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Abstract

Second Harmonic Generation Spectroscopy Studies of
Polymers and Nanomaterials at Model Biological Interfaces

Alicia C. McGeachy

The projected increase in the use of nanomaterials raises concerns about adverse impacts
new technologies utilizing these materials may have on the environment. These concerns can be
addressed from a chemical perspective by studying how emerging nanomaterials interact with
biological systems. Fundamentally, the key interactions for nanomaterial uptake into a cell occurs
at the nano/bio interface. This interface is difficult to access experimentally, mainly because
traditional methods used to probe these interactions do not provide molecular information, are not
interface-specific, or are not sensitive enough to detect small surface coverages, even at saturation.
As a result, the amount of molecular information regarding how nanoparticles interact with
aqueous/solid interfaces, including biological membranes, is limited. There exists therefore an
urgent need to bridge this knowledge gap by probing the nano/bio interface with new tools. The
motivation of this thesis is to address this need by using advanced spectroscopic techniques that
will improve our ability to understand, control, and predict how emerging nanomaterials will
impact the environment and biological systems. Herein we take a bottom-up approach to better
understand, from a fundamental perspective, what factors contribute to nano/bio interactions.

The interactions that take place at the nano/bio interface are directly influenced by the
chemistry of the biological surface, the properties of the nanomaterial (size, shape,
functionalization, surface charge, charge density, etc.), and environmental conditions (ionic
strength, pH, temperature, etc.). Given the complexity of both nanomaterials and biological

surfaces, we simplify our systems to include biomimetic membranes, model nanomaterials, and
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polyelectrolytes which are often used to functionalize nanomaterials. We use a combinatorial

approach that employs second harmonic generation (SHG) spectroscopy, sum frequency
generation spectroscopy (SFG), and quartz crystal microbalance with dissipation monitoring
(QCM-D) measurements to explore the influence of surface charge, charge density, chemical
functionality, ionic strength, and electrostatics, on nano/bio interactions. Specifically, SHG
spectroscopy is used here to estimate equilibrium constants, changes in interfacial potential, and
surface charge densities of model biological membranes interacting with nanomaterials and
polyelectrolytes. With insights from complementary tools, we discuss the impacts that
nanomaterials have on the structure of biomimetic surfaces and provide estimates for the adsorbed
mass, number densities, and percent ionizations. In addition to building a better understanding of
nano/bio interactions, we aim to use this information to develop better design rules for nano-scale
materials, to minimize or attenuate some outcomes, and to exploit more favorable outcomes. The
results generated from these studies are reported in collaboration with the Center for Sustainable

Nanotechnology.

Professor Franz M. Geiger
Research Advisor
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CHAPTER 1

Shedding Light on Nano/Bio Interactions: Fundamental Spectroscopic Studies of
the Nano/Bio Interface
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1.1. Introduction and Motivation. The desire for new materials that can address a number of

technological and societal needs drives the study, development, and use of a relatively new class
of materials: engineered nanomaterials.'™ Characteristically, nanomaterials have at least one
dimension between 1-100 nm (or 1-100 billionth of a meter)””’ and can be engineered or naturally
occurring.® Nanoscale materials are sought after because of characteristics that can differ
significantly from those of their macroscopic scale counterparts.”> These unique chemical,
optical, and electronic properties are largely a result of the orders of magnitude increase in surface

112 Many of these features and properties can be tuned simply by

area-to-volume ratio.
manipulating the size, shape, and morphology of the nanomaterial, thus establishing an ideal
platform on which many technologies can be built and designed.®*'*> Research in this area is still
relatively new, as our understanding of nanoscale phenomena, development of synthesis strategies,
and technologies for characterizing and visualizing nanoscale materials and their properties,
develops.'*

. . . . . . e 151
Engineered nanomaterials have applications ranging from environmental remediation'>™"’

