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Abstract

Structure-property relationships of lipid-based surfactant monolayers
by

Julia Michelle Fisher

Surfactants adsorb onto complex fluid-fluid interfaces, altering the interfacial energy
and giving unique interfacial properties. When designing a formula containing surfac-
tants or addressing challenges with naturally occurring surfactants, it is important to
understand the interfacial properties of each surfactant system. This work investigates
structure-property relationships of three surfactant systems: (1) model lung surfactant
(DPPC) degraded by PLAy; (2) lipid/fatty alcohol mixtures inspired by surfactant ther-
apies (SRT); (3) lipid-PEG copolymers. The investigations of (1) and (2) are motivated
by the need for effective ARDS therapeutics. Lung surfactant (LS) becomes ‘inactivated’
in ARDS and SRTs are ineffective in treating ARDS, however, the mechanisms hindering
LS function and SRT efficacy are not well understood. We hypothesize that the interfa-
cial rheology, which is not easily studied clinically, is critical to the function and efficacy
of LS and SRT, respectively.

The investigation of (1) studies the evolving morphology and rheology DPPC mono-
layers being degraded by PLA,. While degrading, domain morphology passes through
qualitatively distinct transitions: compactification, aggregation, network percolation,
coarsening, solidification, network erosion, and PLAs-rich domain nucleation. The rela-
tive activity of the PL A, sample impacts the order and the duration of morphology transi-
tions. Irrespective of PLAy activity, all measured linear viscoelastic surface shear moduli
showed the same exponential dependence on condensed phase area fraction (log | G% |x ¢)

throughout monolayer degradation. Monolayer rheology is viscous-dominant until the

X



domain solidification transition, at which point the relative surface elasticity begins to
increase. As degradation proceeds further, the relative elasticity starts to decrease once
network connections start to be severed.

The investigation of (2) studies the relationship between phase behavior, morphology,
and surface rheology of DPPC, hexadecanol (HD), and dihydrocholesterol (DChol) mix-
tures, which are all used in SRT formulas. The morphology and rheology of DPPC:HD
mixtures, with and without DChol, track with the condensation of DPPC. As DPPC
condenses and domain area fraction increases, | G¥ | and relative elasticity grows. When
monolayers approach fully condensed, | G¥ | continues to grow, but less strongly, and rel-
ative elasticity decreases. DChol-containing monolayers exhibit similar trends in surface
rheology as DChol-free monolayers, but are comparatively easier to shear, especially as
surface pressure increases.

System (3) is a library of discrete DMG-PEG4-n copolymers, motivated by lipid
nanoparticles applications. Using I1-A isotherms of copolymer monolayers, we examine
the dilute, semi-dilute, and desorption properties of each copolymer as a function of
PEG headgroup size n. For the range of n examined, interactions between the PEG
headgroups, as opposed to the aliphatic chains, contribute to much of the observed sur-
face behavior. At dilute concentrations, DMG-PEG copolymers with larger headgroups
occupy more interfacial area. At semi-dilute concentrations, where the PEG headgroups
contact and interpenetrate, each DMG-PEG conjugate exhibits traits of a 2D polymer in
a good solvent. At sufficiently high concentrations the energy of each monolayer reaches
the respective desorption energy, which grows with the size of the PEG headgroup. Over-
all, the structure of PEG headgroups in lipid-PEG conjugates play a critical role in the

resulting interfacial properties.
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Chapter 1

Introduction

Complex fluid-fluid interfaces are ubiquitous in many industries, including biomedical,
food, personal care, and petroleum. Surface-active species (surfactants) adsorb to fluid-
fluid interfaces, altering the interfacial energy and giving the interface unique proper-
ties. Surfactants can be naturally occurring, exhibiting undesirable properties in some
cases, while performing critical functions in others. For example, asphaltenes in crude
oil adsorb to water droplets, stabilizing an emulsion which hinders refinement [1]. Alter-
natively, human lung surfactant (LS) is comprised primarily of phospholipids, proteins,
and cholesterol, and is is responsible for moderating surface tension at the air-water in-
terface inside the alveoli—LS is necessary for respiration and can become inactivated by
pulmonary diseases such as acute respiratory distress syndrome [2 B, 4]. Surfactants,
natural or synthetic, can also be incorporated into product formulations, often to stabi-
lize an interface. For example, pegylated lipids, phospholipids, and cholesterol were some
of the surfactants incorporated in the lipid nanoparticle designs for COVID-19 mRNA
vaccines, serving to stabilize either the particle or mRNA [5] [6].

When designing a formula containing surfactants (e.g. lipid nanoparticles) or ad-

dressing challenges with naturally occurring surfactant systems (e.g. inactivated lung
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Introduction Chapter 1

surfactant), it is important to understand the properties of each surfactant system on the
interface. For example, both healthy and inactive lung surfactant form microstructures at
the interface which influence their respective mechanical properties. To understand the
role of mechanical properties in lung surfactant inactivation, it is imperative to measure
the surface rheology of the microstructures on the interface. Chapter 3 details work done
to measure the evolving morphology and surface rheology of model lung surfactant as it
is degraded by phospholipase, an enzyme hypothesized to play a role in lung surfactant
inactivation. The work of Chapter 4 is also motivated, in part, by lung surfactant acti-
vation, specifically the need for effective therapeutics to treat LS inactivation in ARDS.
Chapter 4 details measurements of the morphology and surface rheology of surfactant
mixtures inspired by surfactant replacement therapies used to treat lung surfactant de-
ficiencies. Lastly, Chapter 5 is inspired by the surfactant systems in lipid nanoparticle
designs, especially the use of pegylated lipids. The PEG moieties are located on the
particle surface, preventing particle aggregation and extending the lifetime of particles in
the body. The work of Chapter 5 interrogates how different PEG moieties behaves on an
interface. Chapter 5 details surface pressure versus surface concentration measurements
over a library of pegylated lipids which spans a range of PEG moiety sizes. The remain-
der of this chapter provides the background information and more detailed descriptions

of each project.

1.1 Lung surfactant and pulmonary disease

The lung is a key organ in respiratory systems, where the intake of oxygen for
metabolic processes and the output of carbon dioxide, a metabolic waste product, takes
place. The alveoli are small sacs (75-300 pum in diameter) in grape-like bunches in the

lung, serving as the barrier between air and the bloodstream. Alveoli make up a signif-
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Introduction Chapter 1

icant amount of the internal surface area of the lung, estimated to be «~ 1 m?/kg body
weight [2, [7]. As depicted in Figure [L.1p, the epithelial tissue of each alveolus is lined
by a thin aqueous film called the alveolar hypophase, which is approximately 0.1-0.5 pym
thick [2]. The air-hypophase interface contributes significant surface tension forces that

must be overcome to breathe [2].

(a) - (b) PG Other PL
P Unsaturated ,(4-0%)
hypophase PC » Chol

Other NL

healthy LS
= (5.0%)

0O, Proteins

CO,

DPPC

Figure 1.1: (a) Schematic diagram of gas exchange in a healthy alveolus. The epithelial

tissue is lined by an aqueous hypophase and LS resides at the air-hypophase interface.

The components are not drawn to scale. (b) Chart displaying the composition of

human lung surfactant. LS consists of mostly phospholipids (PL), especially those

with phosphocholine (PC) and phosphoglycerol (PG) headgroups [§]. The remaining

fraction is comprised of proteins, cholesterol, and neutral lipids (NL) [g].

Lining the air-hypophase interface is a lung surfactant (LS) monolayer responsible
for regulating surface tension in the lung. As shown by the chart in Figure [I.Ipb, LS is
comprised almost entirely of phospholipids, with nearly half being the single phospholipid
1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) [§]. In addition to phospholipids,
LS also contains small amounts of proteins, cholesterol, and other neutral lipids [§].
LS moderates the surface tension in the lung, therefore lowering the energetic cost of
breathing [2] [3]. LS is also essential for stabilizing alveoli, as evidenced by the collapse
and uneven inflation observed in diseases where LS is deficient or inactivated [2, [3, 4 Q).

LS inactivation, marked by a decrease in LS surface activity, means the ability of LS

to lower the surface tension to normal levels is somehow inhibited. LS inactivation and
3



Introduction Chapter 1

LS deficiency are associated with pulmonary diseases such as acute respiratory distress
syndrome (ARDS) and neonatal respiratory distress syndrome (NRDS) [2, [3] 4], ©].

NRDS is a pulmonary disease that can occur in premature infants, primarily affecting
infants under 32 weeks of gestation [2]. Approximately 60,000 premature infants are at
risk of NRDS in the US annually [2]. The underlying cause of NRDS is an insufficient
amount of functional type IT pneumocytes, the cells responsible for LS production [2].
As a result, NRDS patients are unable to produce enough LS for healthy respiration. In
addition to alveolar collapse and uneven inflation, NRDS patients exhibit other symp-
toms including increased work of breathing (decreased lung compliance), reduced oxygen
levels in the blood (hypoxemia), and excess fluid in the lungs (pulmonary edema) [2].
If untreated, these symptoms lead to further lung injury which most likely proves fatal.
NRDS is currently treated by a combination of surfactant replacement therapy (SRT)
and intensive care (e.g. mechanical ventilation). Prior to the implementation of these
treatments, NRDS was the major cause of infant mortality in the US and other developed
nations [2]. SRT is the delivery of exogeneous, LS-like surfactants to the lung, adminis-
tered either prophylactically or once NRDS is established [2]. SRT performs the function
of LS, reducing the work necessary to breathe, until the lungs are mature enough to
produce sufficient LS. Since the introduction of SRT, the outcome of premature infants
has greatly improved [2], 9].

ARDS, being the most severe form of acute lung injury, has a 40% mortality rate, af-
fecting patients ranging from full-term infants to adults [2,3,4]. ARDS has become an es-
pecially pressing issue in recent years as the reported incidence of ARDS in non-survivors
of COVID-19 is 90%.[10]. In the US, approximately 190,000 adults are diagnosed with
ARDS annually 3], [4]. ARDS is identified by the rapid onset of respiratory failure, oc-
curring approximately 12-24 hours after lung injury [2, 11} [12] 13| 14]. The causes of

acute lung injury and ARDS-related respiratory failure span a breadth of pulmonary and
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Introduction Chapter 1

non-pulmonary events including chest/lung trauma, infection, toxic gas inhalation, aspi-
ration, and shock. Like NRDS, ARDS patients exhibit decreased lung volume, decreased
lung compliance, hypoxemia, and edema [2]. During the progression of ARDS, LS is said
to be inactivated, however, the mechanism of inactivation is not well understood. Since
ARDS and NRDS have a connection to lung surfactant and exhibit similar symptoms
the medical community turned to SRT to develop therapies for ARDS. Unfortunately,
clinical studies of surfactant replacement therapy for ARDS patients demonstrated only
modest improvement at most and even conflicting results in some cases [15], [16, 17, 18], [19].
One possible explanation for the limited success of SRT in treating ARDS is that ARDS
includes a mechanism that inactivates both endogenous and exogenous surfactants, ren-
dering the current formulations for surfactant replacement therapy ineffective. Much of
this body of work is motivated by the need to understand the mechanisms behind LS
inactivation in ARDS as well as SRT efficacy in NRDS and ARDS, which are discussed

in more detail in the following two sections.

1.2 Lung surfactant inactivation and phospholipase-

catalyzed degradation in ARDS

Some aspects of the ARDS pathophysiology suggest pathways to LS inactivation.
Surfactant-related events in the pathophysiology are summarized in Figure [2]. Fol-
lowing the initial lung injury is a complex cascade of events that may negatively impact
LS function. First, the alveolar tissue may suffer damage and inflammation. The injured
alveolar tissue has increased permeability, introducing serum proteins, cellular lipids and
other surface active material into the hypophase. Serum proteins and lipids could adsorb

to the interface and interact with LS, altering LS function and perhaps compromising
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LS surface activity. Tissue injury and inflammation can directly affect LS metabolism
by damaging or altering the function of the cells responsible for LS production (type II
pneumocytes), leading to LS deficiency. The inflammatory response also prompts the
release of lytic enzymes, such as phospholipase, into the hypophase. The lytic enzymes
could also adsorb to the interface and chemically degrade the LS monolayer. To sum-
marize, there are several surface-active components released into the hypophase after
the initial injury, each of which could adsorb to the interface and inactivate LS through

various mechanisms.

Acute lung injury

blood-air barrier Infl fi
injury nflamation
membrane

permeability +
edema

Type II pneumocyte IMInflammatory cells
injury/malfunction activated

serum proteins +
cellular lipids in
alveoli

Impaired LS Phospholipase in
metabolism alveoli

LS inactivation LS deficiency LS degradation

Figure 1.2: Schematic diagram of ARDS pathophysiology related to LS inactivation,
deficiency, and degradation [2]. After an initial injury (e.g. pnuemonia, severe im-
pact trauma, complications from contracting COVID-19, etc.), the alveolocapillary
membrane (blood-air barrier) may suffer damage and inflammatjion. What follows
is a cascade of events, which could eventually inactivate LS by comprimising surface
activity or chemically degrading the LS monolayer. Not shown are events triggered
by the inflammatory response unrelated to LS.

What is known about LS inactivation in ARDS clinically comes from compositional
6
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studies of bronchoalveolar lavage, a sterile fluid flushed through a segment of the lung
to extract LS for clinical diagnostics. The lavage of ARDS patients show decreased con-
centrations of LS phospholipids, as well as increased concentrations of serum proteins,
phospholipase (PLA,), fatty acids, and lyso-lipids [20, 21], 22]. PLA, is a lytic enzyme
released in response to inflammation[23], which hydrolyzes phospholipids such as DPPC
into fatty acids and lyso-lipids. The compositional changes in the lavage are consistent
with PLAy being released after the initial lung injury, adsorbing to the interface, and
degrading the LS monolayer. Under such conditions, LS may be less effective (i.e. inacti-
vated) by one of two mechanisms: the deficiency in phospholipid may itself be sufficient,
or, additionally, its degradation products (fatty acids and lyso-lipids) may actively in-
terfere with LS function. An objective of the present work is to address this question.
Here, we investigate the interactions between fatty acids and lyso-lipids with model LS
(DPPC) by observing their effect on monolayer structure and mechanics.

There is support in the literature for the idea that palmitic acid (PA) and LPC,
the fatty acid and lyso-lipid products for PLAs-degraded DPPC, may interfere in the
structure and mechanics of LS monolayers. For example, sub-micromolar concentra-
tions of lysolipids have been shown to decrease surface tension reduction in multiple LS
models.[24, 25| 26] Lysolipids exhibit line activity, altering the morphology of DPPC
to less compacted shapes.[27] Likewise, PA co-crystallizes with DPPC[2§], to form stiff,
elastic domains, leading to nearly thousand-fold increases in surface viscosity.[29]

It is plausible that the PA produced during PLAs-catalyzed degradation of DPPC
co-crystallizes with remaining DPPC in the LS monolayer, forming stiff heterogeneities
at the interface. These stiff domains would resist the deformation necessary for lung
function[30], contributing to increased work of breathing and provoking further inflam-
mation. In principle, enhanced inflammation may trigger the further release of PLA,,

contributing to a positive feedback loop that exacerbates ARDS and contributes to its
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Introduction Chapter 1

progression.

The work in Chapter 3 is motivated by the idea that PLAj-catalyzed degradation
of LS introduces components that actively interfere with the structure and morphology
of LS monolayers, and therefore its function. Specifically, we track the morphology and
rheology of model LS monolayers as they are degraded by PLA,;. Homogeneous, con-
densed phase DPPC monolayers develop an increasingly heterogeneous morphology, with
increasingly heterogeneous stiffness, as PLA, degradation proceeds. Moreover, DPPC-
PA co-crystals grow into a network, whose relative elasticity increases with time. These
heterogeneous, elastic networks may impact alveolar mechanics in unexpected ways, mer-

iting further investigation.

1.3 Structure-property relationships of surfactant
monolayers inspired by surfactant replacement
therapies

The outcomes in NRDS treatment have greatly improved since the implementation of
SRTs. SRTs are exogeneous surfactant mixtures composed of lipids and proteins typically
extracted from bovine or porcine lungs [2]. There are multiple SRTs in use today (e.g.
Infasurf, Curosurf, and Survanta) and each is prepared using a different method. For
example, Infasurf is processed from lavaged calf LS while Curosurf is processed from
porcine lung tissue [2]. SRTs have also been manufactured synthetically, which has the
advantage of more control over the composition than animal-derived methods. As a result
of the different SRT preparation methods, the compositions and interfacial properties of
each SRT are different. Formulas are primarily composed of phospholipids, such as
DPPC, and often have small fractions of LS apoproteins, palmitic acid or hexadecanol,

8



Introduction Chapter 1

and cholesterol [2]. Except for palmitic acid and hexadecanol, SRTs are composed of
many of the same components as healthy LS, with the intent of emulating healthy LS
function.

