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Abstract
Sum Frequency Generation Spectroscopy of Interactions at Model Biointerfaces
Laura Olenick

The expanding use of nanomaterials in consumer products challenges scientists to
understand the impact of these materials before their inevitable release into the environment. In
the same way that the widespread use of DDT and asbestos has caused unforeseen negative impacts
on both the environment and on human health, the increasing incorporation of nanotechnology in
our daily lives has the potential to significantly alter ecosystems unless a deeper knowledge of
these materials is developed. The Center for Sustainable Nanotechnology (CSN) has accepted this
challenge and aims to develop an understanding of the interactions of nanomaterials with the
environment in order to predict and control these interactions.

As a part of the effort of the CSN, the work presented in this thesis explores the nano-
biointerface primarily using Sum Frequency Generation (SFG) spectroscopy, a technique which is
well-suited for targeting and observing molecular changes at interfaces. An exploration of SFG
spectroscopy of supported lipid bilayers (SLBs), used as model cell membranes, finds that SFG
signals from SLBs heavily depend on the transition temperature of the component lipids and the
experimental temperature. This result points towards the future use of SFG spectroscopy to
discover bilayer phase changes due to interactions with nanomaterials. In addition, this study
highlights the strengths of a broadband SFG system over a scanning SFG system. SFG
spectroscopy is utilized along with a suite of other techniques in order to examine the formation
of a lipid corona around a nanomaterial. In determining that the lipid corona forms around a
nanoparticle of either gold or nanodiamond core composition with the positively charged ligand,

poly(allylamine hydrochloride) (PAH), and that the creation of contact ion pairs plays a role, this
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research lays the foundation for future multidisciplinary studies on the nano-biointerface.

Additional research on the interactions of PAH with lipid monolayers on oil droplets illustrates
two main pathways of interaction which are dependent on the concentrations of PAH and NaCl,
showing that controlling solution conditions is just one lever to use in the control of nanomaterial
interactions. From understanding a spectroscopic technique used in an uncommon way under
challenging conditions, to using this technique to understand a complex biochemical interaction at
the nano-biointerface, to discovering a potential way to control these interactions, this thesis
demonstrates how spectroscopy, coupled with complementary techniques under the direction of

talented scientists, can effectively explain important biophysical phenomena.

Professor Franz M. Geiger

Research Advisor
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1.1 Nanomaterials in the Environment

The ubiquitous use of nanomaterials and their inevitable environmental dispersal fuels the
investigation into the interactions of these materials with biological systems. Science has learned
from mistakes made in the use and dispersal of chlorofluorocarbons (CFCs), asbestos, and DDT.
We, as scientists, do not wish to make these mistakes again. The research presented in this thesis
is a part of the knowledge that we are developing in the Center for Sustainable Nanotechnology
(CSN) to understand, predict, control, and prevent the potentially negative biological effects of
nanomaterials from adversely impacting our world.

Despite the acceleration in the number of products containing nanomaterials entering our
daily lives, our understanding of their fate and transport in environmental and biological systems
is limited. Nanomaterials are a class of materials characterized by a size between 1 and 100 nm in
at least one dimension. These novel materials are present in a variety of everyday products, such
as towels, lubricants, and even chocolate, to name a few.? Nanomaterials are used to help rebuild
bones,? to store energy,* to protect skin from the sun,® to produce intense color in TV displays,®
and to deliver drugs.” Prevalence in consumer goods is so ubiquitous that most nanomaterials in
consumer goods are synthesized in multi-ton quantities, according to “The Global Market for
Nanomaterials 2010-2027” report produced by Research and Markets and reported by Cision PR
Newswire.® With the massive amount of nanomaterials produced and their wide availability to the
general public, these materials will inevitably be released into the environment at some point
during their production, use, and disposal particularly since these materials are poorly regulated.
Currently, no regulations exist which state that companies must report nanomaterials in the list of
ingredients on any product, including food. In most cases, companies must report the ingredients

that the product contains, but not the size regime of those ingredients. This lack of regulation is in
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stark contrast to the massive global Nanotechnology market. Global revenue from nanotechnology
based products has grown from $339 billion in 2010 to $1 trillion in 2013.° The US government
has invested nearly $24 billion in the National Nanotechnology Initiative (NNI) since fiscal year
2001.2° The NNI includes 20 US government agencies and departments that work together to
understand the nanoscale and share this knowledge with industry and academia for social benefit,
resulting in a massive market for nanomaterials that continues to grow.©

In January 2014, a report was released by the United States Government Accountability
Office (GAO) which revealed that despite ten years of discussion, little is known about the
environmental impacts of nanotechnology on health and safety concerns regarding
nanotechnology, and current information on this topic involves only a relatively small subset of
the materials on the market.!! Predicting the environmental impact of new materials is essential
in preventing hazardous environmental toxins from entering the environment. Furthermore,
prediction and prevention is less costly than remediation. To avoid large scale remediation efforts,
such as those underway at Superfund sites, knowledge is vital. In 2012, a National Science
Foundation (NSF) workshop about the interaction between nanoparticles and the environment
concluded that more fundamental research is necessary to ensure the sustainability of the
development and distribution of nanomaterials.
1.2 The NSF Center for Sustainable Nanotechnology

To fill this knowledge gap, the NSF has funded the Center for Sustainable Nanotechnology
(CSN) as part of its Centers for Chemical Innovation program. The CSN is a research collective
composed of twelve universities and national labs dispersed around the country which draws on
the varied expertise of the scientists involved to accomplish one goal: to develop guidelines to

facilitate the development of sustainable nanotechnology by understanding the fundamental
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molecular interactions between engineered nanomaterials and model biointerfaces, from lipid

bilayers to single- and multicellular organisms such as bacteria and water fleas.*?

The Center
for

TUMKEGEE a ﬁ
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Tue UNIVERSITY
OF lowA

UNMIVERSITY

: ~ Sustainable
\% Nanotechnology

Pacific Northwesi;_ .

MNATIOMAL LABORATORY

Figure 1.1. The twelve universities and institutions which compose the NSF-funded Center for
Sustainable Nanotechnology.

With this goal in mind, the Center researches the fundamental chemistry of engineered
nanomaterials to better understand the toxic effects of these materials on the environment in order
to better predict and control their impact. Ideally, the CSN will be able to use the knowledge of

the properties of various nanomaterials in order to predict the potentially toxic effects of these
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materials, and suggest ways in which to counteract this toxicity. Ongoing international
collaborations in Switzerland (with Professors Sylvie Roke and Francesco Stellaci) and Germany
(with Professor Karen Lienkamp) enhance the global impact and relevance of this work. The
varied research within the CSN spans organismal biology, molecular cell biology, genetics,
organic chemistry, inorganic chemistry, physical chemistry, materials science, and computational
chemistry. This thesis research is part of the CSN. Ultimately, the CSN benefits from a multi-
disciplinary approach and seeks to achieve its goal by uniting the focus of highly skilled experts
tackling this complex and challenging global problem.

1.3 Lipid Bilayers as Model Cell Membranes

One of the CSN’s primary research areas is the cell membrane. The cell membrane
functions as the first layer of protection against hazards in the surrounding medium, maintaining a
boundary between intracellular and extracellular environments. In eukaryotes, this membrane is
composed primarily of a phospholipid bilayer which allows for the entrance, exit, or rejection of
foreign material. The cell itself contains a complex matrix of proteins, lipids, DNA, RNA and

various molecules which allow the cell to operate as needed.
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Figure 1.2. Animal cell. Figure from
https://cnx.org/contents/FPtK1zmh@8.25:fEI3C80t@10/Preface and used under the Creative
Commons Attribution 4.0 International License.

Depending on the focus of the cell research, this level of complexity can cause difficulty in
interpreting experimental results. With varied molecular sizes, structures and functions embedded
within the dense network of the cytoskeleton, parsing out the molecular mechanisms occurring at
the cellular level becomes troublesome. This difficulty is particularly hard to address when
studying the fundamentals of the interactions between the lipid membrane and the materials within
the surrounding environment.

One method for accurately determining fundamental mechanisms in complex systems is to
study a simplified model system that represents the relevant components of the complex system.
In the case of a cell membrane, a lipid bilayer that is composed of the types of lipids that are
predominant in the bilayer of interest is a reasonable model system.** Here, the bilayer of

interest is a eukaryotic cell membrane which principally contains phosphatidylcholine lipids.
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Eukaryotic cells are present in all animals and as such serve as excellent probes to research the
effects of nanomaterials in biological systems. In this work, bilayers composed of a majority of
zwitterionic phosphatidylcholine lipids are used as model systems for studying the eukaryotic cell
membranes of interest.

Lipid bilayers serve as fitting model systems for cell membranes®*-*° and have been studied
by scientists for use in medical implants,*® toxicity assays,’*8 drug delivery,'® cell signaling,?°
cell adhesion,??2 and biosensors.?*?* The cell membrane acts as a barrier between the cell and
the surrounding environment, and is composed of a phospholipid bilayer interspersed with many
types of proteins. The fluid mosaic model, first put forth by Singer and Nicolson in 1972,
introduced the idea that the bilayer could be thought of as a fluid, with proteins moving easily
within the free-flowing bilayer.2>2® Studies since have refined that model to portray the bilayer as
a structured material anchored to the cytoskeleton of the cell with transmembrane proteins and
with areas containing lipid rafts which promote structural support within specific regions of the
membrane.?’-2®
1.4 Studying the Nano-Biointerface

The lipid bilayer is a major component of the biointerface. The biointerface refers to the
boundary between biological cells and the outside environment. Understanding the way in which
foreign materials impact this intersection between the cell and the external world is important as
this interaction impacts the future health of the cell. In much of this thesis, the foreign materials
of interest are nanomaterials. In this case, the interface is referred to as the nano-biointerface.
Two factors are important to consider when studying the nano-biointerface: the nanomaterial
surface and the biological surface. Each of these surfaces is complex. The nanomaterial surface

can be affected by the biological medium encountered prior to the biological interface. Asaresult,
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the material may gain or lose ligands, ions, or other coatings, or it may increase in size due to
agglomeration or decrease in size due to dissolution. The biological interface is also dynamically
changing, as it can bend and flow around or away from foreign objects it encounters. The
membrane can also change charge state, size, rigidity, and local composition to dynamically react
to external stimuli. All of these dynamic transformations depend on the conditions of the
interactions such as ionic strength, pH, temperature, pressure, etc. Therefore, investigating
molecular interactions at biointerfaces in situ and in real time is crucial for understanding the
environmental impact of nanomaterials, yet in situ measurements are challenging to obtain.?®

In fact, few techniques are capable of accessing the detailed, molecular level information
needed to understand the nano-bio interface.33! With advances in electronics, coatings, medical
devices and precision applications of new materials, understanding molecular interactions at
interfaces in situ is crucial for the further development of, and for controlling the environmental
impact of, these materials. 2° Biointerfaces, in particular, have historically been difficult to study
using spectroscopy, typically requiring samples to be in an aqueous solution with other
components such as a buffer. It can be difficult to perform spectroscopy under aqueous solution
conditions and receive easily interpretable spectra from these experiments. Scanning Electron
Microscopy (SEM),%? Transmission Electron Microscopy (TEM),*® and X-ray Photoelectron
Spectroscopy (XPS)** are often used to observe this size regime, but these techniques typically use
ultra-high vacuum (UHV) conditions which vastly differ from conditions existing in a cellular
environment. Cryo-TEM can be used to observe the interface after a liquid sample preparation,
but the cryogenic temperatures freeze the interactions in place.®® Thus, cryo-TEM is difficult to
use to study dynamically changing events in real time. Atomic Force Microscopy (AFM) is an

effective technique for studying the phase of lipid bilayers,*® as well as the presence or absence of
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nanomaterials®’ but the method is not chemically specific and subject to scanning artifacts.®®
Fluorescence imaging is also useful for observing changes in the lipid bilayer in real time,* but
this technique uses external labels that may significantly affect experimental results. The influence
of labels was clearly illustrated by Anglin and Conboy with a study on the kinetics of lipid flip-
flop without labels, compared to the kinetics reported for labeled lipids.*’ This discovery led to a
shift in understanding of bilayer function, with lipid flip-flop taking place orders of magnitude
faster than originally thought. Electrophysiology experiments can also be useful,** but do not give
structural information. Moreover, the free-standing bilayer used in such studies is often only stable
for a few hours, limiting potential experimental parameters.*? Also, the study of interactions at
biointerfaces can be difficult because these interactions occur at fast timescales.

SFG spectroscopy is particularly well-suited for studying biointerfaces because it is an
inherently interface-specific technique. SFG spectroscopy allows the study of ultrafast dynamics
at interfaces, since these experiments can be conducted at fast timescales.** Many complex
interactions occur at buried interfaces that are challenging to access without obstruction from the
bulk.** The necessity for observations at these timescales, and the selectivity for buied interfaces
drives the need for laser spectroscopy as a tool in the study of biointerfaces.

Sum Frequency Generation (SFG) spectroscopy is a coherent, vibrational spectroscopy*
that has been used extensively to study the surface orientation of adsorbed molecules from various
solutions onto substrates of interest, which in this thesis includes IR-grade fused silica and CaF2.%¢-
49 SFG is not allowed in centrosymmetric media,**“® therefore, studies of interfaces where
symmetry is inherently broken often utilize SFG spectroscopy. As a label-free, non-destructive,
chemically specific method,”*® SFG spectroscopy reveals information about the order and

orientation of lipids in a supported lipid bilayer.>® The use of SFG spectroscopy as a tool to study
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biointerfaces, including lipid monolayer orientation at the air-water interface,>> monolayer
relaxation,> the structure of lipid bilayers in response to temperature,> and the kinetics of lipid
exchange between membrane leaflets,>>®" continues to grow. Investigation into lipid bilayer
structure and function also has benefitted from the use of SFG spectroscopy. This technique has
been used to study lipid flip-flop,*® 7 lipid orientation, incorporation of materials into a lipid
membrane,>® lipid domain formations,>® and lipid transition temperatures.>* Many of these studies,
however, used various deuterated lipids in either one or both leaflets of the bilayer in order to yield
an SFG signal,®® % or a monolayer is studied in place of a bilayer.5® 8263 These studies also
frequently used deuterated water as a solvent to simplify spectral interpretation, especially in the
CH stretching region, which overlaps slightly with the OH stretch continuum.%° The work in this
thesis employs lipid bilayers, avoids use of deuterated lipids, and primarily uses H20, not D»0,
for a more biologically relevant exploration of the nano-bio interface. More detailed information
on SFG spectroscopy can be found in Chapter 2.

1.5 Conclusion

Determining the root causes of bioadverse responses of a biointerface with engineered
nanomaterials is the key step toward predicting and controlling these interactions. With this
knowledge, scientists can foresee complications in disposal and unintended dispersal of novel
nanomaterials before large-scale production of them has begun. In-depth research will provide
the understanding necessary to alter or avoid detrimental properties of the nanomaterials, while
conserving their industrial functionality.

The nonlinear optical technique of sum frequency generation (SFG) spectroscopy is an
important tool in the study of short timescale molecular dynamics and kinetics of non-

centrosymmetric media such as interfaces. As will be described in Chapter 2, SFG spectroscopy
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is particularly powerful when combined with complementary analytical techniques in the study of
the nano-biointerface. Based on the current rate of advances in nanotechnology and nanomaterials
in consumer products, SFG spectroscopy will certainly be an essential tool for probing the
interactions of these materials at biologically relevant interfaces. The research detailed in this
thesis will serve as an important step towards using SFG spectroscopy to its fullest extent to probe
the fundamental dynamics of interactions at biointerfaces with the ultimate goal of gaining a deeper
understanding of our impact on our environment.

1.6 Scope and Organization of Thesis

Chapter 1 provides the introduction to the field.

Chapter 2 describes the technique of SFG spectroscopy, and highlights the particular
advantages and disadvantages of this techniques in the study of phenomena at the nano-
biointerface. This chapter demonstrates that the nonlinear optical response of interfaces where
symmetry is naturally broken can be analyzed in order to understand the order and orientation of
the molecules at the interface.

Chapter 3 explores lipid bilayers through SFG spectroscopy. This chapter reveals the
differences in the SFG spectra of two groups of phosphatidylcholine-containing lipids: those that
have a transition temperature below the experimental temperature and those that have a transition
temperature above the experimental temperature. Chapter 3 also explores the effect on the SFG
spectrum of varying the experimental temperature on one specific lipid bilayer composed of 1,2-
dimyristoyl-sn-glycero-3-phosphocholine (DMPC) and 1,2-dimyristoyl-sn-glycero-3-phospho-
(1'-rac-glycerol) (sodium salt) (DMPG) lipids.

Chapter 4 makes use of SFG spectroscopy and complementary techniques to describe the

formation of a lipid corona surrounding a nanomaterial coated with the cationic polymer,
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poly(allylamine hydrochloride) (PAH) in response to interactions with a supported lipid bilayer.
Through highly collaborative research within the CSN, this lipid corona effect is chronicled using
atomic force microscopy (AFM), transmission electron microscopy (TEM), biological toxicity
assays, fluorescence microscopy, and fluorescence recovery after photobleaching (FRAP).

Chapter 5 takes a step back to probe the interactions of the cationic polymer, PAH, and a
monolayer of PC-lipids, in order to better understand the lipid corona mechanism without the
influence of a nanomaterial core or a solid support. The research presented in this chapter utilizes
sum frequency scattering (SFS) spectroscopy to study the interaction of a monolayer of DMPC
lipids on the surface of an oil droplet with varying concentrations of PAH under varying salt
conditions.

