac  relative to the ambient pressure
0 0 x¢@ pti(CThe conventional model of

bubbl e 0 "Yowhere thedcapilary pressure increase inside the alveolus is given:

0 0 30  —. This equation is commonly known as the Laplace equation. Here

Ca

is the pressure inside the alveolus. If we assume that the lung fluids have the same
surface tension as watgr x d .7l and an average radiu®f p Tt (13), then
30x pd I ( Cwhich would prevent air from flowing into the lungs. For regular

5
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breathing! must be less than 1t . 71 . The absence or inactivation of lung surfactant
would impede normal air flow, oxygenation, and removal of carbon dioxide, and is

associated with respiratory diseases in both infants and éti2it$4

1.4 Rheological Changes Required by Surface Tension Gradients

During exhalation, there is a surface tension gradient between the trachea (wind
pipe), bronchif(x o 1t .M and deep in the lungs (alveolpis, i .7 .(15 Such
gradients will induce a Marangoni (surface tension gradient) flow from low to Higher
regions, effectively removing LS from the alveo(S) However, everyday experience
suggests that this is not the case; an essentialigquéstwhat stabilizes LS against the
induced convective flofl5) Our groupds ongoing work has
change in the rheological properties, namely, the surface viscosity of LS films aiiith
composition, thamight counteract the convective flow and keep LS where it beldrtgs.

20)

Consider the two limits of surface tension, at minimum (near zero at full exhalation
and minimal alveolar area) and at maximum (380 mN/m following inhalation at
maximum alveolar area). During exhalatipnis near zero and it is likely necessary to
have a high surface viscosity to resist the Marangoni flow. At maxifmuinis likely
desirable to have a much lower surface viscosity to facilitate raggreading of LS
during inhalation or rapid spreading of LS during initial application of RUsatents, as

the driving force for the Marangoni flow is minimiz€b) The implication of this



hypothesis is that surface viscosity and surface tension must be functions of surface
concentration. It seems plausible that surface vigcissalso coupled to monolayer phase
transitions and morphological variations. This motivates the investigation of LS
monolayer structure and phase behavior as it relates to rheological properties, and
ultimately determine how these properties togetitate to physiological function and

performance.

1.5 Motivation T respiratory disorders

Premature infants with underdeveloped type Il pneumocytes (responsible for
production of LS) can develop Neonatal Respiratory Distress Syndrome (NRDIS).
NRDS is characterized by poor lung compliance, atelectasis, and low oxygen content in
the blood(1, 14 These complications can be fatal if not properly treated. The mortality
rates vary with the degree of gestation, however, if an infant is born prior to 30 weeks of
gestation, the mortality rate is estimated at 5@%. Each year in the US, there are an
estimated 50,000 premature babies at risk of developing NRDS.

Inhibition or dysfunction of LS in adults can lead to the condition Acute RDS
(ARDS) which has similar symptoms as NRDS, but also includes severe inflammation,
rapid breathing, everely low blood oxygenation, and the flooding of the lungs with
fluids.(3, 22:23) ARDS can affect people of all ages, andriginates from severe lung

trauma such as pneumonia and similar diseases such as lung contusion or damage, drug



overdose, or the intake of toxin&, 22 Figure 1.1 shows a schematic of the difference

between a healthy alveolus and an injured (@2.



Healthy Injured (ARDS)

Inactivated

O 4

Figure 1.1 Schematic of healthy vs. injured alveolus

Adapted from Ware et al. 2000.uhg surfactanforms an interfacial layer to reduce the
air-liquid surface tension to < 10 mN/m. Severe injury can lead to inflammation, and blood
serum infiltrates into the alveoli, which can inhibit LS function, leading to respiratory
distress.



ARDS, unlike NRDS,is a result of injury or another disease and thus it is a
challenge to identify a single cause of ori{@d, 25 Analysis of the lung fluid in ARDS
patients typically finds increased levels of blood serum proteins, whom likely infiltrated
from the surrounding capillari€86, 27 The proteins in blood serum, in particular
albumin and fibrinogen, may disrupt and inactivate LS by competing for the alveolar
interface as these proteins areoasirfaceactive(22,28-36) Inflammation processes, in
particular lipases such as d&pholipase 4 can cleave Ilung surfactant
phosphatidylcholines into lysolipids and fatty aqi@s37 Cholesteol is also found in the
alveolar fluids of ARDS patients, and it is believed that high levels of cholesterol prevents
LS from reaching neazerol by altering the lipid phase behavior and fluidity’,, 19, 38
41) However, the role that cholesterol plays at lower concentrations is still debated.
Cholesterol is carefully removed from the clinical lung surfactant replacements Survanta
and Curosurf, but deliberately left in Infas(@rf. 17 The mechanisms for respiratory
disruption are complex, and thus an effective treatment will need to be multifaceted. In
my thesis research, | will attempt to relate the dynamic properties of interfacial films of
clinical and modellung surfactants with their phase behavior, morphology and
composition. Understanding this structfwmaction relationship will help guide the

formulation of nexigeneration LS.

1.6 Compositional variations in replacement lung surfactant therapies

CurrentNRDS surfactant therapies are dominated by andedled replacement

LS (RLS) obtained from porcine (Curosurf) and bovine (Survanta, Infasurf) sources. The
10



introduction of LS replacement therapy has reduced infant mortality by 10% in developed
countrieg(21) However, problems exist; animal derived RLS have large variations in
composition from batch to batch, a high cost of materials isolation and purification, and
have tle possibility of viral or prion (madow disease) contaminati¢h2, 43 The
original synthetic RLS, Exosurf performed suboptimaliyvivo compared to animal
derived RLS for treating NRDS in premature infaii.7) The main issue with Exosurf
was a deaased surface activity compared to anialived surfactants that contained
native lung surfactant proteifg) LS contains lungspecific amphiphilic, surface active
proteins SFB and SPC, which are essential for LS adsorption and spregdidg4450)
Two additional LS specific proteins, $¥Pand SPD, are related to immunity in the luii@,
51, 52 Current work by our collaborators have createeBSRnd SPC peptide mimics
that recreate many of the functioofsthe whole native proteing8, 50

ARDS affects approximately 150,000 people per year, with mortality rates of 40
50% and there are currently no effgetRLS formulationg53, 549 Major advancements
in treating ARDS have come primarily from improvements in intensive care and
mechanical ventilatiof65) Exogenous stisctant therapies have been used to treat ARDS,
but with limited succes&3, 59 Thus, our goal is to develop an exogenous surfactant
therapy that addresses the common issue of LS inhibition that can be coupled with
mechanical ventilation, inféion management, and treatment of the underlying cause of

the trauma.
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1.7 Basic Phase Behavior of Lipid Films

The LangmuitBlodgett (LB) trouglf56) is the simplest and most exploited
experimental system for controlling thmolecular packing of surfactant films. The
components of LS are effectively insoluble in water or saline, and hence form an interfacial
film of monolayer thicknesg7) Surfactant films are confined to al®interface; thus,
these films can undergo phase transformation amtd those of B materials when
compressedFigure 1.2 shows the basic phase transitigh8) At large molecular areas,
the surfactant molecules are dilute and interact minimally, and can be describedas a 2
gas. As the trough area is decreased, the surface concentratiores\cagasthe system
transition ilnitkoe da smoartee , i fdpaodedphasesf).(58)hA¢ | i qu i
and below the triple point temperature, the gas phase directly transforms oraseslmo
a nl-¢c gqmud @n s e d,chasadtesizeceby & Well packed (often tilted lipids), semi
crystalline structuré36) Above the triple point temperature, the pthase condenses into
the lcphasg36) Fur t her compr es si-loink ecta ns tl aetaed ato wvah

achieves maximum packing and is often associated with an untilting trari&Bids9
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Chapter 2: Materials and Methods

2.1 The Langmuir trough

A custom built Langmuir trough machined from Teflon is fitted with a continuous
stainlesssteel ribbon barrier to minimize leakage. The maximum and minimum surface
area of the trough are 1461 and 45A | respectively, thus providing a 3:1 compression
ratio. It is common to report the reductionfoffrom that of a clean awwvater interface,
which is defined to“ bfe t h,evheseur fistlieesurface ess ur
tension of a clean awater interface, 72.8 mN/m at 25, and’ is the measured surface
tension.[ is determined by measuring the force exerted on a filter paper Wilhelmy plate

using a sensitive balance.
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Figure 2.1 Schematic of Langmuir trough and Wilhelmy plate
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Figure 2.1 (b) shows a schematic of the basic relationship betyvetre force exerted on
the plate (F), the perimetelt given by the thickness (2d) and width of the plate (2w), and
the cosine of the contact angle measured between the plate and liquid interfaliete:

for a wetted filter paper platex 1. A custommilled Delrin cover is used to limit
evaporation andeduce external aftow. Trough functions are controlled via a custom

LABVIEW interface.

2.2 Sample preparation

Mixtures of DPPC, HD, DChol, and Tex&ed DHPE were diluted to 1 mg/mL total
concentration in HPL&lus grade chloroform (Millipor&igma, Gerrany) to form a
spreading solution. The spreading solution was deposited dropwise from a Hamilton
syringe (Reno, Nevada) onto the-aiater interface of the Langmuir trough described
above.In all experiments we deposited 17.5@f material to the intéace.1 hour was

allowed for solvent evaporation prior to film compression.

2.3 Lipid monolayers

The subphase for solvent spread lipid monolayers consists of ultrevatereprovided by

a Milli-Q Direct 3 (Millipore, Billerica, MA) water filtration system. The subphase can
also consist of a buffered solution such as a phosphate buffered solution (PBS) or tris
buffered saline (TBS). Additional counter ions (NaCl) canadded to tune the desired

ionic environment in the subphase.-tljpalmitoylsn-glycere3-phosphocholine (DPPC)
16



is bought from Avanti Polar Lipids (Alabaster, AL) and dihydrocholesterol (cholestanol)
and thexadecanol are bought from Sigiarich. All LS mixtures are prepared in
chloroform (1 mg/mL) with 0.5 mol % T®HPE and spread drepise on a clean air
liquid interface using a Hamilton syringe. When using a water soluble dye3@ ABI

RH123 solution is used as the subphase.

2.4 Fluorescence micrgcopy

During film transfer from the awater interface onto mica substrate, we imaged film
morphology to verify that morphology did not change due to the transfer. Images were
taken on an Olympus BXLA upright microscope using a cooled CCD Retiga E394

camera from QImaging (Surrey, BC, Canada).

2.5 Confocal microscopy

In confocal microscopy, a pinhole is placed in the path of the detector to block out both
lateral and out of plane light. C1 confocal scan head is fitted onto an Eclipse 80i upright
microscope (Nikon Instruments, Melville, NY). The scan head is a point detector, and thus
raster scanning is required to obtain an image. A Nikon plan apochromatic 20x objective
(2 mm working distance, 0.75 numerical aperture, air immersion) is used. Ximauma
field of view is roughly 600 aby 600° & minimum pixel dwell time is 1.68 { and the

pinhole sized used is 192 8
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Image contrast obtained via dgenjugated probes. In this work, Texas Red
(excitation/emission maximum of 595/615 nm) caygted onto the phospholipid 1,2
dihexadecanoysn-glycerc3-phosphoethanolamine (FBHPE) is purchased from
Invitrogen (Carlsbad, CA). Rhodamine 123 (RH123) (excitation/emission maximum of
507/528 nm) is purchased from Sigiklrich (St. Louis, MO), ands used as a water

soluble fluorophore.

2.6 Interfacial micro -rheology

Custombuilt microbutton device measures interfacial shear rheology of monolayer
films.(18) Briefly, circular ferromagnetic probes with a magnetic moment have an
oscillatory torque applied via a magnetic field. The driving torque is kept small enough
tobeinthelinearregmé he mi crobuttonds response i s o0b
of two holes in the micrbutton via bright field microscopy. To find the surface viscosity

— the hydrodynamic problem of a circular rotating cylinder within a viscoelastic

monolayer ortop of a vicious subphase is solved.

2.7 Atomic force microscopy

Atomic force microscopy (AFM) is a technique used to probe the surface properties of
materials. A very sharp tip is mounted on a flexible microcantilever whose displacements

are detected via kaser reflected from the cantilever onto a quad photodiode. A XYZ
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scanning device under a feedback loop is used to maintain the location of the laser fixed
by having a piezoelectric scanner compensate for topographic variations associated with
bending ofthe cantilever. In contact mode the feedback is driven by the bending of the
cantilever as previously discussed, whileA€@ mode, the feedback is driven by the
dynamic amplitude of the vibrating cantile\(@f) To limit compliance effectAC mode

was used for théopography data provided. A cantilever witt2d\/m spring constant

cantilever, 10 nm nominal tip radius, an@kHz resonance frequency

2.8 Transfer techniques

Films were transferred from the digquid interface by compressing barriers to the desired
area or‘, then lowering the interface fluid level using a peristaltic pump at a flow rate of
10 mL per hour onto freshly cleaved mica on top of a PTFE staggire 2.2 shows a
schematic of the deposition mechanism. The transferred films were analyzed at the
Charaterization Facility using an Agilent 5500 environmental SPM under -tqmm

(Station SPM3).
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Fig. 2.2Inverted Langmuir -Shaeffer transfer using a deposition stage

Films were transferred from the -auater interface onto circular mica discs using a custom
made stainless steel deposition stage (schematic in pandica disc is held in place by

4 pins and a knife edge cuts the monolayer to maintain a fixed are®lsmule through

the deposition process. Schematic in pahahows monolayer spread on the\aater
interface of the trough. The film is compressed to desired surface pressure, and then
lowered onto the mica by removing water from the subphase usingstalbdie pump.
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Chapter 3: Spontaneous Evolution of Equilibrium Morphology in
Phospholipid-Cholesterol Monolayers

Material in this chapter is reproduced in part with permission from reference

ValtierrezGaytan, C., et al. (2022). "Spontaneous evolution of equilibrium morphology in
phospholipidcholesterol monolayersScience Advance®(14): eabl9152.

Article abstract:

Competition between intrdomain electrostatic repulsions and irdemainline tension

leads to domain shape transitions in pkssgarating lipid monolayers. The question
remains if these morphologies are energy minima or are kinetically trapped metastable
states. We show the reversible evolution wfiform width stripedomans from
polydisperse sentircular domains inmonolayers of dipalmitoylphosphatidylcholine
(DPPC), hexadecanol (HD) or palmitic acid (PA) and dihydrocholesterol (DChol). The
initial semkcircular domains grow at a fixed 2:1 DPPC:HD (or PA) stoichiometry,
depleting the liquid phase of HD, leaving behind a liquid enriched in DPPC and DChol. At
higher surface pressures, the remaining DPPC precipitates onto existing domains,
decreasing the ratio of line tension to the square of the dipole density differghce,
Theory predicts ag © decreases, circular domains reversibly transform to uniform width
stripes as the minimum energy structure. Measuring the stripe width provides the first
estimates of ] © at liquid condenset liquid expanded phase coexistenc
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3.1 Introduction

Surfactant monolayers are ubiquitous in nature and daily life, stabilizing liquid
emulsion drops and foam bubbles, maintaining low surface tension in the lung @élyeoli
61) and stabilizing tear films in the ey62). Fluorescence optical microscof§3, 69,
synchrotron Xray diffraction and reflectivity{65, 66, and atomic force microscog$7,
67) have provided ample evidence of phase separation into immiscible liquid erdered
liquid disordered (k-Ld) or liquid condensediquid expanded (£-Le) domains in lipid and
cholesterol monolayers at the -amiater interface (Figure3.1 and Figure $1,
Supplementary Materials). Here we show reversible circle to stripe domain shape
transitions with changes in surfapgeessure, composition, or temperature that result from
competition between dipoldipole interactions within the domains and the line tension at
the domain boundarig$4). Similar domain formation i s K
membrane$68) in which nanometer to micron length scale, pksesgarated immiscible
|l iquid domains, or Araftso with differen
proteins in both time and spato facilitate physiological functiori68). Phase separation
and domain formation is also important in clinical lung surfactants (LS) used to treat

neonatal respiratory distress syndrome (NRDS) in premature irfi@nts

The opposing energies of line tensibnat the domain boundaries and the httoanain
repulsion due to differences in the dipole density between phasktermine theamain
shapesl is the energy per unit length of the monolayer domain boundaries and is the two

dimensional analog of surface tension in three dimenggh$9, 70. Differences in lipid
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composition, chain length, tilt, or local order at the domain boundaries determine the
magnitude ot (64, 71). Experimental measements ol are typically done by analysis

of spontaneous or imposed domain shape fluctuations; such analyses have been limited to
immiscible liquidliquid (Lo-Lg) domains as fluctuations are too small to measure at solid
liquid (Lc-Le) domainboundaries. Measurements @flLq line tension are on the order of

0.1- 10 piconewtons (picojoules/met€r0-74). The line tension acts to minimize the ratio

of domain perimeter to domain area, just as surface tension minimizes the surface area to

volume ratio in three dimensions.

The headail asymmetry of surfaecactive molecules at an awater (or oitwater)
interface leads to a net dipole moment in the direction normal to the int@facd. The
magnitude of the dipole moment is invariably different in coexisting monolayer phases due
to differences in composition, nezular packing, or tilt orientation, resulting in a
difference in the average dipole densjiy64, 79. Oriented dipoles repel each other, so
high aspect ratio domains such as stripes separate the dipoles to minimize the overall
dipole-dipole energy at the cost of increasing the ratio of domain perimeter to domain area,
which increases the line tension egye The dipole contribution to the energy is greater in
asymmetric monolayers than in symmetric bilayers, where the dipoles of each monolayer
leaflet partially cancel the other. There are few experimental values of the dipole density
difference in monolagrs, but available data sugge3t851 0.5 Debye per molecule at the
interface (76, 77. The dipole density differemcalso creates a lofrgnge repulsion
between neighboring domains that keeps domains from coalescing on experimental time
scaleq64).
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Continuum theories based on the competition between the energetic contributions of
dipole-dipole repulsion within domains and the line tension at the domain boundaries
provide qualitative and quantitative predictions forglees and shapes of lipid moagér
domains(63, 64, 72, 76, A82). Similar models have been successfully used to describe
ferrofluids (69) or superconduors (83) in an applied magnetic field. Models based on
opposing energetic contributions display common features that set domain shapes and
length scale from nanometers (diblock copolymers) to microns (lipid monolayers) to
centimeters (Turing patterns, conveetrolls). For lipid monolayershe free energy per
molecule F/N, in noninteracting circular domains of radiugN =" #ao, ao is the average
area per molecule in the domain) is set by the opposing energetics of line tenaiuah,
the square of the dipole density differerfce(64):

— _ " a et od

"0 W Ti
0 = Q

In Egn.3.1, eis the exponential, 2.714 ahd p nm is a molecular cutff for the intra

domain dipoledipole interactiong64). From Eqn. 1 theninimum energy radius,, for

norrinteracting domains i "0 jT i T:
QY
l - QwH— og
The important material parameter in EQ®2 is the Bond numbey, “ j_, whichis

the dimensionless ratio of the square of the dipole density difference to the line.tension
Egn. 2shows that increasing favors smaller domains and increasingavors larger

domains. Stability analysis &qns. 1 and 2 shothat circular domains with i1 j ‘Qare
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unstable with respect to coalescence and domaing witl2 i are unstable to elliptical
or higherorder distortiong(64, 82, 84. The Bond numbeappears in many different
systems in which there is a competition between-lamge contributions to the energetics

(gravity, magetic forces, electrostatics) and line or surface ten&@n

However, over the past 40 years of visualizing monolayer dor&)there have been
few, if any experimental observations of equilibrium circular domain size distributions in
eitherLo-Lg or Lc-Le phaseseparated monolayers that are quantitatively consistent with
the predictions of Eqn. (®4, 71, 82, 84, 86, §7Instead, crular domains are polydisperse
and vary from experiment to experiment even for the same monolayer composition at a
given surface pressure and temperature. The size distribution depends on compression rate,
aging, and is different for surface pressure ckargg constant temperature or temperature
changes at constant surface pressure. An equilibrium size distribution based 8i2Eqn.
should be reproducible at a fixed monolayer composition, surface pressure, and
temperature and should also be independehbwfthose conditions are approaciiéd).
Hence, it is unclear if there are fundamental limitations to the continuum theory, or if there
exist additional contributions to the energy yet to be understood. More likely, the kinetics
of domain nucleation and growth trapnolayer domains in lonrlived metastable states,
and the energy differences due to line tension and electrostatics are not sufficient to allow
a system of circular domains to reach an equilibrium domain size distribution3Egn.

over experimentally aessible time scales.
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Unfortunately, equilibrium theories do not provide any estimate of the rate at which the
domain size distribution reaches equilibrium. In monolaydmnain coalescence is
inhibited by dipoledipole repulsion between domains. This requires equilibration by
Ost wal d ripening, or t he Aevaporationo 0
Acondensati ono (88 &)pwhiohtdbes not ataumoaer exgerimentally
accessible time scales of d496). However, the continuum theory has provided essential
insight into the circle to stripe transitions observed near litigidd miscibility critical
points(79, 99, as well as elliptical and higherder domain shape evolution whemuns
are forced to grow by coalescing in electric fie(@4). The continuum theory is also key
tounderstanding he Ar aft 0 mo d €68, 9204), inovbith phasseparhteda n e s
i mmi scible |iquid domains, or Araftso Sspo
local order that can sort and compartmentalize functional proteirathrtime and space

to facilitate complex task®4, 68, 71, 83, 91, 94

Here we show that phaseparated ternary mixtures of DPPC, hexadecanol (or palmitic
acid), and cholesteroF{gure 3.1) undergo reversible changes from polydisperse semi
circular domains via a MullinSekerka growth instability to stripes of unifomdth. The
transition is consistent with a change in the boundary composition of the domains that leads
to a decrease in the line tension at the domain boundary. Thecisemr Lc domains
grow at a fixed 2:1 DPPC:HD (or PA) stoichiometry at low surfpoessure, which
depletes the £ phase of HD (or PA). At higher surface pressures, the remaining DPPC
condenses onto the domains which decreases the line tension, ¢ausiagncrease. As
0 increases, the minimum energy morphology changes freoulai domains to
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uniformwidth stripes(75). The evalition to equilibrium width stripes is repeatable
between experiments and the line widths are the same if approached by changing surface
pressure at constant temperaturet@nging the temperature at constant surface pressure

By changing the surface pressure and temperature back to the original conditions, the
stripes spontaneously return to the polydisperse -sgmilar domain morphology.
Measuring the stripe width provides the first measurement$ ofas a function of
monolayer composition, surface pressure, and temperature at liquid condditged

expanded phase coexistence.