Clinical comparisons between SRTs for the treatment of NRDS have shown that
each formula improves aspects of lung performance (e.g. gas exchange) to differing de-
grees. Additionally, clinically tested synthetic SRTs were found to be less efficacious
than animal-derived SRTs in treating NRDS [2]. For ARDS, clinical studies of SRT
demonstrated only modest improvement at most and even conflicting results in some
cases [15], 16l 17, [18, 19]. However, the biophysical mechanisms behind the different SRT
performances in both NRDS and ARDS are not well-understood.

We hypothesize that the morphology and corresponding rheology of SRTs, which are
difficult to observe clinically, play a role in the efficacy of SRTs. An objective of the
present work is to address this hypothesis by characterizing surface behavior across the
SRT composition space. Chapter 4 tracks the phase behavior, morphology, and sur-
face rheology of mixtures of DPPC, hexadecanol (HD), and dihydrocholesterol (DChol).
The morphology and rheology of DPPC:HD mixtures, with and without DChol, are
connected to the phase behavior of DPPC, becoming increasingly liquid-like and more
difficult to shear once DPPC is condensed. The addition of DChol shifts the morphology
from compact, circle-like domains to high aspect ratio stripes, as previously reported
[31]. DChol-containing monolayers are comparatively easier to shear, especially as sur-
face pressure increases. These results provide some initial insight into the relationship
between SRT composition and surface mechanics. Going forward, this approach could
be expanded to more mixtures of DPPC, HD and DChol as well as other SRT compo-
nents, such as PA, LS apoproteins, and synthetic additives. Additionally, expanding this
investigation to include DPPC-PA mixtures could provide more insight into the role of

DPPC-PA co-crystals in LS inactivation.
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1.4 Interfacial properties of discrete lipid-PEG con-
jugates

Lipid nanoparticles (LNP) are expanding as a potential delivery platform for a variety
of therapeutics and are also utilized in other applications including cosmetics, food, and
agriculture [5]. More recently, LNPs have become well-known as the delivery platform
used for the COVID-19 mRNA vaccines [5, 6]. Notably, LNPs share many of the same
components as LS and SRTs, including phospholipids, such as DPPC, and neutral lipids,
like cholesterol [5]. Phospholipids in LNP formulas are desired for their biocompatibility
and membrane formation [5, 6]. Cholesterol is used to modulate the fluidity of bilayers
and is also highly biocompatible [5]. LNP designs often employ lipid-PEG conjugates,
where a lipid has an attached, hydrophilic PEG chain headgroup. One of the most widely
used lipid-PEG conjugates in LNPs is DMG-PEG2000, consisting of the lipid DMG (1,2-
dimyristoyl-glycerol) coupled with a linear PEG chain of the average molecular weight
2000 g/mol [B] [].

In LNP structures, lipid-PEG conjugates segregate to the outermost layer of the par-
ticle, with the polymer moieties forming a corona around the exterior of the particle
[5, 6]. In LNPs, lipid-PEG conjugates exhibit several functions, such as dictating par-
ticle size and preventing particle aggregation [6]. The PEG moiety has low nonspecific
binding and sterically blocks access to the LNP surface, extending the blood circulation
lifetime of LNPs [5], [0, [32]. However, one drawback of commercial lipid-PEGs, such as
DMG-PEG2000, is the polydispersity of the PEG chains [32]. Polydispersity results in
batch differences, which would lead to variance in LNP properties and efficacy. More
generally, polydispersity presents a challenge when trying to determine the structure-
function relationships of lipid-PEG conjugates in any application. Addressing the issue

of polydispersity, Chen et al. recently developed a synthesis strategy to produce discrete
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libraries of lipid-PEG conjugates [32]. Using this strategy, lipid-PEG conjugates with
monodisperse PEG headgroups are isolated and physical properties can be characterized
as a function of headgroup structure.

Chapter 5 examines a library of DMG-PEG conjugates in the form of monolayers on
an air-water interface. In this format, the PEG moieties in the monolayer are exposed
to the aqueous subphase, modeling the aqueous environment around an LNP surface
[33, B34, B5]. Here, we probe interfacial properties as a function of PEG headgroup
size, using II-A isotherms. When reduced to PEG surface concentration, the library of
isotherms collapse onto a single curve, with some departure at higher II. This result indi-
cates that interactions between the PEG headgroups, as opposed to the aliphatic chains,
contribute to much of the observed surface behavior. At dilute concentrations, DMG-
PEG conjugates with larger headgroups occupy more interfacial area. At semi-dilute
concentrations, where the PEG headgroups contact and interpenetrate, each DMG-PEG
conjugate exhibits traits of a 2D polymer in a good solvent. At sufficiently high concen-
trations the energy of each monolayer reaches the respective desorption energy, which
grows with the size of the PEG headgroup. Clearly, the structure of PEG headgroups
in lipid-PEG conjugates play a critical role in the resulting interfacial properties, which
would influence the structure and function of LNPs. As LNP applications continue to
grow and more lipid-PEG conjugates are developed, II-A isotherms could be a useful tool

for characterizing new lipid-PEG conjugate designs.
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Chapter 2

Experimental details of monolayer

preparation and surface rheology

2.1 Monolayer preparation and visualization

Sample and subphase details are reported in their respective chapters. Each sample
is stored in a pre-cleaned glass vial with a teflon-lined cap. The cleaning procedures for
storage vials are described in Appendix [A] Samples are prepared and deposited using
cleaned gas-tight syringes (Hamilton) dedicated to specific steps in the sample handling
process. The cleaning and handling procedures for syringes are described in Appendix
[Al Monolayers are prepared by adding the sample solution dropwise to the air-subphase
interface in a cleaned custom Langmuir trough (Figure .

Prior to monolayer deposition, the trough, cone, and magnet holder are cleaned fol-
lowing a procedure adapted from Williams et al. [37]. The standard cleaning procedure
is described in Appendix [A] A slightly different procedure was adapted for the work
in Chapter 4 to maintain consistent experimental protocols with collaborators. The al-
ternate cleaning procedure is also described in Appendix [A] For the work detailed in

12
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Figure 2.1: Experimental setup for studying surfactant monolayers. (1) Teflon Lang-
muir trough. (2) Motor-driven movable ribbon barrier. (3) Objective for bright-
field /fluorescence microscope. (4) Wilhelmy plate. (5) Electromagnetic coils in cus-
tom 3D printed Nylon holder. (6) PLAs injection mechanism, which is described
further in Chapter 3. Injection needle is connected to a syringe pump (not shown)
which controls the injection of PLAj solution. (7) Stainless steel cone insert to sup-
press convective drift [36]. Two thin slits along the top edge allow surfactants to pass
in and out of the cone. (8) Brightfield illumination source.
Chapter 5, no cone or magnet holders were used. Once cleaned, the trough is filled with
the appropriate subphase. After deposition, the monolayer is undisturbed for either 30
minutes (Ch. 3 and 5) or 60 minutes (Ch. 4), allowing chloroform to evaporate and
the monolayer to equilibrate. Monolayer morphology is visualized using a laser scanning
confocal microscope (Leica DM2500). Surface pressure is measured using a filter paper
Wilhelmy plate tensiometer (Riegler and Kirstein, Germany). The procedure for prepar-
ing a filter paper plate is described in Appendix [A]l Monolayer compression rates are
reported in respective chapters. Compression is paused periodically when taking rheol-

ogy measurements of DPPC monolayers. If there are no rheology measurements (Ch. 5),

the monolayer is continuously compressed.
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2.2 Small amplitude oscillatory shear using microbut-
ton microrheometry

In this investigation, we utilize the microbutton microrheometry technique, described
elsewhere [38]. For each experiment, a ferromagnetic microbutton probe of 50 um radius,
like the one in Figure 2.2k, is deposited on a clean interface. The probe is positioned be-
tween two oppositely aligned electromagnets connected in series, as shown schematically
in Figure 2.2c. Electromagnetic coils are held in place by a custom 3D printed holder.
Magnet holder design and handling practices are described in more detail in Appendix
[A] Each microbutton is visualized in brightfield with a CCD camera (CV-A10CL, JAI).
Brightfield illumination is achieved by directing a halogen lamp light source through a
fiber optic cable (Thorlabs) to shine down on the trough, as depicted in Figure The
reflection of light off the Teflon trough provides the contrast necessary to optically track
the probe.

To conduct small amplitude oscillatory shear (SAOS) measurements, a sinusoidal
current is applied to the electromagnets resulting in a sinusoidal magnetic field in the
center of the trough. The frequency of oscillation is fixed at 1 Hz for all experiments,
chosen for its relevance to the frequency of breathing. The resulting torque on the

ferromagnetic microbutton,

Foeiwt = mBoei”t, (21)

drives an angular displacement,

O(t) = G’ (2.2)

which is monitored by optically tracking the orientation of the probe “buttonholes”. The
14
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Figure 2.2: (a) Top view brightfield image of ferromagnetic microbutton probe. (b)
Schematic diagram of the fabricated layers of the microbutton probe. The nickel layer
provides the ferromagnetic properties of the microbutton and the thiol layer enables
the amphiphilicity of the probe as described elsewhere.[39] (¢) Schematic diagram of
the microbutton probe placed on an air-water interface in the center of two electro-
magnets connected in series, used to apply an external torque on the probe.

magnetic field amplitudes were maintained such that the amplitude of angular displace-
ment was < 0.05 radians. The rotational resistance €5, is calculated from the magnitudes
of applied magnetic field and angular displacement,

_ mBye®

{p(w) = : (2.3)

z'on

Rotational resistance is dependent on both the subphase and interfacial drag on the

probe. The Boussinesq number,

UB
Bo=— 2.4
o=, (24)

compares the relative magnitudes of drag contribution from the interface and the sub-

phase, where 7, is the interfacial viscosity, 7 is the subphase fluid viscosity, and a is the
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probe radius. For Bo > 1, interfacial drag dominates, and the rotational resistance is

related to the surface viscosity by

Eg = dmnea®. (2.5)

nt is determined experimentally by combining eqn. and [2.5] to yield,

. mBye®
15 (w) =

= — 2.6
iwbpdmTa? (2:6)

An alternative way to express surface rheology is in terms of an interfacial shear modulus,

Gi(w) = iwn. (2.7)
Therefore
G w) = mBoe® (2.8)
s N 00471'&2 . .

G*(w) can be represented by its in-phase and out-of-phase components G, and G,

B
Gi(w) = GL(w) + G (w) = %(6085 + isind). (2.9)

G’ and G are also referred to as the elastic and viscous shear moduli, respectively. The
magnitude of the phase angle ¢ captures which modulus is greater, describing whether a
viscoelastic material behaves more like an elastic solid or a viscous liquid. A § greater
than /4 radians denotes a viscous-dominant response (G > G%) while § less than /4
radians denotes a elastic-dominant response (G, > G7).

Prior to spreading surfactant, the magnetic moment m of each probe is measured.

At the air-buffer interface Bo > 1, meaning drag on the probe is subphase-dominated.

16
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In the low Bo regime, rotational resistance is

{r = S (2.10)

Combining Equations and and rearranging, m is expressed as

 16na’wby

= —. 2.11
3BO sin 0 ( )

m

An oscillatory magnetic field of known amplitude and frequency is applied, and the
angular displacement is tracked. The magnetic moment is accepted as the average over a
minimum of 30 oscillations. Additional details on handling microbuttons and associated

equipment are included in Appendix [A]
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Chapter 3

Phospholipase-catalyzed degradation
drives domain morphology and
rheology transitions in model lung

surfactant monolayers

3.1 Introduction

Acute respiratory distress syndrome (ARDS) is the most severe form of acute lung
injury. It is identified by the rapid onset of respiratory failure, occurring approximately
12-24 hours after lung injury with a 40% mortality rate, and affecting approximately
190,000 US adults annually [3,4]. ARDS has become an especially pressing issue in recent
years as the reported incidence of ARDS in non-survivors of COVID-19 is 90% [10]. Part
of what makes ARDS so lethal is that no effective pharmacological therapeutics have
been developed to treat it. One element understood to be involved in ARDS pathology

is lung surfactant (LS), which is an adsorbed layer of phospholipids and proteins in the
18
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alveoli.

In human lungs, the alveoli serve as the barrier between air and the bloodstream,
making up the majority of the total internal lung surface area [2, [7]. The tissue of each
alveolus is lined with a thin liquid film called the alveolar hypophase. The air-hypophase
interface contributes surface tension forces that must be overcome to breathe. LS lines
the air-hypophase interface and is responsible for moderating the surface tension and
therefore lowering the energetic cost of breathing [2, B]. During the progression of ARDS,
LS is said to be ‘inactivated’, meaning that it increasingly loses its ability to reduce surface
tension [2, [3]. LS is known to be essential for stabilizing alveoli; in diseases where LS is
deficient or inactivated, uneven inflation of the lung — and even collapse of sections — are
observed [2], [3]. Understanding how LS is inactivated represents a promising candidate
to understanding ARDS, and therefore developing an effective treatment.

The mechanism for LS inactivation, however, is not well understood. What is known
about LS inactivation in ARDS comes from compositional studies of bronchoalveolar
lavage, a sterile fluid flushed through a segment of the lung to extract LS for clinical
diagnostics. Healthy LS is more than 90% lipids by mass with most of that fraction
being phospholipids [§]. Almost half of the lipid composition is just the phospholipid
dipalmitoyl phosphatidylcholine (DPPC). The lavage of ARDS patients show decreased
concentrations of LS phospholipids, as well as increased concentrations of serum proteins,
phospholipase (PLA,), fatty acids, and lyso-lipids [20, 21, 22]. PLA, is an enzyme
released in response to inflammation [23], which hydrolyzes phospholipids such as DPPC
into fatty acids and lyso-lipids, as shown in Figure The compositional changes in the
lavage are consistent with PLA, being released after the initial lung injury, adsorbing to
the interface, and degrading the LS monolayer. Under such conditions, LS may be less
effective (i.e. ‘inactivated’) by one of two mechanisms: the deficiency in phospholipid

may itself be sufficient, or, additionally, its degradation products (fatty acids and lyso-
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lipids) may actively interfere with LS function. The present work aims to address this
question. Here, we investigate the interactions between fatty acids and lyso-lipids with

model LS (DPPC) by observing their effect on monolayer structure and mechanics.

DPPC 5 "
/\/\/\/\/\/\/\)J\ ) H3(f
P +
HAC 0 S 07107 \_N~CH,
: /O\<H\ 0 (I:H3
W
H4C 0
PLA, + H,0O
/\/\/\fi/\/\/\/‘l (I)l HS%
P .
HaC O O 0”07 N\ N~=cH,

Figure 3.1: PLAs-catalyzed degradation of DPPC produces the the corresponding
lyso-lipid and fatty acid, LPC and PA, respectively. PLAs hydrolyzes the DPPC at
the sn-2 bond, indicated by the red arrow.

There is support in the literature for the idea that palmitic acid (PA) and LPC,
the fatty acid and lyso-lipid products for PLAs-degraded DPPC, may interfere in the
structure and mechanics of LS monolayers. For example, sub-micromolar concentrations
of lysolipids have been shown to decrease surface tension reduction in multiple LS models
[24, 25, 26]. Lysolipids exhibit line activity, altering the morphology of DPPC to less
compacted shapes [27]. Likewise, PA co-crystallizes with DPPC [2§], to form stiff, elastic
domains, leading to nearly thousand-fold increases in surface viscosity [29].

It is plausible that the PA produced during PLA,-catalyzed degradation of DPPC

co-crystallizes with remaining DPPC in the LS monolayer, forming stiff heterogeneities at
20
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the interface. These stiff domains would resist the deformation necessary for lung function
[30], contributing to increased work of breathing and provoking further inflammation. In
principle, enhanced inflammation may trigger the further release of PLA,, contributing
to a positive feedback loop that exacerbates ARDS and contributes to its progression.
The present work is motivated by the idea that PLAj-catalyzed degradation of LS
introduces components that actively interfere with the structure and morphology of LS
monolayers, and therefore its function. Specifically, we track the morphology and rheol-
ogy of model LS monolayers as they are degraded by PLA,. Homogeneous, condensed
phase DPPC monolayers develop an increasingly heterogeneous morphology, with in-
creasingly heterogeneous stiffness, as PLAy degradation proceeds. Moreover, DPPC-PA
co-crystals grow into a network, whose relative elasticity increases with time. These het-
erogeneous, elastic networks may impact alveolar mechanics in unexpected ways, meriting

further investigation.

3.2 Experimental

3.2.1 Monolayer preparation and visualization

DPPC samples are prepared by diluting DPPC (Avanti Polar Lipids Ltd) with HPLC
grade chloroform (Sigma-Aldrich). Fluorescence contrast is achieved by doping the DPPC
solution with 0.5 wt% Texas Red labelled DHPE (Texas Red 1,2-dihexadecanoyl-sn-
glycero-3-phosphoethanolamine, Life Technologies). Additional details on sample prepa-
ration and handling are included in Appendix . The aqueous subphase is a Ca?*-
containing Tris-buffer: 10 mM Tris pH 8.9 (Fisher Scientific), 150 mM NaCl (Sigma-
Aldrich, BioXtra grade), 5 mM CaCl, (Sigma-Aldrich, ACS grade). Ca®"-ions are nec-

essary for PLA, activity [40]. DPPC monolayers are prepared by spreading the DPPC
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solution on the air-subphase interface in a a custom Langmuir trough (Figure .
Prior to monolayer deposition, the trough is cleaned as described in Appendix [A] and

filled with a buffered subphase. After deposition, the monolayer is undisturbed for 30

minutes, allowing chloroform to evaporate and the monolayer to equilibrate. Morphology

and surface pressure are measured as described in Chapter 2.