Chapter 6 concludes the thesis by reiterating the main findings and discussing routes of
inquiry into how to build upon this research using SFG, SFS, and fluorescence microscopy. The
future work proposed in this chapter will assist future researchers in the CSN, and elsewhere, to
progress from understanding the interactions at the nano-biointerface, to controlling these

interactions based upon the properties of the nanomaterials.
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Chapter 2

Sum Frequency Generation Spectroscopy:
An important surface sensitive technique

Portions of this chapter are part of the following pending manuscripts:

Olenick, L.L.; Troiano, J. M.; Vartanian, A.; Melby, E. S.; Mensch, A. C.; Zhang, L.; Qui, T.;
Bozich, J.; Lohse, S.; Zhang, X.; Kuech, T. R.; Millevolte, A.; Gunsolus, I.; McGeachy, A. C;
Dogangun, M.; Hu, D.; Walter, S. R.; Mohaimani, A.; Schmoldt, A.; Torelli, M. D.; Hurley, K.
R.; Dalluge, J.; Chong, G.; Feng, Z. V.; Haynes, C. L.; Hamers, R. J.; Pedersen, J. A.; Cui, Q.;
Hernandez, R.; Klaper, R.; Orr, G.; Murphy, C. J.; Geiger, F. M., Lipid Corona Formation from
Nanoparticle Interactions with Bilayers and Membrane-Specific Biological Outcomes. 2017. In
Revision.

Olenick, L. L.; Troiano, J. M.; Smolentsev, N; Ohno, P. E.; Roke, S.; Geiger, F. M., Sum
Frequency Scattering Spectroscopy of the Interactions of Cationic Polymers and Phospholipid
Monolayers on Oil Nanodroplets. 2017. In Prep.

Portions of this chapter have been reproduced from the following paper with permission from the
Royal Society for Chemistry:

Olenick, L. L.; Chase, H. M.; Fu, L.; Zhang, Y.; McGeachy, A. C.; Dogangun, M.; Walter, S.
R.; Wang, H.-f.; Geiger, F. M., Single-Component Supported Lipid Bilayers Probed Using
Broadband Nonlinear Optics. Physical Chemistry Chemical Physics 2017.
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2.1 Sum Frequency Generation Background

Nonlinear optical spectroscopy uses the nonlinear interaction of light with matter to study
the properties of a system.'* The study of nonlinear optical processes has been a subject of
attention in physics and chemistry since the late 1800s when Friederich Carl Awin Pockels
discovered the Pockels effect, and John Kerr documented the Kerr effect.> Nonlinear optics as it
is known today began with the observation of second harmonic generation (SHG) by Franken et
al. in 1961 at the University of Michigan.*® After Nicolaas Bloembergen received a preprint of
the paper by Franken et al., he realized the importance of this discovery and developed the theory
of sum frequency generation (SFG) and SHG spectroscopy in the early 1960°s at Harvard
University.”®  Recognized by the scientific community for his ground-breaking work,
Bloembergen shared the Nobel Prize in Physics in 1981 with Arthur Leonard Schawlow for their
work in laser spectroscopy along with Kai M. Seigbahn for his work in electron microscopy.*

Under the guidance of Bloembergen, Yuen-Ron Shen received his PhD in Applied Physics
in 1963.12 Shen used his background in nonlinear optics to publish the first SFG spectrum in 1986
at the University of California, Berkeley.®® In a 1986 communication in Physical Review B, Shen
and colleagues, X. D. Zhu and Hajo Suhr, probed the interface between coumarin 504 dye and
fused silica under nitrogen, and showed that using an input beam in the IR frequency range of
molecular vibrations, one can indeed record resonantly-enhanced SFG signals from the vibrational
modes of molecules at an interface.™®
2.2 Sum Frequency Generation Spectroscopy Theory!-

Much of this section follows the SFG tutorial developed by Alex Lambert, Paul Davies,

and David Neivandt.
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The SFG process consists of two input oscillating fields that overlap in time and space on
a sample and combine to form a signal oscillating at the sum of the two input frequencies. In the
case where one beam is on resonance with molecular vibrational modes, the technique is termed
vibrational SFG spectroscopy, with wsrc = @r + @vis. In SFG, the interaction between the two
input beams and the sample results in no net transfer of energy or momentum, and no change in
state of the sample.*

Energy level diagrams are one way to visually represent the interactions of the two input
beams for vibrational SFG spectroscopy, as shown in Figure 2.1. In Figure 2.1 A, it is important
to note that while the solid lines represent the ground state and the IR-excited vibrational state of
the molecule, the dashed line does not represent an actual excited state of the molecule, but instead

represents a virtual state, at least for standard SFG spectroscopy.

Figure 2.1. (A) Energy level diagram for vibrational SFG spectroscopy. (B) Schematic of visible
and IR beams producing an observable SFG signal.

Nonlinear processes occur when the response of a medium to an applied oscillating

electromagnetic field, termed the susceptibility, y , is no longer linear, producing higher-order
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terms such as the second-order susceptibility, y®. To understand y®, we begin with the dipole
moment, x, produced in response to an applied field, E:°

p=p’+ aE 1)
where «a is the molecular polarizability and u° is the static dipole of the system. From the
macroscopic perspective of an actual experimental setup, this can be written in terms of the
polarization, P, or the dipole moment per unit volume:

P= P°+ ¢, yVE (2)
x @ is a susceptibility tensor equal to the number of molecules, N, multiplied by the polarizability,
«, averaged over all of the orientations of the molecules in the material, divided by the vacuum
permittivity, &:
x® = N{a})/eo 3
This view is appropriate for low intensity light. When high intensity laser light is used,
however, higher terms must be included in these equations because the material response is no
longer well-represented by the simple harmonic oscillator model. Expanding with a power series,
the dipole moment can be represented as:
p=pu’+ aE +BE*+yE3 + - (4)
where £ is the 1% order hyperpolarizability, y is the 2" order hyperpolarizability, and so on.
Similarly, the macroscopic total polarization response is expressed as:
P = PO 4 p@ 4L pB 4 ... (5)
And substituting the polarization equation relating P to y yields:
P = ¢g(XVE + yPE? + y®F3 +..) (6)

From Equation 6, it follows that:
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P® = g xPE? (7)

Processes that involve only the ¥ susceptibility tensor are linear, and processes involving the

x@ susceptibility tensor and higher are nonlinear processes. Since the intensity is proportional to

the square of the electric field,'* the detected signal is linear with respect to y» and nonlinear

with respect to @ and higher. ¥ is a second-rank tensor, y(® is a third-rank tensor, y® is a
fourth-rank tensor, and so on.!

In second harmonic generation (SHG), a specific case of SFG, w1 = w2, and the nonlinear
polarization generates an output beam at frequency 2m. Using Equation 7, but accounting for the
sign of the applied oscillating field,

PA(t) = exP|E®)|? (8)
Substituting Equation 8 with the equation for a single wavelength electric field squared, Equation
9, yields Equation 10.

|E(t)|? = E§ cos?(wt) ©)
P@(t) = 80)((2)(%%) [cos(Rwt) + 1] (10)

Equation 10 demonstrates that P (t) will oscillate at 2. This mathematical result illustrates
that, in the physical phenomenon of second harmonic generation, the SHG beam oscillates at m1
+ ®2 Or 2m.
Similarly, for two beams, as in the case of SFG spectroscopy, the following equation for
the electric field is valid:
E = E;cos(wt) + E,cos(ws,t) (11)

Substitution into Equation 8 yields:

P® = £y y®(Ejcos(wit) + Epcos(wsyt))’ (12)
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From trigonometry, Equation 12 is expanded to:

P@ = gy x@ [(Ef +E2) + (EicosQwyt) + Ejcos(Rw,t)) + (ElEzcos((a)1 - a)z)t)) +

(ElEzcos((wl + wz)t))] (13)

The fourth term in the brackets in Equation 13 corresponds to SFG and illustrates that the

frequency of the SFG wave oscillates at w; + w,, Or wspg. Equation 13 shows that signals at other

frequencies occur as well, for instance the difference of w: and w.. For vibrational SFG
spectroscopy, w, and w-, are defined as follows:

w; = W (14)

Wz = Wyis (15)

When the time dependence of this process is ignored, Equation 16 results in Equation 17:

Wspg = W T Wyis (16)
2
P.gF)G = eoxPEyisEp (17)

Because an induced polarization will radiate an electric field linearly proportional to its magnitude,

and the intensity of light is proportional to the electric field squared,'* the intensity of light, I,

depends upon |P(2)|2, and the following equation is valid in the limit of the assumptions of linear

response functions, where Igg.; is the intensity of the SFG signal, I, is the intensity of the IR

WIR

light, and I, is the intensity of the visible light:

2
[spg |)((2)| Ly plwy (18)
Since x® is the macroscopic average of the molecular hyperpolarizabilities of the

molecules at the interface, the next step is to link the macroscopic y® to the molecular frame of
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the individual molecules producing the nonlinear response using rotational matrices.® Beginning
with Equation 18, but expanding to the laboratory frame yields:

X = L apRWIROIR(P)Bapy) (19)
where i, j, k are indices representing the three dimensions of the laboratory frame and «, 3,y are
indices representing the three dimensions of the molecular frame. In converting between the
laboratory frame and the molecular frame, Euler angles must be used, which are represented above
as i, 0, . Rotational matrices, designated above as R, for each of these Euler angles do the work
of moving between these two coordinate systems.> 1
The molecular response can be estimated using perturbation theory under the electric dipole

approximation, giving:

Bagy = 2_1h (M) (20)

Wyis—wr—il
Equation 20 is the basis for the selection rules for SFG spectroscopy, since M,z is the Raman
transition moment and A, is the IR transition moment. # is simply Planck’s constant, h, divided

by 2 and I'"! refers to relaxation time of the vibrational mode of interest.> The second order
susceptibility, which is the susceptibility relevant to SFG spectroscopy, depends on the number of
molecules per unit volume, the molecular orientation distribution, and on a mode being both
Raman and IR active.

(2

A necessary point to address here is that y(® has both resonant, x5, and non-resonant, X}f,g :

components:
@ = xP +xim (21)
Therefore, the intensity of the SFG light measured by the detector is dependent on both resonant

and non-resonant contributions as well as their phases, € and §, respectively.
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Lgpe & |X1(22) 24 |)(,(V2,3 24 2|)(1(22)||)(IE,213 cos[e — 6] (22)

Note that this dependence is important in the interpretation of work performed under aqueous

buffer conditions described in subsequent chapters of this thesis. The signal from the OH stretches

in the water can be strong enough to contribute to signal in the CH stretching region causing
interference effects which can complicate peak assignments.

Within the electric dipole approximation, SFG is only allowed in non-centrosymmetric
media. This selection rule is best explained using mathematics and accurately treating the
polarization and the electric field as vectors. If a sample is centrosymmetric, it has inversion
symmetry. Therefore, if Equation 22 is generalized over X, y, z space, the result is Equation 23.

P®(x,y,2) = Y P|E(x,y,2)|? (23)

If the inversion operation is used on Equation 23, the result is Equation 24, which simplifies to
Equation 25:

P@(—x,—y,—z) = =P (x,y,2) = xP|E(—x,—y,—2)|* = xP|E(x,y,2)|* (24)

XPNE(x,y, 2)|* = —xPI|E(x,y,2)|? (25)

This equation can only be true if y® =0. Therefore, the SFG process is forbidden in

centrosymetric media, where there exists an inversion symmetry operation. The necessity for non-

centrosymmetric media is why SFG is an interface-specific technique. Symmetry breaks at an

interface because of induced polarization effects and constrained molecular motion at the interface.

With regards to the overall orientation of a molecule at interfaces, standard SFG
spectroscopy can only give the tilt angle in relation to the surface normal. Determination of the
absolute orientation of the molecule was accomplished using SHG by Kemnitz et al. in 1986 with

a publication that explains the experimental setup necessary for the measurements of the phase of
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x® and B (where B is the molecular second order polarizability).® For example, in the simplified

equation relating one of the allowed y terms to 8, namely the ZZZ component:

Xézz)z = Npzzz{cos® O)or (26)
(cos® @) refers to the orientational angle averaged over all the molecules at the interface
sampled by the beam spot and N is the number of molecules. If the sign of y(® is measured and
the sign of B is known from calculation, the absolute molecular orientation is determined from
the sign of 0, since N is the number of molecules at the surface, per area of the beam spot in cm?,
which is a positive number.t” SFG spectroscopy can also be used to study the molecular
orientation of adsorbates. A study by Ward et al. showed that dodeconal in an aqueous solution
adsorbs onto a nonpolar substrate and orient with the OH group towards the aqueous phase and
the hydrophobic region towards the nonpolar substrate, a finding that is consistent with chemical
intuition.!®
SFG spectroscopy does have certain limitations. Because of the non-centrosymmetric
requirement, the specificity of SFG spectroscopy for the interface limits which materials can be
studied with this technique.® Dilute colloidal solutions and other highly dispersed systems are not
feasible yet for SFG research,® though some colloidal systems can be studied using sum frequency
scattering (SFS) spectroscopy, as will be discussed in later chapters of this thesis. Occasionally,
the dependence of SFG signals on modes that are both IR and Raman active can severely reduce
the number of vibrational modes that can be studied.® The intensity of an SFG active mode may
be low because of its low IR or Raman activity, or because of its orientation. Moreover, the
tunability of currently available laser systems limits the type of vibrational modes that can be
probed by SFG. With current table-top techniques, it is in principle possible to use SFG to probe

vibrational modes down to 250 cm™.1° In order to detect vibrational modes below 250 cm™ using
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SFG, advances are needed in the practical matters of filters and detectors,'® and light sources,
including free electron lasers. In addition, increasing the intensity of the input beams to overcome
low SFG activity has only been moderately successful. After a certain threshold intensity is
reached, the sample may be damaged by the laser power.® Therefore, careful power studies of
each sample must be completed prior to analyzing SFG spectra. These power studies ensure that
the sample is not being damaged by the laser during the experiment.

Other disadvantages of SFG spectroscopy arise from difficulty in data analysis. SFG
spectroscopy is not sensitive to the number of randomly oriented molecules at the surface, so it is
difficult to determine surface coverage of non-oriented molecules compared to oriented
molecules.® Interpretation of SFG spectroscopic data can sometimes require in-depth knowledge
of the system, and specific analysis requires knowledge of terms such as the hyperpolarizability of
the molecules of interest. Often, these terms are unknown and analysis must be carried out without
this information, or by approximation. The analysis can be complicated by the fact that, with
certain materials, the electric dipole approximation can break down and the centrosymmetric bulk
can contribute to yyg through the electric quadrupole.?®-?? This can happen because, although the
electric quadrupole term is much weaker, there are many more molecules in the bulk that can
contribute to this term. The same applies to charged systems, where third-order responses can be
important.?3-27

Another consideration in SFG spectroscopy stems from the fact that the technique does not
affect the sample. No net change occurs in the state of the sample that is interacting with the input
beams to produce the output signal, leading to a constraint on the refractive index, n, of the media.*
In SFG spectroscopy, there exists a phase matching condition. This phase matching condition

exists because SFG spectroscopy is a coherent process. Thus, if SFG is generated at different
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points in a dispersive media, the SFG beams generated will be out of phase, thereby allowing for
destructive interference.! This destructive interference reduces the signal and introduces random
noise into the experiment. In order for the SFG waves to be in phase at all points in the region of
overlap of w1 and w2, the refractive index of the media with respect to the propagation of the SFG
waves must equal the refractive index of the input beams. Since the refractive index of a material
changes with respect to the frequency of the propagating wave, the phase matching condition is
rarely met. Therefore, the experimentally detected SFG signal will always be subject to some
amount of random noise.

2.3 Sum Frequency Generation Spectroscopy of Lipid Bilayers

Besides atomic force microscopy (AFM),2830 electrophysiology,®®? quartz crystal
microbalance (QCM) measurements,®-3* fluorescence imaging,® interferometric scattering
microscopy®® or surface plasmon resonance (SPR),%’ nonlinear optical probes have been used
extensively to successfully provide new molecular information on lipid flip-flop®“° within
bilayers, phase transitions,** the positions of peptides**“* and proteins*“¢ within membranes,
domain formations,*’ transition temperatures (Tm),*® membrane potentials,!” *-! and interactions
with molecules,>?->3 proteins,>°% DNA," polysaccharides,®® and engineered nanomaterials.*® 5°-63
Breaking of centrosymmetry is a key requirement that makes second-order nonlinear optical
methods interface-selective.®*

SFG spectroscopy can reveal important information about these boundaries. Roke et al.
investigated the phase response of a monolayer membrane to the surface coverage of the lipid.%°
Using SFG spectroscopy, Roke et al. were able to follow molecular dynamics they attributed to
the long chain hydrocarbon portion of the model lipid “uncurling” in response to compression by

the greater surface coverage of the lipids.%® Liu and Conboy studied the “flip-flop” of lipid bilayers
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through the complete deuteration of one of the leaflets in the bilayer.*® ¢ The deuterated leaflet
initially introduced asymmetry at the interface and therefore caused a high intensity SFG signal in
the CH stretching region. Using a nanosecond Nd:Yag laser and input beams of 532 cm™ and
1064 cm™, Liu and Conboy were able to monitor the SFG signal decay caused by interleaflet “flip-
flop” at various temperatures in order to understand the kinetics of lipid movement in lipid bilayers.
48,66 Chen and coworkers reported that the rate of lipid flip-flop was linearly dependent on the
concentration of the cytotoxic polymer, polyethylenimine (PEI). They also showed that branched
PEI had a much greater effect on lipid flip-flop rate than linear PEI and suggested the faster rate
was due to the higher charge density of the branched polymer.6” In researching lipid monolayers,
Tahara and coworkers demonstrated that pH at the lipid/water interface differs from the pH in the
bulk, and depends on the charge of the lipids.?8 Tan et al. revealed that if the length of an
interacting peptide is shorter than the distance between the interface and the support for a lipid
bilayer, lipid accumulation can occur in what they term a *“hydrophobic-mismatching
interaction.”®®

In addition to the studies which focus on lipid movement and order within a bilayer, several
scientists explored complicated questions in biochemistry using SFG spectroscopy. In fact, Luo
and coworkers demonstrated that SFG spectroscopy can be used to determine the secondary
structure of antimicrobial peptides at the lipid bilayer/water interface.”>’* Protein secondary
structure is a notoriously difficult problem in biochemistry. Using the complementary techniques
of SFG spectroscopy and attenuated total reflectance Fourier transform infrared spectroscopy
(ATR-FTIR), Chen and coworkers studied a model ion channel getting mechanism by following
a change in alamethicin orientation in a SLB in response to pH changes.*® Chen and coworkers

also found that alamethicin orientation within the lipid bilayer depended on the solution
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concentration.”?  Probing interfaces in emulsions and adsorbate-solid interfaces is also critical for
understanding the function of various additives in food and other materials.® Studies like these
help to explain the forces and reactions that occur at these difficult-to-reach interfaces, which are
observable with SFG spectroscopy.

