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ABSTRACT

Research described in this thesis investigates the effects of carbonaceous
particulate matter on model biological membrane structure, organization, and function.
Although the harmful impacts of black carbon are well-documented, researchers lack the
chemically-specific, mechanistic information necessary for understanding how black
carbon aerosols affect lung surfactant spreading and compression. Surface specific
optical spectroscopy methods together with complementary thermodynamic methods are
used to measure how carbon nanoparticles, a model for black carbon aerosols that are a
component of particulate matter (PM2s), change average lipid conformation, orientation,
thickness, and compressibility in monolayers, and how these changes affect overall
membrane organization. Addressing these questions requires a suite of independent, but
complementary, experimental techniques including Langmuir trough and surface tension
measurements, surface specific nonlinear optical spectroscopy measurements including
both second harmonic generation and sum frequency generation, and spectroscopic
ellipsometry measurements. Work presented in this thesis discusses cooperative
adsorption as a possible mechanism to explain the interactions between DPPC
monolayers and PHFs at biologically-relevant aqueous — air interfaces. The experiments
forthcoming represent a detailed investigation of 1) the mechanism(s) responsible for
accumulation of carbon particulates at the aqueous/monolayer/air interface present in the
lungs, and 2) how specific thermodynamic behavior and optical properties (i.e. structure,
composition, membrane integrity, orientation, thickness, and organization) at the
aqueous/monolayer/air interface change with the inclusion of non-biological, nano-sized
materials. Motivating this work is a need to develop a predictive understanding of black
carbon — lung surfactant interactions and how non-biological, nano-sized materials
impact membrane structure and function.



CHAPTER ONE

INTRODUCTION

1.1 Motivation

Work described in this dissertation details how a combination of independent
thermodynamic and optical methods were used to characterize interactions between
soluble carbon particulates and lipid films adsorbed to the water — air interface. These
experiments draw their motivation from the need to understand how lipid monolayers
interact with non-biological, nano-sized particulates commonly found in ambient
conditions. Specifically, carbon particulates generated from biogenic (e.g. wildfires) and
anthropogenic (e.g. automobiles) sources are known to compromise lung surfactant
function, leading to pulmonary disease and other health complications. Furthermore,
carbon particulates — often described as black carbon aerosols — change in composition as
they age, so these interactions will depend upon time dependent properties such as size,
chemical composition, and aqueous phase solubility. The introduction of this thesis
begins by describing black carbon and its life cycle. Following this description, lipid
films and lung surfactant function is described. Section 1.2 details the model systems
chosen as surrogates for the physiological systems that motivate these studies and Section
1.3 addresses the fundamental scientific considerations that are believed to control
particulate-lipid interactions. Section 1.4 provides an overview of the techniques used in
this research, the properties that are measured, and the conclusions that can be drawn

from acquired data.



1.1.1 Black Carbon

Black carbon (BC) is a general term that describes a mixture of products resulting
from incomplete combustion and anthropogenic activities, and this material presents
physiological and environmental threats due to its extreme chemical heterogeneity.! In
the U.S., approximately 35% of BC emissions come from wildfires, 52% from
transportation (vehicle and aircraft), and the remaining 13% come from the energy and
industry sectors.? The physiological and environmental impacts of BC can fall into
various categories which include health effects, water quality, climate change, and air
pollution. BC arising from incomplete combustion and anthropogenic activities leads to
increased air pollution.? Specific to air pollution, although BC is generally considered a
short-lived pollutant, it does persist in the atmosphere. Smaller BC particulates can
remain suspended indefinitely, and these suspended particulates collide and react with
other airborne particulates making BC more chemically heterogeneous (with elemental
carbon content dropping from 80% in newly generated particles to under 50% in aged
particles).* > Additionally, due to its short lifetime, newly generated BC often poses
stronger negative health and environmental impacts than aerosolized pollutants of longer
lifetimes. Specific to climate change, BC causes positive radiative forcing, leads to global
warming, as well expedites the melting of snow/ice.> 5® Specific to adverse health
effects, approximately seven million people die every year from poor air quality/air
pollution, with particulate matter pollution being the leading cause of premature deaths.’
Specific to BC contamination impacting water quality, 10% of dissolved organic carbon

in rivers is in the form of dissolved BC.! In order to assess and predict BC’s impact on
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physiological and ecological health, researchers must be able to monitor where BC

aerosols are generated and what happens to them as they persist in the atmosphere.

Freshly generated BC particulates are primarily hydrophobic and can be
externally mixed with other ambient aerosol constituents.® !° Previous studies have found
that BC particulates age in the atmosphere through condensation and coagulation
processes.® More recent studies have found that freshly generated BC becomes coated by
water-soluble material during atmospheric aging, including condensation of sulfate,
nitrate, and small volatile organic species, coagulation with preexisting aerosols, and
heterogeneous reactions with gaseous oxidants.® Consequently, BC aerosols transform
from having a surface of primarily carbon and being strongly hydrophobic, to having the
presence of oxygen and making the surface more hydrophilic, posing a threat to water —
air interfaces.!? Although models exist to estimate BC aging time, results are inconsistent.
For example, in one model the average BC aging rate in Beijing, China is roughly seven
times higher than that in Houston, Texas. In another model approximately 23.1 hours on
average is required in Beijing, China to complete the hydrophobic-to-hydrophilic
conversion, while it takes approximately 8.3 hours for the same conversion process in
Houston, Texas.® Regardless of the models being used and the variable BC aging rates,
the aging process for BC, specifically the hydrophobic-to-hydrophilic conversion
process, happens on a very short time scale considering the lifetime of BC ranges from
days to weeks. Given this short lifetime coupled with this short time scale for the

hydrophobic-to-hydrophilic process, BC can significantly impact water — air interfaces.
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Recent reports suggest that BC aerosols from combustion sources adversely
impact human health more than BC aerosols from other sources.!! Adsorption of BC
aerosols to biologically relevant aqueous/vapor interfaces such as alveoli surfaces causes
health risks and is linked to increased mortality rates throughout the world.!? !* Specific
to pulmonary diseases, BC aerosols change the structural, elastic, and dynamic properties
of lung surfactant and inhibit O transport across the lung lining and into the
bloodstream.!? Lung surfactant, which is the final line of defense from nanoparticle
inhalation, is a heterogeneous chemical mixture consisting primarily of saturated lipids,
specifically 1,2-dipalmitoyl-sn-glycerol-3-phosphocholine (DPPC), with a small amount
of proteins. Despite the harmful effects posed by BC aerosols to lung surfactant function,
researchers lack the chemically-specific, mechanistic information necessary for
understanding how BC aerosols affect lung surfactant spreading and compression,
ultimately leading to decreased lung surfactant functionality.

Several methods exist to measure poor air quality and direct health impacts.
Currently, the FAA uses a combination of field monitoring and dispersion modeling
studies along with statistical methods to estimate BC aerosol toxicity.!* Additionally,
EPA researchers have developed models such as the Human Exposure Model (HEM) to
perform risk assessments from sources that emit toxic aerosols into ambient air (i.e.
studying the inhalation pathway of exposure in order to make predictions about risks
associated with toxic aerosols). EPA models such as the HEM are also being used to
further learn about BC composition, compare BC impacts relative to those of other

airborne particles, evaluate how particulates absorb and scatter different wavelengths of



light, and study the effects of BC on human health through controlled clinical studies
examining effects from exposure to different air quality.!> Much of the health impacts of
BC and particulate matter are studied in vitro and in vivo — not very many studies exist
that investigate fundamental interactions at the molecular level.” '° Based on in vitro and
in vivo studies, particular concern are the class of particles labeled PM25 (< 2.5 um in
diameter) and especially particles smaller than 100 nm because they can be readily
inhaled and penetrate deep into the lungs and bloodstream and translocate to other organs
and tissues.!% 17

BC poses significant impacts on air pollution, climate change, water quality, and
health. However, several questions such as “What factors control short and long-term
health and environmental effects?” and “Are the level of health and environmental effects
dependent on a particle’s chemical composition or concentration?”” remain unanswered.
Although these policy-driven questions address health impacts of BC inhalation, they do
not address fundamental interactions at the molecular level. Current work being done is
largely correlative — we can anticipate or predict the effects of these aerosols on human
health, but we still don’t know how or why BC leads to negative health effects.

My work is motivated by recent reports suggesting that insoluble elemental
carbon nanoparticles, models for freshly generated BC with high elemental carbon
content, within a DPPC monolayer affect DPPC domain growth by inducing DPPC, a
model for lung surfactant, to first form incompressible microscopic domains that exclude

the nanoparticles.!> 1* The domains then increase in size as more DPPC molecules adhere

to the domain perimeter. Because the carbon nanoparticles aggregate around the lipid
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domain perimeters, smaller domains are unable to come together and form larger
structures leading to reduced monolayer elasticity and decreased rigidity.'?

Based on existing models I hypothesize that soluble carbon nanoparticles, models
for BC in the atmosphere that has aged and become oxidized, will affect DPPC
monolayer structure and organization by cooperatively adsorbing to lipid films, leading
to changes in monolayer orientation and packing.

Testing this hypothesis requires addressing fundamental physical phenomena,
specifically interactions at the molecular level. To do so, this thesis will address several
questions to test the proposed hypothesis. These questions include: 1) Are soluble carbon
particulates surface active?; 2) Do soluble carbon particulates remain associated with
biologically-relevant lipid films?; 3) If so, how do these associations affect structure and
organization in biologically-relevant lipid monolayers?; and 4) What role, if any, does
particulate aggregation play in the behaviors? Research discussed in this dissertation will
use optical and thermodynamic techniques to examine the effects of polyhydroxylated
fullerenes (PHFs), surrogates for aged BC, on model biological membranes.'® ' The
studies will focus on using well-controlled model systems to determine 1) the
mechanism(s) responsible for carbon particulate accumulation at the
aqueous/monolayer/vapor interface; and 2) how specific thermodynamic and optical
properties at the aqueous/monolayer/vapor interface change with the inclusion of carbon
particulates. Using a well-defined model biological DPPC monolayer intended to serve as
a lung surfactant surrogate and PHFs as a model for BC components will allow us to

propose a mechanistic understanding of PHF — lipid film interactions.
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1.2 Model Systems

1.2.1 Aged Black Carbon and Lung Surfactant

Nanoparticles can be readily inhaled, and they penetrate deep into one’s lungs.!”

Lung alveoli have an aqueous — vapor interface, shown in Figure 1.1, that acts as a final
line of defense from foreign nanoparticles in the air. Once inhaled, nanoparticles can
penetrate and interact with the lung surfactant lining in the alveoli. Lung surfactant is a
heterogeneous chemical mixture consisting primarily of saturated DPPC (90%), with a
small amount of surfactant associated proteins (10%).2% 2! Lung surfactant functions to
lower surface pressure of alveoli to near zero during breathing to prevent lung collapse.
The surfactant layer is subject to disruption when nanoparticles are introduced to it.
Reduced lung surfactant efficacy is the result of nanoparticle integration into lung
surfactant. Despite the widely known harmful effects of carbonaceous nanoparticles on
lung surfactant function, we still lack the chemically — specific, mechanistic information
necessary for understanding #ow inhalation of these carbonaceous nanoparticles affects

lung surfactant spreading and compression.

alveolar type Il cell alveolar type | cell

lamellar body

tubular myelin“ ("2

alveolar fluid /

\

Alveolus
Figure 1.1. Aqueous/vapor interface in the alveoli of lungs 22
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Successfully identifying how aged carbonaceous nanoparticles affect lipid
monolayer structure, organization and compressibility will require a model system that
has well controlled lipid compositions and controlled concentrations of carbon
particulates so that a single component in a well-known system can be changed in order
to isolate a lipid monolayer’s thermodynamic and optical behavior change as a function
of carbon nanoparticle concentration. Studies described in this dissertation used a well-
defined biological membrane model system with DPPC (Figure 1.2), the primary
component of lung surfactant, and polyhydroxylated fullerenes (Figure 1.2) as a model

for BC that has aged in the atmosphere and become oxidized.

Figure 1.2. 1,2-dipalmitoyl-sn-glycerol-3-phosphocholine (DPPC) (top) and
polyhydroxylated fullerene (PHF) (bottom).

Carbonaceous nanoparticles, such as carbon nanopowder, fullerene, and
polyhydroxylated fullerenes, are products that are commercially available with varying
elemental carbon content, and are often used as model materials to examine the properties
of BC.* Polyhydroxylated fullerenes (PHFs) — also called ‘fullerols’ or ‘fullerenols’ —
comprise a family of soluble carbon particulates that have been targeted for applications

as diverse as drug delivery, metal nanoparticle catalysis and agricultural pest control.?>°
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Interest in PHFs as a functional carbon nanoparticle is driven by its ability to generate
reactive oxygen species when irradiated with UV light.>% 3! PHFs have also been
associated with harmful environmental and physiological outcomes.334

PHFs consist of Ce fullerenes functionalized with a variable number (n =12 —
40) of hydroxyl groups. PHFs are highly soluble in aqueous solution, with solubilities as
high as 58.9 g/L having been reported.>>3¢ PHFs are known to behave nonideally at
higher concentrations, forming aggregates that can be detected by dynamic light
scattering.>>’ Despite the large number of hydroxyl groups decorating the PHF surface,
not all hydroxyl groups contribute to aqueous solubility. Numerous experimental and
modeling studies report that there is asymmetry in the clustering of hydroxyl groups.
Specifically, they tend to cluster on the fullerene surface where they can be stabilized

internally through intramolecular hydrogen bonding?®-4°

, complicating efforts to
understand PHF chemistry in aqueous solution and at aqueous interfaces. Furthermore,
this asymmetry leaves PHFs with hydrophobic surface areas, and this amphiphilic
structure enhances the likelihood of aggregate formation in water*® and makes PHF
surface activity more likely.>!>2

For the studies discussed in this thesis, water-soluble polyhydroxylated fullerenes
are used as model for aged BC constituents that have oxidized in the atmosphere. Using
varying concentrations of PHFs will allow me to change a single component of a well-
defined system and isolate how changing particle properties (i.e. concentration) alters

thermodynamic and optical behavior. Controlling lipid composition and PHF

concentration 1) allows us to isolate the effects of adding specific PHF concentrations to
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a specific mixture of DPPC, 2) allows us to better determine the mechanism(s)
responsible for accumulation of BC at the aqueous/monolayer/vapor interface present in
lungs, and 3) allows us to understand how specific thermodynamic and optical properties

of the aqueous/monolayer/vapor interface change with the inclusion of PHFs.

1.3 Underlying Scientific Principles

1.3.1 Adsorption to Aqueous — Air Interfaces

Aqueous — air interfaces are ubiquitous and are both environmentally and
physiologically significant. These interfaces describe the surface/near-surface region
where water meets air. Although the significance of these interfaces has been well-
recognized, studies of water interfaces at the molecular level are fairly recent >3-, The
main reason for this recent onset of experimental and computational discovery is due to a
limited amount of highly surface-specific techniques that are effective enough to probe
aqueous — air interfaces at the molecular level 3.

Experimentally identifying how a medium’s bulk properties differ from those at
the interface is fundamental in understanding molecularly-based mechanisms of
adsorption, surface structure, and surface reactivity at the aqueous — air interface >’-°. In
its simplest terms, solute adsorption to an aqueous — air interfaces reflects solutes
adsorbing to a surface when they wouldn’t otherwise. The alveoli of our lungs consist of
an aqueous — air interface, as shown in Figure 1.1, that acts as the final line of defense

against nanoparticle inhalation. Once inhaled, nanoparticles can penetrate and adsorb to

the lung surfactant lining in the alveoli, leading to deficiency and dysfunction of lung
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surfactant, and can contribute to a variety of harmful respiratory disorders and illnesses
60, The studies discussed in this thesis specifically address interactions of PHFs and
DPPC, models for aged/oxidized BC and lung surfactant, at a biologically-relevant
aqueous — air interface.

Solute adsorption to interfaces can be difficult predict. Understanding even the
simplest of questions about a solute’s tendency to adsorb to interfaces requires
knowledge of solute-substrate, solvent-substrate, and solute-solvent energetics and
interactions.®! Overarching questions about solute adsorption to interfaces can be distilled
to three specific queries: 1) Will a solute adsorb to a surface from solution?; 2) Is
adsorption reversible or irreversible?; and 3) Does adsorption cease at terminal
monolayer coverage, or will more solutes continue to accumulate leading to aggregate
and/or multilayer formation?°! Answers to these questions depend sensitively on
substrate, solute, and solvent identity and interactions, as well as anisotropy induced at
the interface. From a microscopic perspective, adsorption mechanisms can be used to
assess fundamental interactions at the molecular level at an interface of interest.

The consequences of cooperative adsorption to liquid interfaces are far-ranging in
a host of fields including groundwater remediation, sea spray aerosols (SSA), black
carbon (BC), and remote sensing.%”7* When considering liquid interfaces, cooperative
adsorption is a common proposed mechanism for molecular interactions occurring at
these interfaces. This thesis describes cooperative adsorption to a liquid interface as
potential non-covalent interactions (at the surface/near-surface region) between insoluble

molecules at the interface, and solutes in the bulk phase, with the interface being the
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depth to which anisotropy exists. More specifically, the work in this thesis investigates
the hypothesis that soluble carbon particulates will adsorb to biologically-relevant lipid

films at the water — air interface when they wouldn’t otherwise.

1.3.2 Cooperative Adsorption

In the broadest sense, cooperative adsorption describes synergistic effects that
enhance adsorbate surface activity relative to expectations based on simple ideal
interactions between independent, non-interacting species and an interface.”>’® These
interactions can be as simple as Coulomb attractions between oppositely charged
surfactants that lead to surfactant crowding at a water—air interface,” or as nuanced as
entropy driven changes that drive selective ion adsorption at liquid surfaces.30-8?
Cooperative adsorption has been addressed with thermodynamic models that consider

83-85 a5 well as with

changes to surface tension and the impact of double layer formation
more discrete, molecular descriptions that include multivalent interactions between
monomers and aggregates and adsorbate conformational effects responsible for isomer
separation.’ 8690 Regardless of how cooperative adsorption is described, the

phenomenon has important effects on the properties of physiological, industrial, and

environmental systems.

1.3.2.1 Differentiating Ideal vs. Non-ideal Interaction Cooperative Adsorption

Systems. Unlike the cooperative adsorption model, the Langmuir adsorption model
ignores adsorbate/adsorbate interactions. Experimental evidence exists for

adsorbate/adsorbate interactions, specifically with two distinct types of
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adsorbate/adsorbate interactions: direct interaction and indirect interaction. Direct
interactions between adjacent adsorbed molecules might make additional adsorption
more likely or less likely depending on specific details about the resulting monolayer
structure and organization. This direct interaction has the greatest effect on high-coverage
behavior. Adsorbates also have an indirect effect on further adsorption when changes in
surface properties affect subsequent adsorption of additional adsorbates. In the
cooperative adsorption model, both direct and indirect interactions can occur

simultaneously.