3.2.2 PLAj-catalyzed degradation of model LS

PLA, (Sigma-Aldrich) is obtained as a lyophilized powder and dissolved in the same
buffer used to make subphase (0.02 mg/mL). In an experiment, a microbutton probe
and DPPC have already been deposited as previously discussed. The DPPC monolayer
is then compressed to an initial surface pressure, II;. The compression rate is 0.02
cm?/s, although compression is paused periodically to record morphology and surface
shear rheology. PLAj-containing solution (0.05 mL) is injected into the subphase via a
syringe pump connected to the injection mechanism in Figure 3.2 As PLA, adsorbs to
the interface, the monolayer is held at a fixed area and the morphology and rheology
measurements are recorded at controlled intervals. Surface rheology measurements are

conducted using the microbutton microrheometry technique as described in Chapter 2.

3.3 Results

3.3.1 Model LS morphology and rheology

The phase behavior and rheology of DPPC monolayers are well established for water
and phosphate buffered saline subphases [41], 37, [42, 43]. Because PLA, function requires
Ca?*, this investigation uses Ca?*-containing Tris-buffer. A standard method for study-

ing the phase behavior is surface pressure (II) — area isotherms, which track the surface

22



Phospholipase-catalyzed degradation drives domain morphology and rheology transitions in model

lung surfactant monolayers Chapter 3
/\A electro-
PLA, mJe(CjTlon magnetic
solution needie coil

/

3D-printed
Nylon

Figure 3.2: Schematic of PLAs-injection mechanism. The entire setup is placed within
the Langmuir through as shown in Figure [2.1] and cleaned as previously described in
Chapter 2. Injection needle is connected to a syringe pump (not shown) which controls
the injection of PLAs solution. Stainless steel cone insert to suppress convective drift
[36]. Two thin slits along the top edge allow surfactants to pass in and out of the
cone. Cone is lifted off of Langmuir trough to allow PLAy to enter from below the
cone as well as through the slits.

pressure as a monolayer of DPPC is compressed or dilated in 2D, analogous to 3D P-V

isotherms. Surface pressure is related to surface tension by

IM=o0"—o, (3.1)

where ¢ is the surface tension of the clean interface and o is the surface tension of the
surfactant-laden interface. The surface pressure of a species on an interface is defined in

thermodynamic quantities as the energy required for isothermal compression in 2D,

0Fg

N=-— )
0A TN

(3.2)

As surface pressure rises the surface tension and the interfacial energy are lowered and less
work is required to expand the interface. High surface pressures or low surface tensions,
reaching nearly 0 mN/m upon exhalation, are desirable for normal lung function [2].
Figure is a representative II-A isotherm of DPPC on a Ca?"-containing Tris-
buffered subphase, capturing the phase behavior of the monolayer. For low surface con-

centrations (A > 80 A%/molecule), DPPC is in the liquid expanded (LE) phase. As the
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monolayer is compressed, decreasing the area per molecule, surface pressure increases un-
til a plateau begins. The plateau indicates phase coexistence between a liquid expanded
and liquid condensed (LC) phase. The surface pressure at which the plateau initiates
increases with temperature, but the onset is approximately 7 mN/m at 22 °C. While
compressing along the LC-LE coexistence plateau, electrostatically repulsive, condensed
domains of DPPC nucleate and grow (Figure , inset). With further compression the

monolayer transitions to a fully LC state.
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Figure 3.3: Interfacial behavior of DPPC monolayers on buffered subphase. (a) Sur-
face pressure —area (II —A) isotherm (T = 22 °C). Inset shows fluorescence micrograph
of chiral LC domains (black) in coexistence with LE phase (bright). (b) Interfacial
viscoelastic shear modulus | G | (filled circles) and surface shear viscosity ps (unfilled
triangles) versus II (w = 1 Hz). Each symbol is the average of at least 10 measure-
ments. Dashed lines denote sensitivity limit of microbutton michrorheometry in the
chosen experimental configuration. (c¢) Phase angle § versus II.

The LE and LC phases are distinguished using fluorescence microscopy. In the LE
phase the fluorescently tagged DHPE mixes with DPPC, appearing uniformly bright in
fluorescence micrographs. LC domains exclude the fluorescently labelled DHPE and thus
appear black, providing contrast with the bright expanded phase as shown in Figure[3.3h,
inset. LC-DPPC domains can exhibit multi-lobed shapes, like in the Figure inset, or
a more compact bean-like shape. Each domain shape is chiral, arising from the chirality

of DPPC and the tilt of its hydrophobic tails [44]. LC domains are polydisperse, with
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both size and shape distribution depending on factors such as compression rate, aging,
and temperature.

Figures and show the surface shear rheology of another DPPC monolayer
under nominally the same conditions as the isotherm in Figure [3.3h. The magnitude of
the linear, viscoelastic surface shear modulus | G¥ |, increases approximately three orders
of magnitude across the range of surface pressures in the isotherm. Below coexistence,
IT < 7 mN/m, the measurement is subphase-dominated, and the recorded surface moduli
cannot be distinguished from a clean interface without surfactant. At LC-LE coexistence
the modulus rises exponentially with surface pressure as LC domains nucleate and grow.
Figure [3.3c shows that for all surface pressures, the shear modulus at 1 Hz is viscous-
dominated, meaning the interface behaves more like a viscous liquid than an elastic solid

under shear deformation at the given frequency.

3.3.2 Degrading monolayer morphology follows discrete transi-

tions

Monolayer morphology evolves significantly as PLA, degrades DPPC into PA and
LPC. Figure(3.4|contains a series of micrographs representative of the morphology through-
out the degradation process. Overall, the surface pressure and area fraction of the con-
densed phase decay with time. While degrading, the morphology passes through qual-
itatively distinct transitions: compactification, aggregation and percolation, coarsening,
solidification, network erosion, and domain nucleation. Each monolayer starts with com-
pressed, discrete LC-DPPC domains, displaying the characteristic chiral, bean-like shapes
145, 44] in Figure 3.4h. Degradation begins with PLA, targeting the perimeter of the
LC-DPPC domains [46]. The first degradation induced change in morphology, compacti-

fication, is visible in Figure [3.4b; domains have become more isotropic and compact than
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their chiral shapes in Figure [3.4h. Next, Figure [3.4¢ shows domains beginning to aggre-
gate and even coalesce, or coarsen, forming the nascent network established in Figure
3.4d. With further degradation the condensed phase undergoes solidification, holding
more rough, extended shapes, as shown in Figure [3.4p. Additionally in Figure [3.4g,
heterogeneous pockets of trapped expanded phase have developed across the network.
Lastly, as shown in Figure [3.4f, the solidified network erodes away with continued degra-
dation, while a new condensed phase nucleates and grows. The remainder of this section
is a deeper dive into how each transition occurs.

In the first transition (Figure [3.4p{3.4b), LC domains evolve away from the initial
chiral shape. The group of domains circled in Figure transition to more isotropic,
compact shapes in Figure [3.4b. This transition denotes the start of PLAs-catalyzed
degradation at the phase boundaries and indicates that the domains are no longer com-
pletely LC-DPPC. Notably, some domains merge in Figure |3.4b, and by Figure [3.4
domains have aggregated and begun to coalesce. Aggregation also indicates a change in
domain composition because LC-DPPC domains electrostatically repel each other [47].
As degradation continues, more domains aggregate to form increasingly larger structures,
ultimately forming a percolated 2D colloidal gel-like network, like in Figure (larger
FOV image of network provided in Figure B.1]).

As domains merge and aggregate into a percolated network, they also undergo a
coarsening transition. Figure follows examples of domains coarsening, including Ost-
wald ripening and coalescence. In Figure [3.5] the two domains outlined in the dashed
line shrink and eventually disappear. We interpret the shrinkage as the result of Ostwald
ripening, where DPPC molecules in small domains with higher internal surface pressure
dissolve into the LE phase, then redeposit on larger domains. At the same time, the do-
mains outlined in the solid line fuse rather than shrink, coalescing into a larger domain.

Because these domains must flow and relax in order to coalesce, the condensed phase
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Figure 3.4: (a) LC-DPPC monolayer prior to injecting PLAj. (b-f) Fluores-
cence micrograph series showing morphology transitions of the monolayer undergoing
PLAs-catalyzed degradation. White outline follows a group of domains throughout
degradation. Small oscillations along the domain boundaries are the result of vibra-
tion near the microscope. (b-d) Domains undergo compactification, coarsening, and
begin percolating into a network. Outlined domains coalesce, flow, and relax into
larger compact domains. (e) Post-solidification: domains maintain extended phase
boundaries. Network separates pockets of disordered phase, as evidenced by differing
local fluorescence intensities. (f) PLAg-catalyzed degradation erodes network. White
arrows indicate new domains that nucleate and grow at later stages of degradation.

must remain liquid-like at this stage. Since the domains are liquid-like, domains grow-
ing through either coarsening mechanism will relax into compact shapes, as expected to
minimize the line tension energy.

The rate of the shape transition to compact domains is consistent with line tension
acting against the internal viscosity. The internal LC domain viscosity nZ¢ can be esti-

mated from the time series in Figure [3.5d43.5f, which follows the pinch-off and relaxation

of two domains denoted by an arrow. The LC flow velocity v is approximately Axz/At,
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Figure 3.5: Fluorescence micrograph series of a single monolayer showing examples of
coarsening processes during PLAs-catalyzed degradation. Dashed outline follows two
domains shrinking (a-d) and disappearing (e-f) via Ostwald ripening. Solid outline
follows cluster of domains coalescing (a-c). Arrows follow a network connection (a)
that pinches off and corresponding domains flow and relax in compact shapes (b-c).

where Az is the change in position of the domain vertex between frames and At is the
time between frames, and the line tension is «~ 1 pN [48] [49]. Using a 2D version of a
classic argument for capillary relaxation of viscous drops (nX¢ « A/v) [B0], nt¢ is esti-
mated to be «~ 103uN-s/m. This viscosity is at least 10 times larger than pure DPPC
at this surface pressure, as would be expected given the increasing palmitic acid con-
tent of the domains [29]. Since domain composition changes throughout the degradation
process—with PA:DPPC ratio increasing with degradation—the domain viscosity is ex-
pected to grow. In fact, the next morphological transition is demarcated by domains no

longer visibly flowing and relaxing into compact shapes.
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After sufficient degradation, the liquid-like domains transition to solid-like domains.
Instead of flowing and relaxing into compact shapes, what remains of the condensed
network sustains much more extended phase boundaries. This is visible in Figure [3.4k,
where the domains have rougher, less uniform structures than the preceding network in
Figure [3.4d. Even though the same driving force to minimize line energy is present, the
LC phase does not flow and relax into compact shapes. We interpret this as the internal
phase of the LC network being more solid-like and unable to flow in response to stresses.

Throughout the solidification transition, a connected network of solid-like domains
is clearly sustained, as demonstrated by its ability to confine the disordered phase. In
Figure [3.4k, different regions of disordered phase have differing fluorescence intensities.
Differing intensities indicate that unique local compositions have developed, which can
only occur when different LE regions remain isolated from each other by the network,
and are compressed or expanded differently in response to heterogeneous network stresses.
The trapped pockets of LE phase with different compositions would also exert different
surface pressures on its surrounding network. The ability of the network to sustain
differences in surface pressure suggests that the network has some elasticity at this stage.
As degradation continues, progressively eroding the LC phase, the solid-like network
maintains the local disordered regions until network linkages are sufficiently degraded
that they break apart.

Following breakage events, formerly distinct disordered environments mix, creating
new local disordered regions. Examples of such events are captured in real-time in Figure
[B.2], which show diffusive mixing of fluorescence intensity between two distinct LE phases
once their dividing LC boundary is severed. At this point in the degradation process,
the pockets of disordered phase in the network keep growing as the fraction of condensed
phase decays. The impact of continuous erosion of the network is visible in Figure [3.4f

where much of the condensed phase present in Figure has been degraded. The result
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is a sparse, heterogenous network with large pockets of disordered phase (larger FOV
images provided in Appendix B, Fig. [B.3).

While the solid-like network degrades and breaks apart, a new type of domain nucle-
ates (Fig. , white arrows). The new domains are the only condensed feature growing
at this stage, which is demonstrated in Figure [3.6] At this resolution, it is difficult to
discern how these domains nucleate from a micrograph alone, but the new domains are
first seen close to the condensed phase. Maloney and Grainger also identified these do-
mains, and indicated that they contain a mixture of DPPC and PA bound with PLA,
in the subphase [51, 52]. Since the PLAy-catalyzed degradation occurs at the LC-DPPC
phase boundary, it is possible that these domains nucleate either near or on the phase

boundary and then break off before they are large enough to see.

3.3.3 Enzymatic activity of PLA, influences order and duration

of morphology transitions

The morphological transitions during degradation are influenced by the shelf-life of
PLA, in the buffer solution. The short-term storage method of reconstituting a protein
in buffer and refrigerating at 4 °C typically yields a shelf-life on the order of weeks. The
degradation experiments discussed in this investigation span the lifetime of PLA5 stored
via this method. As a result, the decreasing stability of the stored PLA; over time directly
affects the morphology transition processes across experiments. The remainder of this
section discusses the morphology differences in more detail by comparing an experiment
with relatively fresh PLA, («4 days old) to an experiment with relatively old PLA, («~9
days old).

Figure compares monolayer degradation processes with 4-day old PLAy versus

9-day old PLA, (insets), from the initial state (Fig. [3.7h) until the morphology consists
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Figure 3.6: Fluorescence micrograph series of a single monolayer in the later stages of
degradation, following the nucleation and growth of a condensed domain (outlined).
The new domains are likely composed of DPPC and PA bound with PLAs in the
subphase, as indicated by Maloney and Grainger [51l [52].
of aggregated domains that have solidified (Fig. [3.7c). The 9-day old PLA, experiment
was previously shown in Figure [3.4] Each monolayer starts with packed, chiral domains
of a similar size (Fig. 3.7h). The relative activity of these two PLA, solutions impacts
the monolayer morphology transitions in qualitatively distinct ways. Notably, in Figure
[3.7b, rough, solid-like domains appear only 4 minutes after injecting fresh PLA, before
any noticeable domain coarsening or aggregation has occurred; the same domains from

t=0 can be identified in Fig[3.7p. By contrast, domains degraded by old PLA; maintain

smooth boundaries even after 90 minutes, indicating they remain liquid-like, and have

31



Phospholipase-catalyzed degradation drives domain morphology and rheology transitions in model
lung surfactant monolayers Chapter 3

already formed an aggregated network. Moreover, domains have clearly coarsened, in-
dicated by the smaller number of domains, the larger size of each, and the increase in
LE phase. Because the time to solidification is so much shorter when using fresh PLA,,
there is insufficient time for domains to aggregate, merge, and flow into larger, compact
shapes. Thus, fresher PLAs hastens the onset of domain solidification, thereby reducing

time for domains to coarsen.

Figure 3.7: Comparison between a degrading monolayer with relatively fresh (a-c)
and relatively old PLAy (insets). (a) Fluorescence micrographs of each LC-DPPC
monolayer prior to injecting PLA5. (b) Domain solidification already evident within 4
minutes of fresh PLAj injection (arrows). visible on discrete domains 4 minutes after
injecting PLA5. Inset shows network of compact, liquid-like domains that are still
coarsening 1.5 hours after aged PLAj injection. (c¢) Solidified domains have aggregated
into a percolated network 10 minutes after fresh PLA5 injection. The inset shows the
comparatively more heterogeneous solidified network established 2 hours after aged
PLA, injection.

The differences stemming from restricting coarsening persist with further degrada-
tion, as shown in Figure [3.7c. In Figure [3.7c, the domains in each experiment have both
solidified and aggregated into a network (larger FOV images of and inset provided
in Fig. . The example using fresher PLA5 had less time to coarsen before solidifi-
cation. Therefore, the network is composed of many small domains. Alternatively, the
experiment with the older PLA5 had more time to coarsen prior to domain solidification,
and thus the solid-like network is composed of fewer, larger domains. Additionally, the
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pockets of LE phase trapped within each network are affected by PLA, age. For fresher
PLA,, solidification and aggregation occur much earlier, giving the pockets of LE phase
less time to evolve before a solid-like network is achieved. As a result, the LE phase com-
position appears homogeneous across the network. Conversely, the use of older PLA,
enables more time for the pockets of LE phase to evolve as the network coarsened and
eventually solidified, resulting in a more heterogenous distribution of LE phase. The
differences between the two networks and respective LE phases show that the relative
freshness of PLA5 not only affects the time taken to form a solid-like network, but it also
sets the feature sizes of said network.