Frequently, bilayer studies by vibrational sum frequency generation (SFG)374
spectroscopy in particular have employed asymmetric membranes, which vary in their number
density of deuterated lipids in either one or both leaflets of the bilayer so as to yield considerable
SFG signal intensities.”>’” Sum frequency scattering (SFS) spectroscopy is an additional way to
probe lipids at interfaces of solvent-suspended droplets.”®"® Other approaches successfully
employ hybrid bilayer membranes®®8! or a lipid monolayer® 820 jn lieu of a lipid bilayer. Yet,
while lipid monolayers at the air/water interface produce strong SFG signal intensities, they carry
sizeable dipole potentials,®® which are negligible in lipid bilayers due to symmetry considerations.
SFG studies of lipid bilayers also frequently rely on deuterated water as a solvent to aid in spectral
interpretation, especially in the C—H stretching region,®>® from where molecular information
about the lipid tails and their head groups can be obtained. In addition, much research has been
carried out using SLBs formed using a Langmuir—Blodgett trough,®*%® which is an expensive
instrument. Research presented in this thesis generally utilizes fully hydrogenated lipids, under
aqueous buffer conditions, at physiological pH, at room temperature to form supported lipid
bilayers using the vesicle fusion technique.

2.4 General Experimental Details
2.4.1 Broadband SFG Spectroscopy Experimental Approach
The hybrid broadband scanning approach pioneered by Esenturk and Walker was used in

the SFG spectroscopy studies described in this thesis, unless otherwise stated.®® The broadband
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system collects signal that spans a larger range of wavelengths in a single acquisition than the
more conventionally used scanning systems. The scanning system can probe a larger range of
wavelengths overall than the broadband system, but does so in a series of acquisitions in a step-
wise fashion with many acquisitions. In the hybrid approach, multiple acquisitions are recorded
at various IR center frequencies and summed to yield the final SFG spectrum. This method of
combining a scanning SFG system and a broadband SFG system makes use of the advantages of
both: a large wavelength range in just a few short acquisitions. Examples of the few IR center
frequencies obtained on the broadband system which are summed to create the SFG spectrum are

illustrated in Fig. 2.2 A.
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Figure 2.2. (A) ssp-polarized SFG spectra of a gold film on the surface of an IR grade fused-
silica window recorded in near total internal reflection at various tuned IR frequencies across the
CH stretching region. (B) A schematic of the sample cell used in the SFG experiments discussed
in this thesis. The IR beam is highlighted to illustrate that the frequency of this beam is changing
to yield the various SFG spectra shown in A.
2.4.2 Description of Broadband SFG Laser System

A description of the laser system used in this work has been previously published.?’ 4% 100-
192" The SFG experiments were performed using a regeneratively amplified Ti:Sapphire system

that produced 800 nm light in femtosecond (~120 fs) pulses (Spitfire Pro, Spectra Physics, 1 kHz
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repetition rate, 2.5 mJ/pulse, complete with Mai Tai and Empower). The 800 nm light was sent
through a 50/50 beam splitter (Spectra-Physics, L0RQ00UB.4), with half of the beam pumped into
an optical parametric amplifier (Spectra Physics, OPA-800CF, difference frequency mixing
option) to produce an IR beam in the CH stretching frequency region (~3.4 pm, 140 cm™ fwhm)
which passed through an IR filter (Newport Corporation, 2702-0271) before four gold mirrors
(Edmund Optics, 45606) directed the beam through a BaF» IR focusing lens (ISP optics, BF-PX-
200) and onto the sample at an angle 60° from the surface normal. The residual 800 nm light that
passed through the 50/50 beam splitter was directed by 4 gold mirrors (Edmund Optics, 45606)
before it passed through two variable density filters (ThorLabs, NDC-50C-4), one additional gold
mirror, a home built delay stage with two 3mm thick gold mirrors (CVI, PW1-1025C) on a
translational stage (ThorLabs, PT1), three additional gold mirrors and finally through an iris
(ThorLabs, ID12), a narrow band pass filter (CVI, Melles Griot, F1.1-800.0-UNBLK-1.00), a half
waveplate (Karl Lambrecht Corp., MWPAA2-12-700-1000), and a plano-convex focusing lens, to
overlap in time and space with the IR beam on the sample at a 45° angle from the surface normal.
Once the IR and visible beams overlapped and produced the SFG signal, the SFG light was
recollimated using an achromatic lens, a polarizer (ThorLabs, Glan polarizer, GL15), a half
waveplate (Karl Lambrecht Corp., MWPAAZ2-12-400-700), two gold mirrors, a short pass filter
(Edmund Optics, 45646), a long pass filter (Edmund Optics, 600 nm, 66054), a plano-convex
focusing lens, and a notch filter (Kaiser Optical Systems, Inc., holographic notch-plus filter,
HNPF-800.0-1.0) until finally detected with a charged coupled device (CCD) camera (Roper
Scientific, 1340 x 100 pixels) cooled by liquid nitrogen and combined with 0.5 m spectrograph
(Spectra Pro 500i Acton Research). Each SFG spectrum was background-subtracted, calibrated

to the 2850 cm™ and 3060 cm™ peaks of polystyrene (International Crystal Laboratories,
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polystyrene calibration film, 76 um, 0009-8181), and normalized to the non-resonant sum
frequency signal of a gold-coated silica window plus one.

All SFG data reported here were collected using near total internal reflection and either the
ssp-polarization combination or the ppp-polarization combination. In the naming convention for
these polarization combinations, the first letter refers to the polarization of the SFG beam, the
second refers to the polarization of the visible beam, and the third refers to the polarization of the
IR beam. The ssp-polarization combination probes the components of the vibrational modes that
are perpendicular to the surface.%®
2.4.3 General Description of Sample Preparation

Detailed below are specific experimental parameters relevant to the individual experiments
for each chapter. To form the supported lipid bilayer in the SFG experiments, the lipids were first
mixed in the appropriate molar ratios from stock solutions in chloroform and then dried under a
flow of nitrogen. The lipids were rehydrated in a 10 mM Tris buffer solution at pH 7.4, 5 mM
CaCl; and either no, 1, 10 or 100 mM added NaCl before extrusion. Extruding the lipid solution
before use with a 0.05 um polycarbonate membrane filter ensured the production of small,
unilamellar vesicles.’%+1% For SFG experiments, after the cell was equilibrated with 10 mM Tris,
pH 7.4 buffer solution at the desired experimental NaCl concentration, the extruded lipids were
injected into a custom-built Teflon flow cell and the lipid bilayer formed on the surface of a clean
silica window using the vesicle fusion method. 2 1% To clean the silica window, the window was
placed in NoChromix® solution for between one and fourteen hours, rinsed with Millipore water,
and dried under a stream of nitrogen. Immediately before use, the window was plasma cleaned

(Harrick Plasma Cleaner, PDC-32G) for twelve minutes on the “high” setting. An SFG spectrum
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of the bare silica window was recorded to ensure no CH stretches were present before buffer and

lipid injection.

Figure 2.3. Schematic of the custom-built Teflon flow cell and experimental setup for bilayer,
bilayer nanoparticle and bilayer polymer experiments.
2.5 Experimental Details for Chapter 3
2.5.1 Lipid Choice

The lipids chosen in this study all contain the PC headgroup. The zwitterionic choline
headgroup is of particular importance because the PC class of lipids comprises more than 50% of
the phospholipids in a majority of eukaryotic membranes.’®” Bovine pulmonary artery endothelial
cells are composed of close to 20% DPPC and 20% POPC.1® DPPC can also be found in
pulmonary surfactant.®® Degradation and the synthesis of PC lipids have been shown to play a
role in cancer growth as well as apoptosis.t*%-11 PC lipids are also important components in cell
signaling pathways'*? and as lipid secondary messengers.'®” Moreover, estimates currently stand

that approximately 15% of all bacterial species also have the ability to synthesize PC lipids.t*3
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2.5.2 Flow Cell

The flow cell used in our SFG experiments has been described in detail previously.*® For
our experiments, a custom-made Teflon flow-cell with a reservoir volume of approximately 3 mL
was used. For experiments which required changing the temperature, this Teflon flow-cell was
heated via two low-density cartridge heaters (Omega Engineering, LDC00014) connected to a
Eurotherm temperature controller. The temperature was monitored and controlled through the use
of a Type K thermocouple (Omega Engineering, DH-1-20-K-12). All solutions were introduced
into the cell via an approximately 8”-long PTFE tube (1/16”) connected with Swagelok fittings.
A 1”-diameter IR-grade fused silica window (ISP Optics) was placed on top of a Viton O-ring
(Chemglass) such that a leak-tight seal was formed. The temperature-dependent experiments were
carried out using the same buffer composition as the one used for the room temperature studies.
2.5.3 Bilayer Formation

To form the supported lipid bilayers, the lipids were first mixed in the appropriate molar
ratios from stock solutions in chloroform, dried under a flow of nitrogen, and rehydrated in a 10
mM Tris buffer solution at pH 7.4, 100 mM NaCl, and 5 mM CaCl,. The lipids were extruded
using a mini-extruder kit (Avanti Polar Lipids). Extruding the lipid solution before use with a 0.05
um polycarbonate membrane filter ensured the production of small, unilamellar vesicles.!** 4 mL
of a 0.5 mg/mL vesicle containing solution (vesicles, 100 mM NaCl, 10 mM Tris buffer, 5 mM
CaCl,, pH 7.4) was injected into a custom built Teflon flow cell®® and the lipid bilayer was formed
on the surface of the silica window using the vesicle fusion method.'% %> The bilayer was rinsed
with 30 mL calcium-free buffer solution (100 mM NaCl, 10 mM Tris, pH 7.4) at a flow rate

between 1 and 2 mL/min to ensure removal of excess vesicles in solution. Unless otherwise stated,
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bilayer formation and rinse occurs at room temperature. This volume is more than 10 times the
volume of the flow cell. SFG spectra of the lipid bilayers were recorded after this rinse.

2.5.4 Scanning and Broadband Sum Frequency Generation Spectrometers

The laser systems and configurations for the scanning and the broadband SFG experiments
have been described previously.?” 80 102 116-117 Briefly the scanning SFG spectrometer is a
commercial (EKSPLA) system located at Pacific Northwest National Laboratory (PNNL)
operating at a repetition rate of 10 Hz and producing infrared pulses of 30 psec duration that are
overlapped at the sample with a psec upconverter at 532 nm (spectral resolution of ~6cm™). The
broadband system (Spectra Physics/Newport) is located at Northwestern University and operates
at a 1 kHz repetition rate, producing 100 fsec infrared pulses near 3 um (140 cm™ bandwidth at
FWHM) that are overlapped at the sample with a psec upconverter at 800 nm (spectral resolution
~10 cmY). Both spectrometers were used on lipid bilayers formed, as described above, on IR-grade
fused silica windows (ISP Optics, QI-W-25-3, 3mm thick, 1” in diameter). Angles of incidence
are 60° and 45° for the infrared and upconverter, respectively, at Northwestern University, and 55°
and 65° for the infrared and upconverter, respectively, at PNNL. The differences in the incident
angles shall not cause differences in the ssp spectral lineshapes for the same sample surface.

SFG spectra are collected using the ssp polarization combination unless otherwise
indicated; the abbreviation represents s-polarized SFG, s-polarized 800 nm visible light, and p-
polarized IR light. This polarization combination probes the components of the vibrational modes
that are oriented perpendicular to the membrane. The laser spot at the sample is approximately 30
um in diameter at Northwestern University and ~300 um at PNNL. Unless stated otherwise, each
SFG spectrum recorded using the broadband system is composed of an average of 5 acquisitions

each integrated over 4 minutes, background-subtracted, calibrated to the 2850 cm™ and 3060 cm
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! peaks of a polystyrene film, and normalized to the nonresonant sum frequency response of a
gold-coated silica window plus one so as to account for the distribution of IR energy across the
sampled frequency region. The averaged, normalized spectra are recorded at three different IR-
center frequencies and summed as described in detail elsewhere.®
2.5.5 Fluorescence Microscopy

Fluorescence images were taken using a Leica Spinning Disk Microscope (Leica DMI16000
equipped with Yokogawa CSU-X1 Spinning Disk) with a 63X oil immersion objective (63X HC
PL APO 1.4NA Oil) and a Photometrics Evolve 512 Delta (16 um pixel size, 20 MHz digitizer,
512x512 chip camera with a back thinned EMCCD Sensor) driven by Metamorph. Fluorescence
imaging was carried out with the Green ET525/50M emission filter and 488 nm 50 mW laser at
20% power. Images were recorded of bilayers formed pure DLPC, DMPC, and DSPC, doped with
a 0.01 mol % TopFluor® PC. Bilayers were formed using the vesicle fusion method, in the same
manner and in the same flow cell used for the SFG experiments. The window was then removed
and placed in a dish containing aqueous buffer solution and a clear cover slip on the bottom. The
window was positioned onto the cover slip using three small pillars of silicone grease located on
the edges of the window. The bilayer was then imaged through the cover slip and aqueous buffer
layer.

Fluorescence recovery after photo bleaching (FRAP) measurements were recorded on the
Leica Spinning Disk microscope described above. Laser manipulation for photobleaching was
performed with an iLas? attachment from Roper Scientific mounted on the Leica Spinning Disk.
Bleaching was performed with the 488 nm laser at 10 % power. Photobleaching was carried out
using the iLAS software as follows: a bleach region was drawn in the field of view, either circular

or rectangular, and ranged from 65 x 102 um? to 120 pm? depending on sample image; the laser
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power was set to 10% and 5 repetitions over the defined bleach region were performed. Bleach
settings were determined as those which are required to achieve at least a 60% loss of fluorescence
intensity. Pre- and post-bleach imaging was performed as above. Sample preparation was the
same as for fluorescence imaging, except DLPC, DMPC, and DSPC, were doped with a 0.1 mol
% TopFluor® PC. Diffusion coefficients discussed are averages of a minimum of 5 measurements
and analyzed using the simFRAP plugin for ImageJ.**® Errors reported are 2 o standard deviations.
More detailed information is available in the Supporting Information of Olenick et al.*?°
2.6 Experimental Details for Chapter 4
2.6.1 Materials, nanoparticle synthesis, bilayer preparation, and characterization

The synthesis, functionalization, and characterization of the nanoparticles and bilayers
studied here have been described previously by researchers within the CSN.*® 12! The details for
the procedures pertaining to the nanomaterials were optimized by Dr. Samuel Lohse, Dr. Ariane
Vartanian, and Xi Zhang from the Murphy group along with Dr. Marco Torelli from the Hamers
group. Bilayer preparation and optimization processes were developed by this author and fellow
graduate students at Northwestern: Merve Dogangiin, Alicia McGeachy, and previous graduate
student Dr. Stephanie Walter along with collaborators from the Pedersen group, Dr. Thomas
Kuech and Dr. Eric Melby.
2.6.1.A Nanoparticle synthesis, bilayer preparation, and characterization (in collaboration
with the Murphy and Hamers groups)

In collaboration with Dr. Ariane Vartanian, Dr. Samuel Lohse, Xi Zhang, and Dr. Marco
Torelli, the 15-nm gold and diamond nanoparticles were prepared and wrapped in PAH ligand
following a previously described procedure.*?? For gold particles, 1 L of 0.8 mM HAuUCI, was

heated to a rolling boil, followed by addition of 16 mL of 5% (w/v) sodium citrate. The deep red
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solution was stirred and boiled for 30 minutes to yield citrate-capped particles. The particles were
centrifuged at 8000g for 40 minutes, and the combined pellets were redispersed in 1 L of 1 mM
NaCl and stirred overnight with 50 mL of PAH solution (10 mg-mL™ of 15,000 g'mol* PAH
(Sigma-Aldrich) in 1 mM NaCl). The PAH-wrapped particles were purified by either tangential
flow filtration (MWCO 50K) or centrifugation.

Fellow graduate student Marco Torelli obtained diamond nanoparticles (DNPs) from
Microdiamant (Smithfield, PA). Synthetic diamond was synthesized by high-temperature high-
pressure (HPHT) synthesis and subsequently milled and sized to achieve 15 nm diameter. The
particles were oxidized by reflux in a mixture of 3:1 sulfuric and nitric acid overnight, isolated by
centrifugation, refluxed again overnight in a fresh acid mixture, washed by centrifugation, and
finally resuspended in NanoPure water until reaching a circumneutral pH. PAH functionalization
was carried out in a manner similar to that for Au nanoparticles, by mixing concentrated diamond
nanoparticle stock (~1 mg'mL™? by gravimetric analysis) with 1 mg-mL™* PAH in 1 mM NaCl,
sonicating overnight. The particles were then cleaned by dialysis (50 Da MWCO, Spectrum Labs)
through at least 12 L of water. Functionalized particle sizes and wrapping were confirmed by
transmission electron microscopy (TEM), dynamic light scattering (DLS) and laser Doppler
microelectrophoresis as described in the Supporting Information of Troiano et al.*°

Tian Qiu of the Haynes group determined the amount of unbound PAH polymer in PAH-
AuNPs purified by double centrifugation by following a fluorescence assay reported before using
amine-reacting fluorescamine.*?® Briefly, a buffer composed of 10 mM HEPES and 100 mM NaCl
adjusted to pH 7.4 was used instead of water to dissolve free PAH polymers to obtain calibration
curves, and the same buffer was used to disperse PAH-AuNPs prior to centrifugation to obtain

supernatant that contained free PAH ligand. After the sample was mixed with borate buffer and
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fluorescamine, the solution was incubated at room temperature for 15 minutes, followed by
fluorescence readout with excitation/emission wavelengths of 425/480 nm. In the data analysis of
the calibration curves, second-order polynomial fitting was used instead of linear fitting to better
fit the data points (R? > 0.99). Awverage of ten technical replicates from two material replicates
were used to calculate the final concentration of free PAH ligand.