2,19-21

and energy storage'>'® to medicine and clothing.***’ Nanomaterials can be found in batteries

for cars and electronics, cosmetic products such as lotions, makeup, and sunscreen, and have a

24 . . .
3924 For instance, carbon nanotubes, which are discussed

plethora of other potential applications.
more in Chapter 3, have proposed applications in environmental remediation as sorbent materials,
in energy storage solutions, and as an additive for composites.""'>** One of the most widely studied
nanomaterials, titanium dioxide (Ti0,), is not only found in research laboratories, but also in the
hands of consumers in the form of cosmetics and sunscreens.” In fact, the global value of

nanomaterials and nano-technologies and products is expected to reach over $4 trillion by this

year.” Yet, considering the number of nano-enabled technologies that are proposed, developing,
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and in use, and the existing evidence of environmental release,”’ there is rising concern about the

. . . . . 282
impacts that these materials may have on biological and environmental systems.**** As a
response to these concerns, and also motivated by scientific interest, many researchers are focusing

on understanding the interactions between nanomaterials and biological systems ranging from

30-41 40,42-45 46-48

model systems, to bacteria, to whole organisms.
Given the ubiquity of interfaces in environmental and biological systems and the ever rising
concentrations of engineered nanomaterials in the environment, the interface between
nanomaterials and biological systems (the “nano/bio interface”),” has gained significant
attention.' 2013430493 Tpdeed, knowledge of the processes that occur at the nano/bio interface is
critical for understanding the fate, transport, and toxicity of nanoparticles.” Developing a clear
understanding of the fundamental interactions occurring at the nano/bio interface is nontrivial and
requires knowledge of 1) the nature of the biological interface (surface charge, composition,
structure, etc.), 2) the surface chemistry and physical properties of the nanomaterial, and 3) the
transformations that can occur under experimental, environmental, and biological conditions.**>*
The aim of the work outlined in this thesis is motivated by these questions and focuses on
developing a molecular-level view of the nano/bio interface in order to understand the fundamental
interactions that occur between nanomaterials and biological systems.
1.2. Supported Lipid Bilayers as a Model for Cellular Surfaces. Upon interaction of a
nanomaterial with living systems, one of the first surfaces that will be encountered is the cellular
membrane which serves as a barrier to intra- and extra- cellular environments, provides structural
support for, and mediates many functions, of the cell.”” As such, many studies have focused on
exploring the interactions occurring at the interface between cellular membranes, both natural and

. . . 2- 40,41
synthetic, and engineered nanomaterials.**>>~ 7%
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Mammalian cellular membranes are composed of lipids (phospholipids, sphingolipids, and

sterols), proteins, and carbohydrates (glycoproteins and glycolipids).”® Several hundred different
types of lipids exist in a single cellular membrane, and, depending on the type of cell,”’ the
composition or distribution of the principal components varies.”” To circumvent the complex
nature of cellular membranes, biomimetic systems like supported lipid bilayers (SLBs) are often

1’60—66

used in the study of processes occurring on the cellular leve including cell-cell interactions,®’

immune recognition processes,” and nano-bio interactions,'®-*2323738:4049.6869 g1 By are
advantageous model systems because they allow for the assessment of the fundamental role that
various cellular components play in mediating nano-bio interactions.”” Moreover, SLBs can be
easily formed on SiO, via the vesicle fusion method, allowing for more controlled interaction

61,70,71

studies, and are amenable to a number of surface techniques. Other biomimetic systems that

are used include small (¢ < 100 nm),*>® large (d > 100 nm),*"* and giant (1 <d < 100 xm)®>">

. . .. .. 41 -
7> unilamellar vesicles, suspended lipid membranes,”®’®”” lipid monolayers,*">"7*-%

and supported
vesicle layers.””*® Due to the advantages described above, the present work, outlined in Chapters

2-6, focuses exclusively on SLBs as models for cellular membranes.