To summarize, the fresher the PLA,, the faster the overall degradation of the con-
densed phase. Faster degradation results in an earlier solid-like transition and restricts
the coarsening time. Less coarsening time results in a more homogenous initial solid-
like network. The onset of the solid-like transition fixes the feature sizes of the network,
which will determine the feature sizes going forward. After a solid-like network is formed,
further structural change is dominated by the decay of the condensed phase. Once a so-
lidified network has formed, further degradation involves the progressive degradation of

this fixed structure; the condensed phase thins and linkages in the network break down.

3.3.4 Monolayer rheology tracks morphology transitions

As monolayer morphology undergoes degradation induced changes, so too does the
interfacial rheology. A representative series of surface shear rheology measurements taken
throughout the degradation process for a single monolayer is displayed in Figure[3.8] The
magnitude of the linear viscoelastic surface shear modulus | G% |, and LC domain area
fraction ¢ for the experiment are plotted in Figure[3.8h. The phase angle, or phase lag, ¢

is plotted in Figure [3.8b. Corresponding micrographs depicting the evolving morphology
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are included in Figure [3.8{3.8}. Prior to adding PLA,, the monolayer was compressed
to the fully LC state in Figure , giving rise to the initial | G% |. The shear modulus
| G% | does not change appreciably in the first 30 minutes after adding PLA,, which likely
reflects the time for PLA, to diffuse, adsorb, and appreciably degrade the monolayer.

Domain shapes transition from chiral to compact and domains aggregate to form
a percolating network, all before | G% | starts to decay (Fig. [3.8d). The decrease in
surface shear modulus | G¥ | occurs as network structures coarsen (Fig. [3.8¢), and as LC
domain area fraction ¢ decreases, reflecting both DPPC degradation as well as Ostwald
ripening of domains. The first signs of the solidification transition appear in the bottom
half of Figure (arrows) and span the network by Figure . Once all domains
in the network have transitioned to solid-like (Fig. |3.8h), PLAs-catalyzed degradation
continues to erode the condensed phase, decreasing the thickness and connectivity of
network elements. A striking correlation between log| G | and LC domain area fraction
¢ persists throughout the coarsening, solidification, and erosion processes.

The relationship between log | G¥ | and ¢ shown in Figure persists for PLA,-
catalyzed monolayer degradation experiments where both rheology and morphology were
recorded. Figure shows log| G* | versus ¢ for all such measurements, which includes
PLA, of different ages and variations between prepared monolayers. Each experiment
differs in its range of | G% | and ¢; which is initially set by the temperature and surface
pressure of the DPPC monolayer. Regardless of variation in initial conditions, log | G¥ |
grows linearly with ¢, over two decades in | G¥ |.

In addition to domain area fraction, the onset of the solidification transition corre-
lates with changes observed in monolayer rheology during PLA-catalyzed degradation.
More specifically, the solidification onset is tied to changes in phase angle ¢ (Fig. )
The experiment begins with a viscous-dominant interface (6 «~ 7/2), typical of DPPC

under these conditions. The phase angle does not change appreciably during domain
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Figure 3.8: Rheology-morphology connection during PLAs-catalyzed degradation of
a single monolayer. (a) Interfacial viscoelastic shear modulus | G% | (filled circles)
and condensed phase area fraction ¢ (unfilled diamonds) versus time since PLAj
injection. (b) Phase angle ¢ versus time since PLAs injection. In (a) and (b) Letters
indicate the time points of respective fluorescence micrographs (c-i). (c¢) LC-DPPC
monolayer and microbutton probe (outlined) prior to PLAs injection. (d-i) Monolayer
undergoing morphology transitions throughout PLAg-catalyzed degradation process.
Microbutton probe outlined.
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Figure 3.9: Interfacial viscoelastic shear modulus | G¥ | versus condensed phase area
fraction ¢ for multiple PLAs-catalyzed degradation experiments. Each symbol indi-
cates a separate experiment. | G¥ | is only plotted for the duration where microbutton
probe is in contact with condensed phase.

aggregation, network percolation, and coarsening (Fig. ) Notably, ¢ first starts
to decrease around the onset of solidification, as seen in Figure |3.8f. The phase angle
continues to decrease as the solidification transition progresses, meaning that the network
is becoming more elastic. The elastic character continues to increase (§ decreases) even
while the network is eroding and the modulus | G% | is decreasing (Fig. [3.8e{3.8h). The
phase angle reaches an apparent minimum just before Figure|3.8}i, and are anisotropically
distributed (i.e. between 45-180°). These connections further erode as ¢ increases, with
images (micrographs provided in Fig. showing transitions to two and ultimately
one point of contact with the network. Given that the assumptions used to interpret

the rotational resistance of the microbutton in terms of the surface rheology of the film
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(i.e. rotationally symmetric deformation) do not hold in these later stages, the increase
in phase angle is likely an artifact of the technique.

The degradation experiment in Figure |3.8| occurred over several hours due to the rel-
atively old PLAjy; as discussed in the previous section, fresher PLAy is more active and
degrades monolayers much more quickly. Nonetheless, the solidification transition coin-
cides with the onset of increasing elasticity (i.e. onset of decrease in J), as demonstrated
in Figure [3.10] In other experiments with differing ages of PLA, samples, the time at
which § begins to decrease (t5) is plotted against the time at which domain solidification
is first observed (tsyq). Differences in timescales are due to the age of the PLA, sample
used in each experiment; fresher PLA, corresponds to an earlier solidification transition.
Despite differences in the transition timescales, the relationship between solid-like domain
morphology and increasing elasticity is maintained. We thus conclude that the onset of

domain solidification triggers the appearance and growth elasticity in the network.

3.4 Discussion and conclusions

Here we discuss the roles of each component (DPPC, PLA,, PA, and LPC) in the
degradation process, as inferred from the morphology and rheology results. Prior to
degradation, the interface is predominantly LC-DPPC. PLA, begins degrading DPPC at
the LE-LC phase boundary, introducing PA and LPC. Previous work has demonstrated
that PA co-crystallizes with DPPC at near-zero surface pressure [28]. Thus, we expect
that the new PA is co-crystallizing at the phase boundary where it is produced. DPPC-
PA co-crystal domains are known to be more compact in shape than pure DPPC (Fig.
3.11))—likely reflecting the decrease in tilt angle of the aliphatic chains that is respon-
sible for the characteristic shape of DPPC domains[28]—which may contribute to the

transition towards more compact domains in the actively degrading system.
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Figure 3.10: Time point ts at which phase angle § begins to decrease versus the

time point tg;¢ where solidification is first observed in the morphology. Solid line

corresponds to ts = tgo4, which matches data for both fresh and aged PLAs.

The addition of PA alone does not explain other morphology transitions, such as
domain aggregation and network percolation. Both pure DPPC domains [47, 45], and
DPPC-PA co-crystal domains [28, B1] exhibit electrostatic domain-domain repulsion.
Aggregation in the degrading monolayer therefore implies that the electrostatic repulsion
is reduced, with some other component (buffer, PLA,, or LPC) playing a key role. The
effective electric field around each domain is a combination of the electrostatic properties
of the aqueous electrolyte below, the surfactants comprising the condensed and expanded
phases of the monolayer, and the air above. Focusing on the domain itself, factors
including composition (e.g. headgroup properties) as well as structure (e.g. molecular
packing and tilt orientation) influence the dipole density [47, 53]. In what follows, we
briefly enumerate possible mechanisms by which the additional components—i.e. buffer

ions, PLA,, and LPC—might promote domain aggregation.
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Figure 3.11: Fluorescence micrographs of DPPC (a) and 4:1 (mol) of DPPC:PA (b) at
« 11 mN/m. DPPC:PA co-crystal domains have more compact shape than bean-like
shape common for DPPC domains.

Additional monolayer components provide a variety of plausible ways in which the
electrostatic repulsion between domain can be reduced, yielding the domain aggregation
observed in Figure 3.4, The subphase buffer itself affects domain shape and interactions
— e.g. the electric double-layer screening impacts the magnitude of the dipole density
and the field distributions above the monolayer[4d7, 53| [54], although neither DPPC do-
mains nor 4:1 DPPC:PA domains aggregate due to buffer alone (Fig. [3.11). The buffer
contains divalent Ca?* ions, as required for PLA, function, that are known to bind and
even dimerize with fatty acids like PA [55]. Reducing the surface charge density of the
condensed phase would influence both structure and dipole density within domains, and
likely their interactions. Indeed, inter-domain distance for 4:1 DPPC:PA on buffer is
much more heterogeneous than the relatively uniform separation between pure DPPC
domains (Fig. , although fluorescently labelled LE phase remains visible between
close neighbors, indicating the lack of domain aggregation. PLAs is likely located along
domain boundaries [46] and even though PLA, is a relatively small protein («~15 kDa)
[23, [40], PLAs molecules are far larger than the lipids in the monolayer. The hetero-
geneous properties of the PLAs proteins likely perturb local electric fields relative to a
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lipid monolayer free of proteins and could plausibly trigger aggregation. Lastly, LPC
are known detergents at high enough concentrations, solubilizing lipids and increasing
the permeability of liposomes by stabilizing transient pores [56) [57, 58]. LPC has also
been shown to be line-active along the LE-LC phase boundaries of pure DPPC mono-
layers, enabling domains to maintain much more extended shapes [27]. These features
suggest ways in which LPC could alter degrading domains so that dipolar repulsion does
not dominate the interaction between condensed domains. Further investigation will be
required to tease apart the individual roles that each of these components plays in the
aggregation process.

Domains also undergo coarsening via Ostwald ripening and coalescence. Through-
out coarsening, the composition at domain phase boundaries is constantly changing and
it is not possible to tell from the fluorescence micrographs how much DPPC has been
converted to PA and LPC. Surface shear rheology reveals interfaces to remain viscous-
dominant while coarsening is occurring. We interpret this as indicating that the con-
densed phase domains remain predominantly DPPC during coarsening, given that pure
DPPC is also viscous-dominant. As the coarsening period is slowed and eventually halted
by domain solidification, the condensed network becomes increasingly elastic. We hypoth-
esize that the transition from the viscous-dominant surface rheology (DPPC-like) to an
increasingly elastic monolayer reflects domain solidification due to the increasing fraction
of DPPC-PA co-crystals.

The timescale for the solidification transition is affected by the age, or activity, of
the PLA,. Fresher PLA, results in faster overall production of PA and thus DPPC-PA
co-crystals. The faster the DPPC-PA fraction increases, the earlier the domains solidify
and arrest coarsening, thereby fixing the feature sizes of the initial solid-like network.
The activity of the PLA, may also affect the distribution of PA within domains. Slower

overall degradation of the monolayer via older, less active PLA,, gives more time for
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PA to diffuse into LC-DPPC domains. It is unclear what effect more diffusion time
would have on the network, but we hypothesize that the overall distribution of PA in
each domain does affect the solidification transition. It is likely that the DPPC-PA co-
crystals line the boundaries of condensed phase and perhaps the solidification transition
becomes observable in the morphology and rheology when the DPPC-PA co-crystal layer
grows to a certain thickness, acting like a “hard shell”. Further investigation would be
necessary to study how PA is distributed within each domain, and the effect of changing
the relative rates of PA production via PLA, reactions versus PA diffusion within the
domain.

Clearly, PLAs-catalyzed degradation of model LS induces significant changes to the
monolayer morphology and its corresponding mechanical properties. In the context of
ARDS, these results suggest a plausible mechanical mechanism for lung surfactant inac-
tivation via PLA, -catalyzed degradation, shown in Figure [3.12] PLA, is released after
the initial acute lung injury. As PLA, degrades lung surfactant, condensed domains per-
colate into a 2D colloidal gel-like network that becomes increasingly stiff as the fraction
of DPPC-PA co-crystals in the network increases. These relatively stiff heterogeneities
would be resistant to deformations, such as the inflation and deflation of an alveolus dur-
ing respiration [59]. If different alveoli in different regions of the lung inflate differently
from each other, and if the remaining LS is not able to properly moderate the surface ten-
sion, the Laplace instability could cause some alveoli to collapse at the expense of others
[60]. The result would be anisotropic inflation and deflation in the lung overall, reducing
lung volume and compliance, and possibly triggering localized lung flooding (edema).
In principle, PLAs-induced heterogeneities in lung inflation and deflation could further
stress the alveolar tissue, and therefore trigger an even stronger inflammatory response,
releasing even more PLAs into the alveoli. Such positive feedback could contribute to

the progressive degradation seen in ARDS.
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Figure 3.12: Possible mechanical mechanism for PLAs-induced LS inactivation in
ARDS. (i) PLAj is released after the initial acute lung injury. (ii) PLAg adsorbs to
the interface and degrades phospholipids (PL). Resulting fatty acids (FA) co-crystal-
lize with DPPC, forming stiff networks on the interface. (iii) Stiff networks grow as
PLAj-catalyzed degradation progresses. (iv) Stiff domains resist deformation, creat-
ing more localized stresses. Resistance to deformation could lead to uneven deflation,

buckling, or monolayer fracture in the alveoli.

the release of more PLAs.

(v) Increased alveolar stress triggers

3.5 Note on the content pertaining to this chapter

Chapter 3; Appendix [B} and the relevant portions of the abstract, Chapter 1, and

Chapter 2 are based on a manuscript under consideration for publication in the archival

literature.
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Chapter 4

Monolayer morphology and rheology
of DPPC, HD, and DChol mixtures

evolve with DPPC phase behavior

4.1 Introduction

Neonatal respiratory distress syndrome (NRDS) is a pulmonary disease that can oc-
cur in premature infants, primarily affecting infants under 32 weeks of gestation [2].
Approximately 60,000 premature infants are at risk of NRDS in the US annually [2].
The underlying cause of NRDS is an insufficient amount of functional type II pneumo-
cytes, the cells responsible for LS production [2]. As a result, NRDS patients are unable
to produce enough LS for healthy respiration. The pathophysiology of NRDS includes
alveolar collapse, overdistension, decreased lung compliance, and pulmonary edema [2].
Prior to the development of effective therapies, NRDS was the major cause of infant
mortality in the US and other developed nations [2]. Since the implementation of lung

surfactant replacement therapy (SRT) alongside intensive care, the outcome of premature
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infants has greatly improved [2, 9]. SRTs are exogeneous surfactant mixtures, composed
of lipids and proteins typically extracted from bovine or porcine lungs. There are mul-
tiple SRTs in use today (e.g. Infasurf, Curosurf, and Survanta) and each is prepared
using a different method. For example, Infasurf is processed from lavaged calf LS while
Curosurf is processed from porcine lung tissue [2]. SRTs have also been manufactured
synthetically, which has the advantage of more control over the composition than animal-
derived methods. As a result of the different SRT preparation methods, the compositions
and interfacial properties of each SRT are different. Clinical comparisons between SRT's
have shown that each formula improves aspects of lung performance (e.g. gas exchange)
to differing degrees. Additionally, clinically tested synthetic SRTs were found to be less
efficacious than animal-derived SRTs [2]. However, the biophysical mechanisms behind
the different SRT performances are not well-understood.

Studying the surface behavior of SRT components ex situ enables measurements that
are not accessible in clinical settings, such as surface morphology and rheology. This
investigation is motivated by the idea that characterizing the surface behavior of com-
ponents currently used in SRTs will provide insight into the function of SRT formulas.
Here, we build upon the previous work of Valtierrez-Gaytan et al., studying the mor-
phology of DPPC, HD, and DChol mixtures [31]. Each of these components, apart from
DChol, are used in one or more SRTs and are present in different amounts depending
on the given SRT [2]. DChol is used here as a proxy for cholesterol, which is present in
some SRT formulas. In this investigation we track the phase behavior, morphology, and
rheology of 5:1 DPPC:HD monolayers with and without DChol. The surface rheology of
these mixtures is dependent on the condensation of excess DPPC; monolayers become
more difficult to shear and the relative elasticity is highly II-dependent as excess DPPC
condenses. When comparing the monolayers with and without DChol, monolayers with

DChol are easier to shear at high II, after the excess DPPC has condensed. These re-
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sults provide some insight into the relationship between SRT composition and surface
mechanics. Going forward, this approach could be expanded to more mixtures of DPPC,
HD and DChol as well as other SRT components, such as LS apoproteins and synthetic

additives.

4.2 Experimental methods

4.2.1 Equipment cleaning and monolayer preparation

The two samples used in this investigation were prepared by Dr. Cain Valtierrez-
Gaytan, using the materials and methods described elsewhere [31]. One sample is com-
posed of 1,2-Dipalmitoyl-sn-glycero-3-phosphocholine (r-DPPC, R-enantiomer) mixed
with hexadecanol (1-HD) at a molar ratio of 5:1. The other sample contains 1,2-
dipalmitoyl- rac-glycero-3-phosphocholine (rac-DPPC) mixed with 1-HD at a molar ratio
of 5:1, and 1.5 mol% dihydrocholesterol (DChol). Dihydrocholesterol was used in place of
cholesterol to minimize oxidation and was reported to have a negligible effect on mono-
layer phase behavior and morphology when compared against cholesterol [47, [31]. Both
samples are in chloroform solution and contain 0.75 mol% Texas Red DHPE. Samples are
refrigerated (3 °C) between experiments. Prior to use, the sample vials were acid-cleaned
by Dr. Cain Valtierrez-Gaytan using the procedure in Appendix [A]

Before each experiment the ribbon-barrier trough (Fig. is first cleaned as de-
scribed in Appendix [A] The magnet holder in this investigation is made with polypropy-
lene and cleaned as described in Appendix [A] The subphase is ultrapure water (Milli-Q)
to ensure that results in this investigation are consistent with the results reported by
Valtierrez-Gaytan et al. To prepare a monolayer, a sample is deposited dropwise on the

air-water interface using a cleaned gas tight syringe. The monolayer is left undisturbed
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for an hour to allow the chloroform to evaporate and the monolayer to equilibrate. Mono-
layer tempeartures are recorded, but not controlled. Morphology and surface pressure

are measured as described in Chapter 2.