1.3.2.2 Differentiating Competitive Adsorption from Cooperative Adsorption.

Unlike the cooperative adsorption model, the Langmuir adsorption model is a reversible
process — the cooperative adsorption model can be either reversible or irreversible. In the
Langmuir adsorption model, adsorption is explained with the assumption that an
absorbate behaves as an ideal gas at isothermal conditions. The sub-phase is assumed to
be an ideal solid surface composed of distinct adsorption sites capable of binding the
absorbate. In the most basic model, we assume that there is only one species adsorbing to
the surface. Competitive adsorption considers the case when there are two distinct
absorbates present in the system. Both adsorbates compete for the same adsorption sides
on the adsorbent. The competitive adsorption model assumes that all adsorption sites are
equivalent, and that each site can hold at most just one of the two absorbates, not both
adsorbates simultaneously. Additionally, there are no interactions between adsorbate
molecules on adjacent sites. For the cooperative adsorption model discussed in this thesis,

with the presence of a tightly packed insoluble lipid monolayer adsorbed to the surface no
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vacant interstitial space between the lipid monomers exists for a soluble adsorbate to
occupy. However, in the cooperative adsorption model, solutes with high solubilities sti//
adsorb to the surface despite having no vacant adsorption sites, and the solutes do interact
with the insoluble lipid monolayer when they wouldn’t otherwise. These conclusions are
self-evident in surface tension compression isotherms and are also readily informed from

independent nonlinear and linear optical measurements.

1.3.2.3 Molecular Structure and Organization of Langmuir Films. When

considering adsorption to water — air interfaces, Langmuir films represent a limiting case
because all molecules are constrained to the surface and cannot be solubilized in bulk
aqueous solution. The amphiphilic nature of the surfactant has the charged headgroup
solvated in the water with the two (saturated or unsaturated) acyl chains either lying on
the surface (at low coverage) or generally directed along the surface normal (at high
coverage). The water — air interface possesses excess free energy that originates from the
difference in environment between the surface molecules and those in the bulk. This
interfacial free energy can be measured by the system’s surface tension. Surface pressure
is then determined by measuring the surface tension between a clean surface and the
same surface with an insoluble monolayer present. The most important indicator of
monolayer properties (i.e. organization or packing) is given by measuring the surface
pressure as a function of area of the water surface available to each molecule (often
reported as mean molecular area or MMA).

Insoluble Langmuir films are a critical component in lung surfactant mixtures that

enable alveoli to expand and contract without having to overcome the high surface
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tension associated with water-air interfaces. %+ 2193

Lipids are also the primary
components of biological membranes whose primary function is to contain and protect
the interior of cells from chemical threats in the periplasm.®% %949 When considering
insoluble lipid monolayers, lipid film function depends sensitively on the monolayer’s
structure and organization. Structure and organization in lipid monolayers adsorbed to
liquid interfaces depends sensitively on conditions of the liquid subphase. Numerous
studies have shown that solutes can intercalate into lipid films, inducing structural
disorder, and altering membranes permeability and phase behavior 7.

Relevant for work described in this dissertation, recent studies have reported that
soluble carbon particulates, surrogates for aged BC, also show an affinity for insoluble
lipid films at liquid interfaces. BC aerosol adsorption to biologically relevant liquid
interfaces such as alveoli surfaces has long been associated with health risks and is linked
to increased mortality rates throughout the world 13, Specific to pulmonary diseases,
BC aerosols change the structural, elastic, and dynamic properties of lung surfactant 7
190 The mechanisms responsible for these effects, however, remain under debate.
Specifically, the impact of carbon particulates on lung surfactant structure and
organization, and the consequences of these interactions on lung surfactant’s dynamic
properties remain correlative at best. Experimental data suggest that low concentrations
of BC do affect lipid monolayer structure strongly, suggesting cooperative adsorption

where the DPPC attracts and retains BC in the surface/near surface region, enriching the

interface’s organic content and forcing lipid monolayers to adopt an altered structure

66
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Work described in this dissertation examines interactions between highly soluble
fullerene particles (polyhydroxylated fullerenes or PHFs) and Langmuir monolayers
composed of the lipid 1,2 dipalmitoyl-sn-glycero-3-phosphocholine (DPPC). Data in
Chapters 3 and 4 show that even though PHFs are themselves weakly surface active, very
low bulk solution concentrations lead to observable and sometimes pronounced changes
in DPPC structure and organization. These findings strongly suggest that PHFs are more
strongly attracted to the aqueous surface covered by the lipid film. Such affinity is
consistent with a cooperative adsorption mechanism. An invited review of cooperative

adsorption phenomena is being prepared for submission to the journal Langmuir.

1.4 Techniques

1.4.1 Surface Specific Techniques

Cooperative adsorption in this thesis describes interactions between insoluble
Langmuir monolayers and soluble organic molecules at the water/air interface.® 6 101
We propose that the soluble organic molecules are drawn to the surface/near-surface
region, through non-covalent interactions, by the insoluble lipid monolayer and they
cooperatively adsorb. In order to investigate the cooperative adsorption mechanism at the
water/air interface, surface specific techniques are required to address the questions
outlined in 1.1.1.33 6566, 101

To address whether PHFs are surface active, surface tension measurements will

be used to obtain surface pressures of PHF solutions at varying concentrations. Gibbs

adsorption equation will then be applied to these data to determine terminal surface
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coverages.'? Next, Langmuir trough measurements will be used to investigate how PHFs
affect a lipid film’s thermodynamic properties. Langmuir trough experiments will
examine lipid monolayer phase behavior, surface tension and collapse pressure when
carbon particulates are introduced to a DPPC film. Langmuir trough isotherms will show
phase changes the monolayer undergoes and how particle addition disrupts lipid film
order. From these data we will determine whether PHFs remain associated with lipid
films.

While thermodynamic data are instructive, they do not provide any direct
information about surface behavior or molecular structure and organization. In order to
determine how inclusion of carbonaceous particulates changes surface behavior at the
interface, and how it changes lipid film organization, second harmonic generation (SHG)
and vibrational sum frequency generation (VSFG), both second order nonlinear optical
technique that measure surface behavior and vibrational spectra of surface species are
used. SHG and VSFG will be used to look at microscopic changes occurring at the
aqueous/vapor interface, specifically changes in surface behavior and the conformational
distribution of the lipid films with the inclusion of carbon particulates. Finally,
spectroscopic ellipsometry (SE) is used to observe macroscopic properties including lipid
monolayer surface thickness and reflectivity

Together, data provide an independent, interlocking description of how PHFs
affect lipid film structure, organization, and conformation. Using a simple model system
(and building up in complexity) to study PHF — lipid film interactions in conjunction with

the techniques mentioned above will provide us with specific molecularly resolved data
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that is both quantitative and enables us to predict how specific PHF concentrations affect
model biological membranes while providing clues about the molecular origin of

detrimental health effects induced by BC.

1.4.1.1 Langmuir Trough and Surface Tension. Langmuir monolayers of lipids
(i.e. DPPC) and lipid-based mixtures are common models used to study surface
properties of biological systems.!? 103-197 T angmuir trough surface tension measurements
are used to measure the two-dimensional phase behavior of lipid monolayers.
Compression isotherms provide a measure of the phase changes a lipid monolayer
undergoes during compression and expansion. For my proposed work, Langmuir trough
isotherms will be obtained to examine the thermodynamic and structural properties of the

aqueous/monolayer/vapor interface in model pulmonary systems.

4
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Figure 1.3. Langmuir isotherm of DPPC with phase regions (55 A%/molecule).!%8

A compression isotherm (Figure 1.3) measures surface pressure as a function of
molecular area. Surface pressure (I1) is obtained by taking the difference between the

surface tension of Millipore water (y,) and the surface tension of the system (y) as seen
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in Equation 1.1. Millipore water has a surface tension of 72.5 mN/m at 23°C.!* The
collapse pressure, where a Langmuir monolayer is compressed beyond its stability limit,
for DPPC is also 72.5 mN/m. By taking the difference of the surface tensions of

Millipore water and DPPC on Millipore, we determine the system’s surface pressure.

[I=vy9—v (Eqn. 1.1)

At large areas per molecule (when the barriers are far apart), the lipid molecules
are dispersed as a 2-dimensional gaseous (G) phase — the hydrophobic tails of the lipid
are randomly oriented and in contact with the water surface but have little contact with
each other. As the lipid monolayer is compressed into a liquid-expanded (LE) phase
(shown on the right side of Figure 1.3), the hydrophobic tails of the lipids come into
contact with each other and lift from the water surface but remain largely disordered and
fluid. Further compression of the monolayer leads to a first-order transition into a liquid-
condensed (LC) phase (when the barriers are close together). In single component lipid
monolayers (i.e. DPPC), the LE-LC coexistence phase is delineated by a plateau in the
isotherm that extends from approximately 85 A%/molecule to 60 A*/molecule shown in
Figure 1.3.108-110

Given that PHFs are weakly surface active, we can determine excess free energies
of mixing (Gex). Free energies of mixing can be determined by using Equations 1.2-1.5.
In Equation 1.2, A, is the area per monolayer of molecule n, and x;, is the mole fraction
of molecule n. With Equation 1.2 we can determine the average area (Acx) and use this
value in Equation 1.3 where excess free energy (Gex) is the area under the curve that plots

excess area per molecule with respect surface tension. In Equation 1.4, free energy of
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mixing is represented as the sum of the free energy of an ideal monolayer and the excess
free energy of mixing. Equation 1.5 can be used to find the free energy of an ideal

monolayer.
Aex = A1y — (X141 + X243) (Eqn. 1.2)
AGey = [ Aexdm (Eqn. 1.3)
AGpix = AGjq + AGey (Eqn. 1.4)

AGiq = kp T(x11n x1 + x2In x3) (Eqn. 1.5)

In order to study the behavior of PHFs with DPPC monolayers, studies will focus
on more loosely packed lipid films (~55 A%/molecule) and densely packed lipid films
(~ 40 A%/molecule). At lower surface coverages (~55 A%molecule) lipid films have
vacant, interstitial spaces so we hypothesize that PHFs should have a more significant
impact on the DPPC monolayer structure and organization in this regime than for higher
surface coverages (~40 A%/molecule). The Langmuir trough isotherms will allow us to
extract information about thermodynamic and structural properties at the
aqueous/monolayer/vapor interface. Because DPPC forms monolayers with LE-LC
coexistence phases, compression isotherms of PHFs with DPPC will address how PHFs
affect a DPPC monolayer’s thermodynamic properties by showing disruption in ordering
of the DPPC film with the addition of particulates. Data from these experiments will
allow us to determine if a DPPC monolayer’s structure and organization, at a given area
with the inclusion of PHFs, is impacted post-compression.'!! We will learn about changes

in lipid phase behavior (lipid arrangement), surface tension, changes in collapse pressure,
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surface coverage, and free energies of adsorption when PHFs are introduced to a DPPC

film.

1.4.1.2 Second Harmonic Generation Spectroscopy. Resonance enhanced second

harmonic generation (SHG) spectroscopy is a second order nonlinear optical
spectroscopic technique that is inherently surface specific. Shortly after the discovery of
the first Ruby laser, nonlinear optical effects were first reported !'2. Because linear
polarization could no longer account for the effects of intense, coherent optical radiation
(i.e. a laser), nonlinear optical effects were explained by expanding the expression for the
polarization, P(t) = g,xVE(t), in a power series to contain more than the linear

contribution (Equation 1.6).

P(D) = o [xXVE® + xPE®? + xXPE®3 + ... (Eqn. 1.6)

The second order nonlinear optical polarization, also known as P(?, is the origin
of second order nonlinear optical effects. P() is equal to the second order nonlinear
optical susceptibility times the incident electric field squared, P@ (t) = g;x P E()@.
The second order nonlinear optical susceptibility, also known as x(?, is a third rank

tensor which means by definition, Xi(jzk) = —x(_zi)_]._k, a statement that is only true in

spatially isotropic materials if X = 0. For this reason, the only systems in which x® =
0 are those with an inherent anisotropy (i.e. interfaces). This unique attribute of x(*

enables for one to detect signal from molecules at intrinsically anisotropic interfaces.
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When two laser beams with different frequencies are incident on a medium with a
non-zero nonlinear susceptibility (x®) # 0), substitution into the expression for the

second order nonlinear polarization (P®® (t)) gives Equation 1.7.

PP (t) = ggxP[(E2e 12wt 4 E2e71(202)t 4 ¢ () + 2E, E, (e i(@rtwalt 4

e i@1=02)t 4 ¢ ¢) + 2(E? + E2)] (Eqn. 1.7)

The frequency components in Equation 1.7 are comprised of signals from three
separate second order nonlinear optical techniques: SHG, SFG, and difference frequency
generation (DFG). Of these three second order optical nonlinear effects, two are useful
for spectroscopic experiments at interfaces: SHG and SFG.

In SHG, two incident photons of frequency w couple to produce a single SH
photon of frequency of 2Zw. SHG is typically performed with incident photons in the
visible region, generating photons in the ultraviolet. When either the incident or the
generated SH light is resonant with an electronic transition of molecules present at the
interface, the SH signal experiences a resonant enhancement, making resonance enhanced
SHG a useful tool to study electronic structure of interfacial molecules and materials, as
well as surface behavior.

SFG will be discussed in further detail below, but briefly it is similar in principle
to SHG. In SFG there are two photons of different frequencies, w; and w,, which
combine to give a single photon of frequency w; (w3 = w; + w,). SFG requires that the
two pulsed laser beams, w, and w,, overlap at the sample both spatially and temporally,

as well as necessitating that at least one medium making up the interface be transparent to
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both visible and IR light. Similar in principle to SHG, when the IR frequency in SFG is
resonant with a vibrational transition of molecules present at the interface, SF signal
enhancement occurs. This SFG signal enhancement allows for detailed structural
information of interfacial molecules.

As the experiments in this thesis were interested in the water — air interface, both
SHG (complementary electronic spectroscopy to fluorescence) and SFG (complementary
vibrational spectroscopy to Fourier-transform infrared spectroscopy (FTIR)) were used.

Not only is x®) surface specific due to its behavior with respect to inversion, but
elements in the x(?) tensor are also molecularly specific. The x(® tensor consists of two

components, a resonant (R) portion and a nonresonant (NR) portion (Equation 1.8).
x® = x8 + % (Eqn. 1.8)

The nonresonant portion (Xl(\lzl%) of x® in the experiments described in Chapter 3 is small

and therefore fit to a constant. The resonant portion (Xg)) of x is the orientational

average over the molecular hyperpolarizability times the total number of surface

A

wo—w—il"’

molecules as shown in Equation 1.9, where f3 is given by 8 =

X = N(B;;x) (Eqn. 1.9)

When breaking down the components of 3 in Equation 1.9, A is a constant related

113

to the one- and two-photon absorption resonances of molecules at the interface ''°, w,, is
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the resonant frequency of a transition, w is the frequency of incident light, and I' is the
linewidth associated with a transition.

To conduct SHG experiments, a Coherent Libra-HE Ti:sapphire chirped pulse
regenerative amplifier (1 kHz repetition rate, 3.4 W average power, 800 nm, 85 fs
pulses), coupled to an optical parametric amplifier (Coherent OperA Solo, FWHM 10
nm) to create the wavelengths needed to perform SHG experiments, was used. To prevent
from oversaturating the detector, neutral density filters were used, when necessary, to
reduce the intensity of the light. The beam from the Coherent OPerA Solo, OPA, was set
to a specific wavelength and was focused on the sample. The fundamental beam was
then filtered out of the reflected light from the sample, and the SH photons were collected
by a photomultiplier tube (PMT), which was coupled to a monochrometer to discern

relevant wavelengths.

Monochrometer

P \
\ & PMT
Coherent OPerA Solo

Polarizer & Waveplate N

Lens .

Figure 1.4. Experimental geometry of the SHG instrument.

To study changes in surface behavior at the interface with the addition of PHFs,
studies will focus varying PHF concentrations and bulk-phase concentrations (varying

NaCl concentrations). The SHG data will allow us to extract information about the
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optical behavior of PHFs with varying solution-phase ionic strength at the aqueous/air

interface.

1.4.1.3 Vibrational Sum Frequency Generation Spectroscopy. VSFG is a surface-

specific, second-order nonlinear optical technique commonly used to study molecular

structure at liquid interfaces >3. My research will use VSFG to examine lipid structure and

orientation in adsorbed monolayers with the inclusion of PHFs. VSFG is both surface and

molecularly specific, meaning that surface vibrational spectra of liquid interfaces can be

used to learn about lipid conformation and orientation. Based on the polarization

dependence and relative intensities of different features, I will measure how PHF

adsorption induces changes in lipid conformation and average orientation 3. These

experiments will be performed with lipid monolayers having different surface coverages

and different compositions.
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Figures 1.5. Schematic of an SFG process at an interface that is detected in the reflection
direction (left) & Jablonski diagram of SFG process with wg at resonance with a

vibrational transition (right) >.

In a VSFG experiment two oscillating electromagnetic fields (Ei) at different

frequencies ((DViS and ®p) overlap both spatially and temporally on a surface of interest
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(Equation 1.10). The two fields couple through the 2" order susceptibility tensor (x(?) to

generate a third field equal in frequency to the sum of the first two (oasumz o+ OJIR). For

an SFG process, the 2" order polarization (f’)) that generates the output is given by
Equation 1.11. X describes the relationship between two applied electric field vectors
(E! and E?) and the resultant vector (P(®)) 114, The 2™ order polarization (Equation 1.11)
can then be expanded into Equation 1.12 where it consists of four components, including
the SFG portion. The red pieces are DC fields that correspond to THz frequencies, the
green pieces comprise the second harmonic generation (SHG) portion, the blue piece is
the difference frequency generation (DFG), and the violet piece is the sum frequency

generation (SFG) !4,

El = Elcosw, t + E2cosw,t (Eqn. 1.10)
R o o 2
P® = eyx@(E'cosw,t + E2cosw,t) (Eqn. 1.11)

— —_2 .2 — — —_ =
P@ =E'" + E2” + E¥cos2w,t + E2 cos2w,t + ~E'EZ cos(w; — w,) t +

N |-

E'E2 cos(w; + w,) t (Eqn. 1.12)

N |-

2
(ws; 01, w3) & [XP] 1 ()13 (wz) (Eqn. 1.13)

Because VSFG is a second-order nonlinear process, it depends on the 2" order
susceptibility x ® "4, x @ is a third rank tensor and is antisymmetric with respect to
inversion. In isotropic media, this property requires that all elements of the x ®) tensor are
zero. When an interface between two materials or centrosymmetric media is present,

inversion symmetry breaks and a VSFG signal is generated, which demonstrates that
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VSFG spectra represent a thin layer of molecules where only the surface is being probed,
and when there is a net polar orientation, a signal is generated ''*. With the 2" order
susceptibility (x @), the intensity (I) of the output beam can be calculated using Equation
1.13, where w, is the visible frequency, w, is the IR frequency, and w5 is the sum

frequency (w3 = w4 + w,).