The nonlinear optical, QCM-D, and NMR procedures to study lipid bilayer-nanoparticle
interactions have been described earlier work by CSN researchers in Bozich et al.'?> Nonlinear
optical experiments were carried out at Northwestern with help from fellow graduate students Dr.
Julianne Troiano, Merve Dogangiin, and Alicia McGeachy. Dr. Thomas Kuech and Dr. Eric
Melby in the Pedersen laboratory carried out the QCM-D experiments. NMR experiments were
performed by Dr. Ariane Vartanian from the Murphy group. Solutions used in these experiments
contained 0.01 M Tris and 0.1 M NaCl, were adjusted to pH 7.4, and were prepared in ultrapure
water (18.2 MQ-cm). Experiments using free PAH ligands were conducted with poly(allylamine
hydrochloride), (Sigma-Aldrich, average M, ~15,000 g-mol™?) dissolved in ultrapure water and
diluted to the desired concentration without further purification. After forming a supported lipid
bilayer on the surface of fused silica windows as described previously*® and rinsing with CaCl,-
free buffer to remove excess vesicles, the desired solution was injected into the flow cell, allowed
to interact with the bilayer for 20 min, an SFG spectrum (not shown) was collected then the bilayer
was rinsed with our buffer solution and the rinsed SFG spectrum was collected. All spectra shown
in this chapter are those collected after rinsing the surface.
2.6.1.B Materials

Buffer solution refers to a 0.01 M tris(hydroxymethyl)aminomethane (Tris) (Sigma-

Aldrich, 99.8%), 0.1 M NaCl (VWR, 99.0%), pH 7.4 aqueous solution. Tris and NaCl were used
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as received. 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC); 1,2-dioleoyl-sn-glycero-3-
phosphocholine (DOPC); 1,2-dimyristoyl-sn-glycero-3-phospho-(1'-rac-glycerol) (DMPG); and
1,2-dioleoyl-3-trimethylammonium-propane (DOTAP) were purchased from Avanti Polar Lipids,
Inc. and used without further purification.
2.6.1.C Lipid Vesicle Preparation

Lipid vesicles were prepared via the vesicle fusion method?® 1% as outlined in Supporting
Information for Troiano et al.*??> The vesicle preparation was optimized in collaboration with the
Pedersen lab.
2.6.1.D Lipid Vesicle Characterization

Size and {-potentials of the lipid vesicles were determined using dynamic light scattering
(DLS) and laser Doppler micro-electrophoresis using a Zetasizer Nano ZS according to Supporting
Information of Troiano et al.®?> The vesicle characterization method was developed in
collaboration with the Pedersen, Murphy, and Hamers laboratories.
2.6.1.E Gold Nanoparticle Characterization (in collaboration with the Murphy group)

AuNPs were characterized by UV-Vis absorption spectroscopy, transmission electron
microscopy (TEM), DLS and laser-Doppler micro-electrophoresis explained in the Supporting
Information for Troiano et al.'?? and carried out by Dr. Ariane Vartanian and Dr. Samuel Lohse
from the Murphy group.

2.6.2 Single molecule trajectories (in collaboration with the Orr and Pedersen groups)

Supported lipid bilayers were formed within 35/22 mm #1.5 glass bottom dishes (Willco
Wells) by Dr. Julianne Troiano and Dr. Eric Melby. Dishes were rinsed with ultrapure water (18
MQ-cm; MilliQ Advantage A10, Millipore), dried with N2, and cleaned in a UV/Ozone chamber

(PSD Pro Series, Novascan) for 20 min. Cleaned dishes were equilibrated with a solution
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containing 0.1 M NaCl buffered to pH 7.4 with 0.010 M Tris for at least 1 h. Suspensions of small
unilamellar vesicles SUVs (0.0625 mg-mL™* 9:1 DMPC/DMPG with 0.0001 mol% fluorescent
Atto 647N DOPE (Atto-Tec; lex = 642 nm; Aem = 667 nm) in the same buffered solution used to
equilibrate the dishes) were introduced to the dish. After bilayer formation, the solution in the dish
was exchanged five times with 2 mL aliquots of the buffered solution.

Single molecule fluorescence imaging of supported lipid bilayers was conducted before
and after introduction of 1 nM PAH-AuUNPs. Imaging was conducted on an Olympus IX71
inverted microscope with a UPlanSApo 100x 1.4 NA oil-immersion objective. Fluorescence
emission was acquired with an Andor iXon Ultra EMCCD operated at 6.9 Hz. The excitation
source was a 643 nm pumped laser (CL-2000, Crystal Laser). A series of at least 500 frames was
collected at three spots (250 x 250 pixels, 40 x 40 um) before and after 1 nM PAH-AuUNP addition,
and this was repeated on three different supported lipid bilayers. MATLAB (R2015a, MathWorks)
was used by Dehong Hu to determine the trajectories of individual lipid molecules and lateral lipid
diffusion coefficients. Individual fluorescent molecules were identified as unique, diffraction
limited points with the expected fluorescence intensity of single dye molecules, as predetermined
by spin-coating the dye molecules on a glass coverslip and imaging them using the same settings.
These points were tracked from one frame to the next to reconstruct the trajectories of individual
lipid molecules. The lateral diffusion coefficient, D, was determined from the mean squared
displacement, MSD, and the time between frames, t, using the relation MSD = 4Dp.

2.6.3 Computer Simulations (in collaboration with the Hernandez and Cui groups)

To understand how the lipid corona is formed around gold nanoparticles wrapped with the

positively charged PAH, graduate student Gene Chong in the Hernandez group used molecular

dynamics simulations with the POL-MARTINI coarse-grained force field.!#'% The gold
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nanoparticle was constructed as a 4 nm-diameter sphere with fcc lattice structure, where all beads
were treated as the C1 type (the most hydrophobic in the MARTINI force field) with 4.7 A as the
van der Waals radius; a similar model for the gold nanoparticle had been employed successfully
in previous coarse-grained molecular dynamics simulations of functionalized nanoparticles and
their interactions with lipid membranes.'?® All beads beyond 1.8 nm from the center of the
nanoparticle were assigned with a negative charge of -1, qualitatively mimicking the effect of
surface passivation by citric acids. The force field of PAH was established by combining the
carbon backbones of polystyrene'?” and the top bead of the lysine side chain from MARTINI.1%*
Two PAH models containing 160 and 200 monomers, respectively, were constructed, since
exploratory simulations indicated that these chain lengths led to a significant degree of surface
coverage of the nanoparticle once it was wrapped by the PAH polymer. All monomers were
assumed to be positively charged, which likely led to an overestimated charge of PAH.1?8 The
interfacial electrostatic potential of the nanoparticle in salt solution was about +100 mV at the van
der Waals surface of the PAH polymer that wraps the gold nanoparticle, thus the {-potential was
expected to be substantially lower, in the range of 50 mV, which can be compared to the
experimental measured value of +30 mV.*?° Thus, the current model is appropriate for exploring
the qualitative nature of the lipid corona. The calibration of the coarse-grained model using an all-
atom representation of the PAH interacting with the gold nanoparticle is described in
Supplementary Information of Olenick et al.**

To study the organization of lipids near the PAH-wrapped gold nanoparticle, self-assembly
simulations were carried out by Dr. Leili Zhang in the Cui group by randomly placing lipids around
a gold nanoparticle wrapped with a PAH chain that contains 160 or 200 monomers. The solution

contained 423 copies of DMPC molecules and 47 copies of DMPG molecules, and 0.02 M NaCl
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solution with MARTINI polarizable water model. The dimension of the simulation box was
15x15x15 nm®. The time step of the simulations was 20 fs. Electrostatic interactions were treated
with the particle mesh Ewald (PME) method,**! with a Fourier spacing of 0.12 nm. Van der Waals
interactions were treated by the shift scheme, with a cut-off distance of 1.2 nm and the switching
function turned on at 0.9 nm. Isothermal-isobaric (NpT) simulations were carried out at 300 K
and 1.0 bar using the Berendsen thermostat and pressure coupling (compressibility of 3x10°
1/bar),**2 calculations were repeated using the semi-isotropic pressure coupling and the qualitative
results remain the same. The system was subject to 20,000 steps of steepest descendant energy
minimization before 1 ns of NVT equilibration and 400 ns of production simulations. Several
independent simulations were carried out to ensure the robustness of the qualitative trends.

2.6.4 Biological studies (in collaboration with the Haynes, Feng, and Klaper groups)

As described in detail in the Supplementary Information in Olenick et al.,**° graduate
students in the Haynes group and undergraduate students in the Feng group suspended Shewanella
oneidensis cells in a HEPES buffer (2 mM HEPES and 25 mM NaCl at pH 7.40) and then exposed
them to 0.5 mg-L"* PAH-AuNPs for 10 minutes, fixed with 2.5% glutaldehyde in 0.1 M cacodylate
buffer, dehydrated in a graded ethanol series, and embedded in an epoxy resin. The thin-sectioned
resin sample (~60-nm-thick) was stained with uranyl acetate and lead citrate prior to TEM imaging
on a Tecnai T12 electron microscope operating at 120 kV.

Standard Pacific Bioscience IsoSeq cDNA synthesis and library preparation were
performed by graduate students in the Klaper group with the addition of adding PacBio barcodes
during cDNA synthesis. cDNA was synthesized using the SMARTer PCR cDNA Synthesis Kit
(ClonTech) and amplified by PCR. All barcoded cDNAs were pooled equally by mass. Following

BluePippin (Sage Science) size selection, pooled amplified cDNA was divided into four size bins:
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1-2 kB, 2-3kb, 3-6kb. Size selected cDNA was further PCR amplified, enzymatically repaired,
and ligated to a PacBio adapter to form the SMRTbell Template. Templates were annealed to
sequencing primer, bound to polymerase, and then bound to PacBio Mag — Beads and SMRTcell
sequenced.

Data was primarily analyzed through barcoded use of the Pacific Biosciences 1soSeq
pipeline, in which asymmetric barcodes were employed where the reverse barcode was of
ClonTech design. Execution of IsoSeq was performed through SMRTanalysis version 2.3, where
only isoforms possessing at least 2 full passes around the SMRTbell adapters were permitted to
pass the initial consensus sequencing correction step (e.g. CCS1 or Reads-of-Insert). The resulting
isoforms were then submitted to the ICE and Quiver algorithms to produce polished, high-quality
isoforms clustered into putative gene families. 1soSeq, by method design, relies in a strategy of
size-fractioning genes into three size-bins: 1-2 kb, 2-3 kb, and 3+ kb. The resulting sets of genes
were aligned against a composite transcriptomic reference composed of D. magna, D. pulex, C.
elegans, and D. melagnogaster via BLASTX; these alignment results were used to construct a
Daphnia reference consisting of per-size-bin, per-cluster gene identifiers. This reference was then
relationally joined with per-isoform barcoding results to generate lists of annotated genes
expressed within each experimental sample.

2.7 Experimental Details for Chapter 5
2.7.1 Selection of Materials

We selected PAH for these polymer—lipid membrane interaction studies due to its

canonical importance in this area of research, ranging from supported lipid bilayer studies,*® to

133

cancer cell imaging!®® and organismal toxicity!?' to its use as a common wrapping for

nanomaterials.*** DMPC was used in the present study because it has also been widely studied and
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contains the phosphatidylcholine (PC) headgroup, which is prevalent in the membranes of
eukaryotes.’®*1 In order to probe PAH-DMPC membrane interactions, we used a membrane
model system composed of phospholipid monolayers coating the surfaces of oil nanodroplets.**®
Since oil droplets are hydrophobic in nature, the phospholipid orients itself with the hydrophilic
portion in the aqueous phase. The polycations introduced into the system then interact with the
headgroups of the monolayer, much as they would with the headgroups in a lipid bilayer. We
caution that a key difference from lipid bilayer membranes is the sizeable dipole potential of lipid
monolayers.®* Yet, the oil droplets studied here possess controllable molecular interfacial

properties!®

and have been previously used to study lipid structure and orientation as well as the
interactions of the oil droplets with ions.** When compared to lipid monolayers formed in a
Langmuir trough, one advantage is that the current approach requires smaller sample volumes.**®
2.7.2 Chemicals

PAH was purchased from Sigma Aldrich (283215, ~17.5 kDa) and used without further
purification. DMPC was purchased in powder form (>99%, Avanti Polar Lipids), stored at -20°C
until use, and used without further purification. Sodium chloride (> 99%, Sigma Aldrich), dza-
hexadecane (98%, Cambridge Isotope Laboratories), and D,O (99.8%, Armar Chemicals) were
used as received.
2.7.3 Oil Droplet Preparation

In order to prepare nanoscale oil droplets (nanodroplets), powdered DMPC was hydrated
in D20 in a 2 mL glass vial at a concentration of 2 mM for CH SFS experiments and 1 mM for
PO SFS experiments for 30 minutes at approximately 40°C, ensuring that the hydration occurred

above the transition temperature of the lipids (24 °C for DMPC).*” Deuterated hexadecane (1 vol

%) was then added to the hydrated DMPC suspension. The lipid-oil suspension in D>O was
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sonicated for periods of five minutes at an intensity setting of 40% on the ultrasonic bath (35 kHz,
400 W, Bandelin sonorex digiplus) until a DLS size measurement indicated a polydispersity index
(PDI) below 0.25 and a diameter between 100 and 200 nm. Once the sample met these criteria
and the solution was milky white and homogeneous, the sample was used for no more than one
week, stored in the refrigerator, and stability was verified with DLS before each SFS measurement.

For SFS experiments in the CH stretching region, PAH solutions were made from PAH
stock solutions composed of 41 mM PAH in 1 mM NaCl in D2O. For SFS experiments in the PO
stretching region, PAH solutions were made from PAH stock solutions composed of 2.3 mM PAH
in D2O. Aliquots of PAH stock solutions were added to the lipid-oil droplet solutions via
micropipette to reach the desired concentrations. Solutions were mixed thoroughly with the pipette
tip and then allowed to sit at room temperature for 15 to 20 minutes prior to SFS experiments. For
SFS measurements, 60 puL of the nanodroplet solution was placed into a cuvette composed of a
fused silica window with a slight interior indentation (Hellma Analytics, 106-0.20-40, Germany)
and a detachable CaF, window (CeNing Optics, 1.3 mm thick, 60-40S/D, L/2). Care was taken
not to trap air bubbles within the sample during preparation of the cuvette. The CaF, window was
oriented towards the incoming IR and visible beams, and the quartz window was oriented towards
the detector.

2.7.4 SFS system

Vibrational SFS spectra were recorded using our previously described approach.38140
Briefly, an 800 nm regeneratively amplified 1 kHz Ti:sapphire system (Spitfire Pro, Spectra
physics) was used to pump a HE-TOPAS-C (Light Conversion) optical parametric amplifier to
generate IR pulses. The visible beam was split off directly from the amplifier and spectrally shaped

with a home-built pulse shaper for a spectral resolution of 10 cm™. The angle between the 10 pJ



57
visible (VIS) beam (800 nm, FWHM 10 cm™) and the 6 uJ IR beam (9700 nm or 3200 nm, FWHM
160 cm™) was 20° (as measured in air). The IR and visible beams were focused using parabolic
gold mirror with effective focal length of 101.6 mm (84-625, Edmund Optics) and plano-convex
lens (LA1484-B, Thorlabs) overlapped in a sample cuvette with a path length of 200 um at incident
angles of 35° and 55°, respectively. At a scattering angle of 55° with respect to 800 nm beam, the
scattered SF light was collimated using a plano-convex lens (f=15 mm, Thorlabs LA1540-B) and
passed through two short wave pass filters (3rd Millenium, 3RD770SP). The SF light was
spectrally dispersed with a monochromator (Acton, SpectraPro 2300i) and detected with an
intensified CCD camera (Princeton Instruments, PI-Max3) using a gate width of 10 ns. The
acquisition time for a single spectrum was 10-20 min for PO stretch modes and 20 min for CH
stretch modes. A Glan-Taylor prism (Thorlabs, GT15-B), a half-wave plate (EKSMA, 460-4215),
and a polarizing beam splitter cube (CVI, PBS-800-050), and two BaF. wire grid polarizers
(Thorlabs, WP25H-B) were used to control the polarization of the SFG, VIS, and IR beams,
respectively. The SFG and VIS beams were polarized in the vertical (S) direction and the IR beam
was polarized in the horizontal plane (P) with respect to the plane of incidence, leading to the
polarization combination SouSinPin. The recorded intensity was baseline subtracted and
normalized to the SFG spectrum obtained from a gold mirror in PoutPinPin polarization and in a
conventional reflection geometry (with incident angles of 45° for vis and 65° for IR) that was
recorded before each measurement. Droplet size was accounted for by dividing the SFS spectrum
by the radius of the droplet cubed (r®), based on DLS data, as described previously.!** Daily
changes in power were accounted for by dividing the SFS spectrum by the power (both IR and
visible) multiplied by the acquisition time (in seconds).