4.2.2 Surface rheology and alignment of stripe domains

Rheology measurements are conducted using the microbutton microrheometry tech-
nique as described in Chapter 2. The stripe alignment demonstration also utilizes a
microbutton probe and the external magnetic field. The magnetic field setup, with op-
positely aligned magnetic coils connected in series, is not able to controllably spin a
microbutton at a constant rate. Although, if the maximum allowable current is applied
when producing the sinusoidal magnetic field and the drag from the monolayer on the
probe is sufficiently low, the microbutton will spin, just not at a constant rate. For the
stripe alignment demonstration, the monolayer was compressed into the stripe regime
and but the surface pressure was intentionally kept low to minimize drag on the probe

from the monolayer.

4.3 Phase behavior and morphology of 5:1 DPPC:HD
with and without Dchol

Figure is a representative II-A isotherm of 5:1 r-DPPC:HD, capturing the phase
behavior of the monolayer. Unlike pure DPPC, DPPC:HD co-crystals condense at im-
measurably small surface pressures (Fig. and exhibit a compact shape. At low
surface pressures, DPPC:HD domains grow at a fixed stoichiometry of 2:1 DPPC:HD
until the HD is depleted from the disordered LE phase [31]. Like pure DPPC, DPPC:HD

co-crystals exhibit electrostatic domain-domain repulsions [28], 29] B31]. Figure shows
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Figure 4.1: Representative isotherm (a) and morphology (b-f) of 5:1 r-DPPC:HD
monolayer on an air-water interface at 21 °C. 2:1 DPPC:HD co-crystals condense at
« 0 mN/m [31]. (b) DPPC:HD co-crystals in continuous LE-DPPC. Inset zooms in
on area outlined in red-dashes. White arrows point at examples of domain cusps.
(c) Area fraction of condensed phase increases as excess DPPC begins condensing
onto existing DPPC:HD co-crystals. (d) Nearly all excess DPPC has fully condensed
onto the DPPC:HD co-crystals. (e-f) Fully condensed 5:1 r-DPPC:HD monolayer is
compressed to higher surface pressures.

discrete, repulsive DPPC:HD co-crystals in a continuous disordered phase. The bright,
disordered phase in Figure is made up of excess DPPC and the fluorescently labeled
DHPE. The Figure inset shows a close-up of the asymmetric r-DPPC:HD domain
morphology; the domains have a cusp at one end (arrows) and a rounded side on the
opposite end. As described by Valtierrez-Gaytan et al., the cusp is likely due to local
differences in line tension, arising from heterogeneity in the tilt orientation of the chiral
DPPC molecules [31], 53]. As the monolayer is compressed to 3-4 mN/m, the inter-

face reaches the surface pressure at which excess DPPC in the disordered phase starts
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to condense; 3-4 mN/m is the approximate onset surface pressure of the LC-LE coex-
istence plateau for pure DPPC at these experimental conditions. Consistent with the
observations of Valtierrez-Gaytan et al., no new domains nucleate as the excess DPPC
condenses, meaning that the DPPC likely grows epitaxially on existing domains [31].
While compressing through the DPPC LC-LE coexistence regime, the area fraction of
the condensed phase increases and the monolayer becomes fully condensed as shown in
Figure [4.1c-d.

The addition of 1.5 mol% DChol to the same 5:1 ratio of rac-DPPC:HD produces
entirely different phase behavior, as shown by the representative II-A isotherm and mi-
crographs in Figure[4.2] Like the case with no DChol, rac-DPPC:HD co-crystals condense
at near-zero surface pressures until the HD is depleted from the surrounding disordered
phase. Figure [4.2b shows the compact shaped rac-DPPC:HD co-crystals surrounded by
excess LE-DPPC. The compact domain morphology is somewhat different for the racemic
DPPC mixture. The rac-DPPC:HD domains are axisymmetric, but still have a single
cusp (Fig. inset) like the -DPPC:HD domains in Figure[4.1p. The line-active Dchol
is excluded from the co-crystals, remaining in the disordered phase, preferentially located
along the phase boundaries of the condensed domains [31I]. As the monolayer is com-
pressed from Figure to[.2d, domains begin to elongate uniaxially. As characterized
by Valtierrez-Gaytan et al., when the monolayer reaches the onset of LC-LE DPPC co-
existence, the domains undergo a fingering instability on both sides and begin to change
shape [31]. Following Figures to , the discrete domains elongate symmetrically
from end to end, evolving from a compact to high-aspect ratio stripe morphology. The
cusp is preserved throughout the stripe transition, although it is difficult to resolve at
the magnification used in this investigation [31]. The combination of line-active DChol
and enrichment of DPPC at the domain boundaries, lowers the line tension, inducing the

fingering instability and eventual transition into stripes [31].
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Figure 4.2: Representative isotherm (a) and morphology (b-i) of 5:1 rac-DPPC:HD +
1.5 mol% DChol monolayer on an air-water interface at 21 °C.(b) 2:1 rac-DPPC:HD
co-crystals in continuous LE-DPPC. Inset zooms in on area outlined in red-dashes,
showing axisymmetric domains with a cusp (red arrow) on one end. (c) Area frac-
tion of condensed phase increases as excess DPPC begins to condense on existing
DPPC:HD co-crystals. (d-g) Onset of the stripe transition; domains begin to elongate
symmetrically from end to end, evolving into stripe domains of uniform width. (g)
Inset shows stripe domains of uniform width («~ 2 pm). (h) As II increases, stripe
width decreases. Microbutton probe outlined in white. Inset shows stripe domains of
« 0.8 um. (i) After sufficient compression, the stripe width shrinks below the limit of

resolution.
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Notably, the stripe domains in Figure have a uniform width (v~ 2 pm) unlike
the initial domains (Fig. [4.2b) and even pure DPPC domains, which are both polydis-
perse in size. Valtierrez-Gaytan et al. determined that the stripe width is dependent
on temperature, surface pressure, and the DPPC:HD ratio. As the surface pressure is
increased from Figure to[4.2h, the stripe width decreased to «~ 0.8 um. With further
compression, the stripe width shrinks to below the limit of resolution, as shown in Figure
[4.2j. Consistent with the observations of Valtierrez-Gaytan et al., larger stripe widths
are easily recovered by decompressing the monolayer [31]. Figure walks through a
decompression-compression cycle between the two stripe widths in Figure and [£. 2§,
demonstrating that the changes in stripe dimensions are reversible.

Another feature of the stripe domain morphology is that stripe domains orient in the
direction of surface flows. Surface convection, possibly due to air currents, is commonly
observed in experiments; while in the LC-LE coexistence regime domains are seen contin-
uously flowing in a single direction inside the cone. When such surface convection occurs,
stripe domains orient lengthwise in the direction of bulk flow as shown in Figure
(solid arrows). Figure (dashed arrows) also demonstrates that stripe domains will
orient in the direction of flow around a solid inclusion on the interface (e.g. microbutton
probe). The stripe domains can be realigned by imposing flow fields using a microbutton
probe. For example, Figure follows the change in stripe domain orientation
while rotationally shearing the interface with a microbutton probe. Figure [4.3b shows
the monolayer prior to shearing, where the inset shows the stripe domains aligned in the
direction of bulk surface flow (arrows) for the region outlined in the dashed box. In Fig-
ure [£.3, the probe has been rotating counter-clockwise for «~2 min and the inset shows
stripe domains aligned in the direction of shear. Interestingly, the fluorescence intensity
is concentrated near the rotating probe and concentrates more with further rotation (Fig.

). Figure shows the interface after «~~2 more minutes of probe rotation; the flu-
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Figure 4.3: Demonstration of stripe domain alignment (a) and re-alignment (b-d).
All insets correspond to the area outlined in the respective dashed boxes. (a) Stripe
domains align in the direction of bulk surface flow (solid arrows) and reorient and
flow around solid inclusions such as a microbutton probe (dashed arrows). (b) Stripe
domains prior to rotating microbutton probe. Domains in inset are aligned in the
direction of bulk surface flow (dashed arrows). (c¢) Monolayer after «~~ 2 min of rotating
the microbutton probe counter-clockwise. Fluorescence intensity is concentrated near
the rotating probe. Inset shows stripe domains aligned in the direction of shear
(dashed arrows). (d) Monolayer after «~ 4 min of counter-clockwise probe rotation.
Fluorescence intensity is concentrated near the probe and there is a visible boundary
in fluorescence in intensity. Inset shows fluorescence boundary and stripe domains
aligned in the direction of shear (dashed arrows).
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orescently labeled TR-DHPE has become so concentrated near the center that there is a

visible boundary in fluorescence intensity outlining the concentrated region.

4.4 Surface shear rheology of 5:1 DPPC:HD with
and without DChol

Similar to pure DPPC, the surface shear rheology of 5:1 r-DPPC and 5:1 rac-DPPC:HD
+1.5 mol% Dchol depends on the respective phase behavior. Figure shows the surface
shear rheology and corresponding morphology for two representative monolayers at each
composition. The linear, viscoelastic surface shear modulus | G% | is plotted against IT in
Figure [{.4h. Only | G% |> 0.2 uN/m is reported (denoted by dashed line), below which
the rheology is subphase-dominated and can’t be distinguished from a clean interface
without surfactant. Both monolayer compositions span approximately three orders of
magnitude in | G% | for the range of II tested but differ when compared at a given II. For
example, | G¥ | begins to rise appreciably near I &~ 3-4 mN/m for the 0 mol% DChol
case (Fig. [f.4k). Alternatively, | G | rises at II ~ 5 mN/m for 1.5 mol% DChol (Fig.
[4.4k). Since the stripe transition occurs below IT = 5 mN/m, this measurement does not
provide insight on how surface rheology changes during the stripe transition. Interest-
ingly, even though the domain morphologies are different between the two compositions
at the respective IT when | G¥ | rises, the area fractions of the condensed phase ¢ are
equal (¢ =~ 0.6).

The initial rise in | G | for each composition lies within the range of II for which
excess DPPC is expected to condense. As each monolayer is compressed further and more
DPPC condenses, | G% | grows exponentially. | G¥ | at each composition approaches the

same magnitude while compressed through DPPC LC-LE coexistence, overlapping close
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Figure 4.4: (a) Representative surface shear rheology and fluorescence micrographs
of 5:1 DPPC:HD with 0 mol% DChol and 1.5 mol% DChol. (a) Linear, viscoelastic
surface shear modulus | G} | is plotted against II for each monolayer composition.
(b-c) Monolayer morphology of 5:1 DPPC:HD + 0 mol% DChol near the initial rise
in | G% | (b) and when the monolayer is fully condensed (c). (d) Phase lag § for same
monolayers as (a), plotted against II. (e-f) Monolayer morphology of 5:1 DPPC:HD
+ 1.5 mol% DChol near the initial rise in | G% | (e) and and when the monolayer is

fully condensed (f).
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to the range where excess DPPC is expected to be fully condensed, near IT ~ 8 mN/m
(Fig. and [4.4f). Beyond II &~ 8 mN/m, | G | continues to increase for both
compositions, but with a weaker exponential. In the fully condensed regime, | G¥ | is
greater for the 0 mol% Dchol case at a given surface pressure. Although the 0 mol%
DChol measurements do not exceed 17 mN/m due to experimental limitations, based
on the trajectory of | G |, the trend of | GX(II) | being greater is expected to continue.
Therefore, fully condensed DPPC:HD monolayers containing Dchol are easier to shear
than DPPC:HD monolayers without Dchol.

Figure plots the corresponding phase lag 6 for the same representative mono-
layers in Figure [f.4h. For each monolayer composition the surface shear rheology is
viscous-dominant, although ¢ does change with surface pressure. For each composition,
d decreases (i.e. relative elasticity increases) as the monolayer is compressed through the
DPPC LC-LE regime. The relative elasticity of each monolayer reaches a maximum at
IT ~ 8 mN/m, near where excess DPPC is expected to be fully condensed (Fig.
and [£.4f). For the 1.5 mol% DChol case, d is slightly higher at IT ~ 8 mN/m, meaning
that the relative elasticity does not increase as much for the DChol-containing monolay-
ers. With further compression § rises for each composition, exhibiting an increasingly
viscous-dominant response. 0 is greater for the 1.5 mol% DChol case in this II regime
and reaches a plateau around 15 mN/m. The 0 mol% DChol ¢ does not reach a plateau

for the range of II measured.

4.5 Discussion and future directions

The surface rheology of 5:1 DPPC:HD monolayers with and without DChol exhibit
a dependence on the condensation of excess DPPC. The initial rise in | G¥ | begins after

DPPC starts to condense and the area fraction of the condensed phase reaches ¢ « 0.6,
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which occurs at higher IT in the presence of DChol. Like a pure DPPC monolayer, | G¥ |
grows most rapidly in the DPPC LC-LE regime and then grows with a weaker exponential
for IT above the LC-LE regime [41], 37]. Throughout the fully condensed regime, | G% | is
greater for monolayers without DChol, meaning they are more difficult to shear at those
surface pressures. Each of these observations are consistent with previous measurements
of 3:1 DPPC:HD for a range of Dchol fractions. The 3:1 DPPC:HD data, provided
courtesy of Dr. lan Williams, is plotted in terms of surface viscosity versus surface
pressure in Figure [4.5h. The surface viscosities for the same monolayers from Figure 4.4
are displayed in Figure [£.5b. No morphology or temperature was recorded for the 3:1
DPPC:HD, so it is challenging to compare the two DPPC:HD mixtures quantitatively.
Both ratios of DPPC:HD exhibit similar patterns in the growth of s and the addition

of DChol does lower ps in the fully condensed regime.
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Figure 4.5: (a) Surface viscosity ps of 3:1 DPPC:HD + DChol ranging from 0-8 mol%,
plotted against II. (b) Surface viscosity plotted against II for the same 5:1 DPPC:HD
monolayers with 1.5 mol% DChol and without DChol as in

Going forward, it would be worthwhile to repeat these surface rheology and mor-
phology measurements across multiple ratios of DPPC:HD, also spanning a wide range
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of DChol mol fractions. Based on the morphology data reported by Valtierrez-Gaytan
et al., the area fraction of DPPC:HD co-crystals at a given Il decreases as the ratio of
DPPC:HD increases. If the observation of | G% | growing after a condensed phase area
fraction of ~ 0.6 holds true for other DPPC:HD compositions, then increasing ratios of
DPPC:HD would be expected to shift the initial rise of | G% | to higher surface pres-
sures for a fixed temperature. It would be worthwhile to investigate how the relationship
between surface rheology and domain area fraction is affected by adding DChol. Addi-
tionally, since domain area fraction increases as the DPPC:HD ratio decreases for a given
I1, the surface rheology of domains undergoing the stripe transition might be accessible
at ratios lower than 5:1 DPPC:HD. If not, the rheology of the stripe transition could be
explored by adjusting probe sensitivity with smaller diameter probes. Alternatively, it
might be possible to quickly compress a monolayer into a sufficiently high area fraction
faster than the domains transition to stripes.

The changes in ¢ relative to surface pressure also follow the phase behavior of DPPC.
For both compositions, the relative elasticity increases as the excess DPPC condenses.
At the onset of DPPC condensation, the electrostatically repulsive domains are still
dispersed in the LE phase. As the separation between domains decreases, the initial
rise in relative elasticity may arise from domain-domain repulsions during shear. For
both compositions, ¢ reaches a minimum near the end of the LC-LE DPPC coexistence
plateau at IT ~ 8 mN/m. Notably, DPPC under the same ambient conditions is reported
to be elastic-dominant at 8 mN/m [41]. The elasticity measured in the DPPC monolayer
is hypothesized to arise from the line tension A at the domain boundaries, analogous to
a concentrated 3D-emulsion [41]. At the end of the DPPC LC-LE coexistence plateau,
the contact between domains is high enough that domains do not easily slide past one
another under shear. At such surface pressures, shear deformation requires deforming the

domains around the points of contact, which increases the domain perimeters. Thus, some
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of the energy of shearing the interface goes into creating new domain perimeters, working
against the line tension, which results in an enhanced elastic response. As excess DPPC
condenses onto the DPPC:HD co-crystals, the domains come increasingly into contact as
the monolayer reaches the end of the DPPC LC-LE coexistence plateau. At such surface
pressures, the A-mediated elasticity hypothesis may also apply to DPPC:HD monolayers
with and without DChol.