X has both a resonant (x,.) and a non-resonant (xy,,) contribution as shown in
Equation 1.14. ¥, results from the vibrational modes while X, is from electronic
responses. The resonant piece is often described with a Lorentzian function (Equation
1.15) where the amplitude term is a product of the IR and Raman transition dipole
moments (Equation 1.16) and ¥, indexes all of the vibrational modes contributing to the
resonant part of the 2" order susceptibility at a given frequency ''*. Equations 1.15 and
1.16 require that any transition observed in a VSFG spectrum be both IR and Raman
active 'S, Equation 1.14 can be substituted into Equation 1.15 to obtain a general
expression for the second order susceptibility, Equation 1.17. Equation 1.17 is used to
model SFG output. When the frequency of a vibrational mode of a surface molecule is

matched by the SFG, the output intensity is resonantly enhanced ',

X = Xnr + Xr (Eqn. 1.14)

— %4 (Eqn. 1.15)

Zq (1)2—(,\)0q+irq

Aq = (ilulv) <v|2—z |1> (Eqn. 1.16)

i A
X = Dnrle'® + Eq 5o oge (Ean. 1.17)
q
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Figure 1.6. MSU Walker Research Group SFG laser diagram.
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55 A%/molecule (top) and 40 A%/molecule (bottom).
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With polarization analysis we can determine the relative orientation of molecules
at the surface (i.e. facing parallel to the surface or angled off the surface) !'% 7, Different
polarization combinations sample different non-zero elements of the x®tensor. With x ),
the intensity of the output beam can be calculated using Equation 1.13 and a ratio of
intensities (i.e. methyl intensities to methylene intensities) can be used to determine tilt
angle. I will use SSP (SsumSvisPir) and SPS (SsumPvisSir) polarization combinations where
SSP samples normal modes with IR transition moments aligned along the surface normal
and the SPS combination probes vibrational modes with transition moments parallel to
the surface. With VSFG, we will be able to look at microscopic changes occurring at the
interface and get direct information about orientation distribution of DPPC with the

inclusion of PHFs.

The VSFG in our lab is best suited for measuring spectra in the CH stretching

region (2700-3100 cm™!). Figure 8 is a vibrational spectrum of DPPC in the CH stretch

.99
T

region where “r”” denotes vibrations associated with the methyl group of DPPC

monomers and “d” describes vibrations associated with methylene groups. The “+”

¢

indicates a symmetric stretch (SS) and a “-” indicates an antisymmetric stretch (AS). d* at
2846 cm! corresponds to a CHa SS, r* at 2870 cm™! corresponds to a CHs SS, 1~ at 2952
cm! corresponds to an out-of-plane CHz AS, 1~ at 2962 cm™! corresponds to an in-plane

CH3 AS, and r'gr at 2930 cm! corresponds to a CH3 Fermi resonance interaction 60 118,

+
The cr1_+ ratio of methyl to methylene intensities is a useful qualitative measure of

118

conformational order in the DPPC monolayer ''°. Based on the features that appear in

VSFG spectra having different polarizations, we can infer details about interfacial
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molecular composition as well as molecular orientation. Because our current setup probes
CH stretches, we will not see any VSFG signal from PHFs, but we will see how the
signal for DPPC changes with the addition of PHFs.

To study changes in structure and orientation distribution of the interface with the
addition of PHFs, studies will focus on loosely packed lipid films (~55 A%/molecule) and
densely packed lipid films (~ 40 A%/molecule). In lower surface coverage
(~55 A%/molecule) there is more surface area that is unoccupied by the lipid film so PHFs
should have a more significant impact on the DPPC monolayer than for higher surface
coverage (~40 A%/molecule). The VSFG vibrational spectra will allow us to extract
information about the changes in orientation of the lipid monolayer with the addition of

PHFs at the aqueous/monolayer/vapor interface.

1.4.1.4 Spectroscopic Ellipsometry. SE is increasingly being used for studying

biological systems and characterizing surface layers®> 6% 119-122 Unlike standard
ellipsometry, SE allows you to measure two ellipsometric angles (¥ and A) that provide
information about the sample at each wavelength over a wide spectral range '2°. SE is a
real-time site-specific surface or interface technique where the ratio of reflection of p-
versus s-polarized light is compared to a model to learn the optical constants of materials
124 SE is used to observe macroscopic properties of a sample such as thickness, refractive
index, and optical density, allowing us to learn about ideal versus non-ideal mixing in

terms of PHF-lipid film interactions.
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Figure 1.8. Ellipsometry schematic 2.

In SE, linearly polarized incident light (two orthogonal light waves in-phase)
changes to elliptically polarized light (combination of orthogonal waves of arbitrary
amplitude and phase) after reflection off of a sample. Elliptical polarization is detected by
placing an analyzer in front of the detector, and it can be rotated to select out a certain
projection onto an x-y axis. The amplitude (V') of a sine wave is detected, which provides
information about the tan®¢, term, ¢, being the known angle of incidence (Equation
17), and the phase (A) of the sine wave is detected, which provides information about the
phase shift. The ratio of p- versus s-polarized light (p, also known as the complex
reflectance ratio) can be found using Equation 1.18. In order to find p, the amplitude
component (¥, Equation 1.19) and the phase difference (A, Equation 1.20) need to first
be determined. W and A are ellipsometric angles that provide information about the
properties of the sample. tan W is equal to the ratio of the intensities (or absolute
magnitudes) of the p- and s-polarized light. A is the difference in phase between the p-
and s-polarized light. Once W and A are obtained, one can determine the complex
reflectance ratio (p) and use p to derive the optical constants and other components of

your sample using Equation 1.21, where € is the relative permittivity (aka dielectric
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function), x is the electric susceptibility, n is index of refraction, k is the extinction
coefficient, the “n+ik” term is referred to the complex refractive index, and ¢ is the

known angle of incidence.

o= ? = tan(¥) exp (iA) (Eqn. 1.18)

tan ¥ =% (Eqn. 1.19)

A = A, - Ag (Eqn. 1.20)
_12
e =14y = (n+ik)? = sin? ¢, + sin’¢, + tan?d, [%z] (Eqn. 1.21)

To study DPPC monolayer thickness, surface reflectivity and other optical
constants of the aqueous/monolayer/vapor interface in the presence and absence of PHFs,
studies will focus on loosely packed lipid films(~55 A%molecule) and densely packed
lipid films (~ 40 A%molecule). At lower surface coverages (~55 A%/molecule) I expect
that PHFs should have a more significant impact on DPPC monolayer structure than
when adding PHFs at higher surface coverage (~40 A*molecule). SE allows for real-time
characterization of our interface with spectral resolution of 2 nm, spatial resolution of
~20-400 um and depth penetration between 1 A to 50 um. We will focus the beam on a
spot size on the surface and will be able to determine how surface reflectivity and

monolayer thickness change with varying PHF concentration.

1.5 Organization of Thesis

Note that Chapters 2-4 are prepared in manuscript format for future submission.

Due to their publication (or anticipated publication) in literature, information in the
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introductions, materials, and methods sections of these chapters may appear in several
different sections of this dissertation. Research described in this dissertation is organized

as follows:

Chapter 2: Surface Activity and Aggregation Behavior of
Polyhydroxylated Fullerenes in Aqueous Solutions

Chapter 2 describes the surface activity and aggregation behavior of PHFs in bulk

aqueous solutions (varying NaCl concentrations) at the water/air interface.

Chapter 3: Carbon Nanoparticle-Induced Organizational Changes
in Lipid Monolayers at Water — Air Interfaces

Chapter 3 describes how PHFs in Millipore water induce organizational changes

in DPPC monolayers at the water/air interface.

Chapter 4: Carbon Nanoparticle-Induced Changes to Lipid
Monolayer Structure at Air — Water Interfaces. 2. lonic Strength
Effects

Chapter 4 describes how the addition of salt impacts PHF-DPPC interactions,

specifically organizational changes in DPPC monolayers at the water/air interface.

Chapter 5: Conclusions and Future Directions

Chapter 5 includes the summary of research described in Chapters 3-5 and
includes a discussion on further experiments that should be performed to continue this

project.
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CHAPTER TWO

SURFACE ACTIVITY AND AGGREGATION BEHAVIOR
OF POLYHYDROXYLATED FULLERENES

IN AQUEOUS SOLUTIONS

2.1 Introduction

Polyhydroxylated fullerenes (PHFs) - also called ‘fullerols’ or ‘fullerenols’ —
comprise a family of soluble carbon particulates that have been targeted for applications
as diverse as drug delivery, metal nanoparticle catalysis and agricultural pest control.?>°
In part, this interest in PHFs as a functional carbon nanoparticle is driven by its ability to
generate reactive oxygen species when irradiated with UV light.>% 3! PHFs have also been
associated with harmful environmental and physiological outcomes, including enhanced
copper release from ores and measurable phototoxicity in human epithelial cells.3>3*
Despite this intense interest in PHF properties and applications, simple questions about
PHF behavior in aqueous solution remain unanswered. Specifically, accurate,
quantitative descriptions of PHF surface activity and aggregation tendencies remain
tentative and incomplete. Findings reported in this work show that PHFs are, in fact,
weakly surface active and that their surface activity depends on solution phase ionic
strength, supporting the premise that surface activity and solution phase aggregation are
inextricably linked.

PHFs consist of Ceo fullerenes functionalized with a variable number (n = 12 - 40)

of hydroxyl groups, These carbon nanoparticles are highly soluble in aqueous solution,
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with solubilities as high as 58.9 g/L having been reported.*> 3¢ PHFs are known to
behave nonideally at higher concentrations, forming aggregates that can be detected by
dynamic light scattering.’>=3” PHF behavior at lower concentrations is less well
characterized, although most reports generally assume — either explicitly or implicitly —
that PHF solutes are monomers in aqueous solutions having concentrations < 0.1
mg/ml.!2% 127 Despite the large number of hydroxyl groups decorating the PHF surface,
not all hydroxyl groups contribute to aqueous solubility. Numerous experimental and
modeling studies report that hydroxyl groups tend to cluster on the fullerene surface
where they can be stabilized internally through intramolecular hydrogen bonding.*%-4
This asymmetry complicates efforts to understand PHF chemistry in aqueous solution
and at aqueous interfaces. Simple models describing properties based on functional
group additivity will be less effective because not all hydroxyl groups contribute equally
to stabilization in solution. Furthermore, clustering of hydroxyl groups on one side of a
fullerene structure leaves PHFs with hydrophobic surface areas that resemble engineered
Janus particles.!?® 122 This amphiphilic structure enhances the likelihood of aggregate
formation in water>® and makes PHF surface activity more likely.>! 2

Resolving questions about PHF behavior in aqueous solution and PHF surface
activity also has impact beyond advancing the community’s understanding of this
specific class of carbon-based materials. Fullerenes are often used surrogates for more
heterogeneous carbon black aerosols.!*%-132 Although carbon particulates often have
extremely hydrophobic character when first generated, they become more hydrophilic as

they age in the environment and become oxidized.!3*-13> Consequently, identifying PHF
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properties in aqueous environments marks a first step toward understanding how
heterogeneous carbon aerosols affect the properties of atmospheric and terrestrial water
surfaces and bulk solution chemistry.!36-138

Findings reported below result from studies examining PHF surface activity and
PHF aggregation as a function of bulk concentration and solution-phase ionic strength.
The data imply that PHF aggregation in bulk solution impacts PHF adsorption to
aqueous/vapor interfaces and that PHFs aggregate at bulk concentrations much lower
than previously acknowledged. Surface tension data show PHFs to be modestly surface
active, forming monolayers with a terminal surface coverage of 7.50 x 10'3 /cm? (130

A?molecule). Conductivity measurements confirm that the PHFs are charged. Surface

activity is confirmed with second harmonic generation measurements.

2.2 Experimental Methods

2.2.1 Materials

The carbon nanoparticles used were commercially available polyhydroxylated
fullerene powder (Cso(OH)n - (H20)m, average n = 20-24 measured by size exclusion
chromatography; American Elements, Los Angeles, CA). Sodium chloride was purchased
from Sigma-Aldrich (99.999% purity; St. Louis, MO). All chemicals were used as
received without further purification. Water used in the aqueous experiments was
nanopure, from a Millipore filtration system, and had a resistivity of 18.2 M{) and a

surface tension of 72.5 mN/m at 23 °C.
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2.2.2 Preparation of Samples

Polyhydroxylated fullerene stock solutions (0.5 mg/mL) were prepared in
Millipore water and in solutions containing 50 mM NaCl and 500 mM NaCl. All
solutions were sonicated for 5 min to ensure complete dissolution. The polyhydroxylated
fullerene stock solutions were used to prepare aqueous PHF solutions having

concentrations of 0.5, 0.125, 0.06 0.03, 0.0075, and 0 mg/mL.

2.2.3 Surface Tension (Terminal Surface Coverages)

Surface tension measurements were carried out using methods described
previously.62 6466139 Briefly, a NIMA Langmuir trough (Model 302LL) equipped with a
NIMA PS4 pressure sensor and a microprocessor interface 104 was used to perform
measurements. Paper Wilhelmy plates (Brown Waite Engineering) were used to measure
surface tension. Surface pressure (II) was measured as a function of concentration. The
surface pressure is the difference between the surface tension of the underlying neat
liquid subphase (y,) and the surface tension resulting from the subphase and surfactant
monolayer (y), PHF solutions in this case (Equation 2.1).

[1=vy,—y (Eqn. 2.1)

By using the relationship in Equation 2.1 we obtain a concentration versus surface
pressure plot. Treating adsorbed PHF solutes as soluble surfactants, we then used the
140

Gibbs adsorption equation to determine limiting surface coverages (Equation 2.2):

[IA=nx*k*T *In[C] (Eqn. 2.2)

an 1
= i T (Egn. 2.3)
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where I is the surface excess concentration. Equation 2.2 can be simplified to Equation

dIl
din[C]

2.3 to approximate I, or surface excess, where is the slope of steepest ascent

determined from a PHF concentration versus surface pressure plot.

2.2.4 Second Harmonic Generation (SHG)

SHG experiments were performed to assess if PHF surface activity measured in
the surface tensions measurements manifested in the sample's optical properties. In these
experiments, the incident wavelength was set to 690 nm and the SHG signal was detected
at 345 nm. This combination of wavelengths leveraged the broad electronic resonance
shown by PHFs in aqueous solution. This resonance increases at short wavelengths. A
PHF UV-vis absorption spectrum is shown in Figure 2.3. Details of the experimental
assembly have been described previously.>® 61> 141- 142 Briefly, ~3.4 W from a Ti-Sapphire
regenerative amplifier (Libra-HE, Coherent, 85 fs pulses, 1 kHz repetition rate, 800 nm)
was coupled to a visible optical parametric amplifier (Coherent OPerA Solo) and focused
on the sample. Incident visible light was attenuated to below 2 mW with neutral density
filters before it reached the sample, if and when necessary. The second harmonic signal
was collected using a photomultiplier tube and photon counting electronics. Data for each
sample at the wavelength of interest were collected over 3-5 separate 10 s intervals,
background corrected, and then averaged.

The intensity of the collected second harmonic signal is proportional to the square
of the second order polarizability, P? (Equation 2.4), in Equation 2.5, where:

P® = y@ : E(w)E(w) (Equation 2.4)
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12w) « |P(2)|2 = |)((2)|21(a))2 (Equation 2.5)

SHG's surface specificity stems from the surface's second order susceptibility,
v®, a third rank tensor whose elements must be antisymmetric with respect to inversion
(Equation 2.6):

x3e=-x%_,; _. (Equation 2.6)

While this condition forbids SHG from originating from bulk solution, solutes
adsorbed to interfaces are subject to surface anisotropy and can become SH active.
Finally, we note that ¥ itself can be expressed as the sum of resonant (R) and
nonresonant (NR) contributions (Equations 2.7 and 2.8)

x® = % + xP (Equation 2.7)

(2) — — Ak,e .
Xr = N{Bapc) = N e CEy—— T p———— (Equation 2.8)

where N refers to the number of surface species; Pabc is the orientationally averaged
hyperpolarizability; Ak is an amplitude term related to the transition dipoles between the
ground (g), intermediate (k) and excited (e) states, wo is the frequency of the incident
light and I is the ground-excited state transition linewidth. The resonance condition for
SHG requires that an SH response originate from an electronic transition that is both 1-

and 2-photon allowed.!!3



42

2.3 Results

2.3.1 PHF Surface Activity

Surface tension measurements were used to assess PHF surface activity. Figure
2.1 shows surface pressure data for PHF solutions as a function of the natural log of PHF
concentration where a concentration of 1.0 mg/ml has been chosen as the reference
concentration. Measurements were made using solutions having three different ionic

strengths: 0, 0.05, and 0.50 M (where ionic strength was controlled by addition of NaCl).

15 —|PHFs in 0 mM NaCl
I=6.4*10"/cm?
| (155 A%/molecule)

10 4 PHFs in 50 mM NaCl
8- r=5.210"cm?
(193 A’molecule)

T x T I

PHFs in 500 mM NaCl v +
r=2.5%10""/cm? P

(404 A’/molecule)

Surface Pressure (mN/m)
N
|

0 e
-6 -4 -2 0 2
In[C] (mg/mL)

Figure 2.1. Terminal surface coverages of PHFs in 0 mM NaCl (neat Millipore water)
(top). Terminal surface coverages of PHFs in 50 mM NaCl (middle). Terminal surface
coverages of PHFs in 500 mM NaCl (bottom). Black lines are empirical fits of the data to
a sigmoidal function and are used to calculate slopes at different bulk solution PHF
concentrations

According to Equation 2.3, the slope of steepest ascent provides a direct measure

of the terminal PHF surface excess concentration.!*’ The data show PHFs are, in fact,
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surface active despite their high aqueous solubility. Specifically, PHFs have terminal
surface coverages of 155 A%molecule in 0 mM NaCl (neat Millipore water), 193
A%molecule in 50 mM NaCl, and 404 A%/molecule in 500 mM NaCl with an uncertainty
of ~£5-10 A%/molecule. Surface tension data show that in Millipore water, a
concentration of ~0.5 mg/ml is required to reach terminal surface coverage but adding
NaCl to solution dramatically lowers the bulk PHF concentration required to reach

(lower) terminal surface coverages. Surface coverages are reported in Table 2.1.

Table 2.1. PHF surface coverages (in both molecules/cm? and A%/molecule) in 0, 50, and
500 mM NacCl as a function of PHF concentration.