3.2 Results

3.2.1Circle to stripe transition

Figure 3.1 shows confocal fluorescence images of the dramatic changes in L
domain morphology in ternary mixtures of chiraflipalmitoylphosphatidylcholine {r
DPPC), thexadecanol (HD), and dihydroxycholesterol (DChol) as the surface pressure is
increased slowly, then held at 7 mN/m. We use dihydroxycholesterol as a substitute
cholesterol to minimize oxidation; there is minimal difference in the morphology or phase
behavior on this substitution. The contrast in the images is due to the preferential
segregation of DHPHexas red fluorescent lipid dye to the continuous, desed Le
phase, which appears red, while the ordereddmains exclude the dye and appear black
(64, 95, 96. The polydisperse blackcldomains that form at sface pressures < 7 mN/m
have similar asymmetric circular shapes with a single cusp on one end for all DPPC:HD

ratios (Fig. 3.1G, white arrow), with a rounded side opposite the cusp. There is no

27



indication of a preferred domain radius as predicted by EgnFollowing compression

to 7 mN/m, the k& domains of all three DPPC:HD ratios undergo a fingering instability
that usually erupts from the side opposite the cusp (Fig. 1B, H, N). The fingering is
reminiscent of a MullinsSekerka type instability in thredimensional crystals and is
suggestive of a decrease in the line tension as the surface pressure is increased from 5to 7
mN/m (97, 98. The fingers have a courtelockwise rotation similar to domains of pure
r-DPPC with or without DChol (FigurelSl, Appendix), which is indicative of loaginge

chiral orientational ordering in thecLdomains(95). The chiral carbon in native 1,2
dipalmitoylsn-glycera3-snphosphocholine {DPPC) induces a countelockwise
orientational ordering in ¢ domains that persists over tens of microns (8ity.3.4). The
positional order with thed.domain is shortange, on the order of 100 nm or less, so each
domain consists of multiple crystallites. Hence, thasddmains might best be described

as hexatiphases, rather than true crystalline ph#388s100.
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The chiral center in DPPC is thought to lead to a chiral twist of the molecular tilt
orientation within the domains, as well as heterogeneity in the line tension which is
manifested in the neoentrosymmetric shapes in FigdlA and 3.2A (95, 101, 102
Wul f fds t heh2 Append® Btates that ¢he [Boduct of boundary length and
local line tension should be constant for an equilibrium domain &3 Hence, in
Fig. 3.1, the chiral domain shapes that end in a cusp are likely due to heterogeneity in the
local line tension, perhaps due to different tilt orientations at the dormaidarieg102).

Line tension variations on different sides of the fingers induced by chirality cause the
fingers to curve; the inside part of the curve is shorter than the outside of the curve
suggesting that the line tension is higher on the inside leading to thlestaipgs of the

fingers(75).

Over the course of an big the initially semicircular domains spontaneously change
into high aspect ratio stripes with weléfined and uniform widths that depend on the
DPPC:HD ratio (Compare Fig8.1F, L, R). A single semtircular domain eventually
converts into a single rgpe of uniform width that roughly aligns with other stripes
throughout the monolayer. Thirty minutes to an hour are required to progress from Fig.
3.1B to 3.1F at constant surface pressure. The morphology turns into extended stripes of

uniform width afteran hour.

Each domain in Figure3.1 to 3.3, regardless of shape, has a single cusp that persists
through the circlgo-stripe transition (white arrows in Fi§.1G to3.1L, 3.2G to 3.2K,
3.3E to 3.3H). The cusps are likely the result of local divergeimcéhe molecular tilt

orientational order(104-106). As in many tilted liquid crystalline materials, the tilt
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direction changes disont i nuousl y at a topol(l®F iThea I Avi
virtual boojum is a conceptuaktéct similar to image charges in electrostatics. The cusp

forms near the part of the boundary closest to the boojum defect where the tilt order
diverges. The cusp is also an indication of a heterogeneous line tension around the domain
boundary. The cusysilocated where the line tension reaches a maxima (derivation and
Figure 9.2 in Appendi® (104-106). This suggests that there is a coupling between the tilt
orientation at the domain boundssiand the magnitude of the line tension. The cusp
persists throughout the domain shape transitions, confirming that the molecular tilt
orientation is preserved. The single cusp also suggests that one circular domain transforms

into one linear domain witminimal domaindomain coalescence due to the loagge

electrostatic repulsion between domains.
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Figure 3.2 shows that replacing the chiraDPPC with racemic DPPC mixtures
eliminates the spiral twist in the domain shapes. Domains spread from 3:3.2Hgto
F), 5:1 (Fig3.2GtoL), or 9:1 (Fig3.2 M to R) molar ratios of racemic DPPC (aPC)
to HD with 1.5 mol % DChol are axially symmetric. However, as in Bify, a single cusp
in each domain (arrows) persists through the transition, confirming that the molecules are
tited and maintain their orientational ordering. The domains remain axisymnethe a
surface pressure is increased and fingers begin to form on both sides of the domains (Fig.
3.3 B, H, N). Unlike the domains in Fig3.1 that spiral, the fingers in the racemic mixture
domains are relatively straight and point slightly away from the end of the domain with the
cusp. The circular domains elongate symmetrically front and back to form extended
straight stripes that are unifarin thickness as confirmed by fast Fourier transforms (FFT)
of the images (Fig32 F,L,R). The3 4 orders of reflection in
of uniformly spaced stripes. For a fixed surface pressure, increasing the ratio of DPPC to

HD in thespreading solution decreases the stripe width.
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for DPPC:HDmixtures in Figure3.1.
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Figure 3.3 shows that exchanging palmitic acid (PA) for hexadecanol results in
identical morphologies and shape transitions. The observed finger instabilities follow a
counterclockwise rotation similar to domains in FigBie Each domain also has a single
cusp (white arrows in Figg.1 G to L) consistent with a molecular tilt. Grazing incidence
X-ray diffraction shows that PA and HD form nearly identical pseugbagonal tilted

packings with DPP66).
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Figure 3.4. Cholesterol drives the transition.

Representative images for 3:DPPC:HD A to C), 9:1 rDPPC:HD with 0.5 mol %

DChol @ to F), and 9:1 +DPPC:HD with 4.0 mol % DChol3 to ). (A to C) Without

DChol, -DPPC:HD domains nucleate below 2 mN/m and retain their-sgaular shape

with a single cusp throughout coexistence up to a surface pressure of 10 mN/m. No
fingering instability is observed nor a transition to stripes. The same characteristic semi
circular morphology is observed in films without DChol and in ternary systems containing
DChol at surface pr es s3lAand34d). (Bto MONywith( c o mp a
the addition of DChol are finger instabilities and shape transitions observedsingritee

DChol composition causes a decrease in the onset surface pressure of the finger instabilities
(compare D and G), increases the degree of finger branching and spiraling (compare E to
H), and decreases the equilibrium stripe width (compare F ab€hol is line active and

lowers the line tension of the-iLe interface allowing for complex patterns.



While HD and PA are interchangeable, the small mole fraction of DChol is a primary
driver of the transition. DChol is believed to preferentially tecat domain boundaries,
lowering the line tension between phases by somehow smoothing out changes in
composition, tilt, or molecular ord¢63, 87, 88, 108 Figures3.4 A to C show that the
domain shapes and sizes of DPPC:HD monolayers without DChol are similar to those
shown in Figs3.1A, G, M and3.3A, E, | at surface pressures below the onset of the
fingering instability. However, in the absenof DChol, increasing the surface pressure
does not lead to any fingering instability or transition to stripes. BigB. to F show that
0.5 mol % DChol is sufficient to induce the fingering instability and the transition to stripes.
This small mole fration of DChol could not significantly change the dipole density
difference between the phases. The dramatic changes in domain morphology induced by
0.5 mol % DChol are consistent with preferential segregation to the domain boundary and
t hi s-adt #ah&vior lowers the line tension at low mole fractions, similar to how
conventional surfactants lower surface tension at ttieensional interface§63, 88,

108). Increasing the DChol concentration to 4.0 mol % (Bi4.G to ) results in smaller
domains with thinner fingers and stripes and the amount of branching and spirals increase.
Increasing DChol increases the ratio of domain perimeter to domain area, consistent with

a decrease in the line tension.

3.2.2Molecular origins of the transition

The transition between compact sezincular domains at surface pressures less than 7

mN/m and extended stripe domains at greater than 7 mN/m requires a mechanism to
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decrease the line tension over a narrow rangeudice pressure at constant overall
monolayer composition. One such mechanism would be the gradual change in the
composition of the £ domain boundary over this surface pressure range (Figmes6).

In DPPC Lc phase crystals, the saturated sixtearben alkane chains pack in a tilted
hexagonal lattice; the tilt angle is related to the mismatch in-sexdonal area between

the alkane chains and the phosphocholine headg(@@p 66, 109 (Figure 4.3,
Appendi®. The sixteen carbon alkane chains of HD or PA are identical to those of DPPC
and can pack into the DPPC chain lattice, while the relatively small alcohol or fatty acid
headgroup can compensate for the phosphocholine headgroupisresich, reducing the
overall monolayer tilt. This stabilizes the crystal by increasing the favorable van der Waals
interactions between the alkane cha(i8, 66, 96, 109, 130The increased van der Waals
interactions stabilize the d_phase and cause the DPPC:HD or DPPC:PA domains to
nucl eate at surface pressures O -DPPEN/ m,

phase at similar temperatures (FigulelSAppendiy.
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However, due to the complex, three dimensionalzaig shape of atrans alkane
chains in the crystal, the molecules cannot pack with an arbitrarymtch head and tail
areas (Figure B4, Appendiy. Certaindiscretetilt angles provide an optimal chain packing
to maximize the van der Waals interactions between chains emaias closepacking
structures of alkanes are kno{lri0, 113. However, even considering the various discrete
tilt angles allowed for all of the classes ofckimg, not every headgroup can be easily
accommodated by a uniform crystalline alkane structlires can lead to particular
stoichiometric ratios of DPPC to HD being preferred to provide the optimal packing to
match headgroup and tailgroup areas whil@agnodating the thredimensional shapes

of the alkane tail§100, 109, 11

The domain shajgeare quite similar between the images in Fig@tg&a, G, M, which
also suggests that all the trystals may have the same stoichiometry regardless of the
composition of the spreading solution. This is consistent with grazing incidemag X
diffraction (GIXD) that shows that DPPC awystallizes with PA with the same lattice
parameters for 2:1 and 3:1 DPPC:PA spreading solu(@®s99 (Fig. 3.5C). GIXD
shows that increasing DChfsom 0 to 8 mol % in 3:1-DPPC:HD monolayers do not
change the lattice spacing, suggesting that HD prevents DChol from entering the
DPPC:HD/PA cecrystal lattice (Fig3.5B) (111). Hence, the DChol resides in theghase

for these surface pressures.

If the cocrystal of DPPC and HD (or PA) grows at a fixed stoichiometric ratio, mole
balance arguments can éehine the cerystal stoichiometric ratio based on the area

fraction of the I phase as a function of the spreading composition (Figarg, S
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Appendi®. Figure3.5A shows that the ¢ (black) domain area fraction at 5 mN/m, just
before the onset of thenfjering transition (Fig3.1B, H, N) increases nelnearly with
decreasing DPPC:HD or PA ratios in the spreading solution. The area fraction of black L
phase is identical for-DPPC:HD, trDPPC:PA and raDPPC:HD at a given spreading

solution ratio.

ForN molecules of HD anN molecules of DPPC in the spreading solution deposited
to form the monolayer, the area fraction efghase as a function bffor a crystal witm
I b can be calculated, whebdis the DPPC to HD or PA ratio of the spreading solution,
andn is the stoichiometric ratio of DPPC to HD or PA in thedrystal. Isotherms and-X
ray diffraction show that the interfacial area per hexadecanol molézule; 0.2 nnt in
ordered phase& ~ 0.45 nm is the area per DPPC molecule in thegdhase (black),
with @ ~ 0.75 nm for DPPC in the E (red) phase* 0.25 nntis the area/molecule of
DChol. Hexadecanol expels DChol to the pphase in mixtures with DPPC (Fig.5B)
(112), so all cholesterol is assumed to be in thphase. The total image area ef(black)

phase i\&:

The total image area of the [red) phase i, assuming any residual DPPC and alljthe

mol fraction of DChol resides in the LE phase:

e L. O op .,
o] D W €W TQUoo o8

The area fractiorfsof the Lc phase is then:
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Fig. 3.5A showskeas a function olb, the DPPC:HD ratio in the spreading solution for three
different values of the stoichiometric ratio of DPPC:HD in thephase crystah= 1, 2,

and3. The measured values %bfall on the line n = 2. The calculated valug@fioes not
change significantly for £ 10% variationsin ,& ,® ,or®. (Details of the derivation

of Eqns.3.3-3.5 and Figure $.5 showing some of the confocal images used to a%ess
are in theAppendi®. This is consistent with grazing incidenceay diffraction that shows

the diffraction pattern of monolayers spread from 2:1 and 3:1 DPPC:HD ratios are quite

similar (66, 96 (Fig. 3.5C).

3.2.3Enriching domain boundaries in DPPC

If the monolayer spread at the interface contains a higher DPPC:HD or DPPC:PA ratio
than 2:1 (such as the 3, 5, and 9:1 DPPC:HD or PA in Figués3.3), the 2:1 DPPC:HD
crystals (black) nucleate first at nemaro surface pressure and these dosgmow until
the limiting HD (or PA) is incorporated into the: phase domains by 6 mN/m as shown
schematically in Fig3.6B. Any excess DPPC remains in theghase along with all the
DChol and the Texas Red DHPE dye. The surface pressure at the oriset of
coexistence for DPPC or DPPC with DChol is ~ 6 mN/m while for DPPC:HD or PA the
onset occurs at < 1 mN/m (Figures.5and 3.6 in Appendi®. The coexistence onset
surface pressure does not change significantly for DChol fractions fr&mol % (Fgure

S1.7, Appendi®y. Hence, once thegphase is depleted of HD or PA by the growing 2:1
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DPPCHD Icphase c¢crystal s, increasing the surfas
remaining DPPC to condense onto the existiaglamains, thereby either gradually or

abruptly changing the composition at the domain boundaries from 2:1 DPPC:HD (or PA)

to nearly pure DPPC (Figu6C). As no new t domains were formed in Figur8dl to

3.4 on increasing the surface pressure greditan 6 mN/m, DPPC is likely growing

epitaxially on the existin@PPC:HD crystals. DPPC and DPPC:HD crystals have the same

tited hexagonal packing of the alkane chaff6), with just small differences in tilt,

allowing for epitaxial growth. Figur8.6A shows that the first finger®fm on the 2:1

DPPC:HD Lc domains as the system crosses the binary DPPC:DChol coexistence curve as

the surface pressure is increasddhne compact shapes of t he
DPPC: HDomai ns is consistent with a higher
bet ween t he cDfph@:skGh t(6RAIdpema i X I n the terna
t he boundary composition is enriched in DP
near eyDPRPC as the surface pressure is incr
36 A) at the binary <coexi s-DEhock. sThifacehar
composition at the domain bod6na,r yi n dowceirnsg
fingewim the Mullins Sekerka instability.
1.5 mol dénotu@brgolthe circle to stripe morphology change, nor the fingering
instability (Figure 3.8, Appendi¥. The boundary composition would not change as HD

would no longer be limiting, and there would be no excess DPPC in the melt.
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observed in teDMRC,y HD xtaumr eBA)BfL @)l . DChol s
|l i kely that compositional chamgessahgndg heh
coexistence | ine are responsible for a re

mor p hol ogyBtoHE) chesnatit diagram of the processes involved in the circle
to-stripe transitionB) The initial domains for the ternary mixtures ( @i .7 ) are
asymmetric in shape with a line tension that varies around the boundary; line tension is
likely highest neacusp and lowest opposite. The domain composition is 2:1 DPPC:HD,
with excess DPPC and all the DChol remaining in thpHaseC) As the surface pressure

is increased above the binary coexistence line (black line in A), the boundary of the 2:1
DPPC:HD domins become epitaxially enriched with DPPC which causes a decrease in
the line tensionD) The reduced line tension enables a MullBekerka type fingering

instability. The finger spacing is given 5 & & in whichd is a capillary length that
depends on the line tension amd is a diffusion length that depends on the DPPC
diffusivity and the crystal growth velocity (See Fig. B) As the system reaches
equilibrium, the fingers anneal away, and the domains elongate into stripes of uniform

width with spacingy  v8 Q has shown in Figs3.8 and3.10.
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3.2.4Fingering instabilities due to decrease in line tension

The initial growth of r2lgoaBdsddeto asepidrc e d fif
of the classical MullinsSekerkagrowth instability that is responsible for the shapes of
snowflakes, dendrites in metal crystals, and is mathematically similar to the viscous
fingering that occurs in the displacement of high viscosity fluids by low viscosity fluids
(97, 99. During the growth of the d.domains, concentration gradients are set up in the
multicomponent k phase as DPPC is being depleted near the domain boundaries as it is
incorporatednto the growing domain. Simultaneously, DChol and the Texas Red dye are
being concentrated in the: phase as these components are excluded frontttenhains.

As sketched in Fig3.7, a linear growth front is unstable to a sinusoidal perturbation that
compresses the concentration gradient at the tips of the fingers and expands the gradient in
the troughs between fingers. In other words, the tips of the fingers extend into higher DPPC
concentrations while the troughs between fingers are in lower DPPC concentrations. As a
result, the flux of DPPC onto the growing domain is highest near the fingertips, causing

the fingertips to grow faster than the troug®s, 99, and the instability is enhanced.
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High Flux
High Growth Rate

Low Flux
Low Growth Rate

Figure 3.7. Schematic diagram of the MullinsSekerka instability.

During Lc domain growth (dark grey), concentration gradients are set up in the
multicomponent k phase (blue) as DPPC is depleted near the domain boundaries. A flat
growth front is unstable to a sinusoidal fluctuation that compresses the concentration
gradient athe tips of the fingers (dotted lines) and expands the gradient in the troughs
between fingers. The higher flux at the fingertips increases the growth rate, while the lower
flux in the troughs between fingers slows the growth rate, which feeds the imgtabili
Opposing the growth instability is the line tensionwhich acts to flatten the fingers to
minimize the length of the boundary. The instability is favored by low line tensions that
arise as the domain boundaries are enriched in DPPC. The sephedtiaen fingers is

setby @i a inwhicha O yis the diffusion length and  _j| Y& s the
capillary length, or the ratio gf to| Yo , whereYo @ @ is the difference in
concentration between thd2crystal and the meltand k T jT @ isthe convexity
of the free energy near the equilibrium melt concentration,
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Opposing the growth of the sinusoidal perturbation is the témgion that acts to
minimize the domain perimeter and keep the boundary flat. Analfpigefdix 8.1)

shows that the critical wavenumber for growth of the fingers increases with decreasing line

tension:
q u 3 p .
¢O_ coa
a © y is the diffusion length, or the ratio of the diffusivity,, of DPPC in the melt to
vhthe average crystal growth front velocitg. = Yo is the capillary length, or

the ratio of the line tension, to| Y& , whereY®» @ @ is the difference in

concentration between thel® crystal and the melt{ P ¢, wheredis the area per
molecule) and k T j1 o Is the convexity of the free energy at the equilibrium

melt concentration (See Figured.$ and 3.10 in Appendiy. As the line tension
decreases, the interface becomes unstable to interfacial perturbations and fingers begin to

grow. The fastest growingavenumber

7, TQ ’ ¥ —
a l?lEn x pIQ e & o

predicts the spacing§h(Fig. 3.6E) between the fingertips in Figgl to34.d~ 7 Om f or
t he 3d~l Sn@m for the 5:1 and 93Lingepingeadi ng

the domain growth velocity or decreasing the line tension causes the fingers to be closer

together.
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As the domain boundaries become enriched in DPPC while the limiting HD is depleted
in the melt, the line tension at the domain boundary decreasesngaQ and G to
increase, and to decrease, leading to the destabilization of the interface and growth of the
fingers. The fingers will grow first on the domain boundary with the lowest line tension,
which is the curved parts of the domains opposite the cusps (FigureAppendiy).

Fingers do not form on the domains at low surface pressure as the line tension between the
2:1 DPPC:HD domains and the melt is too large, malliggeater than the domain size.
DChol is required to induce both the fingers and the ctelripe transitiorand does so

even at 0.5 mol % DChol concentration. DChol likely segregates to the domain boundaries
and act sacatsanat oillionveer i ng t helLeboundagy63, E08.s i o n
The fingers are a dynamic consequence of domain growth; as the supecsatirétie

melt is dissipated and the system reaches equilibrium, the fingers stop growing and
eventually anneal away to minimize the domain perimeter. However, this analysis does not
include the effects of the dipetiipole repulsion! hwhich may stabike the high aspect

ratio fingers. McConnell has shown that the presence of a dijodée repulsion lowers

the effective line tension, which would promote the fingering instability as well as the
circle-to-stripe transition(64, 79. An alternate theory describing diffusive growth of a

O

cylindrical crystal replaces the diffusion length, O by R, the glinder radius in

Egns.3.6,3.7(113.