. 1,82 q: 1,32,34 - . . 1
Typically, SLBs are formed on glass,*"* Si0,,>'****83% and mica,*” ™ but Ti0,,*""’

96-102 58,83

ALO3,**? noble metals,”””° and polymer cushions can also serve as suitable substrates.
Although SLBs do not capture all of the properties of cellular membranes, SLBs have been shown
to mimic the lateral mobility,” gel-to-liquid phase transition® and cellular functionality, under
some conditions,62 of natural cellular membranes.

Zwitterionic phosphatidylcholine (PC) lipids, with varying degrees of saturation and acyl

chain lengths, can account for as much as 50% of the lipids comprising most eukaryotic cellular

membranes,'” motivating our use of PC lipids. Overall, the surface charge of the cellular
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membrane is dictated by the presence of anionic phospholipids, such as phosphatidylserine (PS),

phosphatidylglycerol (PG), and phosphatidylinositol (PI), which are typically localized in the

cytosolic leaflet (on the interior of the cell).'”

While PG lipids are more abundant in bacterial
membranes, PG lipids are also present in mammalian cells'” where they play a critical, yet not
well understood, role in neonatal development'®® and mitochondrial electron transport chain.'"’
Given that many of the systems explored in this thesis employ PC lipids, the findings from these
studies can potentially provide information about interactions occurring in PC-rich cellular
membranes and thereby may be applied to a broad range of cellular membranes. (See Scheme 1.1
for a summary of the chemical structures relevant to this thesis).

1.3. Factors Governing Interactions Occurring at Biological Interfaces. In addition to the
complexity introduced by the diverse and dynamic surface of cellular membranes, the physical
properties of the nanomaterial also play a critical and complicated role in the interactions at the
nano/bio interface and their subsequent biological and environmental fate.

Some of these physical properties include size, shape, surface charge, morphology, and
surface functionalization (through ligands, coatings, and covalent linkages), all of which can be
strategically tuned to achieve a desired function.””'**'” In biologically- and environmentally-
relevant matrices, nanomaterials can undergo physical and chemical transformations (ex.
dissolution, aggregation, redox chemistry, corona formation, etc.) that are dictated by solution
conditions such as pH, ionic strength, temperature, and the presence of ions, proteins, and other

. 42,49,110,111
biomacromolecules.
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Biomimetic Systems: Supported Lipid Bilayers as Models for Cellular Surfaces

Cytochrome ¢
from Equine "o

Heart /\/\/\/\:/\/\/\/Y Na*

Cytochrome c¢ (Cytc) is a small (~12 O Liver PI(LPI) o
kDa), highly charged, hemeprotein WOMO’%O%OH
and is an essential component of | ~~ o~~~ OH QL

the electron transport chain. Cytc is °

involved in the initiation of @® DOTAP

apoptosis and is required in

o
mitochondria for cellularrespiration. \/\/\/\A/\/\/\)LOX\
(See Chapter 6 for more details). NN NN O H

“I"\'
Cr

(o}

Scheme 1.1. Illustration of eukaryotic cell and model lipid bilayer (excludes other components
(sterols, proteins, etc.), and summary of lipid chemical structures relevant to the studies
discussed in this thesis. Supported lipid bilayers (SLBs) are used, herein, as models for cellular
surfaces and are exclusively comprised of lipids. DMPC and DOPC are zwitterionic lipids,
DMPS, DMPG, Cardiolipin, and Liver PI are anionic lipids, and DOTAP is a cationic lipid
(typically used in transfection). Cytochrome c structure
(https://commons.wikimedia.org/wiki/File:Cytochrome c.png) and illustration of a eukaryotic
cell (https://commons.wikimedia.org/wiki/File:Animal Cell.svg#filelinks) are labeled for
noncommercial reuse.
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1.3.1. Surface Charge Density. Among the many tunable characteristics aspects of the

nanoparticle surface are tunable, the surface charge can be easily modified through the use of