PHF
0 mM NaCl 50 mM NaCl 500 mM NaCl
concentration
(/cm?) A? | (/em?) A? | (/em?) A?
(mg/mL)
Terminal
6.4*103 | 155 |5.2*¥1013 | 193 | 2.5%103 | 404
coverage
0.519 6.4*103 | 155 |5.2*¥1013 | 193 | 2.5%103 | 404
0.260 5.1*%103 | 194 | 5.2*%1013 | 193 | 2.5%103 | 404
0.130 3.7¥103 | 273 | 5.2*%1013 | 193 | 2.5*%103 | 404
0.063 2.3*%1013 | 434 | 5.1*1018 | 196 |2.4*103 | 408
0.033 1.4*¥103 | 705 |4.1*1013 | 239 |2.3*10'3 | 428
0.008 4.3%10'2 | >2200 | 1.5*%1013 | 664 | 1.8*10"3 | 549
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Previous studies have proposed that PHFs form aggregates in aqueous solution.'??
Additional work has reported that dissolved NaCl limits PHF aggregation through
screening effects and reducing the PHF hydrodynamic diameter by up to 50%, 122 143 144
Data in Figure 2.1 and Table 2.1 support the PHF aggregation hypothesis. They also
confirm the surface activity of PHFs and support claims that PHFs also aggregate at the
air — water interface.!!®-12! In pure water surface pressure data show the highest surface
coverage, while increasing ionic strength reduces terminal PHF surface coverage by a
factor of three. Fitting these data from Figure 2.1 lead to adsorption energies of -29 (+7)
(0 mM NaCl), -26 (£7) (50 mM NaCl), and -21 (£7) (500 mM NaCl) kJ/mole '°% (see
Figure SI-2.5).

Details about PHF structure can be used to rationalize PHF surface behavior.
PHFs consist of a hydrophobic core and hydrophilic pieces (~20 hydroxyl groups) and
these hydroxyl groups are not uniformly distributed around the fullerene structure.** 143
This inhomogeounus distribution of -OHs on the fullerene structure can drive aggregation
by creating Janus-like hydrophilic and hydrophobic surface regions on the same PHF.!4¢
The PHFs used in these studies are also charged. The literature contains conflicting
accounts about the charged state of PHFs in solution, so conductivity measurements were

carried out with PHF Millipore water 44 146-148

. Control experiments testing the
conductivity of ethanol in water and NaCl at equivalent PHF concentrations were also

performed (Figure 2.2).
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Figure 2.2. Top: Conductivity measurements of PHFs in comparison to ethanol/Millipore
water mixtures. The dashed line corresponds to a linear fit of solution conductivity as a
function of PHF concentration including concentrations of 0.03 mg/ml. Bottom:
Conductivity measurements of NaCl at equivalent PHF concentrations. Uncertainty in
measured conductivities is < +1.0 uS/cm.

Conductivity experiments were performed using Millipore water having a
resistivity of 18.2 MQ-cm (= conductivity of 0.055 uS/cm). When comparing NaCl
conductivity to that of PHFs at equivalent concentrations, the data show clearly that the
PHFs used here increase the ionic strength of the aqueous solution and do with a slope

that strongly suggests that, on average, PHF solutes carry a formal charge of around -4.
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At PHF concentrations above 0.03 mg/mL, the data start to depart from linearity
reflecting an activity constant of less than unity and suggesting that in Millipore water

aggregation may start to affect PHF solvation.

2.3.2 Optical Behavior of PHFs at Air — Water Interface in Bulk
Solution

An independent, non-invasive means of testing PHF surface activity is to measure
how PHF adsorption changes a surface’s optical properties. PHFs have a broad,
featureless absorbance across the visible and UV region that rises smoothly at shorter
wavelengths (Figure 2.3). For the wavelengths used in SHG experiments, 690 nm
incident and 345 nm signal, the molar extinction coefficient increases by 3.6. Resonance
enhanced SHG experiments took advantage of these features to independently evaluate

PHF surface activity.
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Figure 2.3. Absorbance measurement of 0.03 mg/mL PHF in Millipore water.

Figure 2.4 shows the SHG response measured from the water—air interface as a

function of bulk PHF concentration in Millipore water and in solutions containing 50 mM
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and 500 mM NaCl. Several observations stand out. First, PHF solutions in Millipore and
50 mM NaCl show measurable SHG signal having comparable magnitudes to that
observed from the neat water-air interface. The fact that PHFs have a SHG response
means that the resonant electronic transition is both 1- and 2- photon allowed.'* By
symmetry, this discovery predicts a non-symmetric distribution of —OH groups on the
fullerene structure.'®® Second, SHG signal from PHF samples in 500 mM NaCl solutions
are significantly suppressed. These observations are consistent with the surface tension
data in Figure 2.1 that show PHF surface activity to be significantly suppressed in

solutions having high ionic strength.
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Figure 2.4. Fixed wavelength (690 nm incident and 345 nm for collection) relative SHG
signal intensity of PHFs at higher concentrations in 0 mM NaCl, 50 mM NacCl, and 500

mM NaCl.

The third observation is the most curious: SHG signal as a function of
concentration does not behave in a manner consistent with simple monomer adsorption to
a surface.>® Relative to the neat air-water interface, SHG intensity first decreases at low
PHF concentrations before starting to increase (in the case of Millipore and 50 mM NaCl)

when PHF concentration exceeds 0.063 mg/ml. According to Equations 2.5 and 2.8, in
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the absence of surface coverage-dependent reorientational effects, Isug should scale as N?
meaning that the signals reported in Figure 2.4 should rise quadratically with increasing
PHF concentration. The fact that the SHG first drops and then rises with increasing PHF
concentration is consistent surface aggregation and implies that aggregates rather than
monomers are responsible PHF surface activity and the enhanced nonlinear optical
susceptibility observed at PHF concentrations above 0.06 mg/ml. ¢! These findings are
also consistent with the very low surface excess concentrations reported in Table 2.1 in
the 500 mM NaCl solutions where the high ionic strength is expected to suppress
aggregate formation. While these conclusions are admittedly speculative, the data do
show that PHF adsorption affects the nonlinear optical properties of the water—air
interface and hint that PHF surface chemistry reflects a delicate balance between a
solute’s aggregation behavior both in bulk solution and in the anisotropic surface

environment.

2.4 Conclusions

Surface tension data from PHF dissolved in Millipore, 50 mM NaCl, and 500 mM
NaCl solutions show that highly soluble PHFs are also weakly surface active. Increasing
solution phase ionic strength suppresses but does not eliminate PHF adsorption to the
aqueous-air interface. Conductivity measurements show that PHFs used in these studies
are charged with an average charge of -4 per monomer. Independent SHG measurements
confirm PHF surface activity, and the data are generally consistent with conclusions
based on surface tension data. However, SHG results show unusual behavior in the low

PHF concentration limit, implying that PHF speciation at the surface is changing. We
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propose that in the low concentration limit, the SHG response reflects contributions from
monomers while at concentrations >0.06 mg/ml, the nonlinear optical response comes
from aggregates. Given the prevalence of soluble, inorganic carbon species in
environmental systems, we anticipate that findings reported in this work will have
important consequences for predicting how carbon-containing particulates affect the

surface properties of rivers, streams, and aqueous aerosols.
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CHAPTER THREE

CARBON NANOPARTICLE-INDUCED ORGANIZATIONAL

CHANGES IN LIPID MONOLAYERS AT

WATER - AIR INTERFACES

3.1 Introduction

Black carbon (BC) is a component of PM; 5 (particulate matter <2.5 um in
diameter) produced by both natural and anthropogenic combustion processes. BC aerosol
adsorption to biologically relevant water — air interfaces such as alveoli surfaces has long
been associated with health risks and is linked to increased mortality rates throughout the
world 13, Specific to pulmonary diseases, BC aerosols change the structural, elastic, and
dynamic properties of lung surfactant !> 1%, The mechanisms responsible for these
effects, however, remain under debate. Specifically, the impact of carbon particulates on
lung surfactant structure and organization, and the consequences of these interactions on
lung surfactant’s dynamic properties remain correlative at best. Furthermore, the
chemistry of these heterogeneous systems becomes even more complex when one
considers that BC itself changes as a function of time. While BC typically starts out
hydrophobic with high carbon content, oxidative processes render aged BC much more
hydrophilic and highly soluble in aqueous solution 3> 36 133-135,

Studying the effects of BC on lung surfactant typically proceeds in one of two

ways. At a physiological scale, in vitro and in vivo experimental systems demonstrate the

effects of carbonaceous pollutants by directly linking inhalation of and exposure to
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nonbiological particulates in the atmosphere/environment to cardiorespiratory health
impacts, including susceptibility to respiratory viruses, particle — induced lung cancer,
pulmonary pathophysiologic changes, and cardiac injury '>!-134. A second approach
attempts to identify specific particulate surfactant interactions by distilling the system’s
complexity to its component parts, starting from the level of model systems in order to

13.17.155 " Both approaches are necessary, as the

generalize to larger, ensemble effects
physiological studies are, by definition, considering the consequences of BC on lung
surfactant function, and the laboratory, model-system experiments provide the detailed,
molecular level insight necessary for developing predictive models. Work described in
this manuscript adopts the latter approach: optical and thermodynamic methods are used
to evaluate the effects of soluble carbon particulates chosen as models for aged BC on
dipalmitoylphosphatidylcholine (DPPC) monolayers adsorbed to the water — air interface
as a function of monolayer compression.

The system used in this work was chosen to reproduce many of the features found
at the tissue — air interface in lungs. Lung alveoli consist of a water — air interface
covered with a surfactant mixture comprised of lipids (90% by mole fraction),
cholesterol (10%) and trace amounts of SP proteins !¢, This surfactant mixture reduces
water — air interfacial tension and enables alveoli to expand and contract during
respiration with significantly reduced mechanical effort ¢ °1-3, Lung surfactant also
represents the final line of defense against aerosol inhalation !” and serves as a barrier

that prevents inhaled particulates from entering the bloodstream. DPPC is the majority

component of lung surfactant, and DPPC monolayers adsorbed to aqueous — air interfaces
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are commonly used to model lung surfactant surface properties such as fluidity,
permeability, and miscibility (in mixed Langmuir films) % 649495 Freshly generated BC
aerosols generally start out with high elemental carbon content and are quite
hydrophobic, '°7 but as they age and become oxidized their elemental carbon content
decreases making them hydrophilic and water soluble !33-13%, Polyhydroxylated fullerenes
(PHFs), also known as ‘fullerols’ or ‘fullerenols,” comprise a family of soluble carbon

35,36

particulates (CPs) with solubilities as high as 58.9 g/L in water , making them ideal

surrogates for aged BC aerosols 139132,

In the studies described below, surface tension measurements, surface — specific
vibrational sum frequency generation (VSFG) spectroscopy and spectroscopic
ellipsometry (SE) are used to examine the effects of PHFs on DPPC Langmuir monolayer
structure and organization. Measurements are carried out at two DPPC monolayer
surface coverages: 55 A%/molecule (corresponding to a monolayer in its liquid condensed
state) and 40 A%/molecule (corresponding to a tightly packed DPPC monolayer).

Findings show that even very small amounts of PHF in solution directly impact
monolayer organization. This result is significant by itself, because given PHF high bulk
solubility, simple equilibrium considerations would predict that PHF concentrations
below < 0.125 mg/ml should lead to vanishingly small surface excess concentrations with
very little impact on DPPC monolayer structure. The fact that low PHF concentrations

do affect DPPC monolayer structure strongly suggests cooperative adsorption where the

DPPC attracts and retains PHFs in the surface/near surface region, enriching the
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interface’s organic content and forcing the DPPC monomers to adopt a more ordered

structure.

3.2 Experimental Methods

3.2.1 Materials

1,2-Dimyristoyl-sn-glycero-3-phosphocholine (DPPC) was purchased from
Avanti Polar Lipids Inc. (powder, >99% purity; Alabaster, AL) and used as received.
PHFs were purchased from American Elements (Los Angeles, CA) and used as received.
The PHFs themselves consisted of a mixture of species having the general formula
Cs0(OH)n - mH20, where n=22+2 (determined by SEC-HPLC), m>8). HPLC-grade
chloroform, used as the DPPC spreading solvent, was purchased from Fisher Scientific
(99.9% purity; Waltham, MA). The aqueous subphase used was water from a Millipore
filtration system (Synergy® by Millipore). Before any addition of lipids or PHFs, the

subphase had a resistivity of 18.2 M() and a surface tension of 72.5 mN/m at 23 °C.

3.2.2 Sample Preparation

Sample preparation has been described previously %2-%4. Millipore water was used
for all aqueous sample preparations. Polyhydroxylated fullerene stock solutions (0.5
mg/mL) were prepared in Millipore water and sonicated for 5 min. The polyhydroxylated
fullerene stock solutions were used to prepare aqueous PHF mixtures of 0.0075, 0.03,
0.06, 0.125, and 0.5 mg/mL. DPPC lipid stock solutions (~0.4-0.7 mg/mL) were prepared

in chloroform and sonicated for 10 min. Aqueous PHF samples for VSFG measurements



56
were prepared in borosilicate Petri dishes. The Petri dishes were rinsed with methanol,
acetone, and Millipore water several times prior to acid-washing (50/50 vol.
nitric/sulfuric), and then rinsed with Millipore water several times before use. Surface
tension measurements of these systems show PHFs to be very weakly surface active with
surface concentrations of 7.5*10'3/cm? at the highest bulk concentrations used in these
studies (see Figure 3.1 and Table SI-3.1). A Hamilton glass microsyringe was used to
apply the appropriate amount of the DPPC/chloroform stock solution to the subphase
surface to ensure the desired surface coverage of 55 or 40 A*/molecule. After depositing
the DPPC at the water — air interface, the sample was allowed to sit for > 5 minutes so
that the chloroform could evaporate and the DPPC monolayer could equilibrate — DPPC

was deposited on both a neat Millipore subphase, as well as on aqueous PHF subphases.

3.2.3 Surface Tension and Langmuir Trough

Simple surface tension measurements and Langmuir trough compression
isotherms were carried out using methods described previously 62-%4, Simple surface
tension measurements were carried out to quantify PHF surface activity. These
experiments simply consisted of preparing Millipore solutions having different PHF
concentrations, measuring the surface tension with a calibrated, NIMA PS-4 pressure
sensor (with a paper Wilhelmy plate) and converting the surface tension to surface
pressure. (Equation 3.1):

[1=vy,—y (Eqn. 3.1)
In experiments designed to determine whether or not the soluble PHFs are surface

active, surface pressure is plotted as a function of the natural log of concentration and
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surface excess concentrations are determined using the Gibbs isotherm equation
(Equation 3.2) 149

MMA = nkgT In(c) (Eqn. 3.2)

r=2=_1_ (gq.33)

A~ kgTdlnc

where I is the surface excess concentration, A is the sample area, n is the number of
adsorbed species, kg is Boltzmann’s constant, T is temperature (in K) and c is the PHF
concentration. Note that for the experiments described here, a 1 mg/ml PHF solution was
chosen as a reference concentration. (This concentration corresponds to approximately
0.8 mM.) Terminal surface coverage is determined from the slope of steepest ascent
(Equation 3.3).

To assess the effects of soluble PHFs on insoluble DPPC monolayers,
compression isotherms were acquired using a NIMA Langmuir trough (Model 302LL)
equipped with a NIMA PS4 pressure sensor and a microprocessor interface 104. To
obtain Langmuir trough compression isotherms, Langmuir trough barriers were closed at
a speed of 12 cm?/min, although slowing this compression by a factor of 3 did not change
observed results. Surface pressure (II) was measured as a function of surface area.

Given that the PHFs were found to be only weakly surface active, we can
calculate excess free energies of mixing, AGZ ;. for Equation 3.4. In Equation 3.4, A;, is
the actual area per molecule of a mixed monolayer, A, and A, are the area per molecule
of a pure monolayer of one of the species in the mixed monolayer, and x; and x, are the

mole fractions of each of the species in the mixed monolayer 62 138159,

AGriix = L:lz Nj(Ayp — x1A1 — x,A;)dm (Eqn 3.4)
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Equation 3.4 can be further simplified. Because PHFs are highly soluble in aqueous
solution (>50 mg/mL in H>0), we assume that DPPC (species 1) is the only species
constrained to the water — air interface. Using this assumption, Equation 3.4 simplifies to
Equation 3.5.

AGpiy = f;z Nj(Ai, — Ap)dm (Eqn. 3.5)

Therefore, by integrating the differences in area between the isotherm from the
system of interest and that of pure DPPC as a function of surface pressure, the excess free
energy of mixing can be determined. We note here that if the PHFs showed no affinity

for the DPPC monolayer, this integral would equal zero.

3.2.4 Vibrational Sum Frequency Generation Spectroscopy

Vibrational sum frequency generation (VSFG) is a second-order nonlinear
spectroscopy technique that has been described in detail previously 33 6264160 nterfaces
break the inversion symmetry between centrosymmetric media, leading to VSFG
becoming symmetry allowed provided that species at the interface have a net polar
ordering '!°. To perform VSFG experiments, two oscillating electromagnetic fields at
different frequencies (fixed visible 800 nm and a tunable IR) are overlapped both
spatially and temporally on a surface of interest. The two fields couple through the 2"
order susceptibility tensor, y(?), and create a coherent nonlinear polarization equal in
frequency to the sum of the two input frequencies.

In SFG experiments, the intensity of the resultant SF signal, I (w), is proportional

to the square of the effective portion of the 2" order nonlinear susceptibility, )(gc}, as
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shown in Equation 3.6. The )(22 consists of two parts, a resonant contribution ()(‘gze) £r)

and a non-resonant contribution ()(Is,zig eff): When the IR frequency (w,g) is resonant with

a vibrational mode (w,) of surface species, the SF signal generated is resonantly

enhanced, as displayed in Equation 3.7 10,

@ |?
1) < x| (Ban.3.6)
(2)
@ * _ @ _ Xaerr
Xerr| = |ANReff Zwm_quFq (Eqn. 3.7)

Reported VSFG spectra were acquired under SSP polarization conditions (listed
in order of sum, visible, and IR polarizations, respectively - SsumSvisPir). The SSP
polarization combination samples a single ¥ element, s, and is sensitive to only
those vibrations whose IR transition moment is aligned along the surface normal
(assigned as the z-axis). r+/d+ ratios reported from VSFG spectra are the average of 2-5
measurements taken per sample.

The VSFG setup used has been described in detail elsewhere %254, Briefly, ~3.4 W
from a Ti-Sapphire regenerative amplifier (Libra-HE, Coherent, 85 fs pulses, 1 kHz
repetition rate, 800 nm) was coupled to an optical parametric amplifier (Coherent OPerA
Solo). An 80/20 beam splitter reflects 80% of the 800 nm into a tunable Coherent OPerA
Solo optical parametric amplifier to produce IR light. The 800 nm light and the IR light
(centered at ~3.4 um) are then aligned both spatially and temporally, and focused onto
the sample of interest at 48 and 38°, respectively, from surface normal. The SF response

is then collimated and isolated before being focused into a monochromator (SpectraPro-
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3001, Action Research Corporation). The SF response is then dispersed into a 1340 x 100

pixel CCD (PIXIS100B, Princeton Instruments).