Beyond IT ~ 8 mN/m, ¢ increases to a more viscous-dominant response for both
DPPC:HD monolayers with and without DChol. The Dchol-containing monolayer ¢
reaches a viscous-dominant plateau around 14 mN/m (0 ~ 1.4 rad). A similar trend
also occurs for pure DPPC; as the surface pressure of pure DPPC exceeds 8 mN/m,
J increases until it reaches a viscous-dominant plateau around 12-14 mN/m (§ ~ 1.4
rad) [4I]. The plateau is hypothesized to be connected to DPPC transitioning from
LC to an untilted solid condensed phase [4I]. It is possible that as the excess DPPC
approaches fully condensed in the DPPC:HD-containing monolalyers, the total domain
perimeter per unit area becomes fixed. As the domain perimeter approaches a constant
with increasing II, the A-mediated elasticity would also approach a constant. The elastic
modulus of the 1.5 mol% DChol monolayers does reach a plateau at IT ~ 8 mN/m and
the elastic modulus of the 0 mol% DChol begins to plateau near II ~ 13 mN/m (Fig.
. Additionally, as the domains are more compressed, and the tilt of the alkyl chain
decreases, the surface viscosity would be expected to rise. The combination of a rise in
the surface viscosity and the A-mediated elasticity approaching a constant would result
in a rise in 4, like the rise observed in Figure [4.4d.

In summary, 0 of 5:1 DPPC:HD monolayers both with and without DChol changes
significantly with the phase behavior of the excess DPPC. Going forward, it would
be worthwhile to conduct measurements across a range of DPPC:HD ratios, includ-

ing 2:1 DPPC:HD, to see how the amount of excess DPPC influences 4. Since 2:1
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DPPC:HD is the composition of the co-crystals, there is no excess DPPC. Thus, ex-
amining 2:1 DPPC:HD monolayers would provide insight into how ¢ changes with II for
just DPPC:HD co-crystals on the interface. To investigate the effect of adding DChol, a
wider range of DChol mol% needs to be examined. Changing the amount of DChol will
shift the onset of the stripe transition and the line-active DChol is expected to change

domain line tension, which may impact the relative elasticity.
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Chapter 5

Interfacial properties of discrete
lipid-PEG copolymer library as a

function of PEG headgroup size

5.1 Introduction

Lipid nanoparticles (LNP) are expanding as a potential delivery platform for a variety
of therapeutics and are also utilized in other applications including cosmetics, food, and
agriculture [5]. The first clinically approved therapy using LNP technology emerged in
1995, with several more LNP therapies approved in the decades that followed [5, 6]. More
recently, LNPs have become well-known as the delivery platform used for the COVID-19
mRNA vaccines [5, [6]. LNPs come in a variety of designs, therefore compositions can
vary depending on the desired morphology, but one key component of many LNPs is
lipid-PEG conjugates [5]. For example, DMG-PEG2000 is one of the most widely used
lipid-PEG conjugates in LNPs and consists of DMG (1,2-dimyristoyl-glycerol) coupled
with a linear PEG chain of the average molecular weight 2000 g/mol [5].

59



Interfacial properties of discrete lipid-PEG copolymer library as a function of PEG headgroup size
Chapter 5

Lipid-PEG conjugates exhibit several functions, such as dictating particle size as well
as preventing particle aggregation [6]. The PEG moiety has low nonspecific binding
and sterically blocks access to the LNP surface, extending the blood circulation lifetime
of LNPs [B, [6, B2]. However, one drawback of commercial lipid-PEGs, such as DMG-
PEG2000, is the polydispersity of the PEG chains [32]. Polydispersity leads to batch
differences and thus variation in the physical properties critical to the efficacy of LNPs in
the human body. Moreover, varying compositions makes it difficult to study lipid-PEG
properties, such as assembly, for biomedical use or any other application. Addressing the
issue of polydispersity, Chen et al. recently developed a synthesis strategy to produce
discrete libraries of lipid-PEG conjugates [32]. Using this strategy, lipid-PEG conju-
gates with monodisperse PEG headgroups are isolated and physical properties can be
characterized as a function of headgroup structure.

The library of lipid-PEG conjugates, or graft copolymers, studied in this investigation
were provided by Dr. Junfeng Chen, prepared using the aforementioned synthesis method
[32]. The chemical structure of the lipid-PEG copolymers is shown in Figure p.1] The
dotted blue line outlines the DMG lipid component while the dashed red line marks the
PEG 4-mer monomer unit (PEG4). The naming convention for the lipid-PEG library
used in this investigation is DMG-PEG4-n. The number of PEG 4-mers, n, ranges
from 4 to 9 in this study, chosen to emulate the range of ethylene glycol (EG) units
commonly used in biological applications [32]. Notably, the lipid-PEG conjugates in this
investigation have a branched, nonlinear PEG headgroup, unlike DMG-PEG2000. A
second drawback of commercial lipid-PEGS, like DMG-PEG2000, is the rising concern
over anti-PEG antibodies in recent years. The prevalence of PEG in commercial products
has led to an increase in pre-existing anti-PEG antibodies in the population [61} 62} [63),
64, [65]. One advantage of the branched PEG moiety used in the DMG-PEG4-n series is

that it has lower anti-PEG antibody binding when compared to commercial, polydisperse
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Figure 5.1: Chemical structure of DMG-PEG4-n copolymers. DMG lipid component
outlined in blue dots. PEG 4-mer monomer unit outlined in red dashed. n corresponds
to the number of PEG 4-mers, ranging from 4 to 9 in this investigation.

In this investigation each DMG-PEG4-n copolymer is examined as a monolayer on
an air-water interface. Here, we probe interfacial properties as a function of n, or PEG
headgroup size, using II-A isotherms. When reduced to PEG surface concentration,
the library of isotherms collapse onto a single curve, with some departure at higher
II. This result indicates that interactions between the PEG headgroups, as opposed
to the aliphatic chains, contribute to much of the observed surface behavior.At dilute
concentrations, copolymers with larger headgroups occupy more area on the interface. As
the DMG-PEG4-n copolymers contact and interpenetrate at semi-dilute concentrations,
each species exhibits traits of a 2D polymer in a good solvent. Lastly, at sufficiently high
concentrations the energy of each monolayer reaches the respective desorption energy,
which grows with the size of the PEG headgroup, and copolymers start to desorb from
the interface. Clearly, the structure of PEG headgroups in lipid-PEG conjugates play a
critical role in the resulting interfacial properties, which would influence the structure and
function of LNPs. As LNP applications continue to grow and more lipid-PEG conjugates
are developed, II-A isotherms could be a useful tool for characterizing new lipid-PEG

conjugate designs.
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5.2 Experimental methods

Each DMG-PEG4 copolymer provided by Chen arrived dried. Samples were reconsti-
tuted in HPLC grade chloroform (Sigma Aldrich) and transferred to base-cleaned vials.
Capped vials were wrapped in Teflon thread sealant tape and refrigerated (3 °C) when
not in use. Monolayers are prepared by spreading the polymer solution dropwise from
a pre-cleaned gas-tight syringe onto on an air-water interface in the custom Langmuir
trough from Figure 2.1l Prior to monolayer deposition, the trough is cleaned as previ-
ously described in Appendix [A| and filled with an ultrapure water subphase (Milli-Q).
The base-cleaning and syringe cleaning procedures are also described in Appendix [A]

The trough does not have sufficient area to capture the full isotherms for the DMG-
PEGA4 copolymers in a single experiment. Instead, isotherms were collected in increments,
meaning that different amounts of copolymer solution would be deposited to access dif-
ferent molecular area ranges. After deposition, the monolayer is undisturbed for 30
minutes, allowing chloroform to evaporate and the monolayer to equilibrate. The mono-
layer is compressed at a rate of 0.016 cm?/s and surface pressure is measured using a
filter paper Wilhelmy plate tensiometer (Riegler and Kirstein, Germany).

The optical desorption measurement utilizes a free-floating microfabricated deflection
tensiometer (Fig. [66]. The microtensiometer used in this investigation is made of
SU-8 following the methods described elsewhere [66]. Prior to monolayer deposition,
the microtensiometer was placed on the air-water interface. The microtensiometer po-
sition was secured by threading a stainless steel wire through one of the holes in the
ladder structure attached to the side of the microtensiometer. The wire was fastened
to the objective, preventing the microtensiometer from floating out of the field of view.
Once secure, the monolayer is deposited outside the microtensiometer. The monolayer is

compressed at a rate of 0.016 cm?/s.
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Figure 5.2: Schematic drawing of SU-8 deflection microtensiometer (not drawn to
scale) [66]. Deflection arms are tracked optically to visualize the difference in surface
pressure inside and outside the microtensiometer. Ladder is used to secure the position
of the microtensiometer by feeding a wire through one if its holes.

5.3 Results and discussion

5.3.1 DMG-PEG4-n isotherms exhibit dependence on PEG 4-

mer surface concentration

Representative I1- A isotherms for the DMG-PEG4-n series are displayed in Figure[5.3]
Each isotherm follows a similar lineshape, with II rising as A decreases until II reaches a
plateau corresponding to desorption. The series of isotherms exhibit a dependence on the
size of the branched PEG headgroup, or the number of PEG 4-mer units (n). Isotherms
shift to larger molecular areas as n increases, especially at lower II, likely connected to
the increasing size of PEG headgroups on the interface. Notably, the range of molecular
areas observed across the DMG-PEG4-n isotherms lie above the range of pure DMG. The
smallest copolymer (DMG-PEG4-4) reaches A ~ 115 A2 /molecule just before the plateau
while the initial onset of II for DMG doesn’t begin until A ~ 60 A2?/molecule [67]. The
larger molecular areas observed for the copolymers suggests that the interfacial behavior
is largely dominated by the PEG headgroup, rather than the alkyl tails. Another feature
of the isotherms that clearly depends on n is the plateau in II—as n increases, the plateau
IT decreases. A plateau in IT has also been observed in isotherms of PEG homopolymers,

where the plateau was found to indicate desorption [36]. Clearly, the size of the branched
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Figure 5.3: Representative II-A isotherms of DMG-PEG4-n series at 21 °C. Each
isotherm is the combination of two or more separate monolayers because the Langmuir
trough in does not have enough area to capture the full isotherm in a single
experiment. Isotherms shift to larger A as n increases. Each isotherm exhibits a
plateau in II corresponding to desorption. Plateau II decreases as n is increased.
PEG headgroup plays an important role in the interfacial behavior of the DMG-PEG4-
n series. The remainder of this chapter dives deeper into the relationship between the
isotherms and n, first examining the whole isotherms then followed by a closer look at
different regimes: dilute, semi-dilute, and the plateau.

Going forward, the isotherms will be predominantly discussed in terms of surface
concentrations (e.g. I', Tymer, I'peg) and for completeness the II-I" isotherms are plotted
in Figure[D.I] To further examine isotherm dependence on n, I' is converted to total PEG
4-mer surface concentration (4., = I'n) in Figure . The representative isotherms in

Figure[5.4] collapse onto a single curve with some departure near the plateau. This strong

dependence on n suggests that for the range of PEG 4-mer units tested the molecular
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area scales linearly with the number of PEG 4-mer units (A v nAgne-). Since each
monomer unit has the same amount of PEG, the isotherms would similarly fall onto a
single curve when converting I' to overall PEG surface concentration (I, = 4I'n). One
interpretation of the dependence of the isotherms on the overall surface concentration of
PEG could be that the isotherms are somewhat independent of the connectivity of the
PEG (i.e. branched v. linear). Although, this result may be biased by comparing only
samples with the same monomer unit (PEG 4-mer). To further probe the relationship
between isotherms and overall PEG surface concentration, it would be useful to test
other DMG-PEGm-n series, where m # 4 but the overall number of PEG monomers is
consistent with the DMG-PEG4-n series (e.g. DMG-PEG4-8 and DMG-PEG8-4 have

the same total amount of PEG).
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Figure 5.4: Representative isotherms from Figure [5.3| collapse onto single curve with
some departure near the plateau when A is converted to I'n. I'n corresponds to PEG
4-mer surface concentration I'jeg.
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5.3.2 Overlap surface concentration of DMG-PEG4-n library

changes with n

This next section will focus on the dependence on n in the low II or dilute regime
of each isotherm. In the dilute regime, the molecules on the interface rarely see each
other. As the monolayer is compressed, the surface concentration approaches the overlap
concentration, denoting the crossover from dilute to semi-dilute behavior. At the overlap
concentration, polymer coils contact each other and the concentration of monomers in
a coil matches the overall surface concentration of monomers. Here we estimate the
overlap concentration ['* for each value of n, which corresponds to the approximate
area A* (A* = 1/T*) each PEG headgroup occupies on the interface before significant

interpenetration with neighboring molecules.
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Figure 5.5: Molecular areas A*, corresponding to the estimated overlap concentrations
I, plotted for for each value of n. A* represents the area a PEG headgroup occupies
on the interface before significant interpenteration with neighboring molecules.

The approach to estimating I'* was simplified by approximating the dilute regime
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with the 2D ideal gas isotherm (II = I'kgT) and the semi-dilute regime with a fitted
line. The surface concentration at the intersect of the two lines is taken to be I'*. Figure
shows an example of this approach, displaying the two isotherms and the semi-dilute
fitted line. The resulting A* for each isotherm are plotted versus n in Figure 5.5 As n
increases in Figure [5.5| so does A*, which is consistent with each copolymer taking up
more space on the interface with each PEG 4-mer added to the branched PEG headgroup.
If this trend is assumed to be linear, the area of a PEG 4-mer group on the interface is
roughly « 250 A before significant interpenetration with neighboring molecules occurs.
As shown in Figure the approach of approximating the isotherm with a com-
bination of the 2D ideal gas isotherm and the semi-dilute fitted line doesn’t fully cap-
ture the recorded isotherm. For example, the ideal gas isotherm underestimates the
surface pressures observed in the dilute regime and this is consistent across the repre-
sentative isotherms. Going forward, an alternative, more rigorous method to estimating
the crossover from dilute to semi-dilute could be to fit each data regime to their re-
spective scaling and finding the intersection. The reduced surface pressure (II/T'kgT) in
the dilute regime is expected to follow Equation while the semi-dilute would follow
Equation [5.2] where oy and s are constants and v is related to the molecular weight
of the polymer M and the radius of gyration in 2D (Ry2p v~ M") [68, 169]. One of the
challenges to this approach is that data in the dilute regime is near the sensitivity limit of
the Wilhelmy plate and the measurement sometimes drifts between monolayer deposition
and compression, making it difficult to reliably interpret II in the dilute regime and thus
fit it to a model. If using this approach, it would be beneficial to collect more data in
the dilute regime to get an idea of the average isotherms and error contributed by the

Wilhelmy plate.
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5.3.3 DMG-PEG4-n copolymers at semi-dilute surface concen-

trations behave like 2D polymers in a good solvent

As each monolayer is compressed beyond the dilute concentrations, the copolymers
reach the semi-dilute regime. At semi-dilute concentrations, polymers touch and inter-
penetrate, forming a mesh-like structure. Assuming good solvent quality, meaning the
polymer swells in the presence of solvent, surface pressure follows the 2D equivalent of
des Cloizeaux’s scaling argument for osmotic pressure in polymer solutions (Equation
[70, 69]. The exponent v is taken to be 0.77 for a polymer tethered to the interface
in a good solvent, yielding II/T « T'>%5 [69] [34] [71]. Figure shows log II versus log I’
for the representative isotherms, where the regime that approximately follows the semi-
dilute scaling is outlined by the dashed box. The slopes from linear fits of each dataset in
the highlighted regime are reported in Table[D.I} The slopes agree moderately well with
the expected 2.85, demonstrating that in this regime the DMG-PEG4-n series behaves

like polymers tethered to an interface in a good solvent.

I1)T « [2/(v=1 (5.3)
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Figure 5.6: Surface pressure versus surface mass concentration plotted for represen-
tative isotherms. Dotted black line represents a slope of 2.85, which corresponds to
a polymer tetherd to the interface in a good solvent [69, [34) [71] The black dashed
box outlines the portions of the isotherms that approximately follow the semi-dilute
scaling.