L2 Through strategic modification

coatings, ligands, polymers, and surface functionalization.
of the surface charge and functionalization, some nanomaterials become less prone to
aggregation,'''* demonstrate lower toxicity,''> and become more photostable.''® One of the most
widely-studied cationic, linear polymers used for the functionalization of nanomaterials is
. . 33,35,40,117-126 . . 127
poly(allylamine hydrochloride) (PAH). Previous studies have shown that both PAH
and nanomaterials functionalized with PAH can be disruptive to model cellular membranes®> and

. - 45,128,12
can be toxic to both bacteria*>!?%!%

and whole organisms. Other studies comparing the toxicity of
gold nanoparticles functionalized with PAH and another cationic polymer suggest that the
chemical functionality of the ligand is also important in determining toxicity. Due to the
importance of these physical properties, surface charge and charge density are motifs of this thesis,
as we aim to not only understand the role of surface charge in driving these interactions, but also
to quantify these important electrostatic parameters.

1.4. Tools for Probing Nanomaterials, Biological Surfaces, and the Nano/Bio Interface. The
solid/water interface is difficult to access experimentally, mainly because traditional methods used
to probe this interface do not provide molecular information, are not interface-specific, or are not
sensitive enough to detect small numbers of oscillators on a surface, even at monolayer
coverage.””’ As a result, the amount of reported molecular information regarding how
nanoparticles interact with aqueous/solid interfaces, including biological membranes, is limited.
Therefore, there exists therefore an urgent need to bridge this knowledge gap by probing the

.. . 491
nano/bio interface with new tools.**!*
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1.4.1 Fluorescence Techniques. Fluorescence microscopy is a powerful technique for the study

of biological systems and nano/bio interactions because it is versatile and molecularly specific.
One disadvantage of fluorescence-based approaches is that they often require the use of fluorescent
labels which can increase the complexity of the system and interact differently with the

surrounding environment than unlabeled lipids.®>"*"!?

Yet, techniques such as fluorescence
recovery after photobleaching (FRAP), fluorescence correlation spectroscopy, and experiments
taking advantage of Férster resonance energy transfer,'>>"** have been invaluable in the study of

135,136

interfacial processes and elucidating the mechanism by which nanomaterials interact with

biological systems."”’ Innately fluorescent nanomaterials, namely N,-centered nanodiamond,

1
carbon®>!3%

and quantum dots, and gold nanoparticles, allow for a label-free method by which
these interactions could be investigated, as well. In Chapter 4, we use the two-dimensional
diffusion coefficients of SLBs determined in FRAP to assess their quality.

1.4.2. Optical and Acoustic Mass Sensors. Surface plasmon resonance (SPR) is a widely—used
approach that reports on binding kinetics and thermodynamics, provides quantitative mass sensing,
and does not require the use of electrochemical or spectroscopic labels.'**'**!** SPR can also be

done in real-time and with high sensitivity (~pg/mm?)."*

Optical mass sensors based on localized
surface plasmon resonance (LSPR) principles have been used to provide estimates for adsorbed
analyte mass. Quartz-crystal microbalance with dissipation monitoring (QCM-D), is an acoustic
mass sensor that is based on the piezoelectric properties of quartz crystals.** QCM-D, like SPR
and LSPR, can be used to estimate not only the mass (hydrated mass which is the sum of the
adsorbate mass and dynamically coupled solvent) associated with an adsorption event, but QCM-

D also the viscoelastic properties of the adsorbing species. When QCM-D and LSPR are used in

concert, both the mass of the adsorbate and degree of hydration can be estimated. Such an approach
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is described in Chapter 5. For an in-depth discussion of other optical mass sensors see reference

[130].
1.4.3. Other Spectroscopies/Microscopies. While probing the nano/bio interface is clearly an
important part of understanding nano/bio interactions, understanding the characteristics of the

141,142

nanoparticle surface is essential. X-ray photoelectron spectroscopy (XPS) and Fourier

142

transform infrared spectroscopy (FTIR) ™ have been used to report on the chemical composition