4.2.5 Spectroscopic Ellipsometry

Spectroscopic ellipsometry experiments were carried out with a J.A. Woollam
RC-2 and data were analyzed in CompleteEASE, a modeling software application
distributed by J.A. Woollam. The beam from the instrument was calibrated in the source
and detector prior to every measurement. The signal detected was the change in
polarization upon the incident beam irradiating the sample, which was quantified through
ellipsometric angles W (amplitude ratio) and A (phase difference) in Equations 3.8

and 3.9 respectively.

tan(¥) = % (Eqn. 3.8)

A=A, — A (Eqn. 3.9)
p =2 =tan(¥) e’ (Eqn. 3.10)

A sample of pure Millipore water matched with a mean standard error (MSE) of
0.99-2.28 at the start of the measurements to a model of water at 25 °C. The incident
angle was set at 75° with the thickness set to fit. Once ¥ and A were obtained, the
complex reflectance ratio (p) was determined by using Equation 3.10, and then used
to derive the optical constants (i.e. film thickness) of lipid films at the air — water
interface %122, Monolayer thicknesses reported from SE experiments are the average of

6 measurements taken per sample.
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3.3 Results

3.3.1 Surface Tension and Langmuir Trough

To address whether soluble PHFs affect insoluble DPPC monolayer structure and
organization, experiments were first carried out to assess whether the PHFs themselves
were surface active. Surface tension measurements of PHF-containing aqueous solutions
were made as a function of PHF concentration, and results were plotted as surface
pressure (IT) vs. the natural log of PHF concentration. (Figure 3.1, top) the rise in surface
pressure as a function of PHF concentration shows that these soluble solutes are, in fact,
surface active. The isotherm itself shows unusual behavior. After passing through an
inflection point at a concentration of approximately 0.37 mg/ml (In[C] =-1.0) and
starting to plateau, the surface pressure starts to rise steeply again at PHF concentration
above ~7.4 mg/ml (In[C] > 2.0). Vibrational and ellipsometry experiments show that
PHEF effects on lipid monolayer organization are most pronounced in the low PHF
concentration limit, so all further results described below are carried out with solutions
having PHF concentrations < 0.125 mg/ml (= <-2.8 on Figure 3.1, top). PHF surface
behavior at higher concentrations will be the subject of future studies.

Analyzing the data in Figure 3.1 (top) using the Gibbs isotherm (Equations 3.2
and 3.3) leads to a terminal monolayer coverage of 7.5 x 103 cm™? or, equivalently, ~130
A%molecule. Given an estimated PHF radius of ~4.5A, each PHF has a 64 A2 footprint,
meaning that PHFs adsorbed to the aqueous/air interface are not tightly packed. As the
VSFG and SE experiments described below will show, most of the changes induced by

PHFs on DPPC monolayer organization occur at PHF concentrations below 0.06 mg/ml
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where PHF surface coverage (at the neat water — air interface) is even smaller (2.6 x 10'3
cm? or 380 A%/molecule).

DPPC compression isotherms were acquired on a Langmuir trough having
different amounts of PHF present in the subphase (Figure 3.1, middle). The pure DPPC
isotherm lifts off between 100-110 A%/molecule and passes through a liquid expanded-
liquid condensed coexistence region between 90 A%/molecule and 60 A%/molecule. The
monolayer collapses with a terminal surface coverage of 42 A%/molecule, in agreement
with previous literature reports °2-%4. The isotherms show slight but measurable deviation
with PHF sub-phase concentration. Specifically, increasing PHF concentration leads to
slightly expanded monolayers where a given surface pressure corresponds to increasingly
larger areas. In this context, areas are reported as areas per DPPC monomer given that
PHFs are only weakly surface active with a coverage corresponding to >200 A%/molecule
at the neat aqueous/air interface for a concentration of 0.125 mg/ml. As will be discussed
below, we believe that the DPPC monolayer actually enriches PHFs at the interface in

ways that enhance lipid structure and organization.
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Figure 3.1. Surface tension measurements (In[C] vs. surface pressure) demonstrating
surface activity, where C is PHF concentration. The red line is an empirical fit of the data
to a sigmoidal function and is used to calculate slope at different bulk solution PHF
concentrations (top). Langmuir trough compression isotherms of DPPC with PHF
subphase of varying concentrations (middle). An expanded view of Langmuir trough
compression isotherm data showing slight, systematic variation in liftoff and slope with
changing PHF concentrations (bottom).

3.3.2 Excess Free Energy of Mixing

Because adsorbed DPPC is constrained to the surface, integrating the differences
in area between the isotherm from the system of interest and that of pure DPPC as a

function of surface pressure provides information about mixing behavior at the interface.
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A positive AGEX value reflects a more expanded mixed monolayer relative to the
weighted sums of the pure components. Similarly, a negative AGEX value implies that
the mixed monolayer is more compressed with attractive interactions between the
constituent components. Such an interpretation is misleading for the DPPC/PHF system.

The isotherms in Figure 3.1 (middle) show that at a given surface pressure, the
small amount of PHF in solution leads to a larger DPPC mean molecular area (MMA),
but if PHFs are being drawn to the surface through cooperative interactions, then their
adsorption from the bulk to the water — air interface will force the DPPC monomers to
become more tightly packed. Similar results have been reported before with soluble alkyl
surfactants and with simple monosaccharides 6% 63161, VSFG data below suggest that
such a picture accurately describes the effects of PHFs on DPPC monolayers in the liquid
condensed state (55 A%/molecule). Langmuir trough compression isotherm data from
Figure 3.1 (middle) were analyzed using excess free energy expressions shown in
Equations 3.4 and 3.5. AGEX values in Figure 3.2 show positive excess free energies,
consistent with PHF cooperative adsorption, and although the excess free energies are

small, they have measurable effects on monolayer structure. (Vide infra.)
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Figure 3.2. Excess free energy of mixing for DPPC with PHF solution mixtures at very
low PHF concentrations.

While thermodynamic data are instructive, they do not provide information about
molecular structure and organization. Discerning molecular structure and organization at
interfaces is challenging due to the small number of molecules involved and the
sometimes large, overwhelming responses from bulk solution responses. In order to
determine how inclusion of surface active, soluble carbonaceous particulates changes
lipid film structure and organization, VSFG was used to measure vibrational spectra of

DPPC monolayers in their liquid condensed and tightly packed states.

3.3.3 VSFG (Spectra & r'/d* Ratios)

Figure 3.3 shows VSFG spectra in the CH stretching region of DPPC monolayers

€99
T

in their liquid condensed and tightly packed states. Following convention, “r” denotes
vibrations associated with the DPPC methyl group and “d” describes vibrations
associated with methylene groups 9% 163, The “+” indicates a symmetric stretch (SS) and

a “-“ indicates an antisymmetric stretch (AS). d* at 2850 cm! corresponds to a CH; SS, r*

at 2874 cm! corresponds to a CH3 SS, r~ at 2952 ¢cm™ corresponds to an out-of-plane CHj
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AS, rat 2962 cm! corresponds to an in-plane CH3 AS, and r'rr at 2930 cm™! corresponds
to a CH3 Fermi resonance interaction 17, Note that the y-axes report intensities in
‘arbitrary units’ (au), and intensities should not be compared directly between Figures 3.3
(left) and 3.3 (right). A better indicator of the absolute signal intensities in the two
spectra can be inferred from each spectrum’s S/N. As expected based on number density
and polar ordering considerations, spectra from the more expanded, liquid-condensed
monolayer are much weaker than those from tightly packed monolayers.

A ratio of the r" and d” intensities often serves as a sensitive indicator of alkyl
chain conformational order '**1%6, Under SsumSvisPir conditions, a well-ordered
monolayer with alkyl chains in an all-trans conformation aligned predominantly along
the surface normal will show a strong r* band and a weak d* band. The strong r* results
from the terminal methyl groups aligned with their local C; axes (and IR transition
moments) directed in the laboratory z-axis. Two considerations lead to a weak d* band in
this well-ordered system: first, if the chains are all-frans and aligned along the surface
normal, the CH, symmetric (and antisymmetric) IR transition moments will be aligned
in-plane and will not be accessible to the SSP polarization combination. Second, an all-
trans chain will have local inversion symmetry about each carbon-carbon bond making
the d* transition symmetry forbidden in VSFG experiments. The introduction of gauche
defects leads to more conformational disorder, a weaker r*, and the appearance of now-
symmetry allowed d* transitions. Evidence of this behavior is readily apparent in Figures
3.3 (left) and 3.3 (right), where the more loosely packed DPPC monolayer (55

A?molecule, Figure 3.3, left) has an r*/d" ratio of 0.6 and the tightly packed, well-
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ordered DPPC monolayer (40 A%/molecule, Figure 3.3, right) has an r*/d" ratio of 5.0 This
ratio will serve as an important indicator of how DPPC monolayers are affected by
soluble PHFs. We note that the PHFs themselves have no VSFG active features in the
region of interest. We also acknowledge that the r*/d" ratio in the liquid condensed phase

is very sensitive to small changes in surface coverage so that this value can range from

0.4 to 1.4.

DPPC 55 A%molecule 101 DPPC 40 A®molecule +

0.8+
0.6+
0.4-
0.2-

SF Intensity (a.u.)

SF Intensity (a.u.)

02800 2850 2900 2950 3000 2800 2850 2900 2950 3000
IR Frequency (em™) IR Frequency (cm™)

Figure 3.3. VSFG spectra of 55 A*molecule DPPC on Millipore water at SSP
polarization with peak assignments, and an r+/d+ ratio of 0.60 (left). VSFG spectra of 40
A?/molecule DPPC on Millipore water at SSP polarization with peak assignments, and an

r+/d+ ratio of 5.0 (right).

Figure 3.4 shows resonant VSFG spectra from DPPC monolayers at 55
A?molecule and 40 A%/molecule as a function of solution phase PHF concentration. Of
importance is the scale of SF intensity. Although the data are baseline corrected relative
to a pure water — air interface, addition of PHF to the aqueous solution leads to a baseline
that rises with increasing PHF concentration. Analysis of reflectivity data (Figure SI-3.2)
show that the surface reflectivity remains constant for all PHF concentrations tested in
this work, so the rising baseline is not attributed to a change in reflectivity. We speculate

that the rising baseline may result from broadband fluorescence emission following 2-
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photon absorption, but this hypothesis has yet to be tested and will be the subject of
future studies. The symmetric VSFG lineshapes show that the increasing baseline signal

is not coherent and thus does not interfere with the nonlinear VSFG response.
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Figure 3.4. VSFG spectra of 55 A*molecule DPPC on different concentrations of PHFs
with a neat Millipore subphase (all at SSP polarization), with an r+/d+ ratio of 0.60 (left).
VSFG spectra of 40 A%/molecule DPPC on different concentrations of PHFs with a neat
Millipore subphase (all at SSP polarization), with an r+/d+ ratio of 5.0 (right).

Changes in the VSFG spectra as a function of PHF concentration show that these
soluble carbon particulates affect DPPC monolayer structure. These changes are most
evident when comparing the r'/d"* intensity ratios from the different spectra. Figures 5
shows r*/d" ratios for DPPC monolayers as a function of PHF concentration. These ratios
were calculated from spectra acquired with an SqumSyvisPir polarization combination
meaning that larger r'/d" ratios reflect DPPC chains having more upright, all-trans
conformations. Figure 3.5 shows that, in neat Millipore, PHFs at very low concentrations
increase DPPC acyl chain ordering in a liquid condensed film more so than in a tightly

packed film.
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Figure 3.5. VSFG r+/d+ intensity ratios for DPPC on different concentrations of PHFs in

neat Millipore at 55 and 40 A%/molecule.

This r+/d+ ratio behavior is consistent with results from Langmuir trough
compression isotherms shown in Figure 3.1 assuming a cooperative adsorption
mechanism that draws PHFs from solution to the DPPC covered water — air interface. In
this scenario, PHFs are drawn to the surface by the DPPC monolayer and occupy the
interstitial space between the DPPC monomers/islands in their liquid condensed state.
When adsorbing to the surface, PHF solutes force the DPPC monomers into a smaller
area leading to greater conformational order (and higher surface pressures at a given
MMA). For the tightly packed monolayer, the effects of PHF adsorption are less

pronounced.

3.3.4 Spectroscopic Ellipsometry

SE experiments were carried out to assess changes in the surface’s optical
properties and monolayer film thickness. Figure 3.6 shows calculated thickness of both

the 55 A? and 40 A2 DPPC monolayers as a function of PHF bulk solution concentration.
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The procedure for calculating film thicknesses is described in the Experimental Section

and has been detailed in other reports 167-169,

2.0
18 -A- 55 A%molecule DPPC
—e— 40 A’/molecule DPPC
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Figure 3.6. DPPC monolayer thickness on different concentrations of PHFs in neat

Millipore at 55 and 40 A%/molecule. Monolayer thickness uncertainties range between
+0.034 and £0.16 nm.

DPPC Monolayer Thickness (nm)

SE data show that small amounts of PHF in the subphase lead to systematic
changes in DPPC monolayer thickness. We note that SE measurements of aqueous
solutions containing only PHFs (e.g. samples whose surface tensions are reported in
Figure 1) do not show conclusive evidence of changing surface composition/thickness, so
the data reported in Figure 3.6 assume a model equivalent to that used to fit the DPPC-
only monolayers on Millipore water. The most extreme effects are observed for the 40
A?molecule monolayer. In the absence of any PHF in solution, the tightly packed
monolayer is 1.9 nm thick, a value consistent with previous reports 71, Even the
smallest amount (0.0075 mg/ml) of PHF in solution, however, leads to a 2-fold drop in

monolayer thickness (0.95 + 0.05 nm). Changes in DPPC monolayer thickness are less
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pronounced at higher PHF concentrations, falling between 1.2 and 1.0 nm at
concentrations up to 0.12 mg/ml. For the 55 A%/molecule films, monolayer thickness is
1.1 nm in the absence of PHF, consistent with an ‘thinner’, more disorganized monolayer
and the correspondingly smaller r*/d* ratio observed in the VSFG data. Monolayer
thickness rises slightly at the lowest PHF concentration (to 1.2 nm) before falling

monotonically to 0.8 at a PHF concentration of 0.12 mg/ml.

3.4 Discussion

The studies described above were premised on the notion that interactions
between soluble carbon nanoparticles and lipid monolayers change monolayer properties.
Unknown when the work began was the concentration range where these interactions
would be most pronounced. In this section, findings from each type of measurement —
surface tension, VSFG, and SE — are summarized and interpreted in the context of the
original hypothesis.

Surface tension measurements resulted in two important discoveries. First, PHFs
themselves are weakly surface active, creating terminal monolayer coverages of
7.5 x 10! molecules/cm? at the water — air interface when bulk PHF concentrations
approach 0.5 mg/ml. Fitting the data in Figure 3.1 results in a AGags for PHFs to the neat
water—air interface of -30 (+5) kJ/mole, a value of similar magnitude as for other
nonionic surfactants such as Triton X-100 '°2, Second, even though PHFs are not
strongly drawn to the water — air interface, their presence in solution has readily
observable effects on DPPC monolayer compression isotherms that suggest a cooperative

adsorption mechanism. Specifically, even at the lowest PHF bulk concentration tested in
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this work (0.0075 mg/ml) where surface coverages at the neat water — air interface are
only 3 x 10'2 molecules/cm? or ~4% of full monolayer coverage, PHFs cause DPPC
isotherm to shift to larger areas with consistently larger DPPC MMAs relative to DPPC
on a pure water subphase. While this effect is often interpreted in terms of more
expanded monolayers, an alternative explanation — especially in the context of one
monolayer component being highly soluble in the subphase — is that cooperative
interactions between the PHF and DPPC draw the PHF from solution, enriching
interfacial organic composition and forcing the DPPC monomers into more tightly
packed, better organized structures. Data from VSFG and spectroscopic ellipsometry
measurements support this interpretation for the liquid condensed monolayer. For the
tightly packed monolayer, interpretation of the optical data is more nuanced.

In order to test the effects of PHF concentration on DPPC monolayer structure
and organization, VSFG measurements were performed at two different DPPC surface
coverages: 55 A%/molecule (where the DPPC monolayer is in its liquid condensed state)
and 40 A%/molecule (corresponding to a tightly packed DPPC monolayer). As a measure
of organization within the DPPC monolayer, a ratio of r'/d" intensities was used, where a
larger ratio corresponds to acyl chains tightly packed vertically aligned having very few
gauche defects. Not surprisingly, the tightly packed monolayer on a pure aqueous
subphase is much more ordered than the liquid condensed monolayers with the two
systems having average r'/d" ratios of ~5.5 and ~1.0, respectively.

With increasing PHF concentration, this ratio for the liquid condensed monolayer

rises by a factor of 3 (to 3.0). Together with the surface tension data, these observations
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strongly suggest that PHFs are adsorbing to the surface, effectively compressing the
liquid condensed DPPC monolayer, leading to higher surface pressures at a given DPPC
MMA and more highly ordered DPPC monomers as described above.

PHF-induced changes in tightly packed DPPC monolayer organization are more
challenging to interpret. The well-ordered monolayer inferred from a large r*/d" ratio
diminishes slightly with the addition of the smallest amount of PHF in solution that was
tested (0.0075 mg/ml). This change in r*/d" character coincides with a significant drop in
monolayer thickness as measured by spectroscopic ellipsometry. Given that these
experiments are performed independently and the results reproduce with equivalent
samples, we believe these effects are real and coupled. Higher PHF concentrations —
although still well below PHF concentrations that result in terminal monolayer coverage
— lead at first to modest increases in r*/d* and monolayer thickness (at 0.06 mg/ml) before
both measures of DPPC film structure fall at a PHF concentration of 0.125 mg/ml.

Reconciling a modest r'/d* reduction and a 50% loss in film thickness at the
lowest PHF concentration is challenging. The DPPC monolayer starts out tightly packed,
so unlike with the liquid condensed system, no interstitial space at the water — air
interface exists to accommodate adsorbing PHF monomers. If, however, PHF adsorption
leads to an overall tilting of the monolayer structure, then the DPPC acyl chains could
still retain their high degree of conformational order (with a small d* and a smaller r" as
the IR transition moment is deflected away from surface normal), while the apparent
monolayer width shrinks. The tilt would have to be extreme with a 50% loss of

monolayer thickness corresponding to a 60° deflection from surface normal. Then, as



74
more PHFs adsorb (from solutions having concentrations of 0.03 and 0.06 mg/ml), the
effects induced by the first adsorbed PHFs are diminished and the chains adopt a more
upright structure (and the monolayer appears slightly thicker).

This interpretation is admittedly speculative, but it is consistent with the
observations made from tightly packed DPPC monolayer on a PHF-containing subphase.
While the specific mechanisms responsible for these findings remain uncertain, what is
clear is that the highly soluble PHF solutes do cooperatively adsorb to tightly packed
DPPC monolayers and that the effects of cooperative adsorption are significant even at

the lowest PHF concentrations sampled in this work.