5.3.4 Desorption energies of DMG-PEG4-n copolymers grow

with n

One feature that remains distinct even when the isotherms collapse in Figure |5.4] is
the point at which II plateaus. As mentioned above, PEG homopolymers also exhibit
this plateau, which was determined to be due to desorption using a custom deflection
tensiometer [36 66]. A similar approach was employed to study the II plateau for the
DMG-PEG4-n series. As shown in Figure [5.7h, a custom SU-8 deflection microten-
siometer was first deposited on a clean air-water interface so that Il inside and outside
the tensiometer was zero. A sample of DMG-PEG4-9 was deposited to achieve IT =

25 mN/m, which is near the plateau IT and high enough to push the tensiometer arms
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into contact (Figure ) The monolayer was then continually compressed up to and
through the plateau region. While compressing in the plateau region, the tensiometer
arms began to separate, meaning that the surface pressure inside the tensiometer had
increased, indicating that DMG-PEG4-9 had desorbed and then re-adsorbed inside the
tensiometer (Figure [5.7¢). To further confirm that DMG-PEG4-9 had adsorbed inside,
the interface was first expanded to the maximum area, dropping the external II ~ 25
mN/m. Figure shows the tensiometer arms slightly bowing outward after trough bar-
rier expansion, indicating that there is surface active material (DMG-PEG4-9) trapped
inside. Finally, to exaggerate the bowing of the tensiometer arms and confirm that the

internal IT > 0 mN/m, the interface outside of the tensiometer was aspirated to remove

Figure 5.7:  Brightfield micrograph series demonstrating desorption in the
DMG-PEG4-9 II plateau by tracking the arms of a custom deflection microtensiome-
ter [66]. (a) Tensiometer on a clean air-water interface. Tensiometer arms are parallel
because the II inside and outside are equal (I;;, = Il = 0 mN/m). (b) Tensiome-
ter arms are pressed into contact after the desposition of DMG-PEG4-9 outside the
tensiometer (Ily,; = 25 mN/m, IT;, = 0 mN/m). 25 mN/m is near, but below the
DMG-PEG4-9 plateau. (c) After compressing into the plateau region, tensiometer
arms begin to separate, indicating that II;, > 0 mN/m. The rise of I;, is the result
of desorbed DMG-PEG4-9 re-adsorbing inside the tensiometer. (d) Tensiometer arms
bow outward as trough is expanded to maximum area. At the maximum area, I1,,; =~
25 mN/m. Since the tensiometer arms bow outward, Il;, > Il,,. (e) Tensiometer
arms bow even more after aspirating the interface outside the tensiometer, removing
the remaining monolayer (II,,; = 0 mN/m). The tensiometer arms bowing outward
again verify that DMG-PEG4-9 adsorbed inside the tensiometer (II;;, > 0 mN/m).
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the surrounding DMG-PEG4-9 (Figure p.7¢). To summarize, the deflection microten-
siometer method demonstrates that the plateaus observed in the DMG-PEG4-n series
are a result of DMG-PEG4-n copolymers desorbing from the interface, similar to PEG

homopolymers.

[M4es (mN/m)
40.0
38.2
36.5
35.2
34.3
32.9

© 00 O U3

Table 5.1: Surface pressure at onset of desorption Il;. for representative isotherms
of DMG-PEG4-n series. 1145 decreases as the the number of PEG 4-mers increases.

The surface pressure at the onset of each plateau II,., decreases as n increases, as
listed in Table [5.1, When each compression isotherm reaches the plateau, the energy at
the interface meets the respective desorption energy A FEy.s for each DMG-PEG4 oligomer.
Following the thermodynamic argument also described by Zell, the onset of each plateau
relates directly to AFg.s [36]. The desorption of a single molecule frees an area AA,
or 1/T. The corresponding change free energy is AE = — [IIdA , or approximately
—IIAA « —II/T for small chain lengths. At the onset of the desorption plateau, the
work to desorb a molecule AFy. is equivalent to the free energy gained by freeing up
area for remaining molecules to relax. Thus, AFEges = Hges/Tges, where Il and I'yes are
the IT and I at the onset of a plateau. Figure 5.8 shows the AFE,., for each DMG-PEG4
oligomer plotted against n. Similar to PEG homopolymers, AFE ., scales linearly with
n, or the amount of PEG. Assuming that AFE;s = nAFEy,.., the desorption energy is
approximately 2.9 kT per PEG 4-mer or 0.7 kT per PEG monomer, which is comparable
in magnitude to the 0.15 kT per PEG monomer reported for linear PEG homopolymers
[36]. Notably, the linear relationship between AFy.s and n is not expected to extend to
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all n < 4, as the size of the aliphatic DMG group becomes comparable to the headgroup.
When extending the trend to n = 0, AE4.s «~ 0kgT, which does not reflect the expected

behavior of an insoluble monolayer of DMG.
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Figure 5.8: Desorption energy AFg.; versus number of PEG 4-mers n. AFg is
calculated from the respective surface pressure and surface concentration at the onset
of the plateau (AFges = Hges/Tdes)-

5.4 Conclusions

In summary, we have investigated the interfacial properties across the DMG-PEG4-
n library as a function of PEG headgroup size (n). Using a custom Langmuir trough
and a Wilhelmy plate tensiometer, we have measured II-A isotherms of DMG-PEG4-n
monolayers on an air-water interface for n ranging from 4 to 9. For the range of n mea-
sured, the interfacial behavior is largely dependent on the size of the PEG headgroup.
When the isotherms are represented in terms of PEG surface concentration, the library

of isotherms collapse onto a single curve, with some departure at higher II. At dilute
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concentrations, DMG-PEG conjugates with larger headgroups occupy more interfacial
area. At semi-dilute surface concentrations, where the PEG headgroups contact and
interpenetrate, each DMG-PEG conjugate exhibits traits of a 2D polymer in a good sol-
vent. At sufficiently high surface concentrations the energy of each monolayer reaches
the respective desorption energy, which grows with the size of the PEG headgroup, and
copolymer molecules desorb from the interface. The structure of the PEG headgroups
on the DMG-PEG4-n copolymers play a significant role in the resulting interfacial prop-
erties. This observation on the importance of PEG headgroup structure would likely
extend to the interfacial behavior of other lipid-PEG conjugates. As LNP applications
continue to grow and more lipid-PEG conjugates are developed, II-A isotherms could be

a useful tool for characterizing new lipid-PEG conjugate designs.
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Chapter 6

Conclusions and future directions

6.1 Outlook on investigation of PLA,-catalyzed degra-
dation of model LS monolayers

Chapter 3 investigates how monolayer morphology and rheology evolves as DPPC un-
dergoes PLA,-catalyzed degradation. While degrading, the morphology passes through
qualitatively distinct transitions: compactification, aggregation and percolation, coars-
ening, solidification, network erosion, and PLAs-rich domain nucleation. Initially, con-
densed domains shift to more compact shapes, followed by domain aggregation and for-
mation of a percolated network. At the same time, domains coarsen via Ostwald ripening
and coalescence up until the solidification transition, when domains no longer visibly flow
and relax. After the network is formed and domains have solidified, further degradation
leads to erosion of the network and condensation of PLAs-rich domains. The relative
activity of PLA,, set by the age of the sample, impacts the order and duration of mor-
phology transitions. The fresher the PLAy, the faster the overall degradation of the

condensed phase and the earlier the solidification transition, restricting the coarsening
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time. In all cases of PLAs-activity, log| G | grows linearly with the area fraction of
the condensed phase ¢ throughout monolayer degradation. Additionally, the relative
elasticity of the monolayer increases with the onset of domain solidification, which is
hypothesized to be a result of the increasing DPPC-PA co-crystal fraction.

One future direction of this project could be to study this system under more physio-
logically relevant conditions, such as under expansion-compression cycles and on curved
interfaces. The custom Langmuir trough system has planar expansion-compression ca-
pabilities, lending itself naturally to studying the morphology and shear rheology of
degrading DPPC monolayers under expansion-compression cycles. Using this approach,
direct comparisons in morphology and surface shear rheology can be drawn between the
constant interface area results in Chapter 3 with dynamic area experiments. A capil-
lary pressure microtensiometer would also be a useful method for studying degrading
monolayers, adding the complexity of a curved interface with dilatational rheology capa-
bilities [72], [73, [74]. Employing the microtensiometer technique would enable comparisons
between the morphology on a planar versus curved interface as well as probing the mono-
layer mechanics under dilation, simulating the dilation of alveoli during respiration.

Another direction for this project would be to study mixtures of DPPC with PA and
LPC to better understand the roles of each component in the actively degrading system.
We hypothesize that the increase in monolayer elasticity and domain solidification in the
actively degrading monolayer is due to the increasing fraction of DPPC-PA co-crystals.
However, further investigation is needed to determine the PA quantity and distribution
within domains required to drive domain solidification and increasing monolayer elas-
ticity. One challenge with testing this hypothesis in situ is the transient concentrations
and distributions of DPPC and PA during monolayer degradation, for which there are
no direct measurements. A future direction of this investigation could be to measure

the monolayer phase behavior, morphology, and rheology of DPPC-PA mixtures, where
75



Conclusions and future directions Chapter 6

the surface concentrations of DPPC and PA are known and controlled. The properties
of DPPC-PA mixtures could be compared to the actively degrading monolayers, testing
whether or not DPPC-PA mixtures are a model system for the increasing PA fraction in

an actively degrading monolayer.
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Figure 6.1: Surface pressure—area (II-A) isotherms of DPPC-PA monolayers on
buffered subphase. DPPC-PA mixtures include 0, 10, 20, and 30 mol% PA. Monolay-
ers spread on Ca?T-containing, Tris-buffer (T = 22 °C).

Here, we discuss a few preliminary results of the phase behavior and morphology
of DPPC-PA mixtures. The tested PA fractions include 0, 10, 20, and 30 mol% PA, all
spread on Ca?"-containing, Tris-buffer at «~ 22 °C. Figure shows a representative I1-A
isotherm for each PA fraction. As PA fraction increases, the plateau feature is maintained,
but shifts to lower II. The trend of the coexistence plateau lowering with increasing PA
is consistent with reported isotherms collected on air-water interfaces [28] [75]. Samples

of the domain morphology near 10 mN/m for each PA fraction is compared in Figure
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[6.2 As the PA fraction increases, the condensed domains lose the chiral, bean-like shape
of pure DPPC (Fig. ), exhibiting more compact shapes (Fig. —d). As previously
discussed in Chapter 3, the formation of DPPC-PA co-crystals may be connected to
domain compactification observed in the actively degrading system. The compact DPPC-
PA domain shapes in Figure[6.2 are also consistent with studies of DPPC-PA monolayers
and the analogous fatty alcohol mixture (DPPC-HD) on air-water interfaces in Chapter
4 31].

A _al(b) 10.5 mN/m

(d) 10.7 mN/m

Figure 6.2: Fluorescence micrographs of DPPC (a) and DPPC-PA (b-d) monolayers
near II = 10 mN/m. (a) Pure DPPC, (b) 10 mol% PA, (c) 20 mol% PA, (d) 30 mol%

PA. (a-c) Separate monolayers from those in Fig. [6.1

More work is needed to determine the relationships between phase behavior, mor-

phology, and rheology of DPPC-PA mixtures. In addition to collecting more isotherms,

morphology data, and rheology data over a wider range of DPPC-PA compositions, it
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would be worthwhile to compare DPPC-PA mixtures with and without Ca?* ions in
the subphase. Ca?" ions are known to bind and even dimerize with fatty acids like
PA [55]. Reducing the surface charge density of the condensed phase would influence
both structure and dipole density within domains, and likely their interactions. Notably,
Vailtierrez-Gaytan et al. reported that PA and HD were interchangeable with respect
to the phase behavior and morphology when mixed with DPPC on air-water interfaces
[31]. As such, the work of studying DPPC-HD mixtures in Chapter 4 may be reflective

of DPPC-PA mixtures on an air-water interface, free of Ca* ions.

6.2 QOutlook on investigation of DPPC:HD + DChol
monolayers

Chapter 4 interrogates the relationships between the phase behavior, morphology,
and surface rheology of 5:1 DPPC:HD mixtures with 0 and 1.5 mol% DChol. As excess
DPPC condenses and the domain area fraction increases, | G | and relative elasticity
grows for each monolayer composition. The addition of DChol shifts the initial growth
in | G¥ | to a higher surface pressure, but | G | approaches the same magnitude as the
0 mol% DChol monolayer as excess DPPC condenses. Once excess DPPC is condensed
| G | continues to grow for all monolayer compositions with further compression, but
not as strongly. | G* | of the DChol-containing monolayer is lower than the DChol-
free monolayer once the excess DPPC is condensed, meaning that the DChol-containing
monolayer is easier to shear at those surface pressures. As the monolayers approach fully
condensed, the relative elasticity of each monolayer decreases with further compression.
In this regime, the elastic modulus approaches a constant while the viscous modulus

grows. We hypothesize that the elasticity of the condensed monolayers is A-mediated,
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analogous to concentrated 3D emulsions, and becomes constant once the monolayer is
fully condensed. The combination of a rise in the surface viscosity from compressing the
domains and a A-mediated elasticity approaching a constant would result in a rise in 4,
like the rise measured experimentally.

The future direction of this project would be to measure the phase behavior, mor-
phology, and surface rheology across a wider range of DPPC, HD, and DChol fractions.
The ternary mixtures span a wide range of II-dependent domain area fractions, com-
position, and shapes; measuring the surface rheology across the composition space will
provide insight into how these factors influence the monolayer mechanics. For example,
Valtierrez-Gaytan et al. demonstrated that the area fraction of DPPC:HD co-crystals at
a given II decreases as the ratio of DPPC:HD increases [31]. Changes in the condensed
phase area fraction would likely affect how | G% | grows with respect to II. The addition
of DChol lowers domain line tension, which may impact the relative elasticity of mono-
layers. Lastly, the stripe widths depend on the amount of each component. Conducting
measurements across a range of stripe widths will provide insight into the role of domain
shape in the surface rheology. In the context of SRT formulas, the composition space

could be expanded to include other relevant surfactants, such as PA and LS apoproteins.

6.3 Outlook on investigation of DM G-PEG4-n mono-
layer library

Chapter 5 investigates the interfacial properties of discrete DMG-PEG4-n copolymers
as a function of PEG headgroup size (n ranges 4-9). From the measured II-A4 isotherm
of each copolymer, we examined the dilute, semi-dilute, and desorption properties, each

of which exhibit a dependence on the size of the PEG headgroup. When the isotherms
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are represented in terms of PEG surface concentration, the library of isotherms collapse
onto a single curve, with some departure at higher II. To further probe the relation-
ship between isotherms, headgroup structure, and PEG surface concentration, it would
be worthwhile to measure the isotherms of other PEG headgroups, especially with a
comparable molecular weight of PEG. For example, DMG-PEGS8-4 would have the same
total amount of PEG as DMG-PEG4-8, but the size and number of PEG branches differ;
comparing isotherms of copolymers like DMG-PEGS8-4 and DMG-PEG4-8 would provide

insight into the significance of headgroup structure versus PEG surface concentration.
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Appendix A

Additional experimental protocols

A.1 Cleaning protocols

Maintaining cleanliness is an integral part of this research. This section describes the
cleaning protocols applied to all the experiments in this body of work. There are three
main categories of cleaning protocols: base/acid cleaning, syringe cleaning and handling,

and trough cleaning.

A.1.1 Base and acid cleaning protocols

Glassware is typically cleaned using either a base bath or acid bath protocol. The
amber glass vials with teflon-lined caps (Thermo Fisher) for sample storage in Chapters 3
and 5 are cleaned using the base bath protocol. The first step is to immerse vials and caps
in a base bath (50 g KOH, 200 mL ultrapure water, 800 mL IPA) for 24 hours. Make sure
there are no air bubbles trapped in the vials or caps. Next, vials and caps are rinsed under
ultrapure water (Milli-Q), and then immersed in an ultrapure water bath for 24 hours.
Throughout cleaning, vials and caps are handled with teflon-coated forceps that have

been wiped down with acetone (ACS grade) and isopropyl alcohol (HPLC grade) prior
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to handling. The base bath and water bath are conducted in a Pyrex crystallization dish
dedicated to vial cleaning. After 24 hours in the water bath, vials and caps are removed,
excess water is shaken out, and then they are stored in a repurposed pipette tip box and
left to air dry. The storage box is wiped down with acetone and isopropyl alcohol prior
to use. Once vials and caps are dry, place caps on vials to prevent accumulation of dust
in the vials. After drying, vials and caps are ready for use.

Samples in Chapter 4 are also stored in amber glass vials with Teflon-lined caps.
Vials and all other glassware used in the sample preparation process were cleaned by Dr.
Valtierrez-Gaytan using the following the acid bath protocol. First glassware is placed in
a secondary container (Pyrex dish) and the acid cleaning solution is poured over top (1
packet of NoChromix (Sigma-Aldrich) and 2.5 L pure sulfuric acid (Fisher)). Make sure
there are no air bubbles trapped in the vials or caps. Leave glassware to soak at least 8
h. Next, rinse the glassware under ultrapure water 10 times. Allow the glassware to air
dry while covered to prevent accumulation of dust.

Caps are cleaned separately by soaking in a detergent solution (3-5 mL Micro-90 per
liter ultrapure water). Caps are then transferred to an ultrapure water bath, covered,
and shaken. Water bath is poured out and then refilled with more ultrapure water. The
shaking, emptying, and refilling process is repeated until there are no visible bubbles
after shaking and then the process is repeated three additional times (usually 10 times in
total). Caps are then rinsed individually under ultrapure water 10 times each and dried
using pressurized nitrogen. Next, sample vials are filled halfway with ultrapure water,
capped, and shaken, repeating this sequence 10 times for each vial. Finally, vials and

caps are dried under pressurized nitrogen. After drying, vials and caps are ready for use.
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A.1.2 Syringe cleaning and handling

Gas-tight syringes (Hamilton) are used for sample preparation and deposition. Prior
to use, every syringe is deep-cleaned with chloroform to remove any residues. The clean-
ing steps include first wiping the syringe tip with a lens wipe soaked in chloroform. Then
the syringe is rinsed by filling it with chloroform out of an acid-cleaned vial two hun-
dred times. After the initial cleaning, a syringe is dedicated to a single function, either
transferring a single component (e.g. DPPC solution or TR-DHPE solution) or sample
deposition. Prior to each use, syringes are cleaned by the following procedure. First
an unused scintillation vial is opened and filled with chloroform. The syringe is rinsed
with chloroform thirty times from the vial, depositing the used chloroform in a separate
waste vial with each rinse. Following every use, the syringe is cleaned again using the
same procedure. While handling syringes, it is advised to minimize all contact with the
syringe tip to reduce chances of contamination.