3.2.5Uniform width stripes i an equilibrium morphology
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With time (30 minutes to several hours), the domains evolve into stripes of uniform width
and the fingers anneal away, especially in theDBPC mixtures (Figs3.2E, K, Q).
Determining the electrostatics for the complex domain shapes irBHEige3.4 is difficult,

SO as an approximation we use a simplified model due to Moy and McCénbethat
describes the transition between a square (line tension dominated) and rectangular (dipole
dominated) domain. The initial sermircular domains are compact and have an aspect ratio
near one, like the squares, Vehihe final stripes have a large aspect ratio, with the width

<< length. The free energy, due to the line tension and dipalgole repulsion in a

rectangular domain of length,and width,w, is:

°c _ .o .. . . ;oo
— = I+ 1T v a! 0 = I+ Tk 0 o ! a
G 0 o

cO & | o

in whichA = lw is the individual domain area, which is roughly constant during the transition,
and as irEqns.3.1, 3.2, e is the exponential, 2.718 addk the separation between molecular
dipoles, ~ 10 nm. This free energy is minimizdd,® 0 mwith & 0j 0 for fixed

domain areaA:
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A < 1 square solution .
A > 1 rectangle solution

== Theory
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DChol sdoavgrgeoafeantuefsorgr eater t hah nktr(erascetsa
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Eqn. 39 has two solution branches (solid lines Fig. 3.8) the first beingd 0 h
corresponding to square domains with 08 To determine the second, rectangular
branch, Eqn3.9 is solved numerically to give the relationship between the domain width
and area fotx 0. The two solution branchesflrcate at a critical domain widtb,

0 hcorresponding to a critical are®, k 0 8This critical domain width is determined

from the second derivative of Eqn. 9 fork 0 :
_— =
— cl Il,)— p WUg Q" ! T oP T
Above this critical width, the square shape becomes higher in energy than the rectangular
shape. Solving fob gives:
O 1 p U QN ] pQl N6 prmQ! o p

To illustrate the rest of the recigular branch, Eqr8.9 is scaled by) hwhich defines a

dimensionless width and areak 0j 0 IPlk 6j 0 g,

6I_T(")l._ ol o - TL') ol o
oD oD
oF 0 11T p wmgaQ” T oD

where we have made use of EGrll to simplify the final term in Eqr8.12. The two
solution branches are shown in F&8. The square solution to Eg12 isd6f 0 , and
this fAsquareodo s B88iugivendbyn br anch i n Fig.

0 gﬂ’]n of p oo
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The numerical soluti on ftomtoEgh3:l2isaso pottetl o r
in Fig.3.8. The minimum energy solution converts from squares to rectangles abl
p8 An asymptotic approximation for the rectangular branch of Bqr2 that gives good

agreement with the numerical solution &dr pg& us:

0 ™ T X pdd  T@iuv o ™rowk Tm™WicTWk oPT

The leading termis Q " p W¢ ™ thyvhich gives the limiting stripe width,

O T® Ty L8 QF forlarge domain areas or stripe lengths. The domain width is
roughly constant fodl v. As the domain area increases, the stripes lengthen, and Eqn.
3.14 shows that the energy no longer depends on the length of the domains, but only on the
width of the domains. We see from Figsl-3.4 that the final stripe widths are uniform

and independent of the stripe length, and hence domain area, consistent wth4£gnd

Fig. 3.8. Image analysis can provide the area and width of stripe domains for different
spreading solutions and surfacegsures to determiide from Eqn.3.14, and thenj *

0 for the various stripes.

At surface pressures below the transition (Bi§B), the semtircular domains shown

in Figs.3.1t034 are such that 0 p 1TQ | as he line tension between

the 2:1 DPPC:HD t phase and the DPPC/DChat phase is high, making ‘ large.

The epitaxial growth of DPPC on the original 2:1 DPPC:HD domains decrease the line
tension,_, causing to decrease and make 0 . These domains transition from

the Asquareodo s®@BBYutibyn threamnsdh w( Fciogh.ver si on

domains into stripes of uniform width, 1@ T 0 . The data for all mixtures shows that
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the striped domains widths vs areas lie althrggrectangular branch of the solution to Eqgn.

14 fordl ¢ for all compositions tested. As the domains widths decrédsmreases and

the domain width approachés 1@ X uv8) Q! 8
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Constant surface pressure, 8.5 mN/m

Figure 3.9. Reversible &i pe-to-circle-to-stripe transition by temperature cycling.

A) Stripes are the equilibrium configuration aB22nd a surface pressure of 8.5 mN/m.

B) Increasing the temperature to >32%t 8.5 mN/m places the system above the binary
coexistence line in Fig.6A, causing the stripes to shorten &jdeventually revert to the
same semcircular shapes present at low surface pressures in3Fige.3.4. This suggests

that the DPPC laydhat grew on the 2:1 DPPC:HD domains melted away, leading to a
higher line tension boundarf2) The cooling process involves growth of the low line
tension DPPC boundary, which in turn initiates the Mullekerka fingering instability.

E) As the systemanls, the fingers grow similar to when the surface pressure is increased
at a constant temperatufé. Cooling the monolayer back to 22causes the stripes to-re
form with similar width to (A). The process can also be reversed by changes in surface
pressue at constant temperatursppendix Figure 9.11).
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Fordl ¢, the data do not agree with the predicted bifurcation of the square to stripe
solution occurring abl” p in Fig. 3.8. This is not unexpected as the actual shape of the
domains is not square in Figs1-3.4, but semcircular. Eqn. 2 describes the eneafyan
isolated circular domain, which predicts a single optimal radius and domain area for a given
value of_j * .Unlike the rectangular domains in which bothandé lcan vary, for circular
domains, the continuum theory predicts a single value fooptienal radius and domain
area. However, the data fof ¢ does not have any clear optimal value, consistent with
previous observations that seamicular and circular domains sizes are polydisperse and
likely set by kinetic effects of nucleation and gthw

The results presented in Fi§.8 are consistent with the stripe domains being an
equilibrium shape with a minimum energy configuration dictated by the ratio of line
tension to dipole density differencgj * 0 . True equilibriuntequiresthat the final
morphology be path independente find identical stripe widths if we cross the binary
coexistence curve by increasing the surface pressure at constant temperature or by lowering
the temperature at constant surface pressure 88@). Figure 3.9 shows the first
temperature cycle at a constant surface pressure of 8.5 mN/m for a spreading solution of
9:1 racDPPC:HD + 1.5 mol % DChol that followed a constant pressure cycle to reach the
stripe morphology. Fig8.9A shows stripes of uniforthickness at 22.0C and 8.5 mN/m.

If we raise the temperature while keeping the surface pressure constant at 8.5 mN/m, the
stripes shorten and thicken (F®9B), until at 25.1 C, the semtircular domains with
single cusps are recovered (BEC).Reducing the temperature back to@2nduces the

fingering instability and the eventual conversion back to stripes 8H§) that are very
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similar in width as Fig3.9A. The stripe widths are independent of the pathway taken,
consistent with an equilim morphology. The transition also shows that a single stripe
forms from a single circular domain, and that the cusp defect is retained throughout the
cyclic path. The fingering instability in Fig8.9D and3.9E only occur on cooling while

the DPPC is bag condensed onto the crystalline domains, which confirms that these are
growth instabilities induced by the decreasing line tensidhis cyclic return to the same
structures is quite different from those previously found in medtdor Lp-Lo systens

that form circular domains, in which the size distribution of the domains is determined by
the nucleation and growth kinetics rather than the minimum energy radius fror8.Eqn.
(71). Supplementary Figurel9.1 shows a similar gpe-to-circle morphology change can

be obtained by decreasing the surface pressure at a constant temperature consistent with

Fig. 3.6A.

Fig. 3.10 shows the surface pressure and temperature dependence of the stripe width

plotted in terms of the Bondumber | 18— '’ U . For these calculations, the

minimum distance between dipoles, 1 nm. At all three ratios of DPPC to HD, DPPC

to PA and racemic DPPC to HD, and the stripe width was indistinguishable when PA
replaced HD or racemic DPPC replacddRPC over the entire range of surface pressure.
This suggests that neither the composition of the binary crystals that initially formed the
domains at low surface ggsures nor the chirality of the domains, determine the stripe
width. However, the stripe width does depend on the ratio of DPPC to HD or PA in the
spreading solution. At the transition surface pressure of 6 mN/m, the three systems have

roughly the sam&  of ~ 67, suggesting that this marks the boundary between
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circles and stripes. For the 3:1 DPPC:HD, the stripe width of 7 £1 pnd and- 7 was
independent of surface pressure. For the 9:1 DPPC:HD ratios, the stripe width decreased
logarithmically from 5.5 pym to the optical resolution limit of < 0.5 pm with surface
pressure, and hence roughly linearly wigh' until leveling off for surface pressures
greater than 12 mN/m. The 5:1 DPPC:HD ratio also decreased logarithmically jfnom 5

to 2 um with surface pressure, hence, also linearly with to surface pressures of ~ 10
mN/m before leveling off. This may have to do with the gradually increasing DChol

fraction in the | melt as more DPPC is added to the growiagibmains.
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Figure 3.10. Surface pressure and temperature dependence of the stripe width.
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Fig. 3.10B shows that the stripe width is temperature sensitive for the 9:1 and 5:1 at
constant surface pressure. The plot shows the stripe width normalized by the stripe width
for that DPPC:PA ratio a2 C. Decreasing the temperature does not change the stripe
width of the 3:1 DPPC:PA mixture. The 5:1 and 9:1 DPPC:PA decrease significantly with
decreasing temperature. It is difficult to measure the composition ottthenhain and E
melt, so we have not made a direct correlation between local compositions and Bond
number. However, as DPPC is depleted from thg@hase, the fraction of DChol and
Texas Red DHPE increase, which may be the origin of the surface pressure and temperature
dependence of the stripe width. At high enough DChol mole fractions, {DRFOI
monolayers convert into disordered liquid phases, which may act to lower the line

tension between theclphase and the melt.

3.3 Discussion and conclusion

We show here that monolayers spread from mixtures of DPPC, HD (or PA), and DChol
are among the few systems that spontaneously form domain morphologies that
guantitatively agree with the predictions of continuum theory based on the competition
between thergergetic contributions of dipoldipole interactions and line tensi@@4). The

stripe morphology and equilibrium stripe width are the same regardless of howpés st

are approached, either by changes in surface pressure or changes in temperature.

Our results are consistent with the hypothesis that the transition between circles and

stripes is due to the change in line tension caused by the growth &?@ P phase at
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the domain boundaries. HD and PA, which have small headgroups but the same 16 carbon
saturated alkane chains as the large headgroup DPR©@ystallize with DPPC at a 2:1
DPPC:HD stoichiometric ratio which reduces the tilt of the cryjatiite imposed by the
difference in headgroup and chain packing area requirements. Monolayers spread from
solutions with DPPC in excess of the 2:1 DPPC:HD stoichiometric ratio first nucleate LC
domains with 2:1 DPPC:HD ratios that have a high line tenaith their associatedgl
phase. Eventually, the limiting HD is depleted from thepbase and the d_domain
composition at the boundary changes from the 2:1 DPPC:HD stoichiometry to more nearly
pure DPPC. In the presence of as little as 0.5 mol% dihkidtesterol, this decreases the

line tension at the boundary sufficiently to induce a Mullbekerka type growth
instability that results in fingers of wellefined spacing to erupt from specific regions of

the domain boundary with the lowest line tensibime fingers are likely stabilized by the

dipole density difference that prefers high aspect ratio shapes.

The domain growth ends as the system reaches equilibrium at constant surface pressure
and temperature, causing the fingers to anneal awagve leehind extended rectangular
stripes consistent with minimum energy solutions based on the competition between line
tension and the dipole density difference described by B@i8.14. For sufficiently large
domains, the energy depends only on the domain width and is asymptotically independent
of the domain length. This equilibrium width provides estimates of the Bond number,

0 * J_ for the Lc-Le phase that depends on composit surface pressure, and
temperature. A single cusp singularity is present in each domain throughout the transition
consistent with longange tilt orientational order that leads to a heterogeneous line tension
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that is a maximum at the cusp, and a mimman the side opposite the cusp. These cusps
are similar to those described as virtual boojums in the liquid crystal liter@tOme
Exchanging racemic DPPC for nativ®PPC eliminates the chiral twist of the domains
leaving behind stripes that are straight for hundreds of microns. This-tohstiepe
equilibrium transition can equilibrate réleely easily as each stripe domain achieves its
optimal width by relatively fast seteorganization rather than the much slower global
Ostwald ripening required of circular domains. As the domain energy is asymptotically
independent of the stripe lengdach domain can reach an optimal width without needing

to exchange material with other domains.

Future work will show if these stripes, which have distinctly different ends determined
by the tilt orientation, can be ordered in flow or electietds, and could act as templates
for organizing membrane proteins or other molecules with different solubility us ILe
phases. This may provide an interesting model system for quantitative studies on the role
of monolayer organization on the reactiiffusion of proteins in monolayers and bilayers.
This work also shows the dominant effect of cholesterol in regulating domain morphology
even at trace concentrations. These alterations in morphology can explain the effects
cholesterol has on the interfatshear and dilatational rheology of lung surfactant films
and raises further questions on the role of cholesterol in replacement lung surfadants

19, 96.
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3.4 Materials and methods

Experimental Design: This study used confocal fluorescence microscopy to analyze
domain morphology in phaseparated lipiecholesterol films at the awater interface in

a Langmuir trough.

Material s. Ultrapur e wad+tngAl) from &Mili-@ DireckQ IUV-RO 1 8.

system (MilliPore) was used as the subphase for all experimentBidgRnitoyl-sn
glycero3-phosphocholine {DPPC, Renantiomer) (Avanti Polar Lipids, Alabaster, Al) or
1,2-Dipalmitoyl-rac-glycero3-phosphocholine (racem DPPC, raedDPPC) (Millipore
Sigma, Germany) was mixed with palmitic acid (PA) (Millipore Sigma, Germany) or 1
hexadecanol (HD) (Millipore Sigma, Germany) in various molar ratios with small mole
fractions of dihydrocholesterol (DChol) (Millipore Sigma, r@any) in chloroform
solution. Dihydrocholesterol was used instead of cholesterol to minimize oxidation but
has little impact on monolayer morphology or phase behai@d))( Fluorescence contrast
was achieved via the addition of 0.75 mol % TeRasl DHPE (N(Texas Red sulfony)
1,2-dihexadecanoysn-glycera3-phosphoethanolamine (Invitrogen, Grand Island, NY).
The TexasRed DHPE is excluded fromcLdomains and sgegates to £ domains,
providing image contrast. Replacing the insoluble Texas Red DHPE dye with soluble
Rhodamine 123 in the subphase does not change the fingering instabilities or the circle to

stripe transitior(36) (Figure S12, Supplementary Materials).

Langmuir trough. A custombuilt Langmuir trough allows for simultaneous surface

balance measurements and confocal microscopy visualization of monolayer domain
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morphology. The trough is madeom milled polytetrafluoroethylene (PTFE). A
continuous, stainless steel ribbon barrier is used to change the monolayer area and to
prevent material leakage. The maximum and minimum trough areas are 145/d 45
respectively. The surface pressured(ion in surface tension from a cleanaater
interface) was recorded with a filter paper Wilhelmy plate tensiometer (Riegler and
Kirstein, Germany) and calibrated using ujnare water at 22. An infrared
thermocouple (OS36SM, Omega Engineering) miests the interfacial temperature. A
circulating water bath (Fisher Scientific) provided rough temperature control, and a flexible
resistive heater (Minco) underneath the PTFE trough provided fine temperature control. A
custommilled Delrin cover was usetb limit evaporation and reduce interfacial motion

due to external air currents in the room.

Isotherms. Mixtures of DPPC, HD (or PA), DChol, and Tex@ed DHPE were diluted

to 1 mg/mL total concentration in HPERlus grade chloroform (MilliporS&igma,
Germany) to form a spreading solution. The spreading solution was deposited dropwise
from a Hamilton syringe (Reno, Nevada) onto thewaiter interface of the Langmuir
trough described above. 1 hour was allowed for solvent evaporation prior to film
compression. The trough was compressed at a constant speedf ¥0 E for all
experiments. A computer interface written in LabVIEW (National Instruments, Austin,

TX) handled trough barrier control, temperature control, and data collection.

Confocal fluorescence microscopy Laser scanning confocal microscopy was performed
using a C1 confocal scan head fitted to an Eclipse 80i upright microscope (Nikon

Instruments). A Nikon plan apochromatic 20bjective (1.0 mm working distance, 0.75
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NA, air immersion, 1701 coverslip correction) was used for all experiments. The
objective was heated using a flexible, resistive hdatgrevent condensation onto the

objective for temperaturdependent experiemts.

Statistical Analysis All image analysis was performed using ImageJ. The reported error

in all presented analyses is the standard deviation calculated from a minimum of 30 images
from at least 3 different experiments. Domain shape analysis wiasrped on confocal

images that were converted teb® and rendered binary using the Huang thresholding
method. The area fraction ot lphase was determined using the builh | mageJ A ATr
fractiono function. Do ma iby Imagelebaiinand pe
functions. The domain stripe widths were determined via manual measurements (15
measurements per stripe, 100 stripes per surface pressure or temperature condition) and

corroborated with image analysis (see Supplementary Materialstéolisile

64



Chapter 4: Structural evolution from kinetic controlled to equilibrium in
phospholipid-cholesterol monolayers

Chapter 3 demonstrated that the addition of DChol to DPPC and HD or PA can lead
to fingering instabilities that when held at constant surfagesps ur e transi ti on
domainso into stripes of wuniform width. T h
reversible with changes in surface pressure or temperature and we used a continuum theory
to show that the stripes are near equilibriuaiest. However, we did not show the role of
kinetics in initiating the fingering instabilities, how kinetics affects the circle to stripe
transition, and if kinetics determines the time to evolve from circle to striped morphology.
This chapter will investigte the role of compression rate and surface pressure quench on

film microstructure and dynamics.

4.1 Introduction

Surfactants play an important role in cleaning, personal care, and pharmaceutical
products. Surfactants also play an important roreany biological systems with examples
including tear films, cell membranes, and lung surfa¢i2n62, 70Q. The vast number of
applications has led to many efforts aimed at understanding the properties of surfactant
films(114). Of particular interest are insoluble surfactants thatess&mble into organized
structures in Zlimensions. The dimensional simplicity of these films makes them ideal to
study the fundamental science that governs monomolecular phabkavidr,

microstructure, and surface rheoldg¥5117).
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Phase separation in phospholipid monolayers was first observed over half a century
ago in which crystalline domains (historically known as the liquid condensggliiase)
nucleate andgrowth within a disordered matrix (known as the liquid expanded (L
phas¢118). The size and shape of the tdionensional domains that form are predicted to
follow a continuum theory where omimensional interfacial energy effects are balanced
by electrostatic interactio(&4, 75, 119, 120 McConnell proposed that the shape and size
of domains is determined by a balance between line tengipthé 2D analog to surface
tension, and the dipole density differer(ee ) between the ¢ and Le phases._ acts to
minimize theperimeter to area ratio which tends to produce circular domainsavhéets
to produce linear features since dipoles tend to repel. We can arrive at the free energy per

molecule, F/N in nofinteracting circular domains of radio@ 21)

—_ C o E— ™

0O ¢® LTl
0 I = QI

Where the number of moleculdéjs given by:

Herew is the average area per molecule in the dopeais the exponential, 2.714 and
1 * pnmis a molecular ceaff for the intradomain dipoledipole interactiong64). From
Eqn. 4.1 the minimum energy radiug,, for nornrinteracting domains i§ "Q0 T i

TU:
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We see that increasingfavors the domain radius to increase, while increasingfavors

the domain radius to decrease. For a given composition, suriEgipe, and temperature

we would expect to be able to obtain equilibrium domain sizes and §¢ha@eslowever,
experimentally there have not been any observations of lipid monadggéems in
agreement with theoretical predictions on global equilibrium. In the case of-oqugded

(Lo) and liquiddisordered (k) systems, it is believed that local molecular equilibrium
between the two phases can be quickly reached, as evident yremants of area
fraction(122). The driven force for local equilibrium is strong andl®ethermodynamics

(lever rule, area per molecule). However, the domain size distribution and shape seem to
be driven by kinetic factors and then trapped in {bwgd metastable states. The time
scale for reaching global equilibrium is slow and expenitzlgy unattainable for two main
reasons, 1) differences between line tension and electrostatics are small compared to
thermal energy, and 2) global equilibrium is achieved by Oswald ripening in which
molecules from certain domains evaporate and get incatgd into other domains until

all domains reach an equilibrium size and shape

In Chapter 3 we showed that systems composed of DPPC, HD, and di€}iay
circular morphology below a critical surface pressure associated with a fingering
instability(123). As the surface pressure is increased beyond the instability transition
pressure, we see fingers that anneal into stripes of uniform width when the surface pressure
is held constant over the course of nearly an hour. This system is particularly exciting t
understand because of two reasons: 1) our work on this system was the first to show a
transition from a metatable state to equilibrium state in a reversible, repeatable, and
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systematic way that agrees quantitively with continuum theory. 2) First esaiglystal
growth instabilities that do not anneal to circular shapes over flinere is a rich
background of qualitative work that demonstrate growth instabilities develop depending
on how the monolayer is compressed, but in all prior systemgrtveth instabilities
disappear and give rise to more circular morphologies when the system is allowed to
relax124-130). Thus, there has néeen a motivation to quantitatively understand how

experimental parameters lead to growth instabilities or shape transitions.