3.5 Conclusions

Results reported here use optical and thermodynamic techniques to examine the
effects of PHFs, a model for aged BC, on DPPC monolayer properties. The first studies
focus on model systems having well-controlled lipid compositions as a function of PHF
concentrations to determine the mechanism(s) responsible for carbon particulate
accumulation at the water — air interface. Surface tension, VSFG and SE experiments all
show that soluble PHFs are drawn to the lipid covered water — air interface through a
cooperative adsorption mechanism, and that this effect is observable even at very low
PHF concentrations. For lipid monolayers in their liquid condensed state where area still
exists between monomers, PHF adsorption (from bulk solution) effectively compresses
the DPPC monolayer making the acyl chains more ordered. For tightly packed DPPC
monolayers, surface tension data, VSFG spectra and spectroscopic ellipsometry

measurements all show evidence of cooperative adsorption although the data are more
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difficult to interpret. One possible interpretation is that the small amounts of PHF
cooperatively adsorbed to the tightly packed DPPC monolayer induces a net ‘tilting’ of
the monolayer away from surface normal leading to a monolayer that appears less well
ordered (according to the r'/d" order parameter) and thinner. From a physiological
perspective, results presented in this work suggest that carbon particulates, especially
those that are at the very small end of PMz 5 range as approximated by the PHFs used
here, may be enriched at the alveoli water — air interface rather than dissolving into the

alveoli’s water subphase.
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CHAPTER FOUR

CARBON NANOPARTICLE-INDUCED CHANGES TO LIPID MONOLAYER

STRUCTURE AT AIR — WATER INTERFACES.

2. IONIC STRENGTH EFFECTS

4.1 Introduction

Black carbon (BC) aerosols arising from incomplete combustion and
anthropogenic activities have long been identified as a cause of diminished respiratory
and pulmonary function, leading to increased mortality rates throughout the world '!-13,
However, efforts to identify carbon particulate-lung surfactant interactions, specifically
the impact of carbon particulates on lung surfactant structure and organization, remain
incomplete and sometimes contradictory '*-17- 155, Work described in this manuscript uses
model-system experiments to provide detailed molecular-level insight into the molecular
mechanism(s) responsible for carbon particulate-lipid monolayer interactions. Such
foundational knowledge is necessary for developing predictive models and considering
the actual consequences of BC on lung surfactant function. Model systems used in this
work have also been employed to assess how aerosolized environmental contaminants
interact with lipid films and to predict the physiological consequences of airborne
pollution 70173,

A DPPC isotherm on pure water has four distinct phases — gaseous phase (QG),
liquid-expanded (LE) phase, a liquid-expanded — liquid-condensed (LE-LC) coexistence

phase, and a liquid-condensed (LC) phase 6174176, The pure DPPC isotherm lifts off
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between 100-110 A%/molecule. At large areas per molecule, the lipid molecules are
dispersed as a 2-dimensional gaseous (G) phase — the hydrophobic tails of the lipid are
randomly oriented and in contact with the water surface but have little contact with each
other. As the lipid monolayer is compressed into a liquid-expanded (LE) phase, the
hydrophobic tails of the lipids come into contact with each other and lift from the water
surface but remain largely disordered and fluid. Further compression of the monolayer
leads to a first-order transition into a liquid-condensed (LC) phase. In single component
lipid monolayers (i.e. DPPC), the LE-LC coexistence phase is delineated by a plateau in
the isotherm that extends from 90 to 60 A%/molecule!**-!'°, The monolayer collapses with
a terminal surface coverage of 42 A%/molecule, in agreement with previous literature
reports 6264,
DPPC phases, including the LE-LC coexistence region, are also on subphases
containing dissolved sodium chloride!”* 176, The effects of salt on Langmuir monolayers,
specifically the impacts of salt on phosphocholine (PC) monolayer structure by means of
Langmuir compression isotherms, have been investigated in detail !+ 176177,
Coordination of ions to surface-active species such as DPPC is known to alter DPPC
orientation, packing, interfacial properties, and surface morphology by significantly
perturbing the sustained LC-LE coexistence regions of DPPC monolayers, leading to
more rigid films around the LC-LE equilibrium 7+ 176181 "Two mechanisms have been
proposed as to how ions affect the aggregation and self-assembly behavior of lipids in

aqueous solution — 1) an indirect mechanism of action where the ions interact with the

water around the lipid, and 2) a direct mechanism of action where ions interact directly
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with the lipids !”*. Monovalent cations such as Na* cause DPPC monolayers to expand
relative to salt-free conditions, with higher salt concentrations leading to more disrupted
morphology in the lipid film 7, Monovalent cations have also been found to increase
DPPC alkyl chain ordering while having little interaction with the DPPC headgroup
organization '7°, Additionally, the presence of salt in the subphase has been found to
increase DPPC monolayer surface pressure at a fixed area per molecule, while
simultaneously causing the I1 — A isotherms to shift to larger areas per molecule which
the highest salt concentration exhibiting the largest shift 174 176 179, 182-187,

In the studies described below, surface tension measurements, surface specific
vibrational sum frequency generation (VSFG) spectroscopy, and spectroscopic
ellipsometry (SE) are used to examine the effects of PHFs on DPPC Langmuir monolayer
structure and organization as a function of solution-phase ionic strength. Measurements
are carried out with DPPC monolayer surface coverages of 40 A%/molecule,
corresponding to tightly packed DPPC monomers, and 55 A%/molecule, corresponding to
a more expanded monolayer in its liquid condensed state. Prior results showed that PHF
concentrations as low as 0.03 mg/ml strongly affected lipid structure and organization,
especially for monolayers in their lipid condensed phase %. Adding salt to the aqueous
subphase amplifies these effects. Again the impact is more pronounced for DPPC
monolayers in their liquid condensed state. PHFs are known to aggregate in solution and
NaCl is often added to inhibit this effect. Assuming that PHFs in 500 mM NaCl
solutions are present as monomers and in pure Millipore as aggregates, we interpret the

results in terms of different species — monomers vs. aggregates — interacting with the
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DPPC monolayer, affecting monolayer energetics, average DPPC monomer
conformation, and DPPC monolayer thickness. Earlier work established that PHF solutes
in aqueous solution, even when very dilute, were drawn to a water—air interface covered
with DPPC through a cooperative adsorption mechanism . Adding salt to the solution
adds chemical complexity to the system in ways that change how PHF associates with

deposited Langmuir films.

4.2 Experimental Methods

4.2.1 Materials

Dipalmityolphosphatidylcholine (DPPC) was purchased from Avanti Polar Lipids
Inc. (powder, >99% purity; Alabaster, AL) and used as received. PHFs were purchased
from American Elements (Los Angeles, CA) and used as received. The PHFs themselves
consisted of a mixture of species having the general formula Ceo(OH)a-H2Om, where
n=22 + 2 (determined by SEC-HPLC), m > 8). Sodium chloride used was purchased
from Sigma-Aldrich (99.999% purity; St. Louis, MO). HPLC-grade chloroform, used as
the DPPC spreading solvent, was purchased from Fisher Scientific (99.9% purity;
Waltham, MA). The aqueous subphase used was water from a Millipore filtration system
(Synergy® by Millipore). Before any addition of lipids or PHFs, the subphase had a

resistivity of 18.2 M) and a surface tension of 72.5 mN/m at 23 °C.
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4.2.2 Preparation of Samples

Sample preparation has been described previously 62-64: 6667

. Aqueous samples
were prepared with Millipore water. Aqueous polyhydroxylated fullerene stock solutions
(0.5 mg/mL) were prepared in 0, and 500 mM NacCl, with Millipore water, and sonicated
for 5 min. The polyhydroxylated fullerene stock solutions were used to prepare aqueous
PHF mixtures of 0.0075, 0.03, 0.06, 0.125, and 0.5 mg/mL. DPPC lipid stock solutions
(~0.4-0.7 mg/mL) were prepared in chloroform and sonicated for 10 min. Aqueous PHF
samples for VSFG and SE measurements were prepared in borosilicate Petri dishes. The
Petri dishes were rinsed with methanol, acetone, and Millipore water several times prior
to acid-washing (50/50 vol. nitric/sulfuric), and then rinsed with Millipore water several
times before use. Surface tension measurements of these systems show PHFs to be very
weakly surface active with surface concentrations of 6.4*10'3 and 2.5*10'*/cm? (in 0 and
500 mM NaCl respectively) at the highest bulk concentrations used in these studies (see
Figure 4.1 and Table SI-4.1). A Hamilton glass microsyringe was used to apply the
appropriate amount of the DPPC/chloroform stock solution to the aqueous subphase
surface to ensure the desired surface coverages of 40 and 55 A%/molecule. DPPC was
deposited on 0 and 500 mM NaCl subphases, both with and without PHFs, at the two
desired surface coverages. After depositing the DPPC at the aqueous — air interface, the

sample was allowed to sit for > 5 minutes so that the chloroform could evaporate and the

DPPC monolayer could equilibrate prior to measurements.
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4.2.3 Surface Tension and Langmuir Trough

Surface tension measurements were carried out using methods described
previously 62:64.66.67 Briefly, a NIMA Langmuir trough (Model 302LL) equipped with a
NIMA PS4 pressure sensor was used to perform measurements. Paper Wilhelmy plates
from Brown Waite Engineering were used to measure surface tension. To obtain
Langmuir trough compression isotherms, Langmuir trough barriers were closed at a
speed of 10 cm?/min. Slowing this compression by a factor of 3 did not change observed
results. Surface pressure (IT) was measured as a function of surface area. The surface
pressure is the difference between the surface tension of the underlying neat liquid
subphase (y,) and the surface tension resulting from the subphase and surfactant
monolayer (y), PHF solutions in this case, as shown in Equation 4.1. All data reported are
the average of 1-5 measurements taken per sample.

(I = yo — 7) (Eqn. 4.1)

By using the relationship in Equation 4.1 we obtain a concentration versus surface
pressure plot. Treating adsorbed PHF solutes as soluble surfactants, we then used the
):140

Gibbs adsorption equation to determine limiting surface coverages (Eqn. 4.2

[IA=nx*k*T *In[C] (Eqn. 4.2)

drl 1
= 2nic] * (Eqn. 4.3)

where I is the surface excess concentration. Equation 4.2 can be simplified to Equation

dIl
din[C]

4.3 to approximate I, or surface excess, where is the slope of steepest ascent

determined from a PHF concentration versus surface pressure plot.
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Given that the PHFs are only weakly surface active, we can calculate excess free
energies of mixing, AGZ ;. (Equation 4.4). In Equation 4.4, A,, is the area per molecule
of a mixed monolayer, A; and A, are the area per molecule of a pure monolayer of one of
the species in the mixed monolayer, and x; and x, are the mole fractions of each of the
species in the mixed monolayer % 138 159,

NGy = f;f Np(Aiz — 2141 — x24;)dm (Eqn. 4.4)

We can further simply Equation 4.4. Because PHFs have a high solubility in
aqueous solution (>50 mg/mL in H>0O), we can assume that DPPC (species 1) is the only
species constrained to the water — air interface. Using this assumption, Equation 4.4
simplifies to Equation 4.5.

AGhix = [ Na(Arp — A)dm (Eqn. 4.5)

Therefore, by integrating the differences in area between the isotherm from the

system of interest and that of pure DPPC as a function of surface pressure, the excess free

energy of mixing can be determined. We note here that if the PHFs did not have an

affinity for the DPPC monolayer, this integral would equal zero.

4.2.4 Vibrational Sum Frequency Generation Spectroscopy

Vibrational sum frequency generation (VSFQG) is a second-order nonlinear optical
spectroscopy technique that has been described in detail previously 33 62-64.66. 160 ySFG
becomes symmetry allowed at an interface, provided that species at the interface have a
net polar ordering, when inversion symmetry is broken between centrosymmetric media

115 To perform VSFG experiments, two oscillating electromagnetic fields at different
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frequencies (fixed visible 800 nm and a tunable IR) are overlapped both spatially and
temporally on a surface of interest. The two oscillating electromagnetic fields couple
through the 2" order susceptibility tensor, y?, and create a coherent nonlinear
polarization equal in frequency to the sum of the two input frequencies, also known as the
sum frequency.
In SFG experiments, the intensity of the SF signal, I (w), is proportional to the

square of the effective portion of the 2" order nonlinear susceptibility, )(g%c, as shown in

Equation 4.6. The )(Sc)f consists of two parts, a resonant contribution ( )(C(Lze) £r) and a non-

resonant contribution ()(IE,ZR) eff): When the IR frequency (w;g) is resonant with a
vibrational mode (w,) of surface species, the SF signal generated is resonantly enhanced,
as displayed in Equation 4.7 ', This resonance enhancement allows us to ignore the non-

resonant contribution ()(IE,ZR) eff) as it is significantly smaller than the resonant contribution

()

(Xq,eff)'
@) |?
(@) Xeff| (Eqn. 4.6)
@ _|.@ Xers
Xerr| = XNR.eff+Z—w,R—wq+irq (Eqn. 4.7)

All reported VSFG spectra were acquired under SSP polarization conditions
(listed in order of sum, visible, and IR polarizations, respectively - SqumSvisPir). The SSP
polarization combination samples a single ¥ element, s, and is sensitive to only

those vibrations whose IR transition moment is aligned along the surface normal
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(assigned as the z-axis). VSFG spectra were then used to report r+/d+ ratios. r+/d+ ratios
reported from VSFG spectra are the average of 1-5 measurements taken per sample.

The VSFG setup used has been described in detail elsewhere 929466, Briefly,
~3.4 W from a Ti-Sapphire regenerative amplifier (Libra-HE, Coherent, 85 fs pulses, 1
kHz repetition rate, 800 nm) was coupled to an optical parametric amplifier (Coherent
OPerA Solo). An 80/20 beam splitter reflects 80% of the 800 nm into a tunable Coherent
OPerA Solo optical parametric amplifier to produce IR light. The 800 nm light and the IR
light (centered at ~3.4 um) are then aligned both spatially and temporally, and focused
onto the sample of interest at 48 and 38°, respectively, from surface normal. The SF
response is then collimated and isolated before being focused into a monochromator
(SpectraPro-300i, Action Research Corporation). The SF response is then dispersed into a

1340 x 100 pixel CCD (PIXIS100B, Princeton Instruments).

4.2.5 Spectroscopic Ellipsometry

Spectroscopic ellipsometry measurements were carried out using methods
described previously 0. Briefly, measurements were performed on a J.A. Woollam RC-2
and data was analyzed in CompleteEASE, a modeling software distributed by J.A.
Woollam. The beam from the instrument was calibrated in the source and detector prior
to every measurement. The signal detected is the change in polarization upon the incident
beam irradiating the sample, which is quantified through ellipsometric angles ¥

(amplitude ratio) and A (phase difference) in Equation 4.8.

p= I;—Z = tan(¥) e'® (Eqn. 4.8)
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e =14y = (n+ik)? = sin? ¢, + sin?¢, + tan?¢, [i—Z]Z(Eqn. 4.9)

A sample of pure Millipore water matched with a mean standard error (MSE) of
0.99-2.28 at the start of the measurements to a model of water at 25 °C. The incident
angle was set at 75° with the thickness set to fit. Once W and A are measured, the
complex reflectance ratio (p) (Equation 4.8) can be obtained and applied to Equation 4.9
to derive optical constants (i.e. film thickness) of lipid films at the air — water interface

119-122 'SE measurements were used to report thicknesses. Monolayer thicknesses reported

from SE experiments are the average of 6 measurements taken per sample.
4.3 Results

4.3.1 Surface Tension and Langmuir Trough

To address whether salt changes how soluble PHFs associate with insoluble
DPPC monolayers, our initial studies focused first on how dissolved salt changes the
surface activity of PHFs themselves. Briefly, solutions with various PHF concentrations
were prepared, in Millipore water and in 500 mM NaCl, and the surface tension of each
sample was measured. According to Equations 4.2 and 4.3, plotting surface pressure as a
function of the natural log of PHF concentration shows PHF surface coverage. Data for
each family of solutions — Millipore and 500 mM NaCl — are shown in Figure 4.1.

Earlier studies demonstrated that PHFs in Millipore are, in fact, surface active
with a terminal monolayer coverage of 7.7 x 10'*/cm? (or 130 A*molecule) at PHF
concentrations of ~50 mg/ml . Conductivity measurements showed that PHFs carried

on average a -4 charge and departure from ideal solute behavior started at concentrations
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as low as 0.04 mg/ml implying a low-concentration onset of aggregation ', Adding salt
to solution reduces but does not eliminate PHF surface activity. The effects of dissolved
NaCl are apparent from the lower terminal surface pressures relative to pure Millipore as
well as a shallower slope in the surface pressure rise (Figure 4.1). Using Equation 4.3,
we calculate a terminal surface coverages of 2.5 x 10'3/cm? PHF coverages for the 500
mM NaCl solution, corresponding to ~400 A>/molecule. (See Table SI-4.1 in Supporting
Information for surface coverages at different PHF concentrations.) Furthermore,
terminal surface coverage is achieved at lower bulk PHF concentrations relative to the
pure Millipore system, supporting the premise that the NaCl solutions have higher
concentrations of monomers and the monomers are adsorbing to the surface.
Interestingly, these observations also raise the question of whether PHFs are adsorbing to
the pure water—air interface as monomers or as aggregates. Experiments described in this
study are unable to resolve this issue.

DPPC compression isotherms were acquired on a Langmuir trough having
different amounts of PHF and NaCl present in the subphase (Figure 4.1). The pure DPPC
isotherm lifts off between 100-110 A%/molecule) and passes through a liquid expanded-
liquid condensed coexistence region between 90 A%/molecule and 60 A%/molecule. The
monolayer collapses with a terminal surface coverage of 44 A%/molecule, in agreement
with previous literature reports %4, The isotherms deviate significantly more from each
other at 55 A%/molecule in the presence of salt when compared to the pure Millipore
isotherms previously reported ®. Specifically, increasing NaCl concentration pushes the

isotherms to higher areas per molecule, as evidenced in Figure 1a. This effect is modest



89
in the absence of any PHF in solution but becomes quite apparent as PHF concentration
increases to 0.125 mg/ml. The effects are most pronounced in the 500 mM NaCl
solution. The shift to higher areas per molecules in the DPPC isotherms with the addition
of salt (no PHFs present) is consistent with literature !74 176177 The 7 — area data from
DPPC in the presence of PHFs is expanded with DPPC taking up a larger mean
molecular area (MMA) at a given surface pressure. This increase can result from PHF
integration into the monolayer causing a larger overall footprint (or MMA) for DPPC
monomers and hints at specific, cooperative interactions between the soluble PHF and the
insoluble DPPC. Complementary vibrational spectroscopy data shown below will reveal
that this cooperative adsorption of the PHFs to the surface affects structure and

organization within the DPPC monolayers.
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Figure 4.1a. Langmuir trough compression isotherms of DPPC with varying NaCl
subphase (top). Langmuir trough compression isotherms of DPPC with 0.06 mg/mL PHF
with varying NaCl subphase (middle left). Langmuir trough compression isotherms of
DPPC with 0.125 mg/mL PHF with varying NaCl subphase (middle right). Langmuir
trough compression isotherms of DPPC with varying PHF and 0 mM NacCl (bottom left).
Langmuir trough compression isotherms of DPPC with varying PHF and 500 mM NaCl
(bottom right).
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Figure 4.1c. Terminal surface coverages of PHFs in 0 mM NacCl (blue trace) and in 500
mM NacCl (red trace). Black lines are empirical fits of the data to a sigmoidal function
and are used to calculate slopes at different bulk solution PHF concentrations.
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4.3.2 Excess Free Energy of Mixing

As described previously, integrating the differences in area between the isotherm
from the system of interest and that of pure DPPC as a function of surface pressure
provide information about the energetics of mixed monolayer formation . A positive
AGEX value typically reflects a more expanded mixed monolayer relative to the weighted
sums of the pure components, while a negative AGEX value implies that the mixed
monolayer is more compressed with attractive interactions between the constituent
components. Such an interpretation is misleading here. The isotherms in Figure 4.1
show that at a given surface pressure, the small amount of PHF in solution leads to a
larger DPPC MMA, but if PHFs are being drawn to the surface through cooperative
interactions, then their adsorption from the bulk to the water — air interface will force the
DPPC monomers themselves to become more tightly packed. Similar results have been
reported before with soluble alkyl surfactants and with simple monosaccharides 6% 63161,
VSFG data below suggest that such a picture accurately describes the effects of PHFs on
DPPC monolayers in the liquid condensed state (55 A%/molecule). Langmuir trough
compression isotherm data from Figure 4.1 were analyzed using excess free energy

expressions shown in Equations 4.4 and 4.5. AGEX

values in Figure 4.2 show positive
excess free energies, consistent with PHF cooperative adsorption, and although the
excess free energies are small, they have measurable effects on monolayer structure.
When determining excess free energies by comparing the isotherms from that of pure

DPPC, the AGEX values deviate as we increase PHF concentration, but the largest change

is seen with the highest NaCl concentration. (Vide infra.)
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Figure 4.2a. Excess free energy of mixing of DPPC with varying NaCl subphase (top).
Excess free energy of mixing of DPPC with 0.06 mg/mL PHF with varying NaCl
subphase (middle left). Excess free energy of mixing of DPPC with 0.125 mg/mL PHF
with varying NaCl subphase (middle right). Excess free energy of mixing of DPPC with
varying PHF and 0 mM NaCl (bottom left). Excess free energy of mixing of DPPC with
varying PHF and 500 mM NaCl (bottom right).
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Figure 4.2b. Excess free energy of mixing of DPPC with varying PHF and varying NaCl
subphase.