2.7.5 Zetasizer
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Dynamic Light Scattering measurements utilized a Malvern Zetasizer Nano ZS. Samples
were prepared by adding 20 pL of lipid-oil droplet solution to 1 mL H2O in a microcuvette. Each
size result shown is the average of three measurements, each of which is the average of 11 data
points. Standard deviation is calculated from the three replicates. All DLS data was acquired on
the same samples that were used to acquire the SFS data.
2.7.6 Infrared Spectroscopy
All IR spectra were obtained using a Bruker Vertex 70 FTIR spectrometer and analyzed

using OPUS 6.0 software.
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Chapter 3
Single-Component Supported Lipid Bilayers Probed Using Broadband Nonlinear Optics

Portions of this chapter have been reproduced from the following paper with permission from the
Royal Society for Chemistry:

Olenick, L. L.; Chase, H. M.; Fu, L.; Zhang, Y.; McGeachy, A. C.; Dogangun, M.; Walter, S.
R.; Wang, H.-f.; Geiger, F. M., Single-Component Supported Lipid Bilayers Probed Using
Broadband Nonlinear Optics. Physical Chemistry Chemical Physics 2017.

doi 10.1039/C7CP02549A
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3.1 Introduction

As pointed out in chapters 1 and 2, lipid bilayers serve as valuable models for studying
processes involving biointerfaces” and Sum Frequency Generation (SFG) spectroscopy is an
excellent tool to study the interactions of many materials with model lipid bilayer systems. This
chapter explores the SFG spectroscopy of supported lipid bilayers (SLBs) composed of lipids with
various transition temperatures under aqueous buffer conditions.

Biointerface research is complicated by the need for in situ observations under ambient
pressure and aqueous conditions, which are accessible parameters when using SFG spectroscopy.
This technique is applicable because of its inherent specificity for the interface due to the
requirement that symmetry be broken for the generation of the sum frequency signal. The
specificity of this technique for the interface, the chemical information contained within the
spectra, and the short timescales that can be resolved using this technique illustrate the excellent
pairing of SFG spectroscopy with the study of biointerfaces.

A survey of the recent literature on the SFG spectroscopy of lipid bilayers shows that the
majority of the published data has been obtained using low-repetition rate (tens of Hz) scanning
laser systems. The pulses produced by these spectrometers contain significantly less peak power
(mW, from a few hundred pJ pulse energy per tens of psec pulse duration in the infrared) than
those produced by broadband SFG spectrometers, which are based on nominally 100-femtosecond
long infrared pulses, with tens of uJ pulse energy, corresponding to 100-fold increases in peak
power. The considerable peak power and the kHz repetition rate of broadband SFG spectrometers
therefore offer the opportunity to probe single-component lipid bilayers by SFG spectroscopy
without having to impose membrane asymmetry using deuterated lipids. Unlike the recent study

by Yan and co-workers,® who found little to no broadband SFG signal intensity from symmetric
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lipid bilayers formed from purely anionic lipids (PG- and PS-terminated), this research focuses on
phosphatidylcholine (PC)-terminated lipids for reasons outlined in Chapter 2.

This chapter reports on SFG spectra that were obtained using broadband and scanning SFG
spectrometers in the C-H stretching region from largely single-component supported bilayers
formed from zwitterionic PC-terminated lipids in contact with solutions formed from H2O, 10 mM
Tris buffer, and 100 mM NaCl. Deuterated lipids were not used in this study and DO was only
used for spectral clarification. The membranes surveyed in this chapter are formed from six lipids
spanning transition temperatures (Tm’s) between -18 to +55 °C and this research finds that the
signals are sufficiently large to obtain SFG spectra within a few minutes. Finally, the spectra are
grouped into those produced by membranes with Tm’s below the laboratory temperature and those
produced by membranes with Tr’s above it. This key result could be used in the future to assess
bilayer phase change in response to foreign objects such as nanomaterials, using SFG
spectroscopy.

3.2 Results

Fig. 3.1 demonstrates the differences in signal-to-noise ratio obtained when probing a

supported lipid bilayer formed from a 9:1 mix of DMPC and DMPG lipids using the scanning and

the broadband SFG spectrometers.
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Figure 3.1. Comparison of ssp-polarized SFG spectra of supported lipid bilayers formed from a
9:1 mixture of DMPC/DMPG phospholipids on a fused silica window on a scanning SFG system
(top, light green) at 2 cm™Y/s scan rate (middle, dark green) 5 cmY/s scan rate and a broadband SFG
system (bottom, purple) in 100 mM NaCl, 10 mM Tris, pH 7.4 at room temperature. While the
O-H spectral feature was clearly present in the scanning SFG data, this feature was not captured
due to the lack of intensity at the blue edge of the IR spectral profile in the broadband SFG
measurement.

All spectra were recorded using the ssp-polarization combination. The aqueous solution
phase in these experiments was maintained at pH 7.4 using 10 mM Tris buffer, and contained 100
mM NaCl. The acquisition of the spectra took comparable amounts of time, namely ~120 minutes,
using either spectrometer. Despite the increased signal-to-noise ratio in the broadband SFG data,
the spectra acquired using the scanning system show substantial signal intensity towards the OH
stretching continuum of water, which is not evident in the SFG spectrum recorded with the

broadband system. This difference is due to the fact that the bandwidth of the broadband system

did not extend out much beyond 3000 cm, i.e. the broadband system was not tuned to sample OH
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stretching modes. Nevertheless, as shown below in H.0-D>O exchange studies, the spectral
lineshape sampled by the broadband system is subject to spectral interference from the OH
stretching continuum. Therefore, special care needs to be taken when measuring and interpreting
SFG spectra using the broadband system with limited spectral sampling range, as the spectral
features near the edge of the range of the spectral profile of the IR pulse used in the experiment

may be overlooked.
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Figure 3.2. (Left) Comparison of ssp-polarized SFG spectra of supported lipid bilayers on fused
silica windows at 100 mM NaCl, 10 mM Tris, pH 7.4. Top to bottom: DSPC, DPPC, DMPC,
DLPC, POPC, DOPC. Spectra are offset for clarity. (Right) Chemical structure of phospholipids
used in this study.

Fig. 3.2 shows the ssp-polarized SFG spectra observed for supported lipid bilayers formed from
DOPC, POPC, DLPC, DMPC, DPPC and DSPC. The signal-to-noise ratio is sufficiently good,

even at the relatively short spectral acquisition times, to discern important differences in the
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spectra, even though they are produced without using deuterated lipids in one leaflet of the bilayer.
This result is attributed to the asymmetry induced by the presence of the solid substrate (fused
silica) on one side of the membrane and aqueous solution on the other.

In general, this chapter finds that the SFG spectra obtained from the supported lipid bilayers
differ from one another depending on the Tr’s of the lipids in the bilayer relative to the laboratory
temperature: The Tn’s of DOPC, POPC, DLPC, DMPC, DPPC and DSPC, the lipids used for
these studies, are -18°C, -2°C, -2°C, 24°C, 41°C, and 55°C, respectively, while the laboratory is
maintained at 21°C + 1°C. Yet, common to all spectra is a peak at ~2980 cm™, which is subject
to interference between the C-H and the O-H stretches from the aqueous phase.® Indeed, Fig. 3.3
shows that switching between H>O and D20 in the same flow cell coincides with the presence of

three vs. two discernable peaks in the SFG spectra.
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Figure 3.3. Evolution of ssp-polarized SFG spectra of 9:1 DMPC/DMPG bilayer during solvent
exchange from 10 mM Tris, 100 mM NacCl in DO (gray) to 10 mM Tris, 100 mM NaCl in H>O
(blue). Spectra are offset for clarity. Each spectrum was acquired over 4 minutes and at one IR-
center frequency as explained in the Experimental section of Chapter 2.

The SFG spectra of bilayers formed from DMPC collected in D2O show spectral signatures
at 2950 cm™ and 2880 cm™ and a shoulder at 2900 cm™. These features are in reasonable

agreement with those recorded in D»O for asymmetric bilayers containing deuterated lipids having

Tm’s above room temperature, be they, for instance, DMPC® or DSPC.'!2 Yet, the small peak at
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2850 cm™ from the symmetric methylene stretches that is typically observed from asymmetric,
deuterium-containing bilayers!®-? is not observed in the symmetric bilayers studied here.
Returning to Fig. 3.2, the membranes having Tm’s above the laboratory temperature exhibit
SFG spectra with at least two additional peaks, one at ~2920 cm™ and another at ~2880 cm™. The
similarity of the SFG spectra obtained from the DMPC, DPPC, and DSPC is in good agreement
with prior work on asymmetric bilayers formed from these lipids.** The intensity of the peak at
2880 cm™ seems to be largest for DMPC, whose T is close to the laboratory temperature. This
result also seems to be consistent with literature data: Using DSPC and DSPC-dss lipid films, Liu
and Conboy reported that the SFG signal intensity due to the methyl symmetric stretch at 2875
cm™ undergoes a maximum intensity near the transition temperature of the lipid bilayer.!!
Comparison of bilayer formation below (21°C) and above (35 °C) the Tm (24°C) for DMPC shows
qualitatively similar spectra (Fig. 3.4), at least in terms of peak positions. Yet, the overall SFG
signal intensity is low, particularly with respect to the peak near 2880 cm™, when the bilayer is
formed at 35 °C, or formed at room temperature and then heated to 35 °C. These findings are in
good agreement with the results presented in this chapter for the series of symmetric (non-

deuterated) lipid bilayers, at least within the limited number of PC lipids surveyed.
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Figure 3.4. ssp-Polarized SFG spectra of a supported lipid bilayer formed from a 9:1 mixture of
DMPC/DMPG phospholipids in 100 mM NaCl, 10 mM Tris, pH 7.4 on a fused silica window at
35°C (red) cooled to 22°C (blue) and heated again to 35°C (pink). Spectra are offset for clarity.
Each spectrum was acquired at two IR-center frequencies as explained in the Experimental section
of Chapter 2.

Further supporting the notion that results obtained with symmetric (non-deuterated) vs.
asymmetric membranes (containing deuterated lipids) are generally in good agreement is the result
of an orientation analysis carried out using the intensity ratio method.3'” Fig. 3.5A shows the ssp-
and ppp-polarized SFG spectra recorded from supported lipid bilayers formed from a 9:1 mix of
DMPC/DMPG in D20 buffer solution. The ssp-polarized spectrum shows again the two peaks
described earlier (Fig. 3.3). The ppp-polarized spectrum shows a significantly smaller SFG signal
intensity from the alkyl tail terminal methyl group symmetric stretch at 2875 cm™, which, as shown
from spectral fitting described in the Supporting Information of Olenick et al., yields a point

estimate of approximately 0.44 + 0.01 for the ppp/ssp amplitude ratio.’® From this analysis, the

terminal methyl groups within the lipids were determined to be tilted at an angle of 15° to 35° from
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the surface normal, depending on the width of the monomodal orientation distribution used in the
analysis (see Supporting Information of Olenick et al.).!® Orientation analyses such as the one
presented here should be viewed with caution if molecular orientation distributions are broad, as
those will often predict a tilt angle of approximately 39° (x2), as presented by Simpson and
Rowlen.*® These results are within the standard deviation, albeit possibly somewhat larger, of the
point estimate provided by Liu and Conboy,?° who used a delta distribution function in their
analysis of SFG spectra obtained from lipid bilayers made asymmetric by use of deuterated and

hydrogenated lipids.
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Figure 3.5. (A) ssp (red) and ppp (blue) polarized SFG spectra of a supported lipid bilayer formed
from a 9:1 mixture of DMPC/DMPG phospholipids in a D2O buffer solution used in this
orientation analysis of the alkyl CH3z group. A total of four fits were averaged to obtain a point
estimate and standard error for the amplitude ratio for the 2875 cm™ peak assigned as the CH3
symmetric stretch (dashed line). (B) Ratio of yppp/xssp COmputed as a function of CHas tilt angle.
The dashed red line indicates the point estimate amplitude ratio based on multiple fits, and the thin
red lines indicate the standard error associated with this ratio. The red cone is the range of tilt
angles assuming a 1° monomodal Gaussian distribution width, and the purple cone indicates the
range of tilt angles when accounting for standard error through multiple peak fittings. The varying
grey shade curves are theoretical monomodal Gaussian orientation distribution widths ranging
from 1 to 40, which result in a range of tilt angles from 0 - 37° from the surface normal.
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Given that the SFG signal intensity depends quadratically on the number of oscillators at

the interface, this chapter analyzed the quality of these supported lipid bilayers using fluorescence
microscopy. The images show bright spots (Fig. 3.6), which are often seen in the fluorescence
images of supported lipid bilayers and are attributed either to excess vesicles? or to
contaminants.?? Image analysis using the ImageJ software package indicates that these regions
compromise just 0.3+0.3% of the total image area for DLPC, 1.1+0.7% for DMPC, and 3.9+£2.2%
for DSPC. Given that the more than 97% of the remaining supported lipid bilayer shows no such
features, the SFG spectra reported in this chapter are due to the supported lipid bilayer, and not the

bright features seen in the fluorescence images.

Figure 3.6. Fluorescence microscopy image of a supported lipid bilayer formed from DMPC
doped with 0.01% TopFluor PC phospholipids on a fused silica window at pH 7.4, room
temperature, and in 10 mM Tris buffer and 100 mM salt.
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Moreover, vesicles left over after bilayer formation and rinsing are unlikely to produce the
SFG signals reported here, as the SFG signals grow in slowly with time, comparable to the time it
takes for the fluorescence signal to evenly cover the surface, as opposed to immediately upon
vesicle addition. Further assurance for the notion that the SFG spectra reported here are from well-
formed bilayers is provided by the results from room temperature (~21°C) FRAP measurements,
which are in good agreement with reported literature data for DMPC,?® DPPC,?*?* and DSPC?®
bilayers, namely 0.82 + 0.35 um?/s for DMPC, 0.10 + 0.06 pm?/s for DPPC, and 0.062 + 0.06
um?/s for DSPC. These results are consistent with bilayers either transitioning between the gel
and fluid phases as in the case of DMPC or in the gel phase as in the case of DPPC and DSPC.?*-
31
3.3 Conclusion
In conclusion, the research presented here has shown that even though broadband SFG
spectroscopy offers advantages over scanning systems in terms of signal-to-noise ratios when
probing symmetric supported lipid bilayers formed specifically from zwitterionic lipids having PC
headgroups, special care needs to be taken when spectral sampling ranges are limited when using
the broadband SFG system, as the spectral features near the edge of the range of the spectral profile
of the IR pulse used in the experiment may be overlooked. The results presented here validate
spectroscopic and structural data from SFG experiments reported by others utilizing asymmetric
bilayers in which one leaflet differs from the other in the extent of deuteration. These findings
also support recently published phase modulation infrared absorption spectra of asymmetric
bilayers supported on gold whose electrochemical phase behavior was only marginally influenced

by the use of deuterated vs hydrogenous lipids.®
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Differences in H,O-D,0 exchange experiments reveal that the lineshapes of the broadband
SFG spectra are significantly influenced by interference from OH oscillators in the aqueous phase,
even when those oscillators are not probed by the incident infrared light in the broadband setup
used in these experiments. In D20, i.e. in the absence of spectral interference from the OH
stretches of the solvent, the alkyl chain terminal methyl group of the bilayer is found to be tilted
at an angle of 15° to 35° from the surface normal, in good agreement with earlier studies,
emphasizing that the impact of using deuterated or hydrogenated lipids on bilayer structure is
probably small.

The approach presented here is in principle applicable to membranes formed from lipids
having headgroups other than zwitterionic PC such as phosphatidylserine (PS) and
phosphatidylethanolamine (PE) which play important roles in apoptosis®*3* and protein
assembly®® respectively. Moreover, the approach allows for the facile investigation of bilayers
modified with biological membrane components like cholesterol, which has been shown to affect
the packing density of the surrounding SLB,*® as well as peripheral membrane proteins like

cytochrome c3"28 or membrane channels like those formed by gramicidin. -4
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Chapter 4
Lipid Corona Formation from Nanoparticle Interactions with Bilayers and Membrane-

Specific Biological Outcomes

Portions of this chapter are part of the following pending manuscript:

Olenick, L.L.; Troiano, J. M.; Vartanian, A.; Melby, E. S.; Mensch, A. C.; Zhang, L.; Qui, T ;
Bozich, J.; Lohse, S.; Zhang, X.; Kuech, T. R.; Millevolte, A.; Gunsolus, I.; McGeachy, A. C;
Dogangun, M.; Hu, D.; Walter, S. R.; Mohaimani, A.; Schmoldt, A.; Torelli, M. D.; Hurley, K.
R.; Dalluge, J.; Chong, G.; Feng, Z. V.; Haynes, C. L.; Hamers, R. J.; Pedersen, J. A.; Cui, Q.;
Hernandez, R.; Klaper, R.; Orr, G.; Murphy, C. J.; Geiger, F. M., Lipid Corona Formation
from Nanoparticle Interactions with Bilayers and Membrane-Specific Biological Outcomes.
2017. In Revision.
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4.1 Introduction

As discussed in Chapter 1 of this thesis, understanding interactions at biointerfaces using
a variety of techniques is important to predict and control the fundamental interactions occurring
at these surfaces in response to novel materials. Utilizing the knowledge developed in Chapter 3
with respect to sum frequency generation (SFG) spectroscopy of SLBs, this chapter takes a focused
look at the mechanism of lipid corona formation using SFG spectroscopy along with many other
complementary techniques. This chapter explores the evidence of the formation of a lipid corona
around various nanomaterials in contact with certain lipids at the nano-biointerface. In a highly
collaborative research effort within the Center for Sustainable Nanotechnology (CSN), the
research presented here probes lipid corona formation using model systems which range from
supported lipid bilayers (SLBs) to whole organisms, and techniques which range from nonlinear
optical spectroscopy to biological toxicity assays.