141 44,142-144

and binding. Atomic force microscopy (AFM), ™ transmission and scanning'*® electron
microscopies yield information on the surface morphology and size of nanoparticles and provide
insight into the nature of nano/bio interactions.'™*® Secondarily, AFM has been useful in
investigating nanomechanical properties of lipid bilayers,” as well as in the determination of
surface charge and charge densities.'**'*®

1.5. Nonlinear Optical Spectroscopic Studies of Biological Interfaces. Nonlinear optical
spectroscopy is a powerful tool for the investigation of biological interfaces.'*® Second harmonic
generation (SHG) spectroscopy, as a surface-selective technique, has been used to investigate the
interactions of nanomaterials, polymers, and proteins, with model and actual cellular surfaces.
Specifically, SHG spectroscopy has been used to provide estimates for free energies of adsorption,
charge densities, kinetic information, and even structural changes induced by adsorbing species.'*’
Likewise, vibrational sum frequency generation (SFG) spectroscopy has also proven to be useful
in investigating the same interactions,”® providing information about the structural integrity of
model membranes and structural and organizational changes that can occur as a consequence of
these interactions.'’

As no single approach can provide a detailed and complete picture of the nano/bio interface

and nano/bio interactions, we employ a combinatorial approach that uses SHG spectroscopy,
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vibrational SFG spectroscopy, and QCM-D. As demonstrated in this thesis, this multi-pronged

approach allows us to provide estimates for charge densities, binding equilibrium constants, free
energies of adsorption, the number of adsorbed species, and degree of ionization. Complementing
the insights gained from a multi-faceted experimental approach with molecular dynamics
simulations allows us to not only validate our models but also to establish a critical feedback loop
through which our experiments and simulations can be refined, as discussed in Chapter 5.

1.6. Scope and Organization of Thesis. Broadly, this thesis focuses on understanding the
fundamental interactions occurring between nanomaterials and polyelectrolytes which are
commonly used to functionalize nanomaterials, and model cell membranes. Throughout this thesis,
under a unifying motif of assessing the role of charge and charge density in nano/bio interactions,
we apply SHG spectroscopy to the study of charged nanomaterials and free ligands for reasons
outlined below. In addition to SHG, we employ a number of other analytical tools for the
characterization of model membranes and nanoparticle surfaces, and towards building our
understanding of nano/bio interactions.

This thesis specifically explores and addresses the following scientific questions:

1. Can we quantify, in terms of thermodynamics and electrostatics, the interactions occurring
between carbon-based nanomaterials and model biological systems? Secondarily, how do
the properties (composition, phase, etc.) of the model biological system and charge density
of the material influence these interactions?

2. How can our experimental approach for evaluating nano/bio interactions be extended to
polyelectrolytes (charged polymers) with various chemical functionalities?

3. How do the properties, primarily degree of ionization, of the polyelectrolyte change upon

adsorption to model biological surfaces?
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With these scientific questions in mind, this thesis is outlined as follows:

To facilitate the understanding of subsequent chapters, Chapter 2 provides a brief outline
of the theory of SHG spectroscopy accompanied by a discussion of electrical double layer and
adsorption models used in Chapters 3-5. Chapter 2 also includes experimental details and
protocols that are common across Chapters 3—5. Building on the experimental foundation
developed in Chapter 2, Chapters 3—6 discuss a combination of approaches for studying the
interactions between nanoparticle and relevant-ligands and model biological interfaces as
discussed further below.

Work discussed in Chapter 3 describes a combinatorial approach (SHG, QCM-D, and SFG)
to investigate the role of surface charge in the interactions between oxidized multi-walled carbon
nanotubes with varying degrees of oxidation, and SLBs. In Appendix 1, the application of SHG to
the interactions of various carbon-based nanomaterials and SLBs is also presented.