While thermodynamic data are instructive with regards to monolayer energetics
and phase behavior, they do not provide information about molecular structure and
organization. Discerning molecular structure and organization at interfaces is challenging
due to the small number of molecules involved and the sometimes large, overwhelming
responses from bulk solution responses. In order to determine how a solution’s ionic
strength changes PHF effects on DPPC monolayer structure and organization, VSFG was
used to evaluate structure and organization in the liquid condensed and tightly packed
DPPC monolayers as a function of solution-phase ionic strength. SE measurements were

also performed to correlate changes in molecular structure with overall film thickness.

4.3.3 VSFG (Spectra & r'/d* Ratios)

Figures 4.3 shows VSFG spectra in the CH stretching region of DPPC
monolayers in their liquid condensed and tightly packed states on solutions of pure water
and 500 mM NaCl. In Figure 4.3 ,“r” denotes vibrations associated with the methyl group

of DPPC monomers and “d” describes vibrations associated with methylene groups %%
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1313

. The “+” indicates a symmetric stretch (SS) and a “-* indicates an antisymmetric
stretch (AS). d* at 2850 cm™! corresponds to a CH, SS, r™ at 2874 cm! corresponds to a
CH3; SS, 1 at 2952 cm™! corresponds to an out-of-plane CH3 AS, r~ at 2962 cm’!
corresponds to an in-plane CH3 AS, and r*rr at 2930 cm™! corresponds to a CH3 Fermi
resonance interaction % !!7, Note that the y-axes report intensities in ‘arbitrary units’ (au)
and should not be compared directly between both spectra in Figure 4.3. A better
indicator of the absolute signal intensities in the two spectra can be inferred from each
spectrum’s S/N. Spectra from the more expanded, liquid-condensed (loosely packed at
55 A%/molecule) monolayer are much weaker than those from tightly packed monolayers
(tightly packed at 40 A%/molecule).

Following convention, the ratio of the r* and d* intensities often serves as a
sensitive indicator of alkyl chain conformational order 1*+16¢, Under SSP conditions, a
well-ordered monolayer with alkyl chains in an all-frans conformation aligned
predominantly along the surface normal will show a strong r* band and a weak d* band.
The strong r* results from the terminal methyl groups aligned with their local C3 axes
(and IR transition moments) directed in the laboratory z-axis. Two considerations lead to
a weak d* band in this well-ordered system: first, if the chains are all-trans and aligned
along the surface normal, the CH> symmetric (and antisymmetric) IR transition moments
will be aligned in-plane and will not be accessible to an SSP polarization combination.
Second, an all-frans chain will have local inversion symmetry about each carbon-carbon
bond making the d* transition symmetry forbidden in VSFG experiments. The

introduction of gauche defects to the chain leads to more conformational disorder, a
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weaker r*, and the appearance of symmetry allowed d* transitions. The r+/d+ ratio will
serve as an important indicator of how DPPC monolayers are affected by soluble PHFs as
a function of solution-phase ionic strength. We note that the PHFs themselves have no

VSFG active features in the region of interest.

— 0 mM NaCl
55 A%/molecule DPPC  — 500 mM NaCl 40 A%molecule ppPc  —— O MM NaCl
350 - — 500 mM NaCl
. 300 -
§ 250 g 600 -
2 200 g
17} = B
@ 150 2 400
< 2
- _ =
b 100 L 200
50 - -
0- x [ x : 0 y x \
2800 2850 2900 2950 3000 2800 2850 2900 2950 3000
-1 -1
IR Frequency (cm ') IR Frequency (cm )

Figure 4.3. VSFG spectra of 55 A*molecule DPPC on 0 and 500 mM NaCl at SSP
polarization with peak assignments (left). VSFG spectra of 40 A%/molecule DPPC on 0
and 500 mM NaCl at SSP polarization with peak assignments (right).

Figure 4.4 shows resonant SFG contributions from loosely packed and tightly
packed DPPC monolayers with varying PHF concentration as a function of solution-
phase ionic strength. Although the data are baseline corrected relative to a pure water —
air interface, addition of PHF to the aqueous solution leads to a changing baseline.
Because prior analysis of reflectivity data shows that the surface reflectivity remains
constant for all PHF concentrations, the changing baseline is not attributed to a change in
reflectivity . As a result, we assign this effect to broadband fluorescence from PHFs
adsorbed to the surface and in solution. The relative intensities are changing in a way that

becomes clearer to see when the r+/d+ ratios are plotted (Figure 4.5).
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Figure 4.4. VSFG spectra of 55 A%/molecule DPPC on different NaCl concentration
subphases with varying PHF concentrations (all at SSP polarization) (left). VSFG spectra
of 40 A%/molecule DPPC on different NaCl concentration subphases with varying PHF
concentrations (all at SSP polarization) (right).
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Figure 4.4 continued. VSFG spectra of 55 A%/molecule DPPC on different NaCl
concentration subphases with varying PHF concentrations (all at SSP polarization) (left).
VSFG spectra of 40 A%/molecule DPPC on different NaCl concentration subphases with

varying PHF concentrations (all at SSP polarization) (right).
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Figure 4.4 continued. VSFG spectra of 55 A%2/molecule DPPC on different NaCl
concentration subphases with varying PHF concentrations (all at SSP polarization) (left).
VSFG spectra of 40 A%/molecule DPPC on different NaCl concentration subphases with

varying PHF concentrations (all at SSP polarization) (right).

The VSFG spectra as a function of PHF concentration show that dissolved NaCl
changes how PHFs affect DPPC monolayer organization. These changes are most
evident when comparing the r*/d"* intensity ratios from the different spectra. Figure 4.5
shows r*/d" ratios for loosely packed and tightly packed DPPC monolayers with varying
PHF concentration for the different NaCl concentrations. These ratios were calculated
from spectra acquired with an SqumSvisPir polarization combination. Traditionally, a
larger r*/d" ratio is associated with a more ordered monolayer with chains adopting
all-trans conformations and aligned along the surface normal. In light of monolayer
thickness results described below, we note that the all-frans conformation will lead to low
intensity in the d* band due to local inversion symmetry about each carbon-carbon bond,
but if the monolayer adopts a net chain tilt away from surface normal, this behavior will
leave the methyl symmetric stretch () with less of its IR transition moment projected
along the surface normal. The net result will be a smaller r*/d" ratio but the origin will be

monolayer tilt within the monolayer rather than increased conformational disorder.
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Figure 4.5 shows that, in neat Millipore (0 mM NaCl), increasing PHF
concentration up to 0.06 mg/ml increases the liquid condensed monolayer’s r*/d* ratio.
In earlier work, this effect was attributed to PHF solutes in bulk solution being drawn to
the surface and effectively compressing the DPPC film . This behavior would lead to
the expanded monolayers observed in the Langmuir trough experiments in Figure 4.1 and
the corresponding positive AGexceess reported in Figure 4.3. The r*/d" ratio for DPPC
liquid condensed films on a 500 nM NaCl solution rises sharply at the lowest
concentration before tailing off monotonically at higher PHF concentrations. This result
observed for the 500 mM/0.0075 mg/ml PHF system is consistent with more monomers
adsorbing to the surface at lower concentrations than in the Millipore/PHF system.
Again, as with the Millipore system, PHF adsorption will effectively compress the liquid
compressed monolayer leading to an increase in r'/d". The data in Figure 4.5 imply that
PHF adsorption happens more readily at lower concentrations when salt is present. This
result is consistent with the hypothesis that PHF monomers are responsible for
cooperative adsorption to the lipid monolayer, and that in the NaCl solution PHFs are
present primarily as monomers. In (salt-free) Millipore water, PHF monomers are
believed to aggregate at very low concentrations (< 0.03 mg/ml), and if the aggregates are
less surface active than monomers, then higher bulk PHF concentrations will be needed

before a sufficient number of monomers in solution are available to adsorb to the surface.
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Figure 4.5. Combined VSFG r+/d+ ratio of 55 A*molecule DPPC on varying NaCl
concentration subphases with PHFs (top left). Combined VSFG r+/d+ ratio of 40
A?/molecule DPPC on varying NaCl concentration subphases with PHFs (top right).
Combined VSFG r+/d+ ratio of 55 and 40 A*/molecule DPPC on 0 mM NaCl subphase
with PHFs (bottom left). Combined VSFG r+/d+ ratio of 55 and 40 A*molecule DPPC
on 500 mM NaCl subphase with PHFs (bottom right).

In the high surface coverage limit, DPPC monolayers start out highly ordered
with r/d" ratios between 5 and 6 on both the Millipore and 500 mM NaCl solutions in the
absence of PHFs. Adding PHF to the subphase does not have a large effect on the r/d*
ratio for tightly packed DPPC on Millipore, but r'/d* ratio drops dramatically on the 500
mM NaCl solution when PHFs are present at low concentration (Figure 4.5). The ratio
then climbs modestly with increasing PHF concentration. Unlike DPPC monolayers in
their liquid condensed state, tightly packed monolayers do not have vacant interstitial
space at the surface where PHF solutes can adsorb. The fact that adding PHF does

impact r*/d"* for tightly packed monolayers on the 500 mM NaCl solution further supports
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a cooperative adsorption mechanism that attracts PHF monomers to the DPPC
headgroups. However, unless PHFs (at very low bulk concentrations) are forcing the
DPPC monolayer to form multilayers or buckle to encapsulate adsorbed PHF monomers,
the only rationalization for changes in r'/d* for these tightly packed monolayers hinges

upon an overall tilt to the adsorbed lipid film.

4.3.4 Spectroscopic Ellipsometry

To independently test how dissolved NaCl affects PHF-DPPC interactions, we
examined monolayer thickness using spectroscopic ellipsometry. We note that when
NaCl is present, PHF surface coverages diminish and, as noted earlier, we assume that
the PHF's that do adsorb do so as monomers and not aggregates. SE data were used to
calculate film thicknesses as described in the Experimental Section and in previous
reports %% 167-169 - Data for liquid condensed and tightly packed DPPC monolayers as a

function of PHF concentration with and without NaCl are shown in Figure 4.6.
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Figure 4.6. 55 A?/molecule DPPC monolayer thickness on varying NaCl/PHF subphase
(top left). 40 A%/molecule DPPC monolayer thickness on varying NaCl/PHF subphase
(top right). 55 and 40 A*/molecule DPPC monolayer thickness on 0 mM NaCl subphase
with PHFs (bottom left). 55 and 40 A%/molecule DPPC monolayer thickness on 500 mM
NaCl subphase with PHFs (bottom right).

Previous SE data has shown that small amounts of PHF in the subphase lead to
systematic changes in DPPC monolayer thickness, and the data further support a
cooperative adsorption hypothesis . In the absence of any PHF in solution, the tightly
packed monolayer is 1.9 nm thick, and the loosely packed monolayer is 1.1 nm thick,
values consistent with previous reports 1¢7-16% The thickness for the loosely packed lipid
film is consistent with a ‘thinner’, more disorganized monolayer and the correspondingly
small r*/d" ratio observed in the VSFG data. Relative to the PHF-free case in 0 mM
NaCl, adding even a small amount (0.0075 mg/ml) of PHF to the solution leads to a
measurable increase in monolayer thickness for a loosely packed monolayer, but a

decrease in monolayer thickness for a tightly packed monolayer (Figure 4.6). When the
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subphase includes 500 mM NaCl, the DPPC film decreases in thickness for both the
liquid condensed and tightly packed monolayers. Given our assumption that PHFs in 500
mM NaCl solutions are present as monomers and in pure Millipore as aggregates, these
results hold consistent in that there is a decrease in DPPC film thickness in the presence
of 500 mM NaCl, but an increase in film thickness in 0 mM NaCl — aggregates taking up

a larger footprint than monomers would force the lipids in a more vertical orientation.

4.4 Discussion

The studies described here were premised on the hypothesis that salt changes the
interactions between PHFs and insoluble lipid monolayers. This hypothesis emerged
from 1) reports that suggesting that dissolving simple salts such as NaCl into solution
would inhibit PHF aggregation and 2) recent discoveries that demonstrated PHFs in very
dilute concentrations in Millipore water interact with DPPC monolayers through a
proposed cooperative adsorption mechanism % 144, To test how dissolved salt affected
PHF-DPPC interactions, several independent methods including surface tensiometry,
VSFG spectroscopy and spectroscopic ellipsometry were used to quantify the surface
behavior of these complex chemical systems.

Two different types of surface tension measurements were performed and both
proved very instructive. First, simple surface tension measurements tested PHF surface
activity in both Millipore water and 500 mM NacCl solutions. The data (Figure 4.1)
showed that while PHFs retain a measure of surface activity in the NaCl solution, the
terminal surface coverage as determined by a Gibbs isotherm expression is less than that

in a pure Millipore solution. Terminal monolayer coverages in the two systems are 6.4
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and 2.5 molecules/cm? at the water — air interface when bulk concentrations approach
0.519 and 0.130 mg/ml for 0 and 500 mM NaCl respectively. Fitting these data lead to
adsorption energies of -29 (£7) (0 mM NaCl) and -21 (+7) (500 mM NaCl) kJ/mole '©.

Second, as evidenced by their terminal surface coverages, even though PHFs are
not strongly drawn to the water — air interface, their presence in solution has readily
observable effects on DPPC monolayer compression isotherms that suggests a
cooperative adsorption mechanism. This cooperative adsorption mechanism is enhanced
in the presence of dissolved NaCl. Specifically, even at the lowest PHF bulk
concentration tested in this work (0.0075 mg/ml) where surface coverages at the neat
water — air interface are on the order of 1.8*%10'3 molecules/cm?, the presence of dissolved
NaCl increases AGE, ..., leading the DPPC isotherm to lift off at larger areas and have
consistently larger DPPC MMAs relative to DPPC on a pure water subphase. Because
NaCl has been shown to inhibit PHF aggregation, we interpret this effect in terms of
monomer adsorption to the surface. In the absence of NaCl, PHF monomers in solution
can either aggregate and remain in bulk solution or adsorb to the surface. In the presence
of NaCl, aggregation is suppressed and monomers can either remain in solution or adsorb
to the surface. A higher fraction of monomers (relative to aggregates) in bulk will lead to
more monomers adsorbing to the water — air interface at lower concentrations. These
data also imply that the higher surface pressures and surface excess concentrations
observed in the pure Millipore system are the result of both monomer and aggregate

adsorption.
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In order to test how salt altered PHF effects on DPPC monolayer structure and
organization, VSFG measurements were performed at DPPC surface coverages of 55
A%/molecule (liquid condensed phase) and 40 A%/molecule (tightly packed) with 500 mM
NaCl subphases and results were compared to equivalent experiments conducted with
PHF solutions in pure Millipore water. A ratio of r'/d"* intensities were used as a measure
of organization within the DPPC monolayer, where a larger r+/d+ ratio corresponds to
acyl chains having primarily all-trans conformations and typically aligned along the
surface normal. Data in Figure 4.5 show that when PHFs are added to solution, the r*/d*
ratio initially rises for liquid condensed monolayers. This change is gradual for DPPC
monolayers on Millipore water but abrupt for DPPC on the 500 mM NaCl solution. With
increasing concentration the r*/d* ratio becomes smaller, again with the results more
gradual for the Millipore system and more pronounced for the 500 mM NaCl system.
These findings are consistent with data from the DPPC Langmuir trough isotherms that
show DPPC/PHF systems at 55 A%/molecule having higher surface pressures on the
saline subphase. Assuming that PHFs in the NaCl solution are present only as
monomers, PHF adsorption to a surface covered by DPPC in its liquid condensed state
will more effectively compress the DPPC to become closely packed with greater
conformational order. The same effect — PHF monomer adsorption — will also change
organization in the DPPC liquid condensed film on Millipore but at higher PHF
concentrations.

For tightly packed monolayers the r*/d* data do not lend themselves to a

straightforward interpretation. For the tightly packed monolayer on Millipore water, the
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r*/d" ratio appears largely insensitive to PHF subphase concentration. To the extent that
tightly packed monolayers have no remaining vacant interstitial space at the water—air
interface, such behavior may not be surprising. The monolayer is tightly packed and no
change in the subphase will change that condition. However, r'/d* for the tightly packed
DPPC monolayer on the 500 mM NaCl solution shows a 60% drop in its value with the
addition of small amounts of PHF to the subphase. The r*/d" ratio then slowly increases
as additional amounts of PHF are added to solution. If we assume that a tightly packed
monolayer has very little opportunity become disordered, then we are left to interpret the
data in Figure 4.5 as indicating an overall tilt in the monolayer as monomers adsorb to the
modified water—air interface, leading to a decreased monolayer thickness as evidenced in
Figure 4.6.

Monolayer thicknesses measured by spectroscopic ellipsometry do not, by
themselves, provide a clear picture of how DPPC film structure is changing with the
addition of PHFs to Millipore and NaCl solutions. However, when these results are
considered in the context of changing r*/d" ratios, thicknesses derived from SE
measurements provide complementary information and insight.