The propensity of biological species to form coronas around nanoparticles' has been used
for preparing engineered nanomaterials that can be distributed in biological systems with some
control.>® While protein coronas in particular have been studied extensively,’® %6 our
understanding of lipid coronas is just now beginning to emerge,'%-'* especially our understanding
of those formed upon unintended nanoparticle contact with living cells. The protein and lipid
corona formation mechanisms appear to differ substantially, as “hard” and “soft” coronas,*? typical
for the former, have not been described for the latter.> While pulmonary surfactants can lead to
lipid corona formation,® 315 it is unclear whether the process can also occur in the more general
case of lipid bilayers, which lack the considerable dipole potential carried by their monolayers
counterparts.*® For lipid corona formation from cellular bilayer membranes, some precedent exists

in the budding of viruses, which do not contain the machinery to produce their own lipids, but
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instead use charged patches on proteins for sheathing their RNA with a membrane scavenged from
the host cell membranes.*’*8 Likewise, computer simulations indicate that coronas of certain lipids
may be stable on certain particles,'®2° but the roles of specific functionalization patterns or charge
remain poorly understood.?*

Due to the complexity of this research, exploration of the lipid corona formation requires
the expertise of a variety of scientists in many laboratories around the United States. As described
in the Introduction to this thesis, this complex research is ideal for the CSN. The researchers
involved are from the following institutions: Northwestern University, University of Illinois
Urbana-Champaign, Pacific Northwest National Laboratory, University of Wisconsin-Madison,
University of Minnesota, University of Wisconsin-Milwaukee, Johns Hopkins University, and
Augsburg College. Though the focus of the work presented in this thesis is the SFG studies, many
of the methods used in this chapter are critically important in understanding the lipid corona. Since
no one technique has been proven to reveal all of the nuances of the lipid corona formation, each
of these techniques is integral to understanding these interactions at the nano-biointerface and will
be discussed in this chapter.

This chapter explores whether lipid coronas can form spontaneously around negatively and
positively charged nanoparticles when they interact with immobilized lipid bilayer membranes,
such as those surrounding cells fixed within the extracellular matrix of a living organism. This
research coordinates advanced imaging and spectroscopy with molecular dynamics simulations®?
to probe the lipid corona at an unprecedented level of detail. A wide spectrum of model systems
was used ranging from supported and suspended lipid bilayers to Shewanella oneidensis, an
important earth dwelling bacterium, and the water flea Daphnia magna, chosen as a well-

characterized eukaryote. To test whether corona formation differs for particles having diameters
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close to or larger than the bilayer thickness, spherical gold metal nanoparticles (AuNPSs) with core
diameters of 4 and 15 nm were examined. This type of nanomaterial was chosen because the
methods to synthesize, functionalize, and characterize them are well established.?®> Complementary
experiments using 15 nm-diameter nanodiamond particles reveal the generality of the interactions
across some varied range of core compositions.

This study focuses largely on particles wrapped in the cationic encapsulation
polyelectrolyte poly(allylamine hydrochloride) (PAH), while particles functionalized with the
negatively charged molecular ligand mercaptopropionic acid (MPA) show no lipid corona
formation. Some batches of PAH-AuUNPs that were purified using diafiltration, were found to
contain high amounts of residual free PAH polymer in the nanoparticle solution, as assessed by
fluorescence.?* This assay also showed that double centrifugation, the method used to prepare the
particles used in vibrational sum frequency generation (SFG) studies, resulted in a fraction of 0.27
+ 0.04 for the free PAH mass concentration when compared to the mass concentration of AuNPs.
Special attention was therefore given to the role of unbound ligands on the systems surveyed.
These idealized model systems focus on particle interactions with supported and suspended lipid
bilayers composed of the lipid 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC), given the
direct relevance of the zwitterionic PC headgroup to biological membranes.?>?® Additional work
probed bilayers formed from DMPC mixed with 10% lipids containing negatively charged
headgroups in the form of 1,2-dimyristoyl-sn-glycero-3-phospho-1'-rac-glycerol (DMPG). Lipids
containing headgroups composed of PC and PG moieties from pulmonary surfactant monolayers
have also been reported to be preferentially taken up by carboxylated carbon nanotubes in
pulmonary exposure routes.’® Other lipid combinations surveyed?’ did not show the effects

discussed below.
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4.2 Results and Discussion
4.2.1 Lipid tail disruption in zwitterionic lipid bilayers
Vibrational SFG spectroscopy is interface selective and provides information on the
number of CH oscillators at the interface and their hyperpolarizabilities, averaged over all their
molecular orientations.** The ligands on the AuNPs used in this study do not produce measurable
SFG signals at experimentally relevant concentrations indicating they are likely to be highly
disordered under the aqueous solution conditions employed in these experiments. The
concentration of PAH relevant to the PAH-AUNP experiments (i.e. approximately 10 nM) does
not cause a loss of the characteristic peaks of the bilayer formed from a mixture of 9:1
DMPC/DMPG lipids. This result of no observable change in the SFG signal of the bilayer after
interaction with an experimentally-relevant concentration of free PAH is also true for the MPA

ligand and is shown in the Supporting Information of Troiano et al.?°
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Figure 4.1. (a) ssp-Polarized SFG spectra obtained from supported lipid bilayers prepared from
a 9:1 mixture of DMPC/DMPG held at 100 mM NaCl and pH 7.4 (10 mM Tris buffer) before (top)
and after (bottom) introduction of MPA-coated 4 nm-sized gold metal nanoparticles. (b) SFG
responses obtained from supported lipid bilayers prepared from a 9:1 mixture of DMPC/DMPG at
100 mM NaCl and pH 7.4 (10 mM Tris buffer) following exposure to 4 nm-sized PAH-wrapped
particles at concentrations indicated. (c) SFG responses obtained from supported lipid bilayers
prepared from a 9:1 mixture of DMPC/DMPG at 100 mM NaCl and pH 7.4 (10 mM Tris buffer)
following exposure to PAH-wrapped gold and nanodiamond particles having the indicated core
diameters. (d) SFG responses obtained from supported lipid bilayers prepared from a 9:1 mixture
of DMPC/DMPG at 100 mM NaCl and pH 7.4 (10 mM Tris buffer) following exposure to free
ligand at concentrations indicated.



78

In contrast, the SFG spectra of the supported lipid bilayers used in this chapter show strong
signals from the lipid alkyl tails****® (Fig. 4.1a) near 2870, 2920, and 2970 cm, which are reliable
reporters of structure and order within the bilayer itself. Following exposure of the bilayer to 10
nM solutions of 4 nm-sized spherical gold metal nanoparticles functionalized with the anionic
MPA ligand, this research finds only negligible changes in the lineshapes and intensities of the
SFG response at 100 mM added NaCl. Given that the QCM-D experiments completed in
collaboration with the Pedersen group and SHG experiments carried out by fellow graduate student
Dr. Julianne Troiano, indicate the particles are indeed present (vide infra) under these experimental
conditions, this study concludes that the negatively charged AuNPs are interacting with the
supported lipid bilayer without causing structural changes to its alkyl tails, at least as probed by
SFG spectroscopy.

Exposure of the supported lipid bilayers to the positively charged 4 nm-sized PAH-AuNPs
leads to a different result: the sharp molecular vibrational SFG features of the lipid tails vanish
(Fig. 3.1b) and are replaced by a broad signal similar to the non-resonant SFG response of thin
gold films,* albeit with much smaller intensities. Indeed, this chapter finds that particle
concentrations as low as 1 nM PAH-AuUNPs coincide with decreased SFG signal intensities. PAH-
wrapped 15 nm-sized gold and nanodiamond particles show the same effect (Fig. 4.1c), even
though the nonresonant SFG signal intensity following particle addition is smaller than for the 4
nm-sized AuNPs. Unlike the DMPC-based bilayer studied here, bilayers rich in DOPC do not
show disruptions of the SFG signals when they are exposed to either MPA- or PAH-coated
particles under otherwise identical experimental conditions.?” Likewise, the free ligands do not
alter the SFG response from the bilayer unless they are present in a 100-fold excess over the

nanoparticle concentrations surveyed here (Fig. 4.1d). The interaction of a supported lipid bilayer
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formed from a 9:1 mixture of DMPC/DMPG with 4 nm PAH-AuUNPs in a 10 mM Tris, 100 mM
NaCl, pH 7.4 buffer solution cause a loss of the characteristic 3-peaks in the SFG signal of the
bilayer. Figure 4.2 shows that this loss also occurs after interaction of these materials in 1 mM

NacCl buffer solution.
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Figure 4.2. ssp-Polarized SFG spectra of a supported lipid bilayer formed from a 9:1 mixture of
DMPC/DMPG in 1 mM NaCl and 10 mM Tris buffer before (top) and after (bottom) introduction
of a 12.8 nM solution of PAH-AuUNP with core diameter of 4 nm (left) and 15 nm (right).

Control experiments shown in the Supplementary Information of Olenick et al.*® indicate
that neither the positively charged particles, nor the free PAH polyelectrolyte, attach to the bare
supporting substrate in our SHG and SFG flow cells (no bilayer present). Earlier collaborative
work within the CSN shows that the MPA-AuNPs and PAH-AuNPs are not surface active at the
silica/buffer interface in the absence of a bilayer.?° In addition, control experiments explored the
silica/buffer solution interface after addition of PAH-ND at varying concentrations. Figure 4.3
shows minimal adsorption of PAH-ND to bare fused silica in SHG experiments conducted at 300

+/- 3 nm.
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Figure 4.3. SHG adsorption isotherms indicate that PAH-ND with core diameter of 15 nm does
not adsorb to bare fused silica (no bilayer present) at either 1 mM (A) or 100 mM NacCl (B).

4.2.2 High coverage of nanoparticles wrapped in cationic polyelectrolyte (in collaboration

with the Pedersen group)

To quantify the amount of AuNPs on the membranes, this research applied QCM-D and

SHG measurements (Fig. 4.4a and 4.4b).
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Figure 4.4. (a) Acoustic mass gains, determined from QCM-D measurements, of 10 nM solutions
of PAH-(blue) and MPA-(red) coated 4-nm AuNPs before, during (20 min), and after contact with
supported lipid bilayers composed of 9:1 DMPC/DMPG maintained at pH 7.4, 10 mM Tris buffer,
and 100 mM salt. (b) Fractional SHG signal gain as a function of concentration of PAH-(blue)
and MPA-(red) coated 4-nm AuNPs referenced to the SHG signal intensity obtained from
supported lipid bilayer composed of 9:1 DMPC/DMPG maintained at pH 7.4, 10 mM Tris buffer,
and 100 mM salt. (c) C Potentials of PAH-AUNPS prior to contact with and after rinsing from 9:1
DMPC/DMPG bilayers. Solutions were pH 7.4 (10 mM Tris) and contained 100 mM NacCl.

In collaboration with Dr. Thomas Kuech and Dr. Eric Melby in the Pedersen laboratory, QCM-D
experiments revealed considerable acoustic mass gains of 920 + 90 ng-cm™ when the bilayers were
exposed to 10 nM number concentrations of 4 nm-diameter PAH-AUNPs for 20 minutes at 0.1 M
NaCl buffered to pH 7.4 with 0.01 M Tris. Attributing the surface mass gain solely to the AuNPs,
this roughly corresponds to 1.9 (+ 0.2) x 10*2 particles-cm™. Because the acoustic mass includes

hydrodynamically coupled solvent, the number of particles per cm? may be less. As shown in the

Supplementary Information of Olenick et al.,*®® the 15 nm-diameter particles led to mass gains
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corresponding to 5.0 (+ 0.4) x 10 particles-cm™, if the acoustic mass were attributed solely to the
nanoparticles. Rinsing the supported lipid bilayers with nanoparticle-free solution after attachment
of PAH-AUNPs resulted in decreases in energy dissipation and small increases in frequency,
corresponding to decreases in mass, which may indicate the release of PAH-AuUNPs, a small
fraction of the bilayer, or some combination of the two, from the surface.

While mass gains were not detectable above the ~3 ng-cm limit of detection of the QCM-
D instrument for the negatively charged MPA-coated particles, SHG measurements recorded by
fellow graduate student Dr. Julianne Troiano, provided evidence for the presence of MPA-AuUNPs
through SHG resonance enhancement,* albeit presumably at much smaller surface coverages than
what is observed for the cationic PAH-wrapped particles (Fig. 4.4b). These results, together with
the SFG results presented earlier in this chapter, point towards an interaction mechanism that is
specific to the combination of bilayer membranes containing lipids having transition temperatures
close to room temperature with nm-sized nanoparticles wrapped with polycations, as opposed to
the free polymer wrapping without the nanoparticle. As illustrated in chapter 3, the transition
temperature of the lipid components of an SLB in relation to the experimental temperature greatly
affects the SFG spectrum of the SLB.

4.2.3 Nanoparticles leaving membrane carry lower {-potential (in collaboration with the
Pedersen group)

Motivated by the evidence pointing to the association of membrane lipids with the PAH-
coated nanoparticles, the Pedersen laboratory proceeded to collect 4 and 15 nm core PAH-AuUNPs.
After exposure to the supported lipid bilayers prepared from a 9:1 mix of DMPC/DMPG, Dr.
Thomas Kuech measured their electrophoretic mobilities, and calculated their apparent (-

potentials using the Smoluchowski approximation. PAH-AuUNPs that had passed over bare SiO»-
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coated sensors were used as controls. Fig. 3.4c shows that the -potentials of the 4 and 15 nm
PAH-AuUNPs measured in the eluent of the QCM-D flow cell (100 mM salt, pH 7.4, 10 mM Tris
buffer) decreased from +32 £ 2 mV and +36 + 1 mV, respectively, in the absence of lipids, to +24
+ 2 mV and +26 £ 1 mV, respectively, upon rinsing from the supported lipid bilayers. These
results are consistent with the hypothesis that the nanoparticles collected following interaction with
the supported lipid bilayer acquired negatively charged species, likely DMPG phospholipids, as
further supported by calculations (vide infra).

4.2.4 Nanoparticles increase bilayer fluidity 3-4 fold (in collaboration with the Orr and
Pedersen groups)

Single molecule fluorescence microscopy, which Dr. Eric Melby, Dehong Hu, and fellow
graduate student Dr. Julianne Troiano used to track the trajectories of individual phospholipid
molecules (Fig. 3.5a-b), showed a significant increase in the local diffusion coefficient of
individual lipids, from an average of 0.0095 + 0.0062 to 0.035 + 0.011 um? s, after interaction

with PAH-AuUNPs.
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Figure 4.5. Trajectories of individual Atto 647N DOPE lipid molecules in a 9:1 DMPC/DMPG
bilayer. Reconstructed lipid trajectories before (a) and after (b) the addition of 1 nM PAH-AuUNPs.
Colors indicate lateral diffusion coefficients [D, um?s™] for individual lipid molecules. Lateral
diffusion coefficients of all labeled lipid molecules (three spots on each bilayer and three bilayer
replicates) were averaged to determine the mean lateral diffusion coefficients presented in the main

text.
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Measurements by the Orr and Pedersen groups show that the average diffusion coefficients
increase substantially because the distribution becomes appreciably more bimodal. The observed
increase in the molecular diffusion coefficients indicates an increase in the fluidity of the gel-phase
9:1 DMPC/DMPG bilayer. This outcome is explained by the change in the tilt angle of the electric
dipole of the choline headgroup induced by interaction with a cationic amine in the coating,*t
increasing the area per lipid head and thereby decreasing lipid packing density. This interaction
represents an initial step in the process of lipid extraction. Removal of lipids from the bilayer
would increase the free area per lipid in the remaining bilayer,*’ consistent with the observed
increase in diffusivity.
4.2.5 Computer simulations show stable bilayers on nanoparticles wrapped in cationic
polyelectrolytes (in collaboration with the Hernandez and Cui groups)
Molecular dynamics simulations using coarse-grained models resulted in the formation of
a lipid corona (Fig. 4.6a) and provided molecular-level information regarding its formation (Fig.
4.6b). The structure of the coarse-grained PAH-AuNP was validated using atomistic simulations

(Fig. 4.6c).
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Figure 4.6. The final snapshot after 400 ns of simulations using the POL-MARTINI coarse-
grained model from a self-assembly simulation of lipids corona formation around a gold metal
nanoparticle wrapped in a single PAH polymer having 160 monomers (a) and zoomed in view of
just the phosphate (orange), PG head group glycerol (red) and choline (green) groups within 6 A
of the cationic side chain of PAH (ice blue/gray) or Au (yellow) (b). Phosphates are colored in
dark blue, lipid tails are shown as while/purple lines. Smaller yellow and light blue spheres
indicate sodium and chloride ions (0.1 M). Coarse-grained water molecules omitted for clarity.
(c) Final snapshot after 52.5 ns of an all-atom simulation of PAH deposition on a citrate-AuNP.
Counterions are omitted for clarity.
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Starting from a random distribution around the PAH wrapped gold nanoparticle, the lipid
molecules quickly self-assemble into ribbons and micelles, which then attach to the nanoparticle
during ~100 ns (see Supplementary Information in Olenick et al.*®). An analysis of ion/lipid
distributions around the nanoparticle indicates that the cationic PAH polymer plays the key role of
attracting lipids by contact ion pairing between the ammonium groups with phosphate and glycerol
groups (see Supplementary Information in Olenick et al.*®). The positive charges also
preferentially recruit anionic lipids (DMPG), leading to a higher fraction of DMPG (32% and 43%
for the two simulated systems, respectively) in the lipid corona compared to the bulk concentration
(10%). The dimensionality of the lipid corona model is consistent with observations from the
electron microscopy analysis and the measured changes in the hydrodynamic radii of the PAH-
wrapped nanoparticles following corona formation described below.
4.2.6 Nanoparticle-vesicle suspensions form aggregated superstructures featuring lipid
headgroup association with particle wrapping moieties (in collaboration with the Murphy
group and fellow graduate student Dr. Julianne Troiano)
To investigate whether the PAH-wrapped AuNPs also interact with suspended, as opposed
to supported, lipid bilayers, Dr. Ariane Vartanian exposed suspended vesicles formed from a 9:1
mix of DMPC/DMPG lipids to PAH-AuNPs and the free PAH alone, followed by NMR
measurements. *H spectra of vesicles formed from a 9:1 mixture of DMPC and DMPG show that
the ammonium headgroup protons (—N—CHs, 3.16 ppm) disappear upon addition of 4 nm PAH-
AuNPs (Fig. 4.7a). Fellow graduate student, Dr. Julianne Troiano exposed suspended vesicles
formed from a 9:1 mix of DMPC/DMPG lipids containing 0.1% TopFluor-labeled PC to PAH-