To maintain consistent experimental protocols with collaborators, Chapter 4 follows
a slightly different syringe cleaning procedure. The initial deep cleaning is the same, but
prior to each experiment, the sample deposition syringe is cleaned again using another
procedure. The first step in this procedure is to fill two acid-cleaned vials, used only for
these experiments, with chloroform. Lastly, the syringe is rinsed with chloroform twenty

times from each vial and then it is ready for sample deposition.

A.1.3 Trough cleaning

The interior of the ribbon-barrier Langmuir trough and any items used inside the
trough are cleaned before and after conducting experiments. Figure shows all the
components which require cleaning. Before each experiment the ribbon-barrier trough

is first cleaned by removing the magnets and magnet holder and then wiping the Teflon
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Figure A.1: Images of Langmuir trough and components that require cleaning. (a)
Top view of Langmuir trough. Blue dashed arrow points to ribbon barrier. Solid red
arrows denote locations of all posts that secure the ribbon barrier. (b) 3D-printed
Nylon magnet holder. (¢) Top view of cone
interior with a wipe (Kimtech) soaked in HPLC-grade chloroform (Sigma-Aldrich). The
ribbon-barrier (Fig. [A.lh, dashed arrow), posts that secure the ribbon (Fig. [A.Th, red
arrows), and cone (Fig. |A.1k) are similarly cleaned by wiping with a cotton swab soaked
in chloroform. Any remaining droplets of chloroform in the trough are wicked away with
a dry wipe.

The next step is a three-stage solvent rinse. The trough and cone are cleaned by
alternating rinses of acetone (ACS grade) and ultrapure water (Milli-Q)), three times each.
This is followed by alternating rinses of isopropyl alcohol (HPLC grade) and ultrapure
water, three times each. The trough is then rinsed three more times with ultrapure water.

Make sure the cone is completely submerged and no air bubbles trapped inside during
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each rinse. The Wilhelmy plates should also come in contact with the liquid for each
rinse.

How the holder (Fig. [A.1p) is cleaned depends on the holder material. For example,
polypropylene holds up to the solvent rinses and is kept in the trough for all rinses.
Alternatively, solvents tend to seep into nylon holders, which can cause subphase to
leak into the holder later on. Thus, nylon holders are cleaned by wiping with acetone
and isopropyl alcohol and then placed in the trough for the final rounds of water rinses.
Magnets are deposited in the holder prior to the final water rinse so that any debris that
falls into the trough is rinsed out.

In Chapter 4, two additional steps are added during the final water rinse. First, the
barrier is compressed to the smallest area without touching the magnet holder, and then
the interface inside the ribbon is aspirated for a few seconds. Second, the barrier is then
expanded to the maximum area and the interface outside the ribbon is aspirated for a few
seconds. After the third water rinse, the remaining water is aspirated from the trough
and the aqueous subphase is deposited.

Regardless of cleaning procedure, after an experiment is concluded, the monolayer and
subphase are removed by aspirating at the air-subphase interface. All the cleaning steps
are repeated and finally, the trough is left filled with enough ultrapure water to submerge

the cone. Keep the trough covered and maintain the water level between experiments.

A.2 Stock solutions and handling procedures for
DPPC sample preparation

All DPPC monolayers from Chapter 3 are prepared from stock solutions of DPPC in
chloroform (Avanti Polar Lipids Ltd) and TR-DHPE chloroform. The stock solution of
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DPPC arrives in glass ampoules. Before use, the DPPC stock is poured directly into a
base-cleaned sample vial and capped. The Texas Red labelled DHPE (Life Technologies)
arrives dried in a plastic vial that is incompatible with chloroform. A stock of TR-
DHPE solution is prepared by first filling a base-cleaned sample vial with chloroform.
Then a stainless steel spatula is wiped down with acetone (ACS grade) and air-dried.
Use the clean spatula to scrape the TR-DHPE from the plastic vial and transfer to the
chloroform-filled sample vial.

When transferring solutions into the storage vials, it is best to keep the vials closed
as much as possible and to minimize contact with the vial and cap interiors, thereby
minimizing evaporation and contamination. After capping any vial, the outside gap
between the cap and vial is wrapped in Teflon thread sealant tape as an additional
protective seal. The tape must be wrapped clockwise around the vial so that the cap is
not loosened. All stock solutions and samples are stored in a freezer (-20 °C) when not in
use. When removing from the freezer, allow to come up to room temperature and wipe

off condensation before removing Teflon tape and cap.

A.3 Preparing Wilhelmy plates

Filter paper (grade 541, Whatman) is cut into 3 mm by « 1 cm strips. Next, two glass
petri dishes are cleaned using a three-stage solvent rinse. The first stage is alternating
rinses of acetone (ACS grade) and ultrapure water (Milli-Q)), three times each. The second
stage is alternating rinses of isopropyl alcohol (HPLC grade) and ultrapure water, three
times each. The final stage is three rinses with ultrapure water. Finally, one dish is filled
with HPLC-grade chloroform and the other is left empty. The Teflon-lined forceps used
to handle the cut filter paper is first cleaned by wiping down with acetone and isopropyl

alcohol. Using the cleaned forceps, each filter paper strip is submerged in the chloroform
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and then laid in the empty dish to air dry. Once dry, the petri dish is covered and stored
to prevent the accumulation of dust. When mounting a filter paper strip, handle with
cleaned forceps. Using the tip of the forceps, puncture a hole into one end of the paper.
Bend a « 1 inch piece of stainless steel wire into an approximate ‘s’ shape. Using the
forceps, thread the wire through the hole in the paper. The Wilhelmy plate is now ready

to be mounted onto the tensiometer.

A.4 Magnet holder design and handling

The electromagnetic coils are secured by a custom 3D printed holder. One purpose
the magnet holders serve is to hold the coils in a fixed position, so that the magnetic field
is kept consistent across experiments. The other function is to separate the coils from the
monolayer and subphase. Previous iterations of magnet holders have been built directly
into troughs [4I] or out of aluminum [38]. The advantage of 3D printing the holder is
the ease of customization. A schematic of the design made for the experiments in this
body of work is shown in Figure [A.2] Overall, the design is optimized to minimize the
interfacial area it takes up. For example, the slots for the coils (Fig. , solid arrows)
and the syringe tip holder (Fig. , dashed arrows) are the only parts that protrude out
of the subphase during experiments. Keeping those features small leaves more accessible
interfacial area for the monolayers. The bottom platform (Fig. solid lines) lifts the
cone off the bottom of the trough, allowing molecules in the subphase (e.g. PLAj) to
enter the cone from below in addition to the slits along the top of the cone. The second
tier (Fig. dashed lines) holds the cone in place to keep the magnetic field consistent
across experiments. The purpose of the syringe tip holder (Fig. , dashed arrows) is
to keep the injection site in the subphase (e.g. PLA; solution) at a constant location and

prevent errors that can arise if injecting by hand. The distance between the slots for the
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coils was chosen to hold the coils as close together as possible, while leaving room for the
objective.

Because 3D printed magnet holders are easy to customize, the magnet configuration
is not limited to one experimental setup. For example, holders can be designed to fit
different trough geometries. However, if the distance between the coils or the relative
height of the cone changes, additional measurements are needed to determine the new
ratio of the magnetic field to the current (B/I). First, set up the coils and cone in the
magnet holder. Secure the gauss meter wand (5180 Gauss meter, F.W. Bell) to a ring
stand using a clamp. Check the gauss meter manual to make sure the gauss meter wand is
oriented in the proper direction to measure the magnetic field between the coils. Lower
the clamp so that the gauss meter wand is just inside the cone, where a microbutton
would sit during an experiment. Turn on a constant magnetic field for a range of applied
voltages (0-1 V in increments of 0.1 V). Record the reading on the gauss meter for each
voltage. Repeat four more times, raising and lowering the gauss meter wand between each
series of measurements. Average the B values for each voltage. Measure the resistance
across the coils, then convert voltage to current. Apply a linear fit to B versus I and take

the slope as the new B/I. Finally, enter B/I into the rheology GUI.
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|
| [ [ |

Figure A.2: Schematic of 3D-printed magnet holder design from different angles.
Walls of slots for electromagnetic coils (solid arrows) and syringe tip holder (dashed
arrows) protrude out of subphase in experiments. Slots keep coils dry and placement
consistent across experiments. The syringe tip holder enables hands-free injection of
PLAs-solution at the same site across all experiments. Cone sits on bottom platform
(solid lines), lifted off the trough to enable PLAjg in the subphase to enter the cone
from below. Cone is held in place by the walls of the second tier (dashed lines), so
that cone placement is consistent across experiments.
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A.5 Microbutton handling and setup

When not in use, microbutton probes are stored in ultrapure water (Milli-Q) in a glass
vial. The vial rests on top of a rare earth magnet to keep the probes magnetized. Prior to
depositing a microbutton, the subphase has to be sufficiently low so that the probe doesn’t
flow out of the cone. The appropriate subphase level is determined through trial and error
by depositing a probe and watching to see if it remains in the cone. The appropriate
subphase level depends on the specific cone used and its height from the bottom of the
trough. If the cone and height are consistent, a notch could be made on the magnet
holder to visually indicate when the subphase level is correct. To deposit a microbutton,
it is first picked up by touching the needle tip of a syringe (tuberculin syringe, 27 gauge
needle, BD) to a floating probe in the storage vial. This process is difficult to do by
eye and is made easier by looking at the storage vial under magnification and additional
light. The probe is deposited on the interface by tapping the loaded needle tip to the
air-subphase interface inside the cone. Successful deposition can be initially verified by
eye; setting the brightfield light source to the maximum intensity makes it easier to see
the microbutton. Successful deposition is officially confirmed by finding the probe using
the microscope eyepieces. Confirm that the object is a single microbutton. If attempts
to deposit a microbutton are unsuccessful, aspirate the interface in-between attempts;
any debris or microbuttons out of the field of view can ruin experiments.

After a probe is deposited, the next step is to check the angle of the magnetic moment
relative to the applied magnetic field. The angle will limit the maximum torque that can
be applied, so it is ideal to get it as close to 90° as possible. The angle can be checked
by applying a constant magnetic field and watching the probe rotation. To adjust the
microbutton angle, use Teflon-coated forceps to nudge the outside of the cone, pushing

it to rotate. When finished making adjustments, record an image of the probe when the
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constant field is on and when it is turned off. The rheology GUI assumes the magnetic
moment of the probe is 90° from the direction of the magnetic field. The images are
used to correct the final rheology data, accounting for the actual angle of the magnetic

moment.
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Figure B.1: Larger field of view fluorescence micrograph of Fig. [3.4d, showing the
2D colloidal gel-like network spanning the interface. Note that in this experiment,
degradation detached disk from network. In such cases, rheology after detachment is
not reported; only morphology is tracked.
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Figure B.2: Fluorescence micrographs tracking network breakage event and corre-
sponding mixing of formerly distinct pockets of disordered phase. (a) White arrow
indicates network bridge prior to breakage. Disordered phase above and below have
differing fluorescence intensities, indicating distinct pockets separated by the network.
(b) White arrow points at breakage location. Front of higher fluorescence intensity is
visibly passing through the breakage area, showing the initial diffusive mixing of the
two disordered regions. (c-e) Fluorescence intensities continue to equilibrate, reaching
a fully mixed, uniform intensity in (f).
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Figure B.3: Larger field of view fluorescence micrographs of (a) Fig. and (b)
Fig. from the main text. Micrographs show on a larger scale the impact of
network erosion. Like in Figure S1, rheology data is not taken for detached probes.
Condensed domains lining each probe are understood to be of the same makeup as the
new domains that nucleate at late stages of degradation, like the domain discussed in

Fig. in the main text.

(a) t =10 min

Figure B.4: Larger field of view fluorescence micrographs of (a) Fig. and (b)
Fig. inset. Micrographs show on a larger scale the initial solid-like network when
using relatively fresh (a) or old (b) PLAy. For the monolayer in (b), the probe was
connected until t «~~ 100 minutes; rheology data prior to probe detaching is reported

in Fig.
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Figure B.5: (a) and (b) reproduce Fig. in the main text. The fluorescence micro-
graphs (h-k) correspond to the (h-k) labels in the interfacial rheology data. Micro-
graphs show the points of contact between the condensed phase and the microbutton
probe, outlined in green dashes, transitioning from five points initially distributed
around the probe (h), to three points (i), then two points (j), finally one point (k).
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B.2 Surface behavior of PA and LPC

Palmitic acid, like DPPC, has well established phase behavior on air-water interfaces
[28, [75], [76]. PA is insoluble in the subphase, like DPPC, so its phase behavior can be
described with II-A isotherms. At very low surface concentrations, IT ~ 0 mN/m, PA is
in the gas phase. At IT < 24 mN/m, PA is in a tilted condensed phase and for 1T > 24
mN/m, PA is in an untilted solid phase (T « 21 °C) [76].

Surface rheology measurements have reported for PA on air-water interfaces [77, [76].
A previous study using the microbutton microrheometry technique [76], reported that
the surface shear modulus at 1 Hz is primarily viscous in the tilted condensed phase (0
< II < 24 mN/m). | G” | grows exponentially with II, rising from approximately 10~°
mPa-m to 1072 mPa-m in the tilted condensed phase. At the onset of the untilted solid
phase, | G’ | appears discontinuously. Above the untilted solid phase transition (II > 24
mN/m), the shear moduli grow and the response is elastic-dominated until monolayer
collapse.

LPC is soluble in the aqueous subphase and does not pack to form 2D ordered phases
at the surface like DPPC and PA. For a given concentration of LPC in the subphase
there is a corresponding equilibrium surface pressure, Il.; if the interface is compressed
or expanded, LPC desorbs or adsorbs, respectively, to maintain II.. The adsorption
isotherms of LPC in DI water and phosphate buffered saline plotted in Figure shows
the II, as function of the subphase concentration. At the CMC (C =~ 107° M) and
higher concentrations, the surface pressure remains constant as LPC micellizes in the
subphase. Like other soluble surfactants, LPC is expected to have no measurable surface
shear viscosity [78]. Although an isotherm on Ca?"-containing, Tris-buffer has not been
recorded, it is reasonable to expect that the isotherm will be similar to the isotherms on

DI water and PBS.
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Figure B.6: Adsorption isotherms of LPC in DI water (blue circle) and PBS (orange
square) at T « 21°C.
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(a) ~ 0 mNfm * 50 uMi (b) ~ 0 mN/mite

(d) 2.0 mN/x

Figure C.1: Fluorescence micrographs of 5:1 DPPC:HD at low II. (a) Excess DPPC
coexists as LE (bright phase) and gaseous (black phase, white arrow). 2:1 DPPC:HD
co-crystals form at IT &~ 0 mN/m (outlined in red dashes). Co-crystals are both
dispersed in the LE phase and lining the gaseous DPPC phase boundaries. (b-d) As
monolayer is compressed, gaseous DPPC shifts to LE DPPC until excess DPPC is
fully LE.
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(a) 9.3 mN/m ‘(b)_j?llrﬁl\f/fn 1(c) 9.3 mN/m

Figure C.2: Decompression/compression cycle demonstrating recovery of stripe widths
in 5:1 DPPC:HD + 1.5 mol% monolayers. (a) Stripe widths begin below the limit of
resolution. (b) Monolayer decompressed to II where stripe widths are visible. Stripe
domains are distorted in image because barriers are in motion during image acquisi-
tion. Decompression step was ~7 minutes. (c) Monolayer is compressed back to the
initial II where stripe widths are again below the limit of resolution. Compression
step was ~7 minutes.
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Figure C.3: Surface shear moduli | G’ | and | G” | for 5:1 --DPPC:HD monolayers (a)
and 5:1 rac-DPPC:HD + 1.5 mol% DChol monolayers (b). Monolayers correspond to
same monolayers as in Figure [£.4]
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Figure D.1: Representative II-I" isotherms of DMG-PEG4-n library on an air-water
interface (T ~ 21 °C).
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Figure D.2: Demonstration of overlap concentration approximation on II-I" plot. Black
solid line represents the 2D ideal gas isotherm. Magenta curve denotes the recorded
isotherm (n = 7) and the dashed line corresponds to the semi-dilute fitted line.

slope
2.92
2.47
2.63
2.76
2.63
2.62

@00\10301%‘3

Table D.1: Slopes from linear fits of DMG-PEG4-n isotherms in Figure Slopes
are determined for data within the range of II = 2 — 8 mN/m. II range was limited
by the ranges over which individual isotherms were collected.
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