For liquid condensed monolayers, film thickness rises modestly on Millipore
water when small amounts of PHF are added to the subphase. This result is consistent
with DPPC islands in the liquid condensed phase becoming compressed and more
ordered with the adsorption of PHF monomers and standing more upright. In contrast,
film thickness in the liquid condensed phase shrinks by 40% (1.0 nm to 0.6 nm) when

PHFs are added to the NaCl subphase, even as the DPPC monomers themselves are
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showing a larger r'/d" ratio rises. Keeping in mind that there are more monomers than
aggregates adsorbed to the surface in the presence of NaCl which have a smaller footprint
leading to more remaining vacant interstitial space, we interpret these results to signal
that while the DPPC on a salt solution becomes more ordered with PHF monomer
adsorption, the monolayer itself also tilts, accounting for the reduction in thickness. As
more PHF is added to the solution, DPPC film thickness on Millipore begins to shrink
gradually (while r'/d* stays approximately constant, indicating tilt) while the film
thickness on the NaCl solution rises. At a PHF concentration of 0.125 mg/ml, the film
thicknesses are equivalent, regardless of subphase composition. With the tightly packed
monolayers, the presence of NaCl in the subphase results in consistently smaller film

thicknesses and again, this difference is attributed to a net tilt to the monolayer itself.

4.5 Conclusions

Results reported here use independent but complementary optical and
thermodynamic techniques to examine the effects of salt on PHF-DPPC interactions. The
studies focus on building upon prior used model systems having well-controlled lipid
compositions and a variety of PHF concentrations, but adding complexity to the model
system by introducing NaCl to the system to determine the mechanism(s) responsible for
carbon particulate accumulation at the water — air interface, and how specific
thermodynamic and optical properties of DPPC at the water — air interface change with
the inclusion of PHFs as a function of ionic strength. Using PHFs as model aerosol
particulates, and using DPPC as a model for lung surfactant, data that the soluble PHFs

are drawn to the lipid covered water — air interface through a cooperative adsorption
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mechanism, and that this effect is observable even at very low PHF concentrations.
Furthermore, we have determined that NaCl inhibits PHF aggregation at the water — air
interface. For lipid monolayers in both their loosely and tightly packed states, PHF
adsorption (from bulk solution) in 0 mM NaCl effectively compresses the DPPC
monolayer making the acyl chains more ordered, but adding salt to the system lead to an
overall tilt in the DPPC film as evidenced by a decrease in monolayer thickness. One
possible interpretation is that, in the presence of NaCl, more monomers are adsorbed to
the surface, leaving sufficient free interstitial space available to the lipid film. The
decrease in r+/d+ ratios as a function of NaCl concentration (suggesting less acyl
ordering) and the decrease in monolayer thickness as a function of NaCl concentration
align with the hypothesis that PHFs in NaCl induce a net ‘tilting’ of the monolayer away
from surface normal leading to a monolayer that appears less well ordered (according to
the r'/d" order parameter) with a decreased monolayer thickness. From a physiological
perspective, results presented in this work suggest that carbon particulates, especially
those that are at the very small end of PM> 5 (particulate matter <2.5 um in diameter)
range may remain enriched at the alveoli water — air interface rather than dissolving into

the alveoli’s water-based subphase.
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CHAPTER FIVE

CONCLUSIONS AND FUTURE DIRECTIONS

3.1 Summary

Work presented in this thesis examined cooperative adsorption as a means of

describing PHF particulates interacting with DPPC monolayers 6 66: 101

. Ultimately,
these interactions will play a role in controlling lung-surfactant behavior in the presence
of non-biological nanoparticles.

Initial work focused on choosing a representative model system to study black
carbon — lung surfactant interactions at a biologically-relevant aqueous — air interface.
The model system chosen consisted of PHFs as surrogate species for aged BC, and of
DPPC monolayers as a model for lung surfactant. As previously mentioned, the
importance of aqueous — air interfaces has been well-recognized, but majority of the
studies conducted at water interfaces at the molecular level are recent >>° because of the
limited number of surface-specific techniques capable of probing these chemically
complex interfaces with molecular specificity . After establishing a model system, a
host of complementary surface-specific techniques including Langmuir trough and
surface tension measurements, second harmonic generation and vibrational sum
frequency generation spectroscopy, and spectroscopic ellipsometry were used to study
the effects of PHFs on DPPC monolayers adsorbed to the at the aqueous — air interface.

Chapter 2 examined PHF surface activity and aggregation behavior at the air —

water interface using surface tension and resonance enhanced second harmonic
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generation. Surface tension data showed that PHFs are surface active with a limiting
surface excess corresponding to 155 A%/molecule in aqueous (Millipore water) solutions.
Increasing solution phase ionic strength (through the addition of NaCl) reduces PHF
surface excess. Conductivity measurements show that PHFs carry a presumably negative
charge (-4). Surface specific SHG experiments show a small but measurable fixed-
wavelength, nonlinear response from solutions having surface excess coverages as low as
~400 A%/molecule. The SHG response of PHF solutions in the low-concentration limit
shows unexpected behavior, implying that at bulk concentrations above 0.12 mg/ml (and
a surface coverage of 4.0 x 10'> molecules/cm? or 250 A%/molecule), PHFs adsorb to the
surface as dimers or higher aggregates and only at low concentrations do monomers
contribute to the measured SHG response.

Chapter 3 focused on using surface specific vibrational spectroscopy experiments
together with surface tension measurements and spectroscopic ellipsometry data to
characterize the effects of soluble carbon particulates on compressed and partially
compressed lipid monolayers adsorbed to the water—air interface. The lipid monolayers
consisted of dipalmitoylphosphatidylcholine (DPPC) and measurements were made for
both tightly packed monolayers (40 A%/molecule) and monolayers in their liquid
condensed state (55 A%/molecule). The soluble carbon particulates were poly-
hydroxylated fullerenes (PHFs), chosen to mimic black carbon aerosols that have
oxidized in the atmosphere and have become soluble in water. Data from surface tension
measurements showed that even a very small amount of PHF (0.0075 mg/ml or 6.4*10¢

M of solution) decreases lipid film compressibility. This finding supports a cooperative
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adsorption mechanism whereby the soluble PHFs are drawn to, and associate with, the
insoluble DPPC monolayer. Excess free energies for the system (4G ,;,) were
determined by comparing the DPPC/PHF isotherms with that from pure DPPC. AGEX
values showed positive excess free energies, consistent with PHF cooperative adsorption,
and although the excess free energies were small, they had measurable effects on
monolayer structure. Further support for the cooperative adsorption mechanism at the
water — air interface came from surface specific vibrational sum frequency generation
(VSFG) experiments. In solutions of pure Millipore water, low PHF concentrations (<
0.06 mg/ml) increased DPPC acyl chain ordering in liquid condensed lipid films and
decreased DPPC acyl chain ordering in tightly packed lipid films. DPPC film thickness in
the liquid condensed phase also increased in this low PHF concentration regime
according to spectroscopic ellipsometry measurements. Such behavior is consistent with
PHF monomers or aggregates occupying surface area at the water — air interface,
effectively compressing DPPC domains, forcing the lipids to adopt a more vertical
orientation. Together, findings presented in Chapter 4 illustrated how independent
measurement techniques can identify subtle but measurable interactions between
atmospherically relevant particulates and lipid membranes and how these associations
depend sensitively on a lipid film’s thermodynamic state.

Chapter 4 built on discoveries reported in Chapter 3. Surface specific vibrational
spectroscopy experiments together with surface tension measurements and ellipsometric
characterization were used to examine the effects of changing ionic strength on PHF

cooperative adsorption to DPPC monolayers. These studies were undertaken because
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dissolved sodium chloride is known to inhibit PHF aggregation. Data from surface
tension measurements showed that, in the presence of salt, PHFs affect DPPC
significantly more than in just pure Millipore water. Given that the PHFs are weakly
surface active, excess free energies of mixing (4GZ ;) were determined by comparing the
DPPC/PHF/NaCl isotherms with that from pure DPPC. AGEX values showed positive
excess free energies, consistent with PHF cooperative adsorption, and they had
measurable effects on monolayer structure. In contrast to NaCl-free PHF solutions,
adding salt to the aqueous PHF solution leads to lower r+/d+ ratios, suggesting a lipid
that is more disordered. However, spectroscopic ellipsometry measurements showed
DPPC thickness decreased as salt concentration increased, which, taken with the r+/d+
ratios, suggests a more ordered but tilted (decreased thickness) DPPC monolayer.
Together, findings presented in this work illustrate how a host of independent
measurements can be complementary in identifying how water-soluble black carbon
aerosols induce organizational changes in lipid monolayers at the water — air interface as
a function of solution-phase ionic strength.

Taken in their entirety, the experiments presented in this thesis represent a
detailed investigation of 1) the mechanism(s) responsible for carbon particulate
accumulation at lipid monolayer covered water—air interface, and 2) how specific
thermodynamic behavior and optical properties (i.e. structure, composition, membrane
integrity, orientation, thickness, and organization) at the aqueous/monolayer/air interface

change with the inclusion of non-biological, nano-sized materials.
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5.2 Future Directions

While these experiments represent new and important discoveries into developing
a predictive understanding of black carbon — lung surfactant interactions and how non-
biological, nano-sized materials impact membrane structure and function, there remain
unresolved questions concerning the systems in this work that merit revision and
additional attention. The three remaining questions inspired by this work fall into two

general areas: other carbon particulates, a more accurate lung model, and reversibility.

5.2.1 Other Carbon Particulates

The work described in this thesis examined PHFs that were chosen to mimic
black carbon aerosols that have oxidized in the atmosphere and have become soluble in
water. An important consideration, however, is that when black carbon is initially
generated, it has a high elemental carbon content and is insoluble in water . For this
reason, existing research in this field typically uses carbon nanopowders ! 13,
Additionally, BC aerosols in ambient air can collide with other airborne particles to form
larger, and even more heterogeneous particles with elemental carbon content under 50%
4. To my knowledge, the interactions of PHFs with DPPC monolayers at aqueous — air
interfaces have not previously been explored with anything other than carbon
nanopowder (and now PHFs). To further our understanding of the effects of inhaling non-
biological carbonaceous nanoparticles, studying “freshly generated” vs. “aged” black

carbon, specifically PHFs vs. fullerenes or carbon nanopowder, would be significant.

Given that black carbon is extremely heterogeneous in its chemical composition , it
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would also be pertinent to build up our current BC model to a more complex and accurate
BC model (i.e. with trace organics, sulfate, nitrate, metals, etc.), ultimately working our

way up to field samples.

5.2.2 More Accurate Lung Model

The work described in this thesis examined DPPC, which was chosen to be a
model biological membrane, as it is the primary component of lung surfactant. As
previously discussed, lung surfactant is a complex, heterogeneous chemical mixture that
consists of lipids (~90%) and surfactant-associated proteins (~10%) 2°. Of the ~90% lipid
component of lung surfactant, phosphatidylcholine (PC) lipids make up ~80%, about half
of which is DPPC 2%-2!, The other 20% is comprised of lysophosphatidylcholine (LPC),
sphingomyelin (SM), phosphatidylglycerol (PG), phosphatidylinositol (PI),
phosphatidylserine (PS), phosphatidylethanolamine (PE), and a phospholipid
(PL)/cholesterol (chol) mixture 2%-2!. Additionally, SP-A, SP-B, SP-C, and SP-D are
common surfactant-associated proteins. Because inhalation of nanoparticles such as black
carbon can lead to deficiency and dysfunction of lung surfactant, and can contribute to a
variety of harmful respiratory disorders and illnesses ©, using more accurate models of
lung surfactant (i.e. mixed monolayers with protein components) should be an important

goal for future studies.

5.2.3 Reversibility

The work described in Chapters 3 and 4 discusses how a Langmuir trough is used

to obtain compression isotherms. These Langmuir trough compression isotherms of PHFs
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with DPPC address how PHFs affect a DPPC monolayer’s thermodynamic properties by
showing disruption in ordering of the DPPC film with the addition of particulates. What
Chapters 3 and 4 don’t address is whether the PHF-DPPC interactions we are observing
are irreversible.

To strengthen thermodynamic studies of DPPC (in Chapters 3 and 4), DPPC’s
response to quasi-static compression-expansion cycles of the surface area should be
investigated '3 %%, These quasi-static compression-expansion cycles of the surface area
will allow us to evaluate possible hysteresis induced by various phenomena, including
internal reorganization of the monolayer, formation of multilayers, or expulsion of lipid
molecules to the subphase and respreading processes '°. These compression-expansion
cycle experiments are significant when studying pulmonary surfactant because they are

related to physiological responses during the respiratory cycle 13 190-194,
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SHG power dependence measurements
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Figure SI-2.1. Power dependence (showing 2 photon process) confirming quadratic
behavior for PHF concentrations of 0.06 mg/mL and 0.125 mg/mL in 0 mM NacCl (clean

Millipore water).

The power dependence measurements in Figure SI-2.1 support that at the lower
concentrations in Figure 2.4, the long wavelength background exhibits quadratic
dependence of detected signal on incident intensity, confirming that the signal being

detected at non-SHG wavelengths arises from a two-photon process.
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Size exclusion chromatography-HPLC
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Figure SI-2.2. Chromatogram featuring a 0.06 mg/mL aqueous solution of analyte PHF.

Table SI-2.1. Results of mass analysis for aqueous solutions of analyte PHF. Across
viable samples, the weight average molecular weight calculated for monomeric PHF
species is 1100 £+ 30 g/mol, which corresponds with 22 + 2 hydroxyl groups.

Sample conc. (mg/mL) Mw (g/mol) Mnx (g/mol) PDI -OH Groups

0.06 1130 470 24 24

0.06 1080 510 2.1 21

0.125 1090 760 1.4 22
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Figure SI-2.3. Demonstration of peak selection for a chromatogram featuring a 0.125
mg/mL aqueous solution of analyte PHF. Aggregates (blue) represent 36% of the total
sample, while the representative monomeric PHF (red) comprises 64% of this sample.

Table SI-2.2. Relative area of peaks observed for 0.125 mg/mL aqueous solution of

analyte PHF.
Peak Area (a.u.) Percent of Sample
Peak 1 (blue) 478931 36
Peak 2 (red) 864670 64

0 5000 10000 15000 20000 25000 30000 35000
MW (g/mol)
Figure SI-2.4. Mass profile obtained for 0.125 mg/mL aqueous solution of analyte PHF.
Data corresponds with the chromatogram from Figure SI-3.2.
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Table SI-2.3. Results of mass analysis for 0.125 mg/mL aqueous solution of analyte PHF.
Weighted average molecular weight calculated for monomeric PHF species is 1130
g/mol, which corresponds with 24 -OH groups.

Peak MW MN PDI
(g/mol) (g/mol)

1 (blue) 14400 9400 1.5

2 (red) 1140 800 1.4

Total Analysis 12520 2720 4.6

Size exclusion chromatography (SEC)-HPLC was used to determine the molecular
weight for a monomeric PHF. Representative data associated with the red peak was taken
(same intensity on both sides of the peak). The resolution between monomer and aggregate
peaks is limited, and as a result of the described analysis, traces that exhibit more
aggregates will report a smaller monomer molecular weight. Therefore, a range of
concentrations and sample preparation methods were explored in order to reduce aggregate
presence. Because aggregation is a concentration dependent phenomenon, several PHF
concentration samples were observed to have the best compromise between aggregation
and detector sensitivity. Unintended interactions between analyte and solid phase may be
amplified by charged (anionic) character of the analyte. These interactions were reduced
through the selection of a high ionic strength eluent but may still contribute to unanticipated
peak broadening and artificially reduce the reported mass through peak tailing. Data
extracted from the red region was used to determine an average molecular weight of 1100

+ 30 g/mol suggesting 22 + 2 hydroxyl groups/molecule.
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Adsorption energies of PHFs in agqueous solutions
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Figure SI-2.5. Adsorption energies of PHFs to 0, 50, and 500 mM NaCl.

Fitting data from Figure 2.1 lead to adsorption energies of -29 (£7) (0 mM NaCl),

-26 (£7) (50 mM NaCl), and -21 (£7) (500 mM NaCl) kJ/mole %2,
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APPENDIX B

SUPPORTING INFORMATION FOR CHAPTER THREE
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Supporting Information

CONTENTS:
e PHF surface excess coverage at selected PHF bulk concentrations
e Reflectivity measurements from aqueous solutions containing PHFs

PHF surface activity

Table SI-3.1. PHF surface coverages (in both molecules/cm? and A%/molecule) in
Millipore water as a function of PHF concentration.

Millipore water
PHF concentration
(mg/mL)

(/em?) A2

Terminal coverage | 7.5%10" 130

0.50 7.5%1013 130

0.25 6.6*10"° 150

0.125 4.6*10" 220

0.060 2.6*10% 380

0.030 1.4%10% 730
0.0075 3*10!2 >3000

dmn

x —), the slope of steepest

According to the Gibbs adsorption equation (I' = anic] T

ascent in Figure 3.1 provides a direct measure of the terminal PHF surface excess

concentration 4%, The data show PHFs are, in fact, surface active despite their high
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solubility in aqueous solution. Specifically, PHFs have terminal surface coverages of
130 A%/molecule in neat Millipore water.

Reflectivity measurements
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@
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Figure SI-3.2. Reflectivity values at 650 and 800 nm on different concentrations of PHFs
in neat Millipore with DPPC surface coverages of 55 and 40 A%/molecule. Monolayer
thickness uncertainties range between +0.034 and £0.16 nm.

Optical properties, specifically thickness values, were measured using
spectroscopic ellipsometry (see Figure 3.6), which were then used to simulate reflectivity
intensities. Similar to thickness data, reflectivity data were analyzed in CompleteEASE, a
modeling software application distributed by J.A. Woollam. Figure SI-3.2 confirms that
the rising baseline with increasing PHF concentration exhibited in Figure 3.4 is not

attributed to changes in reflectivity.
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APPENDIX C

SUPPORTING INFORMATION FOR CHAPTER FOUR
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Supporting information

CONTENTS:
e PHF surface activity

PHF surface activity

Table SI-4.1. PHF surface coverages (in both molecules/cm? and A%/molecule) in 0 and
500 mM NaCl as a function of PHF concentration.

PHF
0 mM NaCl 500 mM NaCl
concentration
(/em?) A? (/em?) A?
(mg/mL)

Terminal coverage | 6.4*%10"° 155 2.5%10" 404
0.519 6.4*1013 155 2.5%1013 404
0.260 5.1*1013 194 2.5%1013 404
0.130 3.7%1013 273 2.5%10" 404
0.063 2.3*101 434 2.4%1013 408
0.033 1.4*10" 705 2.3*10" 428
0.008 4.3*1012 | >2200 1.8*10" 549

an 1
2] E)’ the slope of steepest

According to the Gibbs adsorption equation (I' =

ascent in Figure 4.1 provides a direct measure of the terminal PHF surface excess

concentration.'*® The data show PHFs are, in fact, surface active despite their high
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solubility in aqueous solution. Specifically, PHFs have terminal surface coverages of
155 A%/molecule in 0 mM NaCl (neat Millipore water), and 404 A%/molecule in 500 mM

NaCl.