The stripe phasmorphologyis believed to get close to equilibrium on its own by
modulatingstripewidth without having to changeverall domairarea.And although we
have shown that the shape evolution is reversible with changes in temperature and surface
pressure, it is not clear if changing kinetically controlled parameters also support that the
stripe phase is an equilibrium state. Here we investigate the role of compression rate and
surface pressure quench on both the development of fingering instabilities and the circle to
stripe shape evolution. We show in a systematic way that compressioomatdscthe
finger instability widths for a given surface pressure quench, yet compression rate does not
affect the time required for the domains to evolve into stripes or the equilibrium stripe
widths. As a comparison we show that surface pressure gaeaatonstant compression
rate controls the fingering instabilities, equilibrium stripe widths, and the time required for
the shape evolution. Our findings highlight that film morphology is dependent on surface
pressure quench and compression rate in iaddio composition and temperature, thus
providing a quantitative and detailed story on why no two monolayers have the same
morphology.
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4.2 Results

4.2.1Role of compression rate

Phospholipid monolayers phase separate into a crystikmgphase commonly
referred to as the liquid condensed phasg (ithin a liquidlike matrix known as the
liquid expanded phase#)(63). Contrast in the images is due to the fluorescent dye (Texas
Red DHPE) partitioning into theelphase, and thus the-ldomains appear black, while
the Le phase appears brighEigure 4.1 shows representative fluorescence images of the
morphological transitions that occur in monola@mposed 09:1r-DPPCHD mol ratio
with 1.5 mol% DChol as the surface pressure is increased to 6.5 mN/m at various
compression rates and then maintained at a constant surface pressure over the course of
nearly an hour. We show three compressaias:3 cm”2/min A to D), 25 cm”2/min E
toH), and 50 cm”2/minl o L) 3cm”2/min. The chosen compression raesn the largest
available range of our instrument while also avoidowmpressionnduced surface
motion. At roughly 1 minute after reaching a surface pressure of 6.5 n@/compression
rates led to finger instabilities of various widths. A slow compression rate (3 cm”2/min) is
associated with the largest finger widths on the order®b‘ & (A), an intermediate
compression rate (25 cm”2/min) produced finger widthderotder of 3.5° &(E), and
the fastest compression rate produced the thinnest fingers on the ordeb6f a (1).
Holding the surface pressure constant over roughly 50 minutes led to the finger instabilities
to transition into stripe of uniform wildt All compression rates led to nearly identical stripe

morphologies of nearly equal width 3.5 @&. We postulated in chapter 3 of this
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dissertation that the stripe phase is an equilibrium state since it was found to agree
guantitatively with continuuntheory and is reversible with temperature and surface
pressure, and here we support this claim by showing that the stripe phase does not depend

on growth kinetics.

When looking at the time progression of the morphological evolution, we observe
that the dedils of how the fingers evolve into stripes depends on the starting finger widths.
In the case of a slow compression, the finger widths are larger than the equilibrium stripe
wi dths and thus as a function ofyibciease t he
within the first 5 minutes (compare paehndB) and then as a function of time until the
stripe phase is reached, the number of branches remains roughly the same. In the case of
an intermediate compression rate, the finger widths are almsathe width as the stripes
(see Fig. 2 for quantitative analysis on finger vs stripe widths). Comparing Raaeds-,
we do not see a noticeable increase in the number of branches. And as the fingers evolve
into stripes, we see that the number of branches remains roughly constant (compare panels
G andH). For a fast compression rate the finger widths are significamffler than the
equilibrium stripe widths and we observe that the number of fingers tends to decrease as a
function of time. In the first 5 minutes (parklof the evolution we observe what appears
as fingers merging at the ends and then extending agla finger. As a function of time
the number of fingers decreases slightly (p&ehnd ultimately the fingers stretch out at
the expense of the core of the domain and turn into stripes (panéle note that it is
possible that over the course of mdmours the branches in the stripe phase would anneal
into a single stripe. It is also possible however that the multiple branches are required to
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alleviate the geometric frustration induced by the molecular tilt of the chiral DPPC

lipids(131, 132.
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In Figure 4.2we quantitatively compare the effect of compression rate on the finger
instability and stripe width. For analysis of the fingering instabilities, we include any image
that was taken within 1 minute of reaching our target surface pressure of 6.5 mN/m. We
measired the finger widths roughly miday between the web of the fingers and the finger
tips (insert provides a representative example). The finger instability widths (red circles)
decrease nearly linearly with an increase in compression rate while thenatitipe (black
squares) remain constant at a widthxd8.5 & This result shows that the finger
instabilities are highly sensitive to how the experiment is performed as the finger widths
decrease nearly an order of magnitude froo® ‘* dadown to T ‘ & by changing the
compression rate from 3 to 50 cm”2/min. Studies have shown that in lipid monolayers of
DPPC the phase behavidr ( 0 isotherm) is unchanged when the compression rate is
modulate@125, 126, 128 However, there has been evidence that compression rate alters
the morphology of various phospholip{@&7, 128, 13) It is possible that the observed
triskelion morphology associated with DPPC is a variation of the fingering instabilities
observed here. This idea supported by reports of DPPC relaxing from triskelion to
circular bearike structures when the surface pressure is held constant over the course of

many hourgl27).
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In Figure 4.3 we show that thtime for circular domains with fingering instabilities
to evolve into stripes is independent thie compression rate We showed that the
compression rate affects the widths of the starting finger instabilities, where we see from
Fig. 4.2 that at low compression rates (3 to 25 cm”2/min) the finger instabilities are larger
than the stripe widths (finge¥s5.5t1 vs stripes 3.5 1 for a compression rate of 3
cm”2/min)and thus as a function of time the fingers evolve by decreasing their width. For
a compression rate of 25 cm”2/min the finger instabilities and stripe widths are roughly the
same, and thus the fingers do notchechange their widths significantly as they elongate
into stripes. At high compression rates (25 to 50 cm”2/min) the finger instabilities are
smaller than the stripe widths (fingerd.5 | vs stripes 3.5 1 for a compression rate
of 50 cm”2/min) and thaias a function of time the fingers evolve by increasing their
widths. Not only do we see that the shape evolution time is independent of compression
rate, but it also insensitive to the fingers needing to increase or decrease in size over time

as they evive into stripes.
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Figure 4.4 shows that when the monolayer is compressed at a constant compression
rate of 3 cm”2/min to surface pressures highan when the fingers are first observed, the

width of the fingers decreases. It is useful to define a surface pressure quench:

Where* is the surface pressure at which fingers first form for a given temperature
and composition®( = 6 mN/m at 22 ). The surface pressure quenches in Fig. 4.4
arel,1.4,1.7,2.2,and 2.5 mN/m respectively for pah&isoughF. Below the transition
surface pressure the morphology is seirgular domains (paneh) and it is only for

“ equal or greater than zero at which fingering instabilities are observed. At this
compression rate the fingers get thinner and more spiraled while the number of fingers
remain roughly constant as the film is compressed. The addition of DChol causes finger
to become thinner and more spiraled at a given surface pressure, temperature, and
compression raf@23). The accepted hypothesis is that DChol reduces the line tension of
the Le-Lc interface. We postulate that as the film is compressed, the concentriation o
DChol in the melt increases and that this leads to a decrease in the line tension, leading to

smaller and more spiraled fingers.
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In Figure 45 we quantitatively show how the fingering instability widths (black
dots) change as a function of surface pressure quench and how the stripe widths (red
crosses) change as a function of surface pressure. In these experiments the finger
instabilies correspond to films that were compressed to a given surface pressure at 3
cm”2/min and then immediately imaged. The stripe widths correspond to the width
obtained by holding the surface pressure constant over the course of an hour. The fingering
instablities decrease nearly linearly from a widthxop® * atox m@f d&over a surface
pressure quench range of 0 mN/m to 3 mNLlikewise, the stripe width decreases from
x 5,5 datox 1.8 d&over the same surface pressure range. We note that at lowesurfac
pressure quenches ( x 11 p® mN/m) the finger instabilities are larger than the
equilibrium stripe width and thus the initial fingers need to evolve into smaller structures.
And at higher surface pressure quenches ( * p® o mN/m) the initial finger
instability widths are smaller than the equilibrium stripe widths, and thus as a function of

time the finger instabilities anneal into larger structures.

79



Surface pressure quench (mN/m)
-0.5 0 0.5 1 1.5 2 2.5 3 3.5

T T T T T T T T ?
{ Finger instabilities

61 1 Stripes 16
3
o5l e
g E
=
S 47 14 £
= O
% =
A 18
£ =
Qo X 12
S ¢
£

1t 11

0 1 1 1 1 1 1 0

5.5 6 6.5 7 7.5 8 8.5 9 9.5
Surface pressure (mN/m)

Figure45Ef f ect of surface pressure quench dept

Measurements of finge
films compbRRAdA: D H®:1L. %5 mol % DGholFi &am avatse
compressed at a rate of 3 cm”™2/ mini ltiot yvar
measurement s, i mages taken within 1 minut e
were analyzed. For the stripe widths, the
pressure for roughly 1 hour. Measghleyemalsf
bet ween tip of finger and finger webs, ref
wi dt hs decrease nearly Ilinearly with incre
guencHlied MN/ m) the fingpeswotlt Bsmakbvelvei dt
hi gher surface p3 emNB/um)e tqghuenfcihmger(st. &vol ve
wi dt hs.

rr-instability widths

80



In Figure 4.6 we show that as we increase the surface pressure qulkadime
required for the domains to evolve into stripes decre@bescriteria used to determine the
time required for the morphology evolution was when the film morphology was entirely
stripes and further wait time did not result any changes to the film morphélagglsC,

F, andl show that for a surface pressuremgteof 0, 1.5, to 3 mN/m the time required for

the fingers to evolve into stripes is 60, 30, and 20 min respectiMayfilm morphology

within 1 min of compressing to the target surface pressure quench of 0, 1.5, and 3 mN/m
is shown in panel8, D, andG. We show in pands, E, H the morphology at the miday

point of the total time required for the circle to stripe evolution (30 min, 15 min, and 10
min respectively).In Figure 4.7 we quantify the time for domains to undergo the
morphological evolution. \&find that the evolution time decreases nearly linearly over the
pressure range of 6 to 8 mMN/m and at pressures near 9 mN/m the evolution time appears to

reach a plateau.
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When the film is compressed at a constant compression rate to varying surface
pressure quenches, the time for the morphology to evolve from fingers to stripes varies
inversely with the pressure quench. Fig. 4.5 shows that the finger widths can either increase
or decrease in size as they grow and elongate into stripes depending on the surface pressure
guench. Thus, it seems unlikely that the observed time dependence ts fingers
elongating to different dimensions. We note that as the surface pressure is increased more
of the domain core is depleted by the formation of fingers. The initial formation of fingers
is driven by kinetics and occurs on the order of seconkie the transition from fingers
to stripes is limited by plastic flow of material within the domains and driven by the balance
between line tension and electrostatics and occurs on the order of tens of (9nL&S
134). This leads us to predict the time required for domains to transition from circles to
stripes is a function of the area of a don

conform to stripegd.35137).

Additionally, this explains why the evolution time plateaus at high surface
pressures. We have found that the area of the domains remains roughly constant through
the transition (one circle domain turns into one stripe, Appendix). And thus, the formation
of fingers occurs at the expense of the original seinsular domain. And as the surface
pressure is increased, more and more of the domain core becomes depleted. This process
will continue until the there is no more domain core to be converted into intpers

explaining qualitatively why the time for finger to evolve into stripe reaches a plateau.
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4.2.2Connection to theory

The classical MullinsSekerkatheory states that a crystal growing in a melt can
undergo instabilities depending on the competition between surface temgiomass
transporfl38, 139. As a crystalline front grows it can be subject to sinusoida
perturbations and concentration gradients tend to drive the growth of these instabilities. In
2D crystals, opposing the instabilities is line tension, which acts to dampen any
perturbations to the crystal perimeter thereby lowering interfacial enéngyAppendix
has a derivation of the MullinSekerka instability and in this chapter, we revisit the
pertinent equationsAs the line tension decreases, the interface becomes unstable to
interfacial perturbations and fingers begin to grdhe critical waenumber for growth of

the fingers is given by:

. U 3w p

Q - 18]
cO_ coa
wherea S y is the diffusion length, or the ratio of the diffusivity,, of DPPC in the
melt to Ohthe average crystal growth frontleeity. o = Yo is the capillary

length, or the ratio of the line tension, to| Yo , whereYo ® @& is the
difference in concentration between th® Zrystal and the melt{ P ¢ wheredis the
area per molecule) and k T T w is the convexity of the free energy at the

equilibrium melt concentratio The fastest growing wavenumbsrgivenby:
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Where the spacing of the fingering instabilities is given by:

P p Py (p’o=
(0 G Qaa R 8

We expectO , thediffusivity of the liquid phase to be constant for a given temperature
and composition and thus not vary with compression rate or surface pressure ¥aench.
can be determined from isotherms andaX diffraction measurements by knowiag ,

the area per molecule in the phase and the area per molecule in the phase at
coexistence:

Yo Py P4 2

Again, we do not expect the area per molecule of tbeahd L= phase to change
significantly with changes in compression rate or surface pressure quench, atitethus
difference in concentration between tirgstalline and liquid phas&¢) is likely constant

in our experimen{49, 140.

The values of the convexity, k T jT @ of the free energy surface can be

roughl y appr ox iAnsatheenrdin the opmaset Foe an ‘isothermal; 1

component system (neglecting the fact that the monolayer is multicomponent),
Q“ 3Q‘orQj Q" pi¥s, @.7)
which is the Gibb£uhem relation for a 1 component monolayer. The chain rule gives
Tt o Pie“r Qo pf3 1 Q0 1@

As3 pf inwhich A is the area/molecule inpaessureareaisotherm experiment,
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Fromt h e s | o{\é&otherdm atithe beginning of the saliquid coexistence region,
and the area/moleculédy g, can be used testimated . The pressur@rea isotherms of
DPPC are nosensitive to the compression @25, 126 and the slope of the pressure
area isotherm is roughly constant over the surface pressure queestiees Thus, the
convexity of the free energy is expected to be nearly constant for various compression rates
and surface pressure quenches. The parameters that are likely to vary with compression

rate and/or surface pressure quench are the velocity ofytstalline front and line tension.

Classical nucleation theory states that for an isolated domain growing quasi

statically the velocity of a crystallization front is approximate(Liéy):

¥ 0O ¢Q
v ® v T8

Where O is the diffusion coefficient of the melts is a relative concentration

supersaturationy is the crystal radius, arfd is the capillary length given by:

Wherez0 is the concentration difference between th@hdLe phases; is the chemical
potential. We see that velocity of the crystal front depends on both the supersaturation and
the line tension. Thus, we will explore how both might vary as the surface pressure quench

and compression rate are modulated.
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As the surface pressure quench is increased, the system is driven farther away from
equilibrium, and thus this leads to an increase in the supersaturation. In the case of a single
crystal growing in a melt the concentration supersaturation is constant, memvinecase
of multiple crystals growing near each other, the supersaturation will decrease as the as the
area fraction of the solid phase increases (LifsBlfzosov theory). We speculate that at
the slowest compression rates we are close to the-giatisiapproximation and thus the
crystal front growth velocity is driven by incremental changes as the film is compressed
and the surface pressure increases. As the compression rate is increased, it is likely that the
crystals no longer experience an imaental change in the concentration supersaturation,
and instead the system experiences a large supersaturation that will drive rapid crystal
growth. Following Eq. 4.5 we expect that the finger spacings would decrease with an
increase in compression rateilgrkeeping all other parameters constant. Experimentally
we find that the finger instability widths decrease nearly linearly with compression rate

over the range tested in agreement with this qualitative assessment.

We showed in Chapter 3 that the raifdhe line tension to the difference in dipole
density difference squaredfzt decreases as a function of surface pressure for a given
temperature and composition. It was found that DChol is responsible for the circle to stripe
transition, and from #h stripe measurements we were able to directly deternfisg .

The physical picture for hoat might change with surface pressure is that lipids decrease
their molecular tilt as the pressure is incre§gédl42, 143 This is a phenomenon that is
expected to occur for all compositions of our ternary lipids as the surface pressure is

increased. However, we know that without DChol, there is no shape transition. Thus, we
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hypothesize that any changes to do occuif toasa function of surface pressure are small

relative to changes toas a function of surface pressure.

The physical picture of line tension is that of a change in the molecular
organization, tilt, or composition along the-Le boundary73, 79, 144148). It is believed
that a large_is associateavith a dramatic/abrupt change in the molecular organization,
tilt, or composition whereas a gradual transition is associated with a relatively lx@hol
is believed to be line actiy#9, 38, 108, 111, 116, 144, 145, 1¥8P), and it was shown in
chapter 3 that DChol changeBst as a function of surface pressure. Sisceis unlikely
to vary with surface pressure, we believe that DChol is responsible for the decreases in
It is possible that the compression rate would have an impact on how DChol might be able
to organize at the d-Le boundary, however we currently do not havgoad picture of
how DChol is distributed in theglphase nor exactly how it is able to change the line

tension.

Our samples contain 1.5 mol % DChol, and if we assume that all the DChol remains
in the Le phase (per the analysis in chapter 3) (along ity excess DPPC that does not
co-crystallize with HD), then we can roughly calculate how DChol gets concentrated in the
Le phase. We find values for the solid phase area fractisorO#5x 0.4, tox 0.63 for
surface pressures of 6, 7.5, and 9 mN/m respagt(corresponding to panefs D, andG
from Fig. 4.6 and a simple area calculation says that the D€trotentration in the melt
increases by a factor of 1.33, 1.67, and 2.7 respectively. We have shown in chapter 3 that

increasing the DChol concentration in the spreading solution causes fingers to become
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thinner and more spiral, again consistent with theaithat DChol decreases the line

tension.

4.3 Conclusion

We have shown that compression rate allows for systematic control of the finger
instability widths but does not affect the equilibrium stripe widths or the evolution time
from circles to stripes. Wiend that in the range of 3 to 50 cm”2/min, a faster compression
rate led to the initialization of thinner fingers. This illustrates that the finger instabilities
are driven by kinetic parameters as predicted by the MuHlalerka theory of growth
instablities. We hypothesize that the interplay between compression speed and how
quickly concentration differences can be equalized near gHe: Iboundary influences
fingering instability growth and thus help determine the finger width. This leads us to
beliewe that many multiobe structures seen in phospholipid monolayers are due to growth
instabilitieg95, 125128, 130, 153, 154

By modulating the surface pressargench the fingering instabilities widths, stripe
widths, and the time required for the circle to stripe shape evolution can be controlled. We
find that increasing the surface pressure quench leads to a near linear decrease in both the
finger and stripe wdths for the range of surface pressure quenches tésted ( d0-3
mN/m). We argue that as the surface pressure is increased, the difference in dipole density
remains roughly constant while line tension decreasesthis results in a decreaséha
stripe width. Likewise, we believe that by increasing the surface pressure quench, line

tensiondecreases while the supersaturation increases, both contributing to the development
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of finger instabilities. The time scale for finger development andtfiras a function of
surface pressure quench is on the order of seconds to njira&e434, while the time
scale for plastic flow of mac¥sized domains is on the order of tens of minias, 137.
Thus, the time for fingers to eva\nto stripes depends on how much of the original semi
circular domain core is present for a given composition, temperature, and surface pressure.
In nearly 50 years of work on lipid monolayers there has not been quantitative data
that matched with theatieal predictions regarding equilibrium domain size and shapes.
Crystal growth instabilities have been observed in surfactant films and circular domain
shapes have been shown to be the stable shape following annealing at constant surface
pressure. He we show sermjuantitatively that both kinetic and thermodynamic
parameters govern the development and growth of crystal instabilities. These instabilities
evolve into stripes of width predicted by continuum theory and are invariant to kinetic
growth comlitions. This shows that the stripe morphology in DPPC/HD/DChol systems is
truly near equilibrium and thus provides an opportunity to understand at a fundamental

level how soft crystalline materials grow, organize, and flow-@in2ensions.

4.4 Materials and methods

Experimental Design: This study used fluorescence microscopy to analyze domain

morphology in phasseparated lipictholesterol films at the awater interface in a

Langmuir trough.
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Materials. Ultrapur e wadtnmAl from eMili-@ DirectkQ IUV-RO 18. 2

system WMilliPore) was used as the subphase for all experimentsDip@mitoyl-sn
glycera3-phosphocholine {DPPC, Renantiomer) (Avanti Polar Lipids, Alabaster, Al)
was mixed with fhexadecanol (HD) (Millipore Sigma, Germany) in various molar ratios
with smallmole fractions of dihydrocholesterol (DChol) (Millipore Sigma, Germany) in
chloroform solution. Dihydrocholesterol was used instead of cholesterol to minimize
oxidation but has little impact on monolayer morphology or phase behé&ddr
Fluorescence contrast was achieved via the additiorbah0l % TexasRed DHPE (N
(Texas Red sulfony],2-dihexadecanoysn-glycero3-phosphoethanolamine (Invitrogen,

Grandlsland, NY).

Langmuir trough . A Langmuir trough(NIMA) allows for simultaneous surfapeessure
measurements andluorescence microscopy Vvisualization of monolayer domain
morphology. The trough is made from milled polytetrafluoroethylene (PTFE)ngle
PTFEDbarrier is used to change the monolayer aifdge maximum and minimum trough
areas ar@55and55 A [ respectively. The surface pressure (reduction in surface tension
from a clean aiwater interface) was recorded with a filter paper Wilhelmy plate
tensiometer NIMA) and calibrated using ulture water at 22. An electronic
temperature sensor was usedecord subphase temperature (NIMA)circulating water

bath (Fisher Scientific) provided temperature con&kdD printedcover was used to limit
evaporation and reduce interfacial motion due to external air currents in the Aoom.
stainlesssteel comection reduction stage (custom built) was placed below the microscope
objective to further reduce subphase convection and monolayer flow.
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Sample preparation Mixtures of DPPC, HD, DChol, and Texed DHPE were diluted

to 1 mg/mL total concentration iPLC-Plus grade chloroform (Millipor&igma,
Germany) to form a spreading solution. The spreading solution was deposited dropwise
from a Hamilton syringe (Reno, Nevada) onto thewater interface of the Langmuir
trough described abovin all experimets we deposited 25 "Qf material to the interface.

1 hour was allowed for solvent evaporation prior to film compression. The trough was
compressed at warious compression speed as indicated in the t&{MA software
(version RT 7.8handled trough &rrier control,surface pressure acquisitioand data

collection.

Fluorescence microscopy Images were taken on an Olympus BKA upright
microscope using a cooled CCD Retiga EXi 1394 camera from QImaging (Surrey, BC,
Canada). We extracted images froideos of the interface (20 frames per second, 2
seconds of video)lThe TexasRed DHPE is excluded fromcldomains and segregates to

Le phase providing image contrast.

Statistical Analysis Measurements of the domain finger widths and stripe widths were
taken manually with ImageJ and were verified with image processing techniques in python.
All image analysis was performed using Imaged data was plotted using MATLAB

The reported error imll presented analyses is the standard deviation calculated from a
minimum of 30 images from at least 3 different experimans.measured the widths of

roughly 100 fingers and 100 stripes for each experimental condition.
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Chapter 5: Role of composition on monolaye phase behavior, surface
rheology, and nanemechanics

This chapter builds on Chapter 3 where we showed that the addition of DChol to mixtures
of DPPC and HD leads to the evolution from a nstéble state (circle shapes) to an
equilibrium state (stripg@svia a crystal growth instability. Chapter 4 elaborated on the
fingering instabilities where we showed that fingers are driven by thermodynamic and
kinetic factors, while the stripe phase is invariant to crystal growth kinetics. In this chapter
will shift focus to practical performance considerations, namely how does composition
affect the interfacial spreading properties of LS films. We investigate how film phase
behavior relates to surface rheology on thenaiter interface. We then transfer films from

the airwater interface onto supported substrates to characterize the nanomechanical

properties of the ¢ and Le phases.