AuNPs and recorded images using a confocal fluorescence microscope (Fig. 4.7b-c).
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Figure 4.7. (a) Normalized proton NMR spectra of (i) vesicles formed from a 9:1 mixture of
DMPC/DMPG, (ii) PAH-AuUNPs interacting with 9:1 DMPC/DMPG vesicles, (iii) PAH-AuNPs
alone, and (iv) unbound PAH. The green dotted line tracks the chemical shift of the lipid
headgroup protons; the blue, purple, and grey dotted lines track the chemical shifts of the PAH
protons. All measurements made at 20 °C and in 0.1 M NaCl and at pH 7.4 (0.01 M Tris) in D20,
for 12 nM vesicles and 10 nM particles after 2 h of incubation. z-Stack fluorescence image
obtained from a glass surface in contact with a solution formed from mixing a 5 nM solution of
PAH-wrapped 15 nm-sized gold metal nanoparticles under conditions of 100 mM NaCl and 10
mM Tris buffer with a solution containing (b) 0.0625 mg/mL and (c) 0.00625 mg/mL vesicles
(100 nm diameter) formed from a 9:1 mixture of DMPC/DMPG and 0.1% TopFluor-labeled PC.
The liquid/solid boundary is visualized by the presence of micron-sized features and marked by
the black rectangle in each image. Scale bars are 5 um.
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The hydrocarbon proton resonances broaden beyond detection because the lipids exist in
the lipid ordered phase at the laboratory temperature at which the experiment was run (20 °C,
below the transition temperatures of DMPC (24 °C) and DMPG (23 °C)). The disappearance of
the headgroup proton resonance can best be explained by the attachment of the headgroup to
another species, presumably PAH, which would immobilize the protons and broaden the resonance
into the baseline. Indeed, the PAH-AUNP protons shift significantly upfield after interaction with
the lipid vesicles, suggesting that the PAH layer is now sandwiched between the gold surface and
an additional species. Taken together, the NMR spectra support the conclusions from the
supported lipid bilayer studies that lipids strongly associate with the surface of the PAH-AuUNPs.

The mixing experiments described here have two consequences: first, mixing of plain lipid
vesicles with the PAH-wrapped nanoparticles at 100 mM salt, 10 mM Tris buffer, and pH 7.4
immediately doubles their hydrodynamic diameters (200 = 10 nm), which further increase in the
subsequent two hours to more than 1 um. Second, spinning disk confocal fluorescence microscopy
experiments carried out following the combination of vesicle suspensions with PAH-wrapped
nanoparticles show the rapid build-up of sub- and super-um-sized agglomerates at solution/glass
interfaces, indicating that the newly formed structures are considerably stickier than the PAH-
wrapped nanoparticles or the lipid vesicles themselves.

Indeed, Fig. 4.7b shows that the lipid bilayer-PAH-AuNP assemblies form sub- and
supermicron-sized three-dimensional structures that can be immobilized on surfaces due to
apparent strong interaction with microscope glass slides. These spinning microscopy images also
show that the particles that produce fluorescence signals have the labels far enough from the gold
core that the fluorescence is not quenched. Yet, many of the fluorescent features are seemingly

co-localized with similarly sized features observed in the bright field (Figure 4.8), which visualizes
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particles that are agglomerated to pm-sized structures.
This effect is seen for many of the sub-micron sized features. These features are not formed
when PAH-wrapped nanoparticles are brought in contact with vesicles rich in DOPC (Fig. 3.8) or

when 9:1 DMPC/DMPG vesicles are exposed to 10 nM free PAH.

Figure 4.8. Bright field (A-C) and corresponding fluorescence (D-F) images of vesicles formed
from a 9:1 mixture of DOPC and DOTAP with 0.1 mol% TopFluorPC and 5 nM 15 nm PAH-
AuNPs after interaction for 2 hours.
4.2.7 Molecular connections to decreased bacterial survival and respiration rates and to
changes in ribosomal gene expression in eukaryotes (in collaboration with the Haynes, Feng
and Klaper groups)

To evaluate biological consequences of lipid corona formation, the Haynes, Feng, and

Klaper groups considered the major motifs in cell surface chemistry presented by different types

of organisms. Specifically, the Haynes and Feng groups exposed single cell organisms, namely
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the gram-negative bacteria Shewanella oneidensis and the Klaper group exposed the aquatic
multicellular organism Daphnia magna, to PAH-AuUNPs. For the former, TEM micrographs show
clear evidence of cell lysis (Fig. 4.9) and PAH-AuUNPs clustering near spilled, membrane-free
cytoplasmic content from cells with deformed cell walls. Closer inspection of these nanoparticle
clusters at higher magnification reveals multiple segments of lipid bilayer-like structures (Fig 4.9b-

c) that are 4~10 nm thick, consistent with the expected thickness of two pieces of lipid bilayer

stuck back to back.

Figure 4.9. (a) Transmission electron micrographs of sectioned Shewanella oneidensis cells
incubated with 0.5 mg L™t PAH-AuNPs for 10 min. Magnified boxed areas, top in (b) and bottom
in (c) show PAH-AUNP clusters associated with cell debris and lipid bilayer-like structures,
indicated by red arrows. Scale bars are 200 nm in (a), and 50 nm in (b) and (c).

These TEM images provide compelling visual evidence that PAH-AUNPs interact with
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lipid bilayers in a single-cell organism and acquire fragmented bilayer structures, akin to the lipid
corona results obtained in the coarse-grain simulations (Fig. 4.6). This chapter hypothesizes that
these results may be related to the observed dose-dependent decreases in the viability of
Shewanella® that cannot be accounted for using just the PAH free ligand at particle-equivalent
concentrations.

This description of lipid corona formation around PAH-wrapped nanoparticles should also
be viewed in light of previously reported work from within the CSN*® on the consequences of
exposing Daphnia magna to the same MPA- and PAH-coated nanoparticle formulations used in
the supported lipid bilayer model studies. Daphnia have been shown to be affected by PAH-
AuUNPs, while there is no impact of the PAH polymer alone even at concentrations 100 times higher,
indicating a nanoparticle specific effect.?® Even at concentrations as low as 1 pug/L daphnids have
a reduced survival rate and reproduction whereas the PAH alone or MPA-coated nanoparticles do
not cause a similar impact. These same nanoparticle polymer combinations have been shown to
physiologically cause oxidative stress in daphnid tissues® and alter the expression of individual
genes, in the form of RNA production, specifically those associated with metabolism, reproduction,
and growth.*

To further explore whether the interaction between the nanoparticles and organism cell
membranes, as seen in the lipid bilayer experiments, is one possible cause for a decrease in daphnid
reproduction, graduate students in the Klaper laboratory analyzed Daphnia chronically exposed to
PAH-AuUNPs for 21 days using third-generation Pacific Biosciences RSII sequencing. Upon
determining global gene expression patterns, the uptake of PAH-AuUNPs is found to result in the
up regulation of a number of pathways that differed significantly from those of just the PAH

polymer alone. This finding indicates particle-membrane interactions specific to Daphnia’s
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mitochondria, including its transmembrane proteins, electron transport, and cytochrome C
proteins/components. PAH ligand controls, in contrast, show up regulation of different genes
associated more with ion balance and energy metabolism, namely triglyceride storage, ribosomal
proteins, and muscle function, further emphasizing the importance of studying not just the particle,
but also the free ligands and wrappings surrounding them.
4.3 Conclusion

This chapter presents unprecedented views of lipid coronas forming spontaneously over a
broad spectrum of biological membrane systems that range from idealized lipid bilayer models, to
bacterial cell envelopes, to eukaryotic cytoplasmic membranes. In this investigation, the lipid
corona formation is examined from atomistic information derived from nonlinear optical
spectroscopy, super-resolution imaging, and computer simulations, which indicate contact ion pair
formation as a key lipid corona formation mechanism, all the way to biological outcomes obtained
from third-generation sequencing. Lipid coronas were shown to form spontaneously when
polycation-wrapped 4 and 15 nm diameter nanoparticles, be their cores made of gold or
nanodiamond, interact with a variety of bilayer membranes, be they immobilized, suspended, or
biologic in nature. Connections between laboratory observations of decreased survival and
respiration rates and changes in ribosomal gene expression were made, while paying careful
attention to free ligand studies to identify the particle-specific effects.

Taken together, the results described in this chapter provide several concrete lines of
evidence regarding nanoparticle-lipid interactions that may help us understand and predict, from a
molecular level, why some nanomaterial/ligand combinations are detrimental to cellular organisms
while others are not. The implications of these reported results are limited to the nanoparticle

formulations and lipid compositions surveyed here. Yet, initial experiments with two
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environmentally relevant organisms support the finding that this lipid corona formation may also
be critically important even in more complex biological systems. This approach, which is carefully
explained in this chapter, and which considers both the nanomaterial and the biological membrane
equally, will increase our ability to predict the impact that the increasingly widespread use of
engineered nanomaterials in industrial applications and consumer products has on these materials

once they enter the environment®>4 and the food chain, which many of them may eventually do.*®



Chapter 5

Sum Frequency Scattering Spectroscopy of the Interactions of Cationic Polymers and
Phospholipid Monolayers on Oil Nanodroplets

Portions of this chapter are part of the following pending manuscript:

Olenick, L. L.; Troiano, J. M.; Smolentsev, N; Ohno, P. E.; Roke, S.; Geiger, F. M., Sum
Frequency Scattering Spectroscopy of the Interactions of Cationic Polymers and Phospholipid
Monolayers on Oil Nanodroplets. 2017. In Prep.
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5.1 Introduction

The discovery of the formation of a lipid corona upon interaction of nanomaterials with the
biointerface raises many questions. Explored in this chapter are the ways in which poly(allylamine
hydrochloride) interacts with a monolayer of DMPC lipids on the surface of an oil droplet. This
research adds to the information gained from the studies of the lipid corona formation discussed
in Chapter 4. By examining the conditions under which PAH alone interacts with DMPC, this
chapter finds that the concentration of NaCl added to solution, as well as the concentration of PAH,
affect the pathways in which these interactions take place. All research discussed in this chapter
was performed in collaboration with Professor Sylvie Roke and Roke group member Nikolay
Smolentsev from Ecole Polytechnique Fédérale de Lausanne (EPFL), along with fellow graduate
students Dr. Julianne Troiano and Paul Ohno.

Polycations are an important component of many modern materials, where they are used
as ligands for engineered nanomaterials, in drug delivery systems,? as anti-microbials,® and as
additives in polymer resins used in consumer products, for instance.* While the benefits of
polycations are numerous, these compounds also have the potential to be harmful once they enter
the environment, as they may interact strongly with bacterial membranes even at relatively modest
concentrations, as reported for the common polycation poly(allylamine hydrochloride) (PAH).
The interaction between another cationic polymer, polyethylenimine, and mouse fibroblast cells
has been shown to induce necrotic cell death.® Similarly, polycation-DNA polyplexes have been
reported to adhere to cells by interacting with the negatively charged phospholipids in cell
membranes,” while the polycationic bioadhesive chitosan has been reported to disturb the
protective boundary of the outer membrane of Gram-negative bacteria.® In addition, cationic

molecules coupled with complexes of adenovirus can modify the efficiency of gene transfer,®
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while the incorporation of hydrophilic spacers into polycations has been shown to improve gene
delivery into targeted cells.” Understanding polycation-lipid interaction on the molecular level
therefore provides an opportunity to chemically modify polycations so that potentially negative
biological outcomes may be avoided while technological benefits are maintained, or perhaps even
improved.

While several approaches are being used to determine polycation-membrane interaction
mechanisms on a molecular level, ascertaining the contribution of various characteristics of
polymer classes to cell toxicity has been difficult, in part due to the broad molecular weight
distributions of many polymers.® The elucidation of interaction mechanisms has been further
complicated by variations in the degree of polymerization, lipid composition, lipid phase state,
solution conditions, temperature, etc. Yet, important insight has been gained by the scientific
community. For instance, Banaszak-Holl and co-workers combined atomic force microscopy
(AFM) and NMR spectroscopy to determine that polymer class and fluid phase state govern the
interaction mechanism between polycationic polymer nanoparticles and lipid bilayers formed from
the zwitterionic lipid 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC).1? Likewise, Hong et
al. used AFM and confocal laser scanning microscopy to identify the importance of polymer
charge state in the formation of nanoscale holes within supported lipid bilayers exposed to
polycations but not neutral polymers.! Standard fluorescence techniques have also been used in
permeability assays, quantifying leakage of fluorescent materials out of, or into, suspended
vesicles exposed to cationic polymers,® and identifying that polycationic dendrimers bend anionic
membranes, thus inducing stress and increasing vesicle leakage.'? Davydov et al. reported phase
transition temperatures measured using differential scanning calorimetry that indicated structural

changes within membranes exposed to polycations depend on lipid composition.*® Finally, recent
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work within the CSN combined nonlinear optical spectroscopy with molecular dynamics
simulations to probe supported lipid bilayers interacting with PAH. This work identified
considerable shifts in the pKa values of the PAH ammonium groups, along with counterion
condensation, as a means for building up significant PAH surface coverages while mitigating
charge-charge repulsion in the crowded interfacial environment.** Direct ammonium-phosphate
interactions were shown to be important as well in that study.

Despite the abundance of research into biointerfaces, much remains to be discovered about
the molecular changes that occur in response to various stressors, and under conditions of varying
ionic strength. Research in this chapter combines dynamic light scattering (DLS) measurements
and infrared (IR) spectroscopy with the interface- and bond-specificity of vibrational sum
frequency generation (SFG) spectroscopy to probe several aspects of the molecular structure of
lipid monolayers from DMPC suspended in a liquid system composed on the surface of oil/water
droplets. These droplets are exposed to varying concentrations of PAH in the presence of low and
high salt concentration and studied using sum frequency scattering (SFS) spectroscopy,® which is
uniquely suited for probing lipid membranes in suspensions rather than for supported lipid
bilayers, for which SFG spectroscopy in a reflection geometry is amenable.’®? This chapter
illustrates that polycationic polymer interactions with zwitterionic lipid bilayers generally result in
two distinct outcomes that depend upon salt concentration, explained below as Scenario 1 and
Scenario 2.

5.2 Results and Discussion
5.2.1 PAH modifies SFS spectral intensity of DMPC/d-hexadecane nanodroplets depending

on NaCl concentration.
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SFS spectra in the CH stretching region were obtained from DMPC/oil nanodroplets
dispersed in D2O. The ssp-polarized spectra in the absence of salt (Fig. 5.1A) include the
symmetric methylene stretch (s-CH2) near 2850 cm™, the symmetric methyl stretch (s-CH3) near
2879 cm, the antisymmetric methyl stretch (as-CH3) near 2865 cm™, the antisymmetric
methylene stretch (as-CH.) near 2919 cm, as well as the symmetric methylene Fermi resonance

near 2905 cm™* and the symmetric methyl Fermi resonance near 2937 ¢m,26-28
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Figure 5.1. ssp- (A) and ppp- (B) polarized sum frequency scattering spectra of DMPC at the d-
hexadecane/D ,0 interface before (black) and after (gray) interaction with 140 uM PAH at 0 mM

NaCl in D»0.

Upon interaction with a 140 uM solution of PAH with no added NaCl, the SFS signal intensity of
DMPC/oil nanodroplets decreases by approximately 60% in the ssp and ppp polarizations (Fig.
5.1). The relative peak intensities remain the same, demonstrating that the orientation of the lipids
with respect to the interface does not change in response to the presence of PAH.

Unlike the SFS spectra from DMPC/oil nanodroplets interacting with PAH under

conditions of no added salt, the addition of PAH to the droplets in the presence of 100 mM NaCl
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concentration results in increases in the intensity of the SFS spectra (Fig. 5.2). This signal intensity
increase may be attributed to either an increase in the number of oscillators at the droplet surface,
or to increased lipid ordering of the surface (the PAH methylene groups themselves do not provide
SFS signal intensity in PAH only control experiments in D20, shown in Figure S1 of Olenick et
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Figure 5.2. ssp- (A) and ppp- (B) polarized sum frequency scattering spectra of DMPC at the d-
hexadecane/DZO interface before (black) and after (gray) interaction with 140 uM PAH at 100

mM NaCl in D»0O.

Addition of PAH at 100 mM salt concentration also leads to a reversal in the intensity ratio between
the peaks at 2875 cm™ and 2850 cm™ in the ppp-polarized SFS spectra. This outcome indicates a
change in lipid orientation at the surface, as a simple increase or decrease in the number of
oscillators, without a corresponding change in the ordering, would leave the peak intensity ratios
the same. This effect is similar to what Okur et al. observed earlier when comparing oil droplets
coated by lipids of varying alkyl tail lengths.?® The conformation of PAH in no added salt and 100

mM NacCl solutions may also play a role in this interaction. According to a study of polyelectrolyte
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multilayers (PEMUs) which included PAH, PAH became more coiled in solution in response to
the presence of various salt solutions.>® Without salt, the PAH layer swelled, indicating a more
extended conformation in aqueous solutions.®  Other researchers of PAH-containing
polyelectrolyte systems have also documented this swelling response to solutions without salt as
well as structural changes of thin films in response to rinsing with no salt present.31-32

Complementary DLS experiments illustrate an increase in droplet size for the case of 100
mM NaCl. In Figure 5.3, the similarities between droplet sizes in the absence of added salt and
the size of droplets in a salt concentration of 100 mM NaCl are apparent. Both size distributions
are bimodal, with one population centered at approximately 150 nm and one at either 350 nm or

500 nm.
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Figure 5.3. Hydrodynamic diameter measurements of DMPC/oil nanodroplets dispersed in water
before (A, C) and after (B, D) interaction with 140 uM PAH under no added NaCl (top) and 100
mM NaCl (bottom) conditions.