Chapters 4 and 5 focus on extending on an approach used previously for PAH interacting
with an SLB surface.”” Given the important role that ligands can play in dictating the outcome of
nano/bio interactions, a portion of this thesis focuses on specifically understanding the interplay
between the uncoupled ligand (i.e. free polymer) and model biological surfaces. Chapter 4
discusses the quantification of a suite of polyelectrolytes with varying functionalities so as to
explore 1) the robustness of this approach to describe a variety of polyelectrolytes and 2) the role
of chemical functionality in the formation of more complex nanoarchitectures. Specifically, charge
densities of cationic polymers adsorbed to lipid bilayers are estimated from SHG spectroscopy and
QCM-D measurements.

Building on the insights developed in Chapter 5 we couple our previously established

method with optical mass measurements from LSPR experiments and atomistic molecular
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dynamics simulations. Through a strategic choice of oligomers of lysine and arginine, that exist

within the length-scale accessible to our current computational framework, the insights gained in
Chapter 5 are maximized by an overlap between experimental and computational insights. Further,
minimizing the length-scale differences across experimental and computational studies aids in
addressing the need to develop a feedback loop that informs on the modeling and simulation of
experimental data and the interpretation of experimental results. Finally, Chapter 6 outlines our
progress towards developing more representative and complex model biological systems. All of
the work described in this thesis is in collaboration with the Center for Sustainable

Nanotechnology, a National Science Foundation funded Center for Chemical Innovation.
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CHAPTER 2

Theoretical Foundation of Second Harmonic Generation Spectroscopy Experiments

Portions of this chapter are reproduced with permission from the American Chemical Society and
the Royal Society of Chemistry:

McGeachy, A. C.; Dalchand, N.; Caudill, E. R.; Li, T.; Dogangun, M.; Olenick, L. L.; Chang, H.;
Pedersen, J. A.; Geiger, F. M., Interfacial Electrostatics of Poly(vinylamine hydrochloride),
Poly(diallyldimethylammonium chloride), Poly-L-lysine, and Poly-L-Arginine Interacting with

Lipid Bilayers. Phys. Chem. Chem. Phys. 2018, 20, 10846-10856.

McGeachy, A. C.; Olenick, L. L.; Troiano, J. M.; Lankone, R. S.; Melby, E. S.; Kuech, T. R;
Ehimiaghe, E.; Fairbrother, D. H.; Pedersen, J. A.; Geiger, F. M., Resonantly Enhanced Nonlinear
Optical Probes of Oxidized Multiwalled Carbon Nanotubes at Supported Lipid Bilayers. J. Phys.
Chem. B 2017, 121, 1321-1329.
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2.1. Second Harmonic Generation Spectroscopy (SHG) Theory. SHG is a coherent second-

order nonlinear optical process in which two photons with frequency @ combine to form a single
photon with frequency 2w. As an even-order nonlinear optical process, and within the electric
dipole approximation, SHG is forbidden in media in which the length of centrosymmetry extends
further than the coherence length of the SHG process.' However, at the interface between two
phases, inversion symmetry is broken, resulting in an observable SHG signal.>” Consequently,
SHG spectroscopy provides molecular-level resolution and surface selectivity.*” As such, SHG

10-15

spectroscopy 1s a particularly useful tool to study biological interfaces, as the surface

selectivity of the technique is higher than that of fluorescence or absorbance methods and can be
conducted in situ and under ambient conditions that are biologically relevant.®
2.1.1. SHG: An Optical Voltmeter. The so-called y ® method (or Eisenthal y® method)'®'® is

a non-resonant variant of SHG which has been used previously to probe interfacial adsorption

6,11,19-22 18,23,24 2527

processes of various species including ions, proteins, nanoparticles, and

polymers.'*!> The SHG signal intensity, Isug, from charged interfaces is directly proportional to

the electric field generated at the second harmonic as shown in Equation 2.1:

o)