5.1 Introduction

Lung surfactant (LS) is a liptgdrotein mixture that coats the aiater interface of
the alveoli. Its main functioms to make breathing possible by reducing the interfacial
tension of the alveolar interface. An additional aspect of proper LS function is its ability to
flow or resist flow during breathing. Prior work in this dissertation has looked at the role
that micostructure and phase behavior play in determining LS function. In this chapter,
we will investigate the interfacial spreading properties of LS as this is an important
performance consideration for a successful synthetic LS formul@tioimginhalation tle
alveoli expands quickly, and the LS needs to have a low surface viscosity to quickly spread
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on the aiwater interfac€l15, 57, 115, 15857) During exhalation, there is a surface

tension gradient between thater lung(bronchisurface tensiors o 1t .7l and deep

in the lung (alveolus,surface tensiorx Tl .7 ).(15) Such gradients will induce a
Marangoni flow from low® highersurface tensioregions, effectively removing LS from

the alveolug15) However, everyday experience suggests that this is not thamdaa

essential question is what stabilizes LS against the induced convectivélHovDur
groupds ongoing work has shown that there
properties, namely, the surface viscosity of LS films witHace tensioand composition,

that might counteract the convective flow and keep LS wih&edongs(15-20)

Of particular interest is the model system composeddPPC, HD, and DChol.
Previous work has shown that DPPC and DChol in the presence of palmitic acid (PA),
shows an initial multiple order of magnitude increase in the surface shear viscosity as a
function of surface pressure followed by a more gradual increase in the vig@G§ity.
was found that DChol causes a decr@éasiee surface viscosity at higher surface pressures,
and it was argued based surface viscosity data from binary mixtur@¢f€ and DCHol,
that the decrease in the viscosity of the ternary mixture was due te pirase becoming
less dissipativgd6) Literature on transferred films from thar-water interface onto
supported substrates shows that the in phase separated systemsphiasd_is more
dissipative as indicated by friction force from atomic force microscopy
measurementd.58) The interpretation offered is that the phase has higher degrees of

freedom, and thus has more ways to dissipate energy as the tip interacts with the lipid
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tails(158 Thus, there are conflicting interpretations of why the monolayer surface

viscosity might decrease with DChol, and in this Chapter we nviéistigate this question.

In this work, we show that at low surface pressures, film surface rheology is related
to the growth of the crystalline phase and independent of composition. We model the trend
in the surface viscosity using a 2D suspension mathelre the k& phase domains are
treated as hard circular discs interacting in a low viscosity m@ts8). At higher surface
pressures, DChol acts to make the films less dissipative. We find that DChol inhibits the
growth of the Ilc phase, and we show using various AFM techniques that DChol
destabilizes both thegland Lc film morphology. DChol gives rise to a softer more fluid
like submatrix within the Ephase. We find that the nantechanical properties of the L
and Le phase are fundamentally different; thedhase is more elastic, while the jhthase
is highly dissipative. These results are found to be largely independent of composition.
Thus, we find contradicting results when we study the monceksade vs domakscale
behaviori on one hand the monolaykvel dissipation decreases as measured via micro
rheology, while at the domain level, more of thepbhase is present which is found to be
more dissipative than the-lphase. We propose an alternative explanation: the decrease in
domain size and percolati leads to a decrease in domdomain interactions and an
increase in intr@lomain lubrication, both which cause the surface viscosity to decrease

with the addition of DChol.
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5.2 Resultsand discussion

5.2.1Macro-behavior: surface rheology and phase fraction

It is believed thatdrge rheological changes should occur as a functicurddce
pressureo allow for properespiration and kedpng surfactanin the alveoli(15) Figure
5.1 presents rheological dataurtesy of the Squires labCSB (panelA) and solid phase
area fraction measurements for ternary mixtofé3PPC, HD, and DChol (panB). Panel
A showsa 3 order of magnitude increasetire film surface viscosity— ) for surface
pressures the range 00 to 8 mN/m which we will define asegion 1 And a further 1
2 order of magnitudencrease fosurface pressures in the rangeBdb 40 mN/m which
we will define asregion 2. In region 1 we find thdhe surface viscosity increases
exponentidly (note semiog plot) and the trend is insensitive to the DChol composition.
In region 2,the viscosity data does not increase as rapidly as in region 1 and there is
systematic decrease +n for increasingDChol contet. This indicates that DChol plays
two fundamentally different roles in the observed surface viscosity trends; in regien 1 th
system is insensitive to DChol content, and we have a dramatic increase in the surface
viscosity. While in region 2, the surface viscosity levels off and DChol acts to make the

monolayer less viscous.
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Figure 5.1 Influence of DCholon surface shear viscosity and solid phase area fraction

PanelA shows surface viscosity vs surface pressurmr a 3:1 DPPC:HD + Xnol %
DChol as recorded by the microbutton technique. For all compositions ther8 isrd&@'s

of magnitude in@ase in the surface viscosity in the surface pressure rang@ wiNIm
(region 1) and further increase in surface viscosity®btders of magnitude in the surface
pressure range of80 mN/m (region 2). DChol does not significantly influence viscosity
in region 1, but acts to make the film more fHilce in region 2. Pand® shows the tarea
fraction (%) vs surface pressure for 3:1 DPPC:HD + X mol % DChol. We find a linear
increase in k area fraction in region 1 and then a plateau in region 2. afideefraction
decreases with increasing DChol content in region 2.
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These results agree qualitatively wikie ideahat during exhalatiothigh surface
pressurehigh— is requiredto prevent Marangoni flofrom driving lung surfactant from
the alveoli out towards the outer lyranpd during inhalatiofiow surface pressuré&w —
is requiredfor rapid LS respreadingas the alveoli quickly expand®urmainhypothesis
is thatsurface rheology is influendehe phase behavior of the filnfrigure 5.1 panelB
guantitativelyshows thatthe area fraction depends on the film surface presstfieefind
a linear increase ithe Lc phase fractiond vs surface pressur@ region 1where the
trends are largelyndependent of the DChol compositidn region2, we observe that the
Lc area fraction reaches a plateau and that increasing DChol content leads to a decrease in
the Lc area fraction. We note that in region 2, at surface pressures greater than 18 mN/m
the Texas Red dye begins to sglfench, and we cannot obtain reliable confocal images to
extract phase fraction measurements. Thus, we find that DChol acts to reduce the film
surface viscosity and also the solid phase area fraction.

To relate the observetends in film surface viscosity to the area fraction of the L
phase, we make use of a 3D suspension model where hard spheres are suspended in a
viscous fluid(159) The 3D model states that the reduced viscosity (ratio olugession

viscosity divided by the continuous fluid viscosity) of the system scales as the number of
particles in contactp —  where%.ds the volume fraction arfdo is a critical volume

fraction, divided by the shoetime selfdiffusivity which sales as (4 %d%o ).(159) It is
expected that these arguments distd for 2dimensional systems, where the volume
fraction of the hard spheres gets replaced by the area fraction of hard circulé@@)isTs.

our experiments, the suspension viscosity is replaced by the measured surface viscosity
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, the continuous fluid viscosity is replaced by terosity of the k phase — ), the
volume fraction of the hard spheres is replaced by the area fraction of phase 0
and the critical volume fraction is replaced by a critical area fractioh

0
— p e p
Figure5.2 shows our fit to the 2D suspension model from Eqn. 1 for various amounts of
DChol. Pane shows fit to the exponent when we set the area fraction to that of random
loose packingd = 77.2%. When we average all compositions, we find an exponent of
1.967 with a 95percent confidence interval of 1.927 and 2,06@8ich is very close to the
theoretical value of 2. The viscosity of thedhase is found to b@009* 0 £xx with a
95 % confidence interval @ 0085 to 0.0099 0 tX . Thepredicted Ig surface viscosities
are low, and we believe that we are simply measuring the surface shear viscosity of water.
In panelB we show a table of the critical area fractions for various amounts of

DChol when we set the exponent in Egn. 220 The values are all relatively constant,
although we do see a weak trend of more DChol corresponding with a lower critical area
fraction. We find an average of 73 3%, which again is consistent with the random
loose packing approximation. The physical interpretation is that the surface viscosity in
region 1 increases in a power law relationship as the&ldmains interact with other
domains, where the approximatiathat they interact as hard circular discs. In reality the
domains are not perfectly circular, nor are they truly solid and this might explain the small

discrepancy between theory and the results of our fitting parameters.
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Figure 5.2 2D suspension modl relating surface viscosity and k phase fraction

Relating surface viscosity toclphase area fraction using @2suspension model. Panel

A shows fit of surface viscosity data to Edmsing a random loose packing approximation

for the critical area fraction (77.2%). We find the fitting exponentp be 1.967 (1.927,
2.008 for 95 % confidence interval) and the surface viscosity ofdiphdse (yintercept)

to be 0.009 0 £xx (0.0085 to 0.0099 0 txd for 95 % confidence interval). Parigl

shows fits to the critical area fractioli; when the exponent is fixed at= 2. We findAc

to be 73 3 %, good agreement with the random loose packing approximation. Surface
viscosity aml area fraction measurements of films composed of-BRRC:HD + Xxmol

% DChol where X ranges from 0, 2, 4, 6, and 8 mol % DChol with a subphase temperature

of 223 .




5.2.2Nano-mechanics of transferred films

We have found that DChahuses a fluidizing effect as indicated by a decrease in
the surface viscosity in region 2. It has previously been hypothesized that DChol causes
the Le phase viscosity to decrea®$) And in this section, we investigate the nano
mechanical properties of thecland Le phase using various atomforce microscopy
techniques. We transfer films from the-aiater interface onto mica substrates using the
inverted LangmukSchaefer technique using a custbmlt deposition stage (See
Appendix Fig.S2.3. We visualized the film morphology as the film was deposited on the
mica substrate, and at optical resolution offered by fluorescence microscopy we cannot not
see any discrepancies between the morphology at theater interface and on the mica

substrée (See Appendix FigS2.13.

We use dynamienode AFM and a soft cantilever (spring constant, k = 2 N/m) to
image transferred films on mica in the attractive regimé=idgure 5.3 we show that the
addition of DChol to a 5:1-DPPC:HD system causes the domains to decrease in size
and destabilization of both the Bnd Lc phases morphology. Paekhows representative
morphology for a 5:1-DPPC:HD + 0 mol % DChol film and we see both theahd Le
phases are homogenous and continuous. PBritel®ughF show that the addition of 0.1
to 8 mol % DChol cause the:lphase to become progressively more inhomogeneous and
discontinuous with regions that the tip penetrates deeper (darker regions in the topography
images). The &£ phase remains homogeneous untpragimately 1.5 mol % DChol, after
which it develops nansetructures that the cantilever penetrates deeper into (similar to the

regions that develop in theelphase, darker regions in the topography images). The
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interpretation is that DChol segregates iatmore disordered phase that appears lower in
height within the k phase and causes the hhase to have narszale inclusion of this

same more disordered phase. Based on film morphology, we see that the domain sizes
decrease from roughly 25 &for 0 mol % DChol down to 5 dafor 8 mol % DChol.The
interpretation is that DChol acts as a @wninant that inhibits crystal growth, thus leading

to smaller domain siz€460) The initial hypothesis is that the nastsucture inclusions

within the Lc phase are similar to the more disordered phase that develops iphase,

and in the next sections we will investigate this idea in more detalil.
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Figure 5.3 Cholesterol destabilizes film microstructure

Films composed of 5:2DPPC:HD with 0, 0.1, 0.5, 1.5, 2.5 and 8 mol % DChol (panels

A throughF respectively). Films transferred at a surface pressure of 5 mN/m and subphase
temperature of 22 from theair-water interface onto mica substrates using the inverted
LangmuirShaeffer technique using a custom transfer stage (see Fig. 5.5n04€
imaging in the attractive regime shows that the phase becomes increasingly
inhomogeneous and discontinuous hwitc-like islands when the content of DChol
increases (starting at 0.1 mol % DChol). Thedhase is homogeneous at low DChol
concentrations but ndmstrecturegpsimiladto thedplateaat e ¢ hi
higher DChol concentrations (greater than 1.5 mol % DChol). Increasing DChol
concentration also causes the domain sizes to decrease consistent with the idea that DChol
acts as a contaminant to crystal growth (compare domain size @f & for 0 mol %

DChol in panelA tox v* afor 8 mol % DChol in pand¥).
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To investigatethe nanemechanical properties of thecland Le phase we use
intermodulation AFM. In contrast to AC/dynamicode where the cantilever is driven at a
single frequency, here the cantilever is dniat two frequencies, and when the cantilever
interacts with the sample, ndinearities between tiggample interaction give rise to
additional frequencies that allow for measurements of conservative and dissipative tip
sample interactionEl61, 162 Figure 5.4 shows the nanomechanical properties of ab5:1 r
DPPC:HD + 1.5 mol % DChol film that was transferred onto mica. Pargdows the
frequency response of the cantilever interacting with the sampée.pidbe regions
associated with thedphase and the more disordered phase that appears iaghade in
the presence of DChol (part®). PanelC shows the conservative force where positive y
values correspond to an attractive interaction between tigangle, and negative values
correspond to repulsive tggample interactions. We see that both theahd Lc phases
initially have an attractive tigample interaction, however the LE phase is consistently
more attractive than thecLphase. At stronger tipample interactions, theclLphase
transitions to the repulsive regime at large oscillation amplivdke the Le phase stays
attractive. PandDd shows the dissipative force, and we find that thphase is significantly
more dissipative than theclphase during primarily attractive tgample interactions.
When the kc phase transitions to repulsive-8ample interactions we see that thephase

shows a stronger dissipation trend, however, thehase is still more dissipative overall.
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IntermodulatiorAFM would suggest that the more disordered part of thehase
has fundamentally different viscoelastic properties and in this section, we investigate the
role of composition on the namechanics of each phase. In Bigure 5.5we show high
resolution images of the topography (pafglnd phase (pan8]) for films composed of
5:1 r-DPPC:HD + 0 mol % DChol. Using dynamic foreelume curves we find that the
Le and Lc phases are primarily attractive for weaksgmple interaction(panelC), while
at stronger tipsample interactions theclphase transitions to the repulsive regime, while
the Le phase tends to remain in the attractive regime (dapelVe plot the approximate
fractional energy dissipation pertample encountewhich we define as:

OE+
ar P

Where—is the phase angle, abd 070 is the set point amplitudéd normalized by

the free oscillation amplituded . We find that for gentle tigample interactions (panel

E) that the LE phse is more dissipative than the phase. And for more aggressive-tip
sample interactions (pank€) we find that the k phase jumps to the repulsive interaction
and thus appears to have a higher dissipation (this a natural effect of strorsgenpip
interactions). We note that in the amplitude range where both are in the attractive regime,
the Le phase continues to beone dissipative.These results are consistent with our
intermodulation work and suggests that even in the absence of DChok pieae is

intrinsically more dissipative.
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To test the role of DChol, we investigate compositions ranging from 0.1 to 8 mol
% DChol.Figure 5.6 shows the result for 8 mol % DChahd in the Appendix we show
similar figures for 0.1, 0.5, 1.5, and 2.5 mol % DChol. The topography and phase images
are shown in panela andB respectively. Within the nominallydphase, we probe the
more disordered regions (lower height). For smalllaoges we find that both phases are
in the attractive regime and that the hhase is more dissipative, similar result as films
without DChol (panel€ andD). For stronger tigsample interactions, we find that both
phases start along the attractive brarfmut at higher oscillation amplitudes, the curves
transition into a nearly kstable interaction. Thus, it proves difficult to stabilize the
repulsive regime for either phase. Overall, we still find that the disordered part of the L
phase is more dissfive, and this data might suggest that DChol begins to affect the
dissipative nature of theclphase at higher concentrations. This result would be consistent
with the observation that at 8 mol % DChol (Fig. 5.3, panel F) we seesgaf®inclusions
within the Lc phase that are identical in height and dissipation as the disordered part of the

Le phase.
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Using contacimode AFM we can measure the frictional force (dissipation) of the
Le and Lc phases by rastering the tip through the sample at various cantilever force loads.
In Figure 5.7 we show friction force measurements for samples containing a binary
mixture of FDPPC + 1.5 mol % DChol and ternary mixtures-&fRPC, HD, and DChol.
We use 1DPPC:HD ratios of 5:1 and vary the DChol composition flem ( gr ee n) , (
(black), 0.5 (cyan), 1.5 (magképdhal)se 2 s5 shml
with circlepdpasandstbBadown with triraingtliesn \
measurements are | argely independent o f C «
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We have found that the addition of DChnas a significant impact on film phase
behavior and surface rheology, yet the narechanical properties are largely composition
independent. It has been suggested using grazing incidamagedkffraction that DChol
does not incorporate itself into thdidghase and remains in the phasg19, 157, 1638
The idea proposed earlier in chapter 3 is tH2lPPC and HD carystallize and any excess
DPPC and DChol are expelled to the LE phase. By looking at the chemical structures, as it
is easy to see thaDPPC and HD caarganize togethesée Appendi¥ig. S1.3 and S1.4)
for a more detailed explanation of molecular packing) whereas DChol is a bulky molecule
and cannot fit in the-DPPC/HD lattice. Thus, to investigate these hypotheses we turn to
AFM infrared spectroscopfAFM-IR), a technique that uses the tip of an AFM cantilever
as a probe to detect thermal expansion of a sample that has been heated with infrared
radiation(164) This allows for compositional identification and mapping at hanometer

resolution.

Figure 58 shows a combination of AFM techniques (topography, friction, IR
amplitude, and IR frequency) for a sample composed ofBRRC:HD with trace amount
of DChol. We see in panefsthroughC that topography and friction images show contrast
betweerthe Lc or Le phases. Thedp hase i s #fAl ower o as the tip
sample, exhibits larger lateral friction, and is more in the attractive regime:IRFRWows
in panelsD andE that the IRamplitude and IRrequency display richer differentiation of
material properes the Lc phase shows a contrast boundary that seems to originate at the
domain cusp. And contrast in the phase is more complex than conventional AFM modes
led us to believe. We see two distinct shades within regions that resembieptieesk, the
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discontinuous E phase seems to all be one shade, but we do see the edges®lfikbe L
structures within the & phase to be of a slightly different shade. On the surface this would
indicate chemical differences, however, looking at the IR spectra (Appemelifind that

there are minimal differences between the two phases at the frequency that was used to
image. Thus, we presume that the variations observed are due to mechanical/stiffness

differences that the AFNR system is highly sensitive to.

11E



Topography Friction

2]1:1 (Gwyddion) - o X <fly.gsf [Differen jon) - o X

<fly.gsf [Diffe

(-2755.490 pm, -372.857 pm): 0.060 nm = 6.020e-011 m

IRamplitude IRfrequency

<fly.gsf [IR Amplitude 10] 1:1 (Gwyddion) - o X fly.gsf [PLL Frequency 10] 1:1 (Gwyddion) - o x

(-2753.450 pm, -375.327 pm): 0.651 m!

wiipgze~

(-2752. 75.217 ym): 5.99 mV = 5.989e-003V ) (-2753.130 pm, -375.337 pm): 71639 kHz = 7.164e+004 Hz

Figure 5.8 AFM -Infrared spectroscopy

All images are 5 aby 5 & Topography (panéd), friction image (paneB), AFM-IR-
amplitude (panelC), and AFM-IR frequency (paneD) for a film composed of 5:1-r
DPPC:HD with trace amount of DChol. PanglghroughC show that there is minimal
contrast within the £ domain under typical AFM acquisition modes, however for an IR
frequency of 2852 crh we find strong contrast in the IR plitude and frequency signal
(panelsC and D). We hypothesize that the observed contrast within thddmains in
panelsC andD are due to stiffness differences caused by changes in the molecular tilt.
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We hypothesize that the variation within the phase is due to differences in the
molecular tilt. There is a rich literature regarding how molecules can organize, and in the
liquid crystal community it is common to think of molecular organization in terms of
positional and orientational order, the combination defines the texture of the system. There
is experimental data from Brewster angle microscopy and polarized fluorescence
microscopy that show that systems containing DPPC have molecular tilt grain
boundarieg95, 165, 16% The smple idea for the origin of these tilt grain boundaries is
that crystals want to grow in a particular direction set by the underlying crystalline
structure(132, 167, 168However, the chiral nature of the DPPC molecule atterapts
induce a gradual change in the crystal growth direction, thus leading to geometric
frustration(95, 101, 131, 132A solution is to have regions where the crystal texture is
uniform followed by an abrupt changethme crystal texture, thus leading to texture grain
boundarieg95, 132, 165, 166, 169, 1)¥&ince the infrared radiation is polarized, it is
possible that AFMR could be picking up the anisotropic nature of the texture (molecular
tilt) within the crystalline domaingl71) More work is required to verify this assumption
along with determining the exact composition of thehd Lc phases, both which are very
exciting and would elucidate many hypesies within the field, however it is outside the

scope of this work and will be the focus of future studies.

5.3 Conclusion



We find that our model lung surfactant system shows low surface viscosity at low
surface pressure, and high surfacosity at high surface pressures, both requirements
for a successful synthetic formulati¢tb, 57, 95, 157, 163, 1Y2Ve find the surface
viscosity increases nearly 4 orders of magnitude during the initial domain growth stage, in
the surface pressure range2ab 8 mN/m. Correspondingly, we find that the area fraction
of the Lc phase also increases in this surface pressure range. We use a 2D suspension model
that states that theclphase domains act like hard circular discs, where the viscosity of the
film is due to domairdomain interactions. In this pressure range, both the viscosity and
the area fraction are composition independent. At higher surface pressures, we find that the
surface viscosity continues to increase, but oryotders of magnitude ovenauch larger
surface pressure range (840 mN/m). In this pressure range, DChol induces a relative
decrease in the surface viscosity when comparing viscosities of different compositions.