While there is some uncertainty in the exact size of the large particles due to the way the DLS data
is fit within the Malvern Zetasizer software, the trend is clear. After interaction with a 140 uM
PAH solution, the population of smaller droplets remains relatively unchanged, whereas the
population of larger droplets increases in size to around 700 nm and around 4000 nm in the case
of zero added NaCl and 100 mM NacCl, respectively. Thus, the growth of a population of large
objects occurs under high salt conditions, which also occurs to a lesser extent in low salt conditions.

This data points towards two competing scenarios that can take place, determined by the NaCl and

PAH concentrations present in the solution, as discussed next.
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According to the theory of SFS spectroscopy and sum frequency generation (SFG)
spectroscopy,'™ 2 a decrease in peak intensity indicates either a loss in the number of oscillators,
a randomization in the orientation of oscillators, or an ordering of the oscillators in such a way that
they destructively interfere with each other (as commonly seen in all-trans-configured methylene

groups). Discussed first is the scenario where the observed increase in intensity results from a loss

of oscillators (Scenario 1).

Scenario 1. One possible mechanistic pathway for interaction between PAH and DMPC oil
nanodroplets. In this scenario, droplets increase in size and become more disordered at the surface.
Gold spheres represent oil droplets. Green shapes represent lipids. Blue shapes represent PAH.
Counterions were omitted for clarity.

In Scenario 1, PAH removes lipids from the nanodroplets. The decrease in the number of
oscillators at the surface of the oil droplet due to lipid removal leads to a greater amount of disorder
at the interface, a decrease in SFS signal cancellation and a corresponding increase in ssp- and

ppp-polarized SFS intensity. In addition, the increase in spp-polarized SFS intensity results from

uneven lipid dispersion on the oil droplet. Droplet size also increases, as shown by DLS data.
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Charge plays a large role in the stability of oil-in-water macroemulsions, with monovalent cations
preventing aggregation of droplets better than di- or tri-valent cations when the counter-ion is kept
consistent.* Indeed, Kundu et al. reported that coalescence and Ostwald ripening occur as
mechanisms for destabilization and droplet growth in oil-in-water macroemulsions with anionic
surfactants. In the experiments presented in this chapter, PAH may promote the coalescence of
droplets by removing the surfactant. The removal of the surfactant provides a destabilizing force
by increasing the interfacial tension. The DLS data presented here supports this interpretation of
the resulting droplet size increase. Also of note is that hexadecane has a low, but non-zero,
solubility in water. During DMPC removal by PAH, hexadecane could dissolve into the bulk
phase and droplets may grow in a process similar to Ostwald ripening.>>-3®
In the second scenario (Scenario 2), PAH is bound to the surface of the lipid droplet and
does not remove lipids, but instead it orders the lipids at the interface, resulting in a decrease in

SFS intensity in spp, ssp, and ppp polarizations.

Scenario 2. Another possible mechanistic pathway for interaction between PAH and DMPC oil
nanodroplets. In this scenario, droplet size remains steady, but PAH causes an increase in ordering
of the lipids at the surface due to the proximity of the polymer and electrostatic attraction. Gold
spheres represent oil droplets. Green shapes represent lipids. Blue shapes represent PAH.
Counterions were omitted for clarity.

This scenario is reminiscent of work reported by Kabalnov et al., who describe a nonionic

surfactant-water-decane system whereby the adsorption of a hydrophobically modified naturally
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occurring polymer causes a change in the curvature of the surfactant leading to an increased
rigidity in the system upon polymer addition.®’

The experimental conditions employed in this study determine which scenario is more
likely to occur. From the DLS data as well as the ssp-, ppp-, and spp-polarized SFS data, Scenario
1 is considered to be most plausible under high salt conditions, whereas Scenario 2 is more
plausible at low salt conditions. The salt concentration dependence of the observations is
consistent with increased charge screening under high salt conditions, which decreases the
electrical double layer thickness between the polymer and the oil nanodroplet, allowing the PAH
to approach the droplet and remove the lipids from the surface.2°
5.2.2 PAH modifies SFS signal intensity of DMPC/d-hexadecane nanodroplets depending on
PAH concentration

In various surfactant polymer systems, changing the polymer concentration is known to
change the interfacial tension, thus affecting the critical micelle concentration.® Therefore, the
PAH concentration was lowered from 140 uM, discussed in the previous section, to 15 uM at no
added salt conditions. Figure 5.4 shows an increase in ssp-polarized SFS intensity at low salt

conditions, reminiscent of Scenario 1.
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Figure 5.4. ssp-polarized sum frequency scattering spectra of DMPC at the d-hexadecane/DZO
interface before (black) and after (gray) interaction with 15 uM PAH in D.O with no added salt.

This increase is potentially due to an abundance of oil droplets compared to the concentration of
PAH. The spp-polarized SFS spectra, which show a decrease in SFS intensity after PAH addition

(Figure 5.5), support this explanation.
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Figure 5.5. spp-polarized sum frequency scattering spectra of DMPC at the d-hexadecane/D ,0
interface before (black) and after (gray) interaction with 15 uM PAH in D20 with no added salt.
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The spp polarization combination is sensitive to the changes in dispersion of lipids on the surface
of the oil droplet. If all the lipids were evenly separated at the surface, and in the presence of
uniform lipid coverage, spp signal intensity would not be observable.***? If the lipids were
distributed non-uniformly, considerable spp-polarized SFS signal intensity should be observed.*!-
42 Therefore, the observed decrease in the spp-polarized SFS signal intensity provides some
evidence that the lipids are more evenly dispersed under low vs high PAH concentrations, pointing
towards Scenario 2.
In addition, a PAH concentration of 40 uM causes an SFS signal decrease of DMPC/oil
droplets in the PO stretching region. As shown in Figure 5.6, the observable features in this
spectral region occur near 1070 cm™ (the s-CO-O-C stretch) and near 1100 cm™ (the s-PO2-
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Figure 5.6. ssp- (A) and ppp- (B) polarized SFS spectra in the PO stretching region of DMPC/d-
hexadecane droplets dispersed in D2O before (black) and after (blue) addition of 40 uM PAH in
D20 under no added salt conditions.

As in the case of the CH stretching region for DMPC, the change in the ratio of the SFS intensity

at 1070 cm™ and 1100 cm™ indicates lipid reordering, specifically in the choline headgroup of

DMPC. These observations in low salt conditions further support the Scenario 2 hypothesis.
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5.3 Conclusion

Two scenarios for the interactions of PAH with DMPC/oil nanodroplets dispersed in D20
were examined. In Scenario 1, droplets increase in size and become more disordered at the surface
in response to lipid removal by PAH. In Scenario 2, droplet size remains steady, but PAH causes
an increase in ordering of the lipids at the surface due to the proximity of the polymer and
electrostatic attraction. This chapter found that under 100 mM NaCl and 140 uM PAH, Scenario
1 prevailed which involved lipid removal by PAH followed by droplet coalescence. Under
conditions of no added NaCl and 140 uM PAH, Scenario 2 dominated, which involved PAH
surrounding several droplets, thereby changing the lipid orientation, but keeping the droplet size
constant. Under conditions of no added NaCl and 15 uM PAH, Scenario 1 flourished, indicating
an interplay between NaCl and PAH concentration in determining which scenario is most likely.
Further investigation is necessary to probe an expanded set of experimental conditions in order to
determine the extent of the application of these two scenarios.

These results illustrate that cationic polymers do not always interact in inherently
destructive ways with a lipid bilayer. Under certain experimental conditions, polymers could
simply cause the formation of lipid rafts or areas of more densely packed lipids. The way in which
the lipids partition across the surface of the oil droplet in response might be enough to cause
apoptosis of a cell, but could also encourage transmembrane protein activity, depending on the

type of lipid encouraged to move by the polymer.
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Chapter 6

Conclusions and Future Outlook
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6.1 Conclusion

As decried in chapter 1, nanomaterials are becoming the *“go-to” technology for
challenging problems which include energy storage,’ cancer therapy,? food preservation® and food
production* among many others. Their presence in a large and growing number of consumer
products® such as car batteries,® food packaging,’ cosmetics,® and clothing® indicates an increasing
potential for environmental release. With much left unknown about these materials, science needs
to catch up to production and better understand their toxic effects to control the possible negative
impact on the environment. The Center for Sustainable Nanotechnology (CSN) has answered the
call for more fundamental research on the nano-biointerface. The work presented in this thesis is
part of this Center.

In this thesis, the concept of the nano-biointerface was introduced in Chapter 1 and various
techniques to probe this complex boundary layer were examined, such as Atomic Force
Microscopy, Fluorescence Imaging, and Electrophysiology. Sum Frequency Generation (SFG)
Spectroscopy was discussed as a promising tool to investigate the nano-biointerface because of the
specificity of the technique for regions that are non-centrosymmetric and that have some inherent
order. Supported lipid bilayers (SLBs) predominantly composed of zwitterionic
phosphatidylcholine lipids were used as model systems for eukaryotic cell membranes. The
simplicity of the SLBs and the ease of interpretation of experimental results, while remaining
focused on the fundamental forces which govern the interactions at the nano-biointerface, make
SLBs good model systems for a cell membrane. Coupling this model system with SFG
spectroscopy and connecting this research to other studies within the CSN creates a compelling

framework on which to understand interactions at the nano-biointerface.
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SFG spectroscopy, an important technique in the study of the nano-biointerface, was
explained in detail in Chapter 2. The key reasons why this technique is useful with respect to this
interface include the requirement for a break in centrosymmetry (which is generally true of
interfaces), and its applicability to study supported lipid bilayers in situ, without labels, and under
biologically relevant conditions without destruction of the sample. Limitations of this
spectroscopic technique were discussed, as well as the necessity for complementary techniques to
help analyze the SFG spectra.

SFG spectroscopy probed the differences in order and orientation of lipids in a supported
lipid bilayer (SLB) composed of lipids that have various transition temperatures. This research
explored in Chapter 3 found that the SFG spectra of the SLBs studied fell into two distinct groups:
those with transition temperatures below the experimental temperature, and those with transition
temperatures above the experimental temperature. This result opens the door for probing
nanomaterial interactions with SLBs whereby the nanomaterial alters the phase state of the bilayer.

The description of the formation of a lipid corona surrounding a nanomaterial (Chapter 4)
utilized many of the techniques within the CSN. The chapter described work showing that
nanoparticles coated with a polycationic ligand, poly(allylamine hydrochloride), (PAH-AUNPS),
removed lipids from SLBs formed from a mixture of 9:1 DMPC/DMPG lipids. This effect was
not observed with the PAH ligand alone, i.e. without the gold nanoparticle core, indicating a
nanoparticle-specific effect. Given the loss of SFG signal intensity observed in this thesis for
several cases of SLBs exposed to certain bulk solution conditions, considering the various possible
molecular origins for the observations is important. Since SFG spectroscopy is sensitive to order
and orientation, loss of spectral features could be due to loss of oscillators, complete randomization

of the order of the oscillators, or complete ordering of the oscillators, creating centrosymmetry.
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Therefore, a loss of signal does not indicate which of these possibilities is occurring. To determine
the reasons behind loss of spectral features, a variety of complementary techniques have been
employed through collaborative work within the CSN, including second harmonic generation
(SHG) spectroscopy, AFM, confocal fluorescence imaging, Fluorescence Recovery After
Photobleaching (FRAP), and Quartz Crystal Microbalance with Dissipation Monitoring (QCM-
D). Single molecule fluorescence microscopy and fluorescence imaging with particle analysis
(Orr and Pedersen groups) determined that bilayer fluidity increased after interaction with PAH-
AuNPs. With information from studies on Shewanella oneidensis, (Haynes and Feng groups) we
found evidence that points towards lipid corona formation at the cell membrane of a model
bacterium. With information from multi-generational research on Daphnia magna, (Klaper group)
we found that there exists a long-term effect of these materials on the offspring of a model multi-
cellular organism. Additional calculations (Cui and Hernandez groups) suggested that the key
mechanism in this interaction was the contact ion pairing of the amine groups of the PAH with the
phosphate present in both PC and PG lipids and glycerol groups present in the PG lipids. The
detailed analysis of the lipid corona formation mechanism lays the foundation for scientists
exploring this complex interface to understand other mechanisms of interaction and connect
fundamental studies with larger-scale biological assays.
To probe the effect of PAH on lipid membranes further, we examined the interaction of
PAH with a monolayer of PC lipids at the surface of an oil droplet with sum frequency scattering
(SFS) spectroscopy (Chapter 5). In studying a monolayer in place of a bilayer, this research
removed the need for a support. We concluded that it is likely that PAH interacts with a monolayer
of lipids in two main ways. In Scenario 1, PAH removes some lipids from the surface of several

droplets, and the droplets then aggregate to form one larger droplet potentially through a
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mechanism similar to Ostwald ripening. In Scenario 2, PAH approaches the surface of the oil
droplet and causes an increase in ordering of the lipids on that surface. These two Scenarios
depend heavily on the concentration of added NaCl in the solution as well as the concentration of
the PAH. This research shows that PAH, without nanoparticles present, can modify the order and
orientation of lipids in a monolayer with or without removal of the lipids from a monolayer. It
also illustrates that SFS spectroscopy can give insight on more complex systems than this type of
spectroscopy typically probes.

6.2 Future Work

The research presented in this thesis provides a foundation on which to build an
understanding of the nano-biointerface using SFG spectroscopy. The thesis demonstrates that SFG
spectroscopy, when combined with complementary techniques, is quite powerful for providing
molecular insights into interfaces as complex as the nano-bio interface. Future research should
extend SFG spectroscopy to the carbonyl and PO stretching regions. The CO and PO stretching
regions will give insights into the order and orientation of lipids that may otherwise not yield signal
in the CH stretching region. Probing this additional spectroscopic space will open the research
field to other classes of lipids. Access to information regarding a wider variety of lipids will allow
for more lipid/nanomaterial pairings to be studied to better understand the extent of lipid corona
formation, the effects of changing the transition temperature of a lipid on the interactions of lipids
with nanomaterials, and to probe fully the vast number of ways in which a nanomaterial may
interact with a lipid bilayer. This spectroscopic expansion is already underway in the Geiger group
by fellow graduate student, Merve Dogangiin.

One of the ways in which a nanomaterial may interact with a lipid bilayer is by passing

through the bilayer, or “puncturing” the bilayer. This pathway is inhibited by the presence of a
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support in a SLB. Future work should include research on suspended lipid bilayers. These free-
standing lipid bilayers are formed within a small hole in a thin Teflon partition and are frequently
studied using microscopy. Research utilizing fluorescence microscopy on suspended lipid bilayers
has been reported before, but not within the context of the Center. Effort should also be made in
exploring interactions with these suspended bilayers using SHG imaging. In SHG imaging, we
have the opportunity to study changes to nonlinear optical properties of the bilayer and
nanomaterial with excellent spatial and time resolution. The spatial resolution could allow us to
probe differences in local interactions in bilayers containing lipid rafts and connect the interactions
at these locations with information from AFM and fluorescence studies to draw conclusions based
upon these differences. The time resolution could yield important kinetic information about
“penetration time,” which could vary between types of nanomaterials and nanomaterial/bilayer
combinations.

More fundamental studies are also necessary to tease out all of the information regarding
the interactions at the nano-biointerface contained within the SFG spectra. One suggested
experiment is to cross-link the phospholipid tails within the bilayer to differentiate between
nanoparticle/bilayer interactions in which the nanomaterial removes the lipids and those in which
the nanomaterial adsorbs to the surface of the bilayer and changes the order, but does not remove
the lipids from the bilayer. Crosslinking can be performed using engineered lipids.%*? Another
useful experiment would be to covalently bond the lipid tails to the silica window using silanol
chemistry. This experiment would differentiate between SFG spectral changes occurring as a
result of a change in curvature of the bilayer and those occurring as a result of a change in

headgroup tilt.
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In addition to gaining more information regarding interactions at the nano-biointerface,
future work should center around a better understanding of features present in the SFG spectra of
these interactions. These experiments can be carried out in two ways: 1. using deuterium oxide in
place of water and 2. using selectively deuterated lipids. A strength of the work presented in this
thesis is certainly that the conditions are biologically relevant. However, for spectral interpretation
of certain experiments whereby the spectral features are not well-understood, these suggested
experiments can clarify what features are peaks stemming from lipids or the nanomaterials, and
what features are dips from interference with the OH stretches in the CH stretching region.
Finally, future work should take advantage of the expertise of the skilled scientists within
the CSN. Effort should be focused on improving communication within groups to ensure
standardized methods at the start of a research project for better comparison across techniques.
Communication could be improved in two main ways. One way is for advisors to introduce
students into the Center in a more focused way at the start of their PhD. Reinforcing the fact that
collaboration and communication with Center scientists is paramount in a research project will
give students the best framework on which to build a project at the start of their PhD programs.
Incoming students will pay closer attention to an advisor than any other academic they encounter,
and rightfully so. Another way to improve communication is through constant communication
during projects. These smaller subgroup meetings should be scheduled in advance and take place
regularly during the entire length of the project. Even if no new research conclusions are drawn,
keeping these lines of communication open is essential. Communication infrastructure is
imperative for the knowledge to flow easily between groups within the Center to improve the

science.
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