JIspe % Esye < xPELE,, + x®ELE,, j E . (2)et*z2dz 2.1
0
where y® and y®are the second- and third-order nonlinear susceptibility tensors, Esug is the

electric field generated at the second harmonic, E,is the incident electric field oscillating at the

fundamental frequency (600 or 800 nm), £, is the z-(depth) dependent electric field produced by

28-30 29,31-

any interfacial charges, and Af; is the inverse of the coherence length of the SHG process.
33 Integration yields the interfacial potential, ®,, making the method useful as what is now termed

an "optical voltmeter" for label-free probing of charged interfaces.*>!®!73440 Ag illustrated in
p p g g
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Equation 2.1, the ¥ term, which is attributable to the molecular hyperpolarizability of aligned

species, is independent of the interfacial potential generated by the charged surface. The 4 term
is directly influenced by the interfacial potential and is related to the polarization and orientation
of water molecules that align as a consequence of the electric field generated by the charged
interface.'®'"'®

Under some conditions, particularly in experiments with lower ionic strengths (<~ 0.001
M), phase matching becomes important.”’ The increased importance of the phase matching term
at lower ionic strengths is a consequence of the dispersion between the fundamental and second
harmonic when the Debye length (¢~ 1) is long compared to the wavevector mismatch™ (Ak =
2k, — k,) for the SHG process where k; and k, are wavevectors associated with the momenta of
the fundamental and second harmonic fields.*' In the reflection geometry employed here, and
under the constant total electrolyte concentration of 0.1 M used here, Ak, is of such a magnitude
that the SHG signal is produced close to the interface, minimizing the effect of phase
matching."'*'®** But, for a more rigorous discussion of the importance of phase matching under
other experimental conditions, see references [16], [17], and [18].

As shown in Equation 2.1, and assuming that E,, ¥® and, y® remain constant, and @,

is [ 000 E . (z)e'*z?dz, Equation 2.1 can be rewritten as Equation 2.2 where Esyg is proportional

to ®,, A and B are constants specific to the system that contain the second- and third-order
nonlinear susceptibility tensors, respectively, and the incident electric field oscillating at 600 or

800 nm.'*"

Espe « Py, x A+ B, 2.2
Equation 2.2. illustrates the utility of SHG spectroscopy as an optical voltmeter as our signal is

clearly related to the interfacial potential. However, we cannot measure the interfacial potential
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directly. As such, we employ models that can be used to estimate the surface charge density and

potentials, as discussed below.

2.2. Resonantly Enhanced SHG Spectroscopy. Resonantly enhanced SHG, like the »*
technique, occurs when two photons at frequency @ combine to form a single photon at twice the
frequency. Resonance enhancement arises from the increased polarizability of interfacial species
when the SHG or fundamental frequencies approach the resonant frequency of a molecular
electronic transition. When an adsorbate has an accessible electronic transition, Esyg is dependent

on the second order nonlinear susceptibility, y*, as shown in Equation 2.3.%"

Esyg o« H){(Z)EwEwP 2.3

The second order susceptibility is the sum of both resonant and nonresonant contributions as

demonstrated in Equation 2.4.*"

2
2 2)

Here, X}(ez) and )(1(\,2; represent the resonant and nonresonant components, respectively, with ¢ being
the phase factor between the two contributions. The resonant contribution, yz'* relates directly to

the number of interfacial species in resonance, N, and the second-order orientational average of

the hyperpolarizability tensor, <6€(2)> (Equation 2.5)"°

X}(QZ) — N(&’Q)) 2.5

where
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A
@ 2.6
* Weq — 20 +iT

and A is the oscillator strength, T is the spectral linewidth, and w,, is the resonant frequency of

an electronic transition. As indicated by Equations 2.5 and 2.6, as the fundamental or SHG

wavelengths (2w) approach w,,, )(}(22) becomes larger.** Adding to the interfacial sensitivity of the
SHG process, within the electric dipole approximation, only species oriented at the interface
contribute to y?).