Thus, we find that DChol causes the monolayer to become less tiv&sipa

Analyzing film morphology, we find that DChol causes the domains to decrease in
size. AFM shows that DChol leads to theghase to breaking up intacilike structures
within a highly disordered matrix and leads the jhase to develop glike nanoe
structures. We use intermodulatiéiM and dynamic force volume curves to show that
the disordered part of the:lbhase is highly dissipative, while the phase is more elastic.

We find a weak compositional dependence, and thus find thatthed.Le phases have
intrinsically different dissipation properties. To support this, we probe the frictional force
where we find strong differences between tlgeahdLc phases, and do not find strong
compositional dependence. We use ARRItO map out possible compositional variations
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with the Lc and Le phases, and although we do find contrast, we believe most of the signal
is due to differences in the mechanical prtipe and how the tip couples to the sample.
We do however find significant stiffness differences with thphase, suggesting possible

molecular tilt grain boundaries. More work is required to differentiate composition.

The physical interpretation based our AFM work is that at the domain scale, the
Le phase is more viscous than thefdhase, where this result is consistent at a variety of
compositions. We further find that the domain sizes decrease with DChol composition and
that both the t and Le phases become more disordered. At the monotagate, we find
using fluorescence microscopy that DChol causes thghiase fraction to decreases(L
phase fraction increases) and using surface anf@ology we find that the films exhibit
lower surface viscaty. This is a contradictory result, how can DChol introduce more of
the highly dissipative £ phase, yet also show a decrease in the surface viscosity. We
believe that itds the decr easecandlephases do mai
that @use the monolayer to display more fHilde properties. We suggest that domain
domain interactions are the dominant contributions to the dissipative nature of the film.
Thus, smaller £ domains and a larger fraction of the discontinuogphase act in way

that causes more lubrication between domains as the surface pressure is increased.

5.4 M aterials and methods



Experimental Design: This studyconnects film phase behavior, surface rheology, and
nanemechanics to highlight the role of composition in establishing the function of model

lung surfactant monolayers.

Materials. Ultrapur e waddnghAi)from &Mili-@ DirectkQ IUV-RO 1 8.
system (MilliPore) was used as the subphase for all experimentBidgnitoyl-sn
glycera3-phosphocholine {(DPPC, Renantiomer) (Avanti Polar Lipids, Alabaster, Al)
was mixed with ihexadecanol (HD) (Millipore Sigma, Germany) in various molar ratios
with small mole fractions of dihydrocholesterol (DChol) (Millipore Sigma, Germany) in
chloroform solution. Dihydrocholesterol was used instead of cholesterol to minimize
oxidation but has little impact on monolayer morphology or phase beh&pr
Fluorescence contrast was achieved via the additiorbah0Ol % TexasRed DHPE (N
(Texas Red sulfony],2-dihexadecanoysn-glycerce3-phosphoethanolamine (Invitrogen,

Grand Island, NY).

Langmuir trough. A custombuilt Langmuir trough allows for simultaneous surface
balance measurements and confocal microscopy visualization of monolayer domain
morphology. The trough is made from milled polytetrafluoroethylene (PTFE). A
continuous, stainless steel ribbon barrier is used to change the monolayer area and to
prevent material leakage. The maximum and minimum trough areas are 145/&hd 45
respectively. The surface pressure (reduction in surface tension from a cleateair
interface) was recorded with a filter paper Wilhelmy plate tensiometer (Riegler and
Kirstein, Germany) and calibrated using unare water at 22. An infrared

thermocouple (OS36SM, Omega Engineering) measured the interfacial temperature. A
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circulating water bath (Fisher Scientific) provided rough temperature control, and a flexible
resistive heater (Minco) underneath the PTFE trough provided fine temperature. cantrol
custommilled Delrin cover was used to limit evaporation and reduce interfacial motion
due to external air currents in the rodrhe trough was compressedltcm”2/min and a
custom LabVIEW progranmandled trough barrier contr@urface pressure aagition,

and data collection.

Sample preparation Mixtures of DPPC, HD, DChol, and Texeed DHPE were diluted
to 1 mg/mL total concentration in HPERlus grade chloroform (Millipor&igma,
Germany) to form a spreading solution. The spreading solu#sndeposited dropwise
from a Hamilton syringe (Reno, Nevada) onto thewaiter interface of the Langmuir
trough described abovén all experiments we deposited 17.5"f material to the

interface.l hour was allowed for solvent evaporation prioriltm tompression.

Confocal microscopy. Phase fraction measurements were obtained using confocal
microscopyLaser scanning confocal microscopy was performed using a C1 confocal scan
head fitted to an Eclipse 80i upright microscope (Nikon Instrumentd)likdn plan
apochromatic 20 objective (1.0 mm working distance, 0.75 NA, air immersion, {1i70

coverslip correction) was used for all experiments.

Fluorescence microscopy During film transfer from the awater interface onto mica
substrate, we imagedrh morphology to verify that morphology did not change due to the
transfer. Images were taken on an OlympusHA upright microscope using a cooled

CCD Retiga EXi 1394 camera from QImaging (Surrey, BC, Canada).
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Surface microrheology. Custombuilt microbutton device measures interfacial shear
rheology ofmonolayerfilms.(18) Briefly, circular ferromagnetic probes with a magnetic
moment have an oscillatory torque applied wiaagnetic field. The driving torque is kept
smal | enough to be in the Ilinear regi me.
recording the position of two holes in the midrnatton via bright field microscopy. To find
the surface viscosity- the hydrodynamic problem of a circular rotating cylinder within

a viscoelastic monolayer on top of a vicious subphase is solved.



Chapter 6: Interfacial activity of graphene oxide: anisotropy, bading
efficiency, and pHtunability

Material in this chapter ieeproduced in part with permission from referda@8):

C. ValtierrezGaytan, I. IsmailC. Macosko, B. L. Stottrup, Interfacial activity of graphene
oxide: Anisotropy, loading efficiency and pidnability. Colloids and Surfaces A:
Physicochemical and Engineering Aspes28, 434442 (2017).

Article abstract:

In this work, we useéangmuir film-balance techniques and higésolution Brewster angle
microscopy (BAM) to investigate the surface activity of graphene oxide (GO) at the air
water interface particularly focusing on surface packing mechanism for GO, its dependence
on compressn direction, its surface loading efficiency as well as a more detailed
examination of the fundamental role played by pH in influencing the surface activity of
GO. Evidence is presented to show that GO does not significantly rearrange itself at the
air-water interface over several hours, and instead likely forms an interlocking network
upon compression. It is shown using a series of successive loading experiments that the
GO surface loading efficiency decreases with each successive experiment. Furthermore,
by cycling the subphase pH between acidic and basic extremes, it is demonstrated that pH
plays an important role in modulating the intrinsic surface activity of GO and driving it
from the subphase to the interface. It is found that acidic subphase p#él mase
pronounced effect than neutral or basic pH in driving GO to the interface. Additionally,
once at the surface, GO tends to remain adsorbed regardless of subsequent pH fluctuations
T additionally these experiments illustrate the important role of kapnpparation history.

This picture reconciles previous reports on the subject and suggests that there are
limitations to the pHunability of GO surface activity. Finally, based on the BAM and
Langmuir isotherm evidence, we suggest a new mechanism lphinduced GO surface
activity explaining how GO is driven to the interface and the role of acidic pH in imparting
surface active character to the Gaur results present a comprehensive and high resolution
perspective on the nanoplatelet packing of G@atairwater interface and examples of

how GO films are sensitive to preparation history.
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6.1 Introduction

Grapheneds uniqgue combination of mechanica

carrier mobility give graphereased materialgotential for a wide array of applications in
electronics, energy storage, and polymer compogitéd-177). However, there is a
shortage of viable bulk graphene production methods for industrial applicatiomes
solution to this problem is the use of graphene oxide (GO). GO disperseatenand
various alcohols offers an excellent substitute which will regain conductive properties
when it is reduced. GO films deposited using Langrhased coating techniques have

been proposed for graphebased electronic applicatidds 8.

Cote et al. first demonstrated the assembly of GO sheets (bitEal53 0 € m) a't
the airwater interfac€l78). Through’-A isotherm cycles, they showed that GO films are
stable and reversible upon uniaxial film deformation. They proposed three major regions
in the " -Aisotherm compression: dilute, clepacked, and ovgracked corresponding to
surface pressures rangingin 05 mN/m, 515 mN/m, and 185+ mN/m respectively.

They used LangmuiBlodgett films deposited on solid substrates to corréldte
isotherms to film morphology. However, it remains unclear to what extent supported films
represent thén-situ morphology of GO films at the awater interface. In a followp

paper, Cote et al. explored the pH dependence of GO sheets and found through low
resolution Brewster angle microscopy (BAM) imaging that the film morphology at the
interface changes for ghtly acidic (pH = 5.5) and basic (pH = 10.0) sube(ez9. Their

results suggested that an acidic subphase leads to aggregate islands of GiOrstiegts
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at the interface, while a basic subphase leads to a more uniform sheet dis{@dtion

This was attributed to the p#kependent hydrophdity of the GO sheets. During
monolayer compression, it was proposed that acidic subphase conditions induce hydrogen
bonding between the carboxylic edge groups leading to wrinkles and folds. However, for
basic subphase conditions GO sheets were morabieetand thus a lubrication layer

developed allowing the GO sheets to slide past each other during comte&3ion

Imperiali et al. used the comgssional elastic modulisto show that at a pressure
of about 7 mN/m above the shifted baseline (due to the spreading solvent) a maximum GO
film (lateral sheet sizes 200 nm to 5 ¢
compression led to yielding ofi¢ interfacial monolay€t80). They transferred films at
surface pressures of 25 mN/m and 30 mN/m then imaged with fluorescence quenching
microscopy (FQM). FQM is a visualization technique for &@ets on solid substrates
which utilizes the fluorescence quenching to provide contt®d). They found patches
of GO aggregates, raththan continuous GO sheet coverage. They argued GO is present
as loose aggregates at the interface. During isotherm compression these aggregates are
irreversibly pushed together to form larger aggregates. More recently, Harrison et al. have
characterizé the mechanical properties of GO and reduced graphene oxide (RGO) films
using Langmuibased techniques in order to improve the transferability of these films onto

arbitrary substrat€¢$82).

Previous work characterized surface packing of GO on transferred to solid substrates
with to -Aisotherms, however transferred film morphology may not accurately

reproducen-situ morphology of GCrilms (178, 180. Using BAM we show full surface
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coverage occurs near hiff surface pressures. Further, the variety-éfisotherms in the
literature make it difficult to compare experiments. We show how Wilhelmy plate
orienttion, surface loading, and spaii@homogeneitiesn material coverage affect

A curves. Finally, we illustrate that GO does not significantly rearrange itself at the air
water interface. The important role of pH in observations of surface activity of GO sheets
has beenpreviously reportedl79, 183186). In particular, pH tuning affects the
Aisotherms in the case of GO deposited directly onto theatier interface using solvent
based spreadind.83, 184. However, little work has focused on GO solely injected into
the subphase and pH cycling. Importantly, we skowng a careful series of pejcling
experiments pH history plays an important role in determining the observed surface
activity. We propose a complementary hypothesis for GO surface activity dg@taos
coordinated by hydrogen bonding around the $b€et in acidic conditions as opposed to
basic conditions. This leads to mutual repulsion between loose hydroxonium ions in the
subphase and GO sheets hydregended to hydroxonium ions which lifts GO sheets to

the airwater interface to minimize theseefrostatic repulsions.

6.2 Synthesis & materials

GO was synthesized via modification of the method of Marcano et al. (28ZD) The
graphite used had asizeofdle s h ( Al fa Aesar product no.
materials were obtained fromg®a Aldrich: sulfuric acid (98%), phosphoric acid (85%)
and potassium permanganate (99%). Graphite was mixed with 120 mL of a 1:9 mixture of

phosphoric and sulfuric acid for every gram of graphite. The graphite and acid mixture
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were stirred for 30 min usg an overhead propeller stirrer at 300 rpm to form graphene
intercalation compound (GIC). KMnvas then added slowly in a 2:9 weight equivalence

to the GIC to avoid an exothermic buildup
temperature (~3%C). The resulting green mixture was stirred at®’@0for 72 hours, until

the color changed to purplish gray.

Centrifugation was then conducted at 5000 rpm for 20 min in a BeeKioalter
centrifuge, and the acidic supernatant discarded. The cake was redispevséer, and
H2>0O> was then added slowly until no gas evolution was observed and the dispersion color
changed from purple to light yellow. The dispersion was then centrifuged (5000 rpm, 20
min) and the supernatant discarded. The cake was redispersedriameaformed a bright
yellow dispersion. Washes were continued using 1 M HCI until the supernatant was free
of sulphate ions, as detected by the barium chloride test. After each wash the dispersion
was again centrifuged as above with a slow deceleratiprevent dispersion intermixing
during the deceleration stage. The next step was a series of deionized water washes,
conducted until the supernatant no longer tested positive for chloride ions using silver
nitrate. The washing was performed similarly ke tacid washes (5000 rpm) but the
centrifugation time was increased to one hour, with the dispersion becoming increasingly
brown in color. After the last wash, the cake was redispersed in deionized water and passed
through a 500 micron (35 mesh) Sigvlrich filter to remove dark particulates. Filtration
and redispersion in deionized water were then carried out and the process repeated until no
more dark particulates could be observed in dispersion. Finally, GO was dispersed in
deionized water to a conceation of 2.67 mg/mL using the dryirandweighing method.
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6.3 Characterization

6.3.1Langmuir Pressure-Area Isotherms:

“-Aisotherms were obtained using a NIMA Langmuir trough (Coventry, England)
with dual barriers for symmetric compression, previously described for our
lab(188). Trough geometry has been reported to contribute to the shape of the pressure
area isothern{480. The workable dimensions of our trough are 7 cm x 7.85 cm x 0.4 cm
with a total subphase volume of 45 mL typically added to the trough. The maximum and
minimum available surface areas are 55 antd 14 crirespectivelyAll experiments were
performed at a constant compression speed of 20mim Two 1 cm wide x 2.4 cm long
filter papers (Whatman Chromatography grade) were used as Wilhelmy plates. The
Wilhelmy plates were placed simultaneously in the center of the trough with one Wilhelmy
plate parallel and the other perpendicular to theidyarror otherwise noted plate
orientation. A calibration and comparison between surface pressure sensors was done
using the well characterized lipid monolayer df,2-dimyristoylsnglycero3-
phosphocholingseeFig. S3.6 in the Supplementary Material

For pH tuning experiments we employed two complementary experimental setups.
First, our Langmuir trough was employed for collecting isotherms as measured by
perpendicular orientation Wilhelmy plate. These measurements were complemented with
BAM usinga covered Petri dish to provide for a stabilized interface over long experimental

time periods (12 hours). The Petri dish and cover prevented evaporation and reduced film
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flow while imaging. The reported isothermsHiys.6.5-6.7 represent theicompiession

at the stated pH conditions.

6.3.2Cleaning procedure:

Prior to GO deposition at the airater interface the trough was cleaned with an
Alconox solution followed by several rinses with Mili water from a Direct Q3 filtration
system (EMD Millipore Corpation, Billerica, MA), then wiped with polypropylene
wipes and chloroform (Sigma Aldrich), and finally rinsed with M@liwater three more
times. The trough was then filled with Milli=Q water and to verify cleanliness, barriers

were compressed, and sudgpressures did not rise above + 0.1 mN/m.

6.3.3GO preparation and sample deposition:

We use two methods to prepare GO monolayers at theadér interface. The first
method employed the drepise deposition of GO dispersed in HPLC grade methanol
(Sigma Aldrich). The methanol facilitates the spreading of GO on the water surface. The
GO solution was prepared from a stock solution of initial concentration of 2.67 mg/mL and
diluted with methanol to a concentration of 0.125 mg/mL. We refer to 0.6freblution
as Al GO wunit.o For all Langmuir trough ex
deposited onto the awater interface using a 500 ul Hamilton glass syringe (Reno,
Nevada) at a deposition rate of 100 pL per minute up to a total voluin&io8.0 mL. In
pH studies utilizing BAM imaging of GO monolayers in a Petri dish, a second deposition

method was used. For these experiments, 0.313 mg of GO (concentration 0.125 mg/mL)
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was injected into the subphase of the Petri dish positioned beédo®AN and then pH

was tuned between 2 and 9. We used a 1 mM NaCl subphase for a constant background
ionic strength in all pH tuning experiments. Furthermore, to reduce theiiiéke by the
interface/subphase, and thus keep the system pH from driftinggerit gas was flowed

into the Langmuir trough/BAM enclosure. The pH of the subphase was tuned through
titrations with 0.1 M or 1 M HCI (Sigma Aldrich) for acidic subphase conditions and 0.1

M or 1 M KOH (Sigma Aldrich) for basic subphase conditions. Theptie system was

recorded imsitu using a handheld probe (HANNA Model 98104).

6.3.4Imaging

Brewster angle microscopy (BAM) images were taken with an Accurion EP3 BAM
(Goettingen, Germany) coupled to a Petri dish for the pH tuning experiments (previously
descibed) or a NIMA BAM Langmuir trough (foFigure 6.4). The dimensions of the
NIMA BAM trough are 7 cm x 35 cm x 0.6 cm with a subphase volume of typically 300
mL added to the trough. The maximum and minimum available surface areas are from
~230 cnt to 90cn? respectively. The quoted resolution of the BAM is ~ 1 microfihis
entire system is in a Faraday cage and rests on an active vibration isolation system. The

GO size distribution was also characterized (Figure S4 in Supplementary Materials).
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6.4 Results & discussion

Several groups have studied GO films at thewater interface using conventional
Langmuir technique€l78-180, 182, 183, 18§5Variatons in" -Aisotherms of GO sheets

have previously been attributed to GO sheet structure, subphase pH, and trough geometry.
In Fig. 1 we focus on another aspect oA isotherm measurement; the orientation of the

Wilhelmy plate.

6.4.1Pressurearea isotherm anistropic dependence

A series of -A isotherm cycles were collected using two Wilhelmy plates placed
simultaneously in orthogonal orientatiorisA isotherms reveal significant anisotropy,
Figure 6.1. Imperialiet al. suggests that GO sheets form a highly elastic film, and therefore
it is expected that uniaxial deformation will induce differences in film packing along the
two axis: perpendicular and parallel to the direction of comprgd€ion It was found that
a range of -Aisotherm curves can be obtained by varying the angle of the Wilhelmy plate
in relation to the compression direction. We note that the perpendicular and parallel
orientations consistently offer the maximum and minimumasearpressures respectively.
Further, surface pressure measurements in the perpendicular oriertfati@mowed a
significant decrease in the area at surface pressuddflffiom the baseline for successive
compr es s i on showswbre ungoemstyn stirface pressure lififf area upon
cycling. We conclude that careful tracking and reporting of Wilhelmy plate orientation is

crucial for quantitative comparisons to literature.
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Successive
compression

Ama@m%
Figure 6.1 Parallel vs perpendicular surface pressure measurements
Anisotropic pressure dependency is maintained throughout a setridsie®btherm cycles.

The maximum pressure is independent of the number of compressions. Inset: plate
orientation and trough geatry.



Our anisotropic results are consistent with experiments by Harrison et al. in which
they performed successive-A isotherm cycles with a Wilhelmyplate positioned
alternatively between parallel and perpendicular orientations in the Langmuir[8hugh
They note that the GO film acts as an elastic solid andpthtg orientation determines
level of interaction with the GO filnfigure 6.2 shows our proposed mechanism for the
interaction between GO sheets and the Wilhelmyigure 6.2.awe propose GO sheets
slide on and off a Wilhelmy plate in the perpendicuwaientation since the barriers
compress the GO sheets directly onto the surface of the plate. In the parallel orientation,
GO sheets shear against the edge of the plate. To corroborate our cartoorFigocl,

6.2.b shows two Wilhelmy plates used for tlsame amount of time in orthogonal
orientations. The plate in perpendicular orientation depicts a gradual coverage of residue
GO sheet above the line of contact. In contrast, the plate in parallel orientation shows a
dark GO residue only just above contizme. We interpret that GO sheets are able to slide

up and down the Wilhelmy plate in the perpendicular orientation during compression and
expansion of thé-A isotherm. This points to the importance of local interactions between

the plates and sheets.
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Figure 6.2 GO interaction with Wilhelmy plate

(a) Schematic showing how plate orientation interacts differently with the GO film. GO
sheets compressed onto the plate have greater interaction than. (b) Images of
Wilhelmyp | at es with stains fr om aAdsbteermecyclescO s he

Yellow line shows approximate contact line. Theplateshows a faint distribution of GO
sheets higher than contact line. For theplate,GO coverage ends slightly abosentact

line.
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6.4.2Linear Mass Loading

In addition to Wilhelmy plate orientation, the solvebased deposition of
irregularly sized/shaped GO at the-amter interface will impact reproducibility 6fA
isotherms and efficiency of GO spreadifipe efficiency and reproducibility of material
loading is of practicalmportance since during any solvdrased deposition, material is
continuously loaded drepy-drop onto the interface. To investigate this, a series of
successive deposition experiments were completed-#nand” -concentrationmaterial
concentration is igen by dividing the mass of GO deposited by trough area) isotherms
were examined. Loading experiments monitored shifts in-esotherms with successive
deposition of GO every two hours. To examine surface homogeneity and the effect of
surface saturain we placed both Wilhelmy plates in the perpendicular orientation during
loading experiments. Results obtained from the parallel orientation were similar but with
guantitative differences consistent to the experiments performed with perpendicularly
orientated platesiigure 6.1.

Loading of GO to the interface was done in doses of 0.0625 mg, we will refer to
0.0625 mg deposited as 1 AGO wunit.o For
barely rose above the minimum pressure following a full@ssion of the trough. For
a deposition of 2 GO units (0.125 mg) the variation between the tensiometers in the same
orientation was significant (see Supplementary MateFare S3.7). This indicates an
inhomogeneous GO surface coverage at lengthssatglar the Wilhelmy plate separation
(a few centimeters). We believe that surface concentration gradients and sheet interlocking
at the interface to be chiefly responsible for differences in the isotherm curves at low
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material loading. We note that dogi methanebased spreading, material is added onto

the interface drofy-drop at particular points across the surface of the trough. The
spreading of methanol on the water surface helps prevent GO sheets from absorbing into
the subphase, but it also puslexisting material on the surface outward from the point of
contact. This makes it difficult to evenly distribute the material and results in concentration
gradients depending on the idiosyncrasies of the deposition process. For low material
loadings, thesurface is not entirely saturated with GO sheets therefore any differences in
surface concentrations that originate due to the -disp deposition method are
significant. We believe that material can reorganize priof-#isotherm compression
during deosition, however following &-Aisotherm compression the particular
inhomogeneous distribution of material on the surface is unlikely to change because some
fraction of GO sheets become interlocked. We believe that material coverage
inhomogeneities andhset interlocking at the interface to be chiefly responsible for
differences in thé-A isotherm curves at low material loading.

We find consistent -A isotherms between the two Wilhelnpjates of the same
orientation for material loading of 3, 4, and 5 GO units respectively. At a loading of 3 GO
units and above on we can say that the trough, is fully saturated with GO to the point where
GO is spatially distributed uniformlyFigure 6.3 shows” -A and pressureoncentration
isotherms for the linear mass loading experiment as measured by tensiometer A, black

curves, and tensiometer B, red curves both in the perpendicular orientation.
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Figure 6.3 Effect of linear massloadingas ecor dgd by Y

Black and red curves correspond tensiometer (A) and (B) respectivelyA(sptherms
showed an increase in h@ff area with more material. (b) When rescaled to surface
concentration we see there is inefficiency during linear masssdiem.



For increasing material loadings there is a shift in "tAeand -
concentrationsotherms towards larger léiff areas and higher maximum surface
pressures. The result is expected and simple: as more material is depositesuofatiee
more material remains on the-aater interface. If loading efficiency was 100% curves
should superpose Ifig. 6.3.b They do not, indicating a decrease in deposition efficiency
with continued loading. Curve shifts indicate a 50% efficiency foading of 4 GO units
and a 33% efficiency for 5 GO units. The decreased loading efficiency is consistent with
previous observationd80). Notably, a baclof-the-envelope estimation of GO film
coverage suggests orly4 percent of the GO is localized at the interface at a loading of 3
GO units. This estimation assumed a Ond& rhombic cell of graphene and that 60% of

the mass added was carbon.

Taken together these results illustrate inefficient loading of solvent spreading
techniques and the static nature of the GO film over experim@mialperiods of hours.
Our results suggest simply waiting alone will not create a more homogeneous film and that
GO films demonstrate significant levels bf/steresisto reorganization. A simple
experiment to demonstrates this statement, see Bi§.adbthe Supplementary materials.
Finally, we note the recently developed approach of usinglemtrospraymist to
spreachanoparticlessuch as GO sheets at the-water interface suggests promising
improvements in the spreading efficiency for GO films ddpdson substrates using LB

depositiori189).

6.4.3In-situ Film Characterization
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While there are several correlations between traresfditm morphology and-A
isotherm¢178, 182, 188 it remains unclear if transferred film packing density accurately
represents thim-situ monolayer. We use Brewster angle microscopy (BAM) to image GO
sheets at the awater interface. This allows for theA isotherm to be compared with
direct observations of monolayer morphology and GO sheet pa¢kige 6.4 shows a
series of BAM imageswith increasing surface pressure as measured by the parallel
orientation. We are able to image segmented GO sheets clearly for early stages of film
compression. This observation highlights the surface is fully covered shortly after-the lift
off area for he " -A isotherm. At moderate to high compression the interface is completely
covered with sheets and we lose resolution of individual sheet morphdlaggmuir
Shaefer (LS) deposition was done at a surface pressure of 6 mN/m, consistent with
complete coerage reported in our BAM experiments. The lack of agreement beiveen
situ BAM images at the aiwater interface and FQM images of LS films indicate a loss of

materials to the solid substrakeégure S3.5.



Figure 6.4 Film microstructure using Brewster angle microscopy

Direct correlation b @drallet erientaton) arfda stefimpr e s s u |
morphology. Complete coverage occurs at low surface pressures. Images were acquired
after the initial compressionith barriers intermittently stopped to provide for stable
monolayers. Scale bar, shown in panel h, is 100 pm.
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6.4.4pH induced Surface Activity

5 GO units (0.3138ng) were injected into the subphase with initially no pH tuning
(pH 4.5). Tofacilitate even subphase mixing magnetic stirring was used. In increments of
1i 2 h a series dfitrationswere carried out with HCl and KOH in order to modulate the pH
of the subphase in the following order: no pH tuning: basic: neutral: acidic: neas#l: b
all in succession. In the Supplementary materials (F&8)Sve show images for the
reverse experiment: no pH tuning: acidic: neutral: basic: neutral: acidic in succession and
our findings are consistent with the results presented.

Fig. 6.5 shows theeffect of increasing the subphase pH on the intrinsic surface
activity of GO sheetdrig. 6.5.a involves no pHuning of the subphase with a wait time of
1 h under moderate magnetic stirring. BAM images show a low concentration of material
at the interfae and’ -A isotherms (perpendicular Wilhelmy plate) also suggest low surface
act i wklX0Oy¥mN/m). We note that this experiment was repeated and with a wait of
12 h, and our results indicate minimal differences in the film morphology as compared to
shorter waiting times. Based on these observations, we find that GO sheets of our size
distribution show little surface activity for a subphase with no pH tuning over the course
of hours.Fig. 6.5.b and c indicate that little material rises to the inter&fter pH tuning
to a pH 7 and pH 9 subphase. BAM images for pH 7.0 and pH 9.0 illustrate a similar
morphology to that of no p#uning.” -Aisotherms Fig. 6.5.d) support these observations
of | ow s ur fha@dDO® and t. IMN/mrespectivély). Thus, we conclude that GO

sheets show little increase in surface activity through the addition of base.
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Figure 6.5 Effect of modulating sub-phase pH to basic

Image progression from (a) no pH tuning to (b) neutral and to (c) basic subphase results in
| ow concentrations of m &t isetherrnes |corr@bsrateodldws e r v e
surface activity and are labeled corresponding to pHax(¥ max of 2 mN/m).



After the addition of base, we then add acid to the subphase to observe the effect of
decreasing the subphase pH on the intrinsic surface activity oFiG®.6 illustrates that
when acid is added to the subphase, significant increase in surface &ctivtycedFig.
6.6.a shows that at a pH of 4.0 there is a dilute concentration of material present as observed
by BAM and confirmed by thé-A isotherm percolationD 20 ¢, “max D 5 mN/m) in=Fig.
6.6.d. Where we obserercoationfrom our BAM images to correspond to a surface
pressure oD2 mN/m.

Fig. 6.6.b shows that further addition of acid to the subphase results in increased
GO concentration on the surface at pH of 3@:{olationD 24cn?, " maxD 15mN/m) and at
pH of 2.0,Fig. 66.c, results in even higher levels of surface activity
(ApercolationD 28 P, “maxD 27 mN/m). We conclude the increasing acidic subphase
conditions leads to increasing phtluced surface activity. Note, for comparisorfig.
6.4, BAM imagesof GO sheets in Fig8€.51 6.7 are uncompressed and the morphology of
coverage is a result of what is spontaneously brought to the surface through tuning of pH
alone. A comparison dfig. 6.4 with Figs.6.5i 6.7 is consistent with the observation that
the amphiphilicity of GO sheets is skkependent, as previously reported in the
literature(185). The new observation we make here is that at moderately acidic pH values
(pH D4) the interface is dominated by larger sheets, and it is only upon lowering the pH
lower than 4 that smaller sheets bemimise to the interface, greatly increasing the surface
coverage. In Fig. &9 of Supplementary materials, we show that this mechanism is time
dependent. Tuning the pH from 4.0 to a pH of 3.0, we find that the film morphology

initially contains large shets with smaller intedispersed. However, after about 18th
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after we start imaging, we observe a significant increase in smaller sheets to the interface

through the course of roughly 2@in.
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Figure 6.6 Effect of modulating sub-phase pH to acidic

Subsequent pH tuning from basic pH to acidic show at (a) pH 4.0 dilute levels of GO at
the surface. (b) pH 3.0 shows an increase in GO. (c) pH 2.0 shows an interface nearly
saturated with GO. These results aragneement with -A isotherms.
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Continuing from an acidic subphase we further add base to test whether GO would
desorb from the interface. If subphase pH alone is an accurate indicator of surface activity,
we expect similar film morphology as to thasic subphase results presenteHig 6.5.

In contrast, we observe that material remains at the interface for both a neutral and basic
subphaserig. 6.7.a is the same d3g. 6.6.c and is shown for ease of comparideig.6.7.b

shows that tuning the bphase pH from acidic to neutral results in qualitatively similar
film morphology as in Figs.7.a and6.6.b, even though there seems to be a lower overall
surface coverage of GO as seen both from the isotherms and BAM im&ggii. The
correspondig " -A isotherm shows a lower percolation are®ab cn? but similar” max D

26 MN/m as compared teig 6.7.a.Fig. 6.7.c shows continued surface activity for a
subphase pH of 9. The corresponding BAM image shows a slight decrease in the material
coverage, and the corroborati\@\ isotherm shows a similar onset percolation area of
D25 cn? but a lower maximunmax D18 mN/m compared to curve b. We conclude that

the addition of base to an acidic subphase does not induce significant changes toitihe amo
of material at the interface. This is likely due to GO being thermodynamically trapped at
the airwater interface because of the high enthalpic costs associated in general with the

desorption of GO sheets, as suggested by Imperiali @i38).
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Figure 6.7: Effect of modulating sub-phase pHi basic to acidic

Continuation from acidic to basic subphase conditions. (a) pH 2.0 shows high surface
activity. (b) pH 7.0 shows continued surface activity. (c) pH 9 sustains high surface
activity. GO brought to the surface of the trough by the addition of acid, remaims at
interface even after returning to basic subphase conditions.



To summarize, the first major observation is that the absolute subphase pH value
strongly influences the intrinsic surface activity of GO. Specifically, we find that tuning to
a basic sbphase does not induce significant increase in GO surface activity relative to no
pH modulation. However, tuning to an acidic subphase results in significant increase in the
surface activity. Secondly, it is shown that the level of surface activity lislatad to the
level of subphase acidity. Thirdly, we observe size dependent dynamics, with lower pH
values resulting in an increasing number density of smaller sheets being driven to the
interface. Finally, we report that the history of-pkhing has a gnificant influence on the
observed surface activity of GO. Tuning from an acidic subphase to a basic subphase
results in sustained levels of material density at the interface. We believe that GO, once
pinned to the aiwater interface, will generally renmaadsorbed regardless of subsequent
pH-cycling as indicated by BAM images.

These observations are not completely explained by existing hypotheses for GO
surface activity, which emphasize the roles of GO agfgep charging in basic media
(Cote et al.(178) and that of thermodynamic trapping of GO atittierface (Imperiali et
al., (180), and give little attention to the role played by acidic subphase in first bringing
GO sheets to the interface. In the final section of this work, we formulate a new hypothesis

to reconcile these ideas to explain the origin of GO surface activity.
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6.4.5Mechanism for pH induced Surface Activity

Several groups have explored the role pH and GO sheet size plays in GO surface
activity. Cote et al. noted that-agnthesized aqueous GO solution does not remain at the
interface upon deposition (without pH tog or without the aid from surfactan{$y9).

Hidalgo et al. found” -A isotherms are subphase pH dependent, which is consistent with
Botcha et al. who showed that isotherm curves of GO films (lateral sheet sizes-605

em) have a percolation onset that esngurs a°
acidic subphase conditions (pH = 6.5, 5.5, 888, 184. Hidalgo et al. also showed that
carboxylic aail groups play an important role in the GO skHeetheet (lateral sizes 200

nm to 10 em) interactions b-pisotherins (solgentt he e f
based depositiof84). Finally, Wang et al. has suggested that the stability of different

sizes of GO at the interface changes witl{}#). Cote et al. suggested pH modulation

would result in diferent electrostatic charge densities at the edges of GO sheets and lead

to variations in surface activity. However, the edgeharge ratio in GO sheets is small:

a sheet with equivalent circular diameter of 100 nm has-&dgearge ratio ~ 0.01 ny

which translates to ~ 1 nm edge perimeter for every 100ofimentral area. Given how

big GO sheets typically tend to be (~ 0.100nm), it seems unlikely that the translation

sheets to the aivater interface is the result of electrostatic effectslioed at the sheet

edges. Instead, Imperiali et Ahve hypothesized that GO sheets remain at the interface
because of two reasons: a) the deposition technique which directly introduces sheets at the
air-water interface, and b) the enthalpic cost associated with GO sheets pinned to the

interface desorbintp the subphase. This model also has limitationshg)fact that GO
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rises of its own accord to the auater interface in acidic subphase, andtB® changing

interfacial behavior of GO in acidic pH as opposed to basic.

The results ofFigs. 6.5, 6.6, and 6.7 illustrate that as the pH of the subphase
becomes gradually more acidic, surface activity increases for GO. We hypothesized that
hydroxonium ions formed in the acidic subphase due to the protonation of water coordinate
around both the edge carbdxyroups as well as the hydroxyl surface groups on the GO
via hydrogen bonding, imparting a positivallgarged hydration layer of hydronium ions
around the GO sheets. This is possible because each hydroxyl group located on the surface
of GO or forming parbtf an edgecarboxyl group is able to form hydrogen bonds with three
water molecules and/or hydronium ions. While each hydronium ion is able to donate three
hydrogen bonds to water molecules and/or hydroxonium ions; the hydrogen bonds donated
by the hydromnium ions are estimated twice as strong as those between water molecules
in bulk watef191). However, the dispersion still contains a large number of hydroxonium
ions that are free and uncoordinated to GO sheets, potentially resulting in electrostatic
repulsion between the uncoordinated hydroxonium ions and the positheiged,
coordinated GQGheets, thus driving GO sheets to thenaater interface. This enhances

the effect of stirring the subphase and the natural Brownian motion of the sheets.
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Figure 6.8 Schematic explaining effect of pH modulation

(a) Schematic depicting®™* ions coordinating by hydrogen bonding around the GO sheet
in acidic conditions as opposed to basic conditions where hydrogen bonding is more
difficult to form.
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This observation is consistent with Wang et al. who observed size fractionation of
GO as a rault of pHassisted selective sedimentation. Wang et al. report that at around pH
4, GO sheets with lateral dimensions greater than 40sgttie out of dispersion after four
hours of ageing time. In light of our hypothesis, thisggsisted sedimentation is explained
as the result of GO sheets being driven to the swditkr interface of the walls and floor
of the container. The observat®omade in this study are consistent with those made by
Wang et a[20]; Figure 6.5(a) shows the intrinsic surface activity of GO at pH = 4.5 is
low and comparable to that observed at higher values oftire 6.5(b) and 6.5(c)),
while Figure 6.6(a)-6.6(c) show the intrinsic surface activity increases for g@tues of 4

and below.

In basic subphase, some surface activity is observed as well, albeit significantly weaker than in
acidic pH. In basic pH, the hydroxide ions in solution coordinate by hydiiogreding around the
surface hydroxyl groups on the GO. Hower, the hydrogen bonds formed by hydroxide ions with

the hydroxyls of water molecules are not easily forgh@8, are often weaker than those formed
between water molecul@®3), would require stabilization bysanany as 16 water molecules per
hydroxide iorf194), and, even if strong, last for short periods of time of ~ 1(®&. Moreove,

we hypothesize all the carboxylic acid edge groups in GO are expected to be deprotonated in basic
conditions, while at least some of the hydroxyl surface groups might react reversibly with the base
in the subphase (NaOH or KOH) to form alkoxide ionskimgthese groups unable to participate

in hydrogen bonding. All of these factors are expected to contribute to the disruption of hydrogen
bonds between GO and the surrounding species in the subphase. As a result, the GO is expected to

be poorly coordinatkby hydroxide ions in basic subphase, leading to a small net negative charge



T if any - on the GO. Hence, the repulsions between GO sheets and hydroxide ions are weak and

few of the GO sheets find themselves pushed to the interface.

Our proposed hypothesiould explain why acidic subphase pH has a markedly stronger influence
than basic pH in driving GO to the interface. Moreover, it would justify the gradual dynamics of
GO adsorption to the interface; longer wait times allow for more sheets to artieciatietrface as

a result of the increase electrostatic repulsion hypothesized above between hydrdamnidm

GO sheets and frees8+ ions in solution. It also explains why reducing pH leads to an increasing
density of sheets 1T tmarntirduwsliargl t osmélel dmt@O fsah
more HO"ions which compensates for small size of many GO sheets, and generating strong
enough repulsion to drive said sheets to the interface. Once GO sheets find themselves at the
interface, they tendo remain permanently adsorbed per the desorption enthalpy hypothesis of
Imperiali et al.(180), unless the pH is modulated to basic values, at which point GO deprotonated
edgerepulsions might come into play as hypothesized by Cote @t78. These edge repulsions

would destabilize the monolayer and potentiabgisting in some degree of GO desorption to the
subphase, which may then be reversed by simpalyaéulating the pH to acidic, per our suggested

hypothesis.

Our hypothesis was tested byrXy Photoelectron Spectroscopy (XPS) measurements of the C:O
ratiofor the GO used in this study after splitting it three waysnpdtlulated from neutral to acidic
and basic pH extremes of pH2 and 10 (using HCI acid and aqueous KOH), dried &Crtor

24 h and measured using XPS. The XPS results (see Supplementanalddiigs. 8.11-S3.13)

show the C:O ratio for pteutral GO used in this experiment is 4.02, as opposed te-2:49
obtained upon basic pH modulation with KOH to pHO0, and a C:& 1.87 obtained upon acid
modulating the subphase pH with HCI to pi2. The results indicate that piHodulation of the
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GO leads to an oxygesnrichment effect. This phenomenon can be explained by the presence of
residual hydroxonium ions tethered to the surface OH groups of the GO via hydrogen bonding. A
similar effect, alleit less pronounced, is observed in the case of base modulation, with hydroxide
ions presumably remaining tethered by hydrogen bonding to the GO surface hydroxyl groups even

postdrying. This evidence supports our hypothesis on GO surface activity.

6.5 Concluson

In this work, we investigate the behavior of graphene oxide at tiveasér interfaceln addition

to its own merits as a novel material, the study of graphene oxide sheets ainthwainterface

system can serve as a template for how to bettety sparticleladen interfaces in general.
Importantly, we have found that Wilhelmy plate orientation is responsible for significant
differences in surface pressure measurement, and therefore differene&ssotherm shape of

the monolayer. This may beesponsible for some of the variation reported in the literature.
Variation may also be due to inhomogeneous GO coverage. In fact, we report that only a small
percentage of GO remains on the surface after-adisp deposition. However, the results of ou

pH investigations suggest that careful tuning of pH can significantly improve this efficiency. Our
pH experiments also provide a more complete picture on the role of pH in localizing GO at the air
water interfaceFrom the BAM images, we conclude thaD®ecomes surface active in an acidic
subphase pH and rises to the surface. However, once at the surface GO will remain pinned to the
interface even while the pH becomes basiGhese experiments highlight the potentially
complementary roles of pH and kitic trapping of sheets to influence surface coverage, with GO
getting driven to the interface due to the acidic pH and remaining pinned due to the high enthalpic
cost associated with desorption. Moreover, a series of GO loading experiments demonstrated

inhomogeneous coverage and decreasing efficiency as a result of surface sgfesdipgour

154



surface pressure investigations were coupled wisitu micron resolutiorBAM imaging which
reveal significant details and mechanism involved in the surfabdtya@nd coverage of GO.
Taken together, these results present a more clear picture of GO Langmuir films atnhiemir
interface and will better inform future Langmi8chaefer/Blodgett deposition techniques for

applications such as transparent cantise films, etc.
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Chapter 7: Outlook

In this dissertation, we have investigated the fundamental properties of model lung
surfactant films from an interdisciplinary perspective and using a combination of analytical

surface science techniques. In chapter we provide some ideas for futuremtrecti

7.1 Compositional mapping

One of the fundamental questions that remains in the field is how components are
laterally distributed along the interface. In Chapter 3 of this dissertation, we hypothesized
that in ternary mixtures of DPPC, HD or PA, andHaCcomponents phase separate into
Lc domains composed of 2:1 DPPC:HD or 2:1 DPPC:PA withia matrix composed of
any excess DPPC and all of the DChéle used mass balance arguments and grazing
incidence Xray diffraction data to support our hypothesis, however, we did not provide
molecularlevel information of compositional variations. In addition to applications in lipid
monolayers, it is believed d@h DChol plays an important role in lipid rafts, where it is
thought that sutnicron domains of different local composition or order nucleate and grow
from a continuous phase within the cell membrane. Thus, it is of great scientific and

practical interesto understand how DChol organizes in phase separated systems.

In Chapter 6, we provided preliminary data for how infrespdctroscopy AFM
(AFM-IR) can be used to provide additional information on material properties. In theory

AFM-IR is the perfect techgue to obtain molecular level resolution on composition.
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However, there are two main challenges with the technique: the first is that we are dealing
with a monolayer (nominally 2 nm in height) and thus a majority of the IR signal is coming
from the mica sbstrate since the IR signal probes several microns into the sample. The
second challenge is identifying viable frequencies to isolate individual components. Viable
frequencies require not only identification of the unique molecular vibrations, but also of
lack of IR-spectra overlap with choice of substrate and having the appropriate IR excitation
signal. And although we were not able to provide a solution to these challenges, we were
able to show that texture contrast exists withirdbmains. We are eited for future work

to show how cholesterol can modulate the line tension once we have a solid understanding

of molecular level organization, tilt, order, and composition.

7.2 Microstructure on curved interfaces

On a flat interface, the size distributiohdomains at equilibrium is set by a balance
between the line tension, between domains, and the dipole density differeace,
between phasd$4, 19§ The energy per molecule, E/N, in an isolated circular domain

of radius R is given by64)

O ® 3 . . TY
0 Y = ot , Q]

Where, is the dielectric constant of the subphaseas the permittivity of free space,is

the molecular cut off distance, and e is the exponential. For an isolated domain, the radius

at minimum energy is given by:



~ Q1 Qi T, _
T ! 3a
We can see that the equilibrium radius goes as the expalradrihe ratio between the line

tension and the square of the dipole density difference.

Our research group has shown that curvature dramatically alters the domain morphology

and connectivity,

Our group has shown that in systems similar to that studied in this dissertation
(clinical lung surfactant, Survanta), curvature tends to promote interconnected linear
networks, while on a late interface (Langmuir trough), the stable shape isisautar
domains for k-Le coexisting system&Vhich suggests that curvature affectsnd 3G in
ways currently unknow(@@96) or that on curved interfaces there are additional
contributions to domain shape and size. Recent theoretical work onlimuil sysems
has shown that curvature tends to promote smaller circular shapes rather than long extended
shapes. Thus, we observe differences between experiment and theory, and we believe that
understanding the role of curvature is of upmost importance for dévglapsuccessful

lung surfactant formulation.

Depending on the extent of the monolayer curvature, it is likely that curvature
affects (a) the monolayacale behavior, and (b) the domairale behavior. Possible ideas
are that the dipol€ipole electrosttic energy between the-lphase and thedphase, or
even possibly within the LC phase changes as function of curvature, thus driving a system

closer to a circle or stipe phase. It is also possible that curvature induces geometric
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frustration introduced by the imposition of a nonzero Gaussiarattue/on the iplane

tilt ordered molecules within the solid phases. It could be that frustration to thealoge
orientational ordering of the4plane tilt molecules results in a 2D strain energy that likely
depends on the size and shape of the dasfi&id). It will be up to future research to
elucidate the role of curvature and again aid in understanding the fundamental properties
of monolayers with the purpose of developirygtietic LS formulations that can save

lives.

7.3 Clinical applications

This dissertation has focused on understanding the fundamental properties of LS
monolayers, and even though we have considered various perfororéarded
characteristics of L3amey surface rheology and film namoechanicsyve think future
work could focus more on bridging the gap between fundamental science andnidal

applications.
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Chapter 9: Appendix

This chapter provides supplementary materials for Chapter 3, Chapter 5, and Chapter 6.
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9.1 Supplementary Materials for Chapter 3

Supplementary materials associated with:

ValtierrezGaytan, C., et al. (2022). "Spontaneous evolution of equilibrium morphology in
phospholipidcholesterol monolayersScience Advance®(14): eabl9152.

9.1.1Morphology of r-DPPC and Binary Mixtures

Figure S1.1 A to D shows the evolution of the Homains (black) of pure-r
dipalmitoylphosphatidylcholine {PPPC) in a continuous redelphase. The LEC
coexistence surface pressure depends on temperature(attBi3 surface pressure ranges
from 77 11 mN/m. To visualize the phase separation, allsmole fraction of Texas Red

T DHPE is added to the chloroform spreading solution. The Texa®DRE&E segregates
almost exclusively into the fluid dphase and is expelled from the samystalline Lc
phase. iDPPC domains form a characteristic triskelion pattern with cowhdekwise
rotation. This rotation is due to the chiral center of the DPPC molecule that induces a twist
in the tilt axis orientation. The positional order of the DPPC is shageram the order of
100 nm or less, so each domain consists of multiple crystallites. However, Figs-[51.1A
show that the orientational order that leads to the characteristic colotkwise
orientation persists for tens of microns. Hence, DPPC and bghghases might best be

described as hexatic phases, rather than true crystalline ph2sé8,(52.



When 1.5 mol % dihydrocholesterol (DChol) is added to DPPC (Fig. SH]), Ee
coexistence surface pressure is similar, but the domains arms thipafeoBiand C to F

and G) and form tight spiral loops, twisting mainly in the counleckwise direction. This
change from the compacDPPC domains to the more extended stripes is indicative that
even small amounts of DChol dramatically decrease theténsion at the domain
boundaries. At higher surface tensions, the stripes can no longer be resolved with the

confocal microscope.

In mixtures of tfDPPC with thexadecanol (Fig. S1.1L), the extended arms of
the pure +{DPPC disappear in favor of a morengpact asymmetric circular domain. The
domains typically end in a cusp at one end with the opposite end rounded. This more
compact shape suggests that the DPPC:HD domains have a higher line tension than the
pure rFDPPC domains as the perimeter to areardgcreases. This domain shape is
retained to higher surface pressures)(IThe asymmetric shape and cusp are indicative of

a line tension that varies around the domain perimeters as shown in the following sections.
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6.0 MmN/m | K 8.0 mN/m | L 10.0 mN/m

3:1 r-DPPC:HD

Figure S1.1 rDPPC monolayers and binary mixtures of DPPC with
dihydrocholesterol or 1-hexadecanol.

Confocal microscopy images of phase separated films; black:csgstalline domains of

liquid condensed (¢t), red: liquid expanded @) matrix. The preferential partitioning of

0.75 mol % Texas Red DHPE dye into the LE phase provides the contrast between phases.
(A to D) Images for dipalmitoylphosphatidylcholine@PPC) (at 233 ). A) Domain
nucleation begins at a surface pressure 802 mN/mat 3 (6 + 0.2 mN/m @ 22

3 ) and B) further compression leads to midbe branching that (C and D) ultimately
results in characteristic chirall8be triskelion structures that grow larger with increasing
surface pressure. (E to H) Thddition of 1.5 mol % dihydrocholesterol (DChol) results

(E and F) in smaller domains with similar mutibe structures. G) As the film is
compressed, the line width at a given surface pressure significantly decreases, and the
degree of branching incress H) At high surface pressures, the line width decreases below
our optical resolution. (I to L) The addition ofhexadecanol (HD) (3 to :DPPC to HD

molar ratio) results in domain nucleation at Rearo surface pressures consistent with a
more stabld_c crystal. The domains are seniicular and have a singular cusp that is
maintained as the domain grows with increasing surface pressure. All images are

prTp T .
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9.12Wul f f 6s Theorem and the Cusp Singul ar

Wul f fds t heor enengysftaarystaline bobnaary istptogortional to its
distance from the center of the crystal. Burton, Cabrera, and Frank (Appendix D of Ref.
(46)) showed that this distande,—, can be related to a spatially varying, heterogeneous

line tension,_ —, by
OMIT T — 1 — — — "
for which the solution is

| — g BOEL :
I Y | 00 r X,

where—is the polar angle around the perimeter jand, andd are constants to be set by
the particular boundary condition§he cw positions of the domain are given by the

parametric curves:
wo— 1 —AT-©0i1 —OE+ "
w— 1 —OB+ i1 —AT-6 Y
Rudnick and Bruinsmat@) considered the model line tension (Figure S2A),
— Q Y
for which the associated shape (setting the arbitrary coristarm) is

wo— 1 AT-61 OE+Q “Yp
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w— i p 1 AT-60EI "X
wherei k _j Q"M [.As] increases, the line tension becomes more strongly peaked

at— T At the critical point p, the functioni — i — undergoes a change in

sign at— T, indicative of the onset of a cudpidure 9.2B).

The variation in line tension and thesulting cusps may result from the tilt
orientation at the domain boundary, with a singularity in the tilt orientation near the cusp.
If the tilt of the molecules prefers to be oriented in a particular direction with respect to the
domain boundary througlit the domain, the tilt orientation at the cusp musirient
guickly and effectively forms an orientati
virtual boojum is equivalent to a +1 disclination defect conceptually located just outside
the domain bondary near the cuspq, 50. The tilt orientation throughout the domain can

be thought of as originating from the virtual boojum.
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Figure S1.2 Variation in line tension produces cusps

A) Model variable line tension from Eqn. S5. The line tension is a maximum=fd)
which depends on the valuefof and decreases symmetrically with #B) Calculated
domain shapes (Egns. S6, S7), with the cusp emerging (fop) at the pole wherthe

line tension is peaked, which corresponds+to0. These calculated domains are similar
to those in Fig. 2 for raDPPC. The chirality of theDPPC makes the domain shapes
more complex and breaks the axial symmetry.



9.1.3Molecular geometry and thepreferred DPPC:HD ratio

Figure S1.3 shows a schematic of the origins of tilt in the DAPGor DPPCPA) lattice.

For simple, unstructured molecules as in Fig. S1.3, if the projected area of the alkane chains
(ain Fig. S1.3A) is smaller than the projettarea of the head group i Fig. S1.3A),

gaps would exist between the alkane chains (red arrows). Tilting the molecules relative to
the interface can lead to closer packing, thereby increasing the van der Waals attractive
interactions and stabilizingetcrystal (Fig. S1.5B)7( 54, 55. GIXD results show that the
average molecular tilt in DPPC in thec lphase is ~ 25 (7); from Fig. S1.3B,

Alcv J @ & Ta The sixteen carbon alkane chains of HD or PA are identical to those

of DPPC and can pack intthd DPPC chain lattice, while the alcohol or fatty acid
headgroups are relatively small s & which partially compensates for the
phosphocholine headgroup area mismatch, reducing the overall monolayer tilt (Fig.
S1.3C). This stabilizes the crystal byrieasing the favorable van der Waals interactions
between the alkane chains as there is more chain overlap for decreasing tilt (Fig. S1.3C).
This causes the DPPC: HD or DPPC: PA domain
mN/m, compared to the ~6 mN/m for rpur-DPPC Lc phase at similar temperatures

(Figure S1.1).
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Mixing large
(a/b=0.9) and
small (a=b)
headgroups
reduces tilt to 18°

Figure S1.3 Simple models for molecular tilt

A) Schematic diagram of simple, unstructured lipid molecules with different tailgapup (

and headgrougb] projected areas, he‘r‘éa) T@a For vertical packing, a gap would exist

(red arrows) between the molecules and minimal van der Waals intera@jolighe
molecules are tilted & ;A T-O© T®) close packing occurs for— ¢ USE) Mixing

large and small headgroup molecules together reduces the overall tilt, increasing the van
der Waals interactions as there is less offset between the molecules. For more realistic
molecules with 3limensional structure, arbitrary tilt angles am nompatible with
closest packing (55).



However, real alkane chains are not unstructured cylinders and cannot pack at any arbitrary
angle defined by the ratio of tailgroup to headgroup area. Fig. S1.4A shows the
characteristic zigag shape and dimensions of an all trans carbon chain. Thecdistan
between any two carbons in a chain is 0.0254 nm, and the angle between carbon bonds is
109112 (55). This shape complicates the ideal close packing of the chains as there are
only certain discrete tilt angles that allow for nesting onezai in the righboring zig

zag (Figs. S1.4B, C, D). In a tadmensional lattice of thredimensional alkane chains,

the packing is more complicated and several efizeking structures of alkanes are known

(55). However, even considering the various discrete tidflemallowed for all of the
classes of packing, an optimal, clgsscked crystalline alkane structure may require a

fixed mixture of headgroups such as the 2:1 DPPC:HD ratio we find for this system.
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Figure S1.4 All trans structure of alkanedimits number of close packed tilt angles.

.0254 nm

A) The all trans configuration of an alkane chain leads to-aaggpattern with 0.0254 nm

between each two carbon atoms and an angle of 109 . B) Untilted all trans alkanes

can pack most tightly if thezig-zag patterns are nested and aligned between molecules.

C) If the alkane chains are tilted, only discrete tilt angles can align ttmaggyleading to

cl ose packing. Here every other chbain 1is
Here,each chain is offset by a zagag leading to a larger til- —. The actual packing

motifs of alkanes are further complicated by the real three dimensional shapes of the
molecules as described in (55).
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9.1.4Derivation of mass balance for monolayers containing b:1 DPPC:HD + j
mol % DChol

Assuming that the eorystal of DPPC and HD (or PA) grows at a fixed stoichiometric
ratio, mole balances can relate theccgstal stoichiometric ratiay, with the area framn

of the Lc phase%. has a function of the spreading ratinl DPPC:HD. Experimentally,

we find that%. is identical for fDPPC:HD, ¥rDPPC:PA and raDPPC:HD at a given
surface pressure and temperature for a given spreading solution ratieerbudifferent

for different spreading solution ratios of DPPC to HD or PA. This suggests that there is a
fixed ratio of DPPC to HD or PA in the crystalr&y diffraction (Fig. 3.5C) suggests that

the lattice spacings are the same for monolayers spgadfd. and 3:1 DPPC:HD ratios.

Fig. 3.5B shows that the dihydrocholesterol does not alter the lattice for concentrations
from 01 8 mol %, so the DChol remains in the phase with any excess DPPC. The
molecular areas of the various components in thend Lc phases are well established
from isotherms and Xay diffraction 7, 52.® * m&1 | is the area/molecule of HD

in the crystali®d *x 1@ d | the area/molecule of DPPC in the phase ~ 0.75

n? the area/molecule of DPPC in the phhase; anddx 1& U | the area/molecule of
DChol in the e phase. If the spreading solution contdihsoles of HD or PA, it contains

bN moles of DPPC. In our experiments= 9, 5, 3 and 2 for the various films. The
assumed stoichiometric ratad DPPC to HD (or PA) in thed phase crystal is. We
assumé  Qor aur calculationsj = 0.015 is the mole fraction of DChol in the mixture,
which is assumed to reside exclusively in thepbase (the calculations do not change

much for various vales ofj).



At surface pressures O 6 mN/m where we f
that the limiting HD or PA is depleted from the inelt, so the total area of the black L

phase consists of HD and DPPC molecules in their condense(Esiate3 of text):

0 b & o

The remaining E phase is made up of the residual DPPC and all the DChol. The 0.75 mol
% TexasRed DHPE also resides in the phase but is not explicitly accounted for; it
would simply increase thvalue of j from .015 to .0225 but does not change the results

significantly. The total area of the red phase is:

0 0w & ® o
The mole fractionj, of DChol can be written in terms of the numbers of molecules of HD,

N, DPPC)bN, and DCholp) , in the spreading solution:

. 0
0 wUL U L
Reorganizing:
QOGO p .
> 0 Y p

r



Which gives the DChol area:

The total area of the red:Iphase is given by (Eqn. 4 of text):

- o pOD
0 D w ¢ 7 T
p Q
The Lc phase area fraction in the images is:
% 0 v
) m o
0
o 0w €
00 L] T
Gt G0 so 22X PUW
p Q

Simplifying, this gives Eqn. 5 of the text:
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%0 7, [ U

Eqgn.3.5 is pbtted in Figure 3.5A fon= 1, 2, 3 as a function df, the ratio of DPPC to
HD (or PA) in the spreading solution. The measured data for all systems is consistent with
n = 2. Varying the areas/molecule by 10 % does not make a significant difference in Eqn.

5 nor in the fits to the data in Fi§5A.

Figure 9.5 shows representative confocal images (thresholded via ImageJ) of
monolayers ob = 2, 3, 5, and 9 to 1 DPPC:HD spreading solutions taker6atnsl/m
before the fingering instability. We assumed that the majority of the HD or PA was
depleted from the & phase under these conditions and the domains had the same
stoichiometry ofn:1 DPPC:HD. The images were thresholded and turned into binary
images (black and white) with the black representing thpHase and the white the: L

phase. Image J was used#iculate %the fraction of black pixels in each image.
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Figure S1.5 Solid phase area fraction images for b:1 spreading solutions

Confocal images of monolayers of b:1 DPPC:HD spreading solutiohs=f@; 3, 5, and

9. The images are thresholded and turned into binary images (black or white) with the
black representing theclphase and the white the phase. Image analysis with dgpe J

is used to calculate the fraction of black pixels in each image. In the example images: for
b = 2, the fraction of black LC pha%e 1@ mForb =3%0 1@ pforb=5% 1@ O

and forb =9%. T® w From Egn. 5, analyzing all available imagesdach

composition results i ¢8t p &, or the actual ratio of DPPC to HD or PA in the

LC crystals is 2:1. All images ae Tt ¢ i .
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9.1.5Binary DPPC-DChol nucleation pressures as a function of temperature

After the HD or PA is depleted from the melt, the phase is a mixture of DPPC and
DChol. As the surface pressure is increased, DPPC will precipitate in the LC phase
depending on the temperature of thenolayer. Figure S1.6 shows the nucleation of
DPPC domains from a binary monolayer spread fradPPC with 1.5 mol % DChol and

0.75 mol % Texased DHPE. The onset surface pressure of thpHase (black domains)

is plotted against temperature in Figlir8A. In the ternary mixture as the surface pressure

is increased, the existing domains grow in size and there are no new small domains formed,
suggesting that the DPPC grows epitaxially on the original DPPC:HD crystals that formed
at lower surface presms. The transitions surface pressures betweerethed._Lc phases

does not change significantly with DChol mole fraction up to 5% as shown in the isotherms
of Figure S1.7 (8). For a spreading solution of ZDPPC:HD with 1.5 mol % DChol, no

fingeringinstability nor transition to stripes is observed. (Figure S1.8)



Figure S1.6 Binary r-DPPC + 1.5 mol % DChol as a function of temperature

As the temperature is increased, the nucleation of ¢ghehlase (black) occurs at higher
surface pressures. As the surface pressure is increased at a given temperature, the domains
develop multiple lobes that decrease in width. Within a rangebofidN/m from the start

of nucleation, the domain widths reach tlesolution limit of our confocal microscope.

The crystallization phase diagram (F&6A) of the binary phase (red diamonds) were
determined by recording the temperature at which domains first become visible during
monolayer compression as a function wibghase temperature.
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Figure S1.7 Increasing DChol mol fraction does not alter the coexistence surface
pressure

Isotherms of DPPC and various fractions of DChol. The coexistence plateau surface
pressure of ~ 7 mN/m is indistinguishable far ® mol% DChol at 23 . From Ref. 38



48 mN/m | C 6.5 mN/m | D 7.0mN/m | E 7.6 mN/m

110 min

Figure S1.8 2:1 -DPPC:HD + 1.5 mol % DChol does not undergo fingering
instability or circle -to-stripe transition

Compression of the 2:1:-DPPC:HD + 1.5 mol % DChol system does not induce a
fingering instability as the surface pressure is increased or a transition to stripes. This is
consistent with the hypothesis that thedomain composition is fixed at 2:1 DPPC:HD
mole ratio. All images arg Tt tp Tl .
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9.1.6Mullins -Sekerkalnstability in Two Dimensions

Although our experiments contain multiple components (DPPC, PA or HD, and
DChol), we are primarily interested in the condensation of a DirfPGnelt (depleted of
PA or HD and with trace amounts of DChol) onto a-forened cystal of DPPC:PA or
DPPC:HD. Neglecting the role of trace DChol on the mass transfer leaves only DPPC to
consider. For the purpose of illustration, we thus consider the classical Madlkeska
instability of a pure substance in two dimensions, whickatly leads to EqQn&.6, 3.7 in

the main text (Chapter 3).

The following derivation is reproduced from LangeilO( 41). Consider a two
dimensional, solid crystal occupying the region y < 0, with its boundary alongdhis.
The crystal isgrowing in the +w direction due to condensation of a liquid melt that
originally occupies the region y > 0. The height of the growing crystal is denoted by
o afd . The number of molecules per unit adadtfo (in both the solid and liquid

phases) obeys the fiition equation,

—a

—,. un Yp

0]

—n

where'  ofudo is the chemical potential (units of energy per moleculeYaisa mobility

(units of squared number of molecules per energy per time). The boundary conditions are

‘So ‘ (bul k lI'iquid condition)
) R iqjll(Gl-BTbsmson condition)
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where_is the linetension.3w  ®zZ @ is the jump in number density across the solid
liquid interface, which can be appreciable in lipid monolayedas ™ d | P &
is the area/molecule of DPPC in the solidpghase andd * & & a P @ is the
area per molecule in the lgl Le phase.The interfacial boundary curvaturd,

T Glwjp 1 @ o ! . The velocity of the interface is given by the jump in

diffusive flux across it,

€

!
WL
u_T

0 T
— — Stefan condW ti on
3 T € o

—a

O‘
—a
m-

where we have assumed that the mobilitis the same in both the solid and liquid phases;
. « 1T ¢ wj p 1 & w isthe unit normal to the interface (directed from
solid to liquid); — — 31 1 ¢&isthejump inthe chemical potéal gradient

in the normal direction across the sdiguid interface.

To make further progress, we must relate the number demsity the chemical
potential* . If the deviations from equilibrium are small, we can expand the chemical
potential of thdiquid and solid in Taylor series around the equilibrium state:

Ck I ® oh «® @ ")
with @ andw the equilibrium number densities in the liquid and solid, respectively (as in

Egn. S7b.) k T T and] k T 4§17 @ are the Taylor coefficients in a

density expansion about the equilibrium coexistence conditions in the liquid and solid
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phases. If we further assume thatand are independent of position, then the diffusion

equation simplifies to

o Oon‘h o owood "p 1
T ‘ , o ’ T o el
o On‘h o wwo Y ™
whereO | 0 andO | 0 are the diffusivities in the liquid and solid phases,

respectively (units of area per time).

Let® o k I EA o afd 'Q cbe the mean height of the interface, which evolves in

time. We may define the Lagrangiaoordinaten ¢cfo k & @ o and assume that
* oo cfd  depends implicitly on time througld o (that is,* has no explicit time
dependence). In a quasteady state in a frame that-emves with the interface, the

diffusion equation then becomes

on bl T o i 6o b o8
in the liquid

P ‘ \ T‘ > ’ T T o 5

Oon UT_d) m w wadd w o Y o

and in the solid wherek Tj1 @ 1jT w«andd k ‘Qoj'Qds the mean velocity of

the interface.
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In the absence of interfacial fluctuations, the problem is entireRdonensional,

w , and satisfies

0 Q° Q + G ~
D V) O W T Y @
O Q° Q T[ﬁ 5
R V] R W T Y @
with the boundargonditions,
‘“So | 3w b ®
‘s T Y @
S K (04) 0 Q Q o &
YE00 s T po
where we have substitutéd ‘ | 3winto the bulk condition (required for self

consistency)The quassteady, 1D solution fdr w is (Figure S1.9

o | 3Q ph o M vt mMh w

wheredt 'O U is the diffusion length in the melt. The jump in the normal derivative of

acrossw Tmis3>'Q jQo | 3y a, which, according to the Stefan condition,

gives the interfacial velocity) | 0ja Oja (an identity). Thus, the solution is

sdf-consistent.
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Figure S1.9 Chemical potential field across a planar solitiquid interface from Eqn.
S14.
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