2.3. Modeling Interfacial Adsorption Processes. As described extensively in the literature,
second harmonic generation y©) measurements can provide useful information about binding
thermodynamics and electrostatics.'”'>*****? Combining surface complexation models (i.e.,
Gouy-Chapman or triple layer)*’ and adsorption models like the Langmuir or Hill isotherms (vide
infra) allows us to quantify the interactions between adsorbates and supported lipid bilayers under
investigation in this thesis. Specifically, the approach enables us to estimate charge densities,
equilibrium constants, and ultimately free energies of adsorption.

2.3.1. Surface Complexation Models. The Gouy-Chapman (GC) model, mathematically
described in Equation 2.7, is commonly used to describe the electrical double layer that forms as

a consequence of a charged surface. (Figure 2.1).
zF®
0 = /8¢,&,IRT sinh (m) 2.7
2
Here, o is the charge density with units of %, o 1s the permittivity in free space with units of ]%,

&,1s the relative permittivity which is unitless, / is the ionic strength with units of %, R is the gas

J

mol K’

constant with units of T is the temperature with units in K, z is the valency of the screening
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Diffuse Layer

v

Solvent molecule

Distance from interface @ Solvated cation

Figure 2.1. Illustration of Gouy-Chapman model. According to this model, the interfacial potential
decreases exponentially from the surface out into the bulk. Further, the potential at the planes of
the zero- and diffuse- planes are equal. Here, the supported lipid bilayer/SiO, surface carries a

charge dictated by the chemistry of the phospholipid headgroups and environmental conditions.
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ion (assuming a symmetric 1:1 electrolyte), and F is the Faraday constant with units of %

Assuming the above constants (at 7= 293 K) and a monovalent electrolyte, the known terms can

all be combined to yield the following:***

o = 0.1175V1 sinh(19.8®) 2.8
Rewriting Equation 2.8 and solving for @ instead of o yields:

8.5
® = 0.0505x sinh~! (70) 2.9

The interfacial region is generally considered to be comprised of three planes: the zero
plane, the -plane, and the diffuse plane. The zero plane is the surface of the supported lipid bilayer
or silica substrate. The charge density at the zero plane, g, and associated interfacial potential,
®,, are determined by the phospholipid composition (zwitterionic, anionic, and/or cationic, and
degree of unsaturation) and environmental conditions (pH, temperature, ionic strength, etc.).* It
should be noted that the charges associated with the lipid headgroups can be different distances
from a given reference plane and as such, the surface is not exactly planar.*® Thus this region is a
planar approximation of the SLB surface charges. The f-plane is comprised of specifically
adsorbed ions that counter the charge of the SLB and carries its own charge density, gg, and

associated interfacial potential, ®g. Lastly, the diffuse plane contains counter-balancing ions that

carries a charge density of g; and associated interfacial potential, @ .

In the GC model it is assumed that the electrostatic potential is equivalent at the zero and
diffuse planes (&, = ®,) and that ® decreases exponentially into the bulk. In the diffuse layer,
counterions (ions having the opposite charge than the charge of the surface) are held some distance
away from the surface and the mobility of these ions is taken into account.*” But the diffuse layer

does not only contain counterions, co-ions are present as well. It is in the diffuse plane, then, where
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the total potential drop occurs.”® These assumptions are based on the idea that a subset of

counterions will escape the attractive forces imposed by the charged interface, while a subset of
co-ions will occupy a space closer to the charged surface, thereby balancing attractive and
equilibrium forces. It is also assumed that these charged species that comprise the diffuse layer
can be treated as point charges.

Equations 2.2 and 2.9 can be combined to yield Equation 2.10 which is used to relate SHG

signal to surface charge density:

8.5
Espyg < A+ 0.0505 X B<sinh™1| (00) ( ) 2.10

vV Celec

where 4 and B are assumed constants related to the interface as discussed above, C,j. 1S the

electrolyte concentration, including contributions from buffering agents and with units of molarity
(mTOI), o is the total charge density of the interface, and 6 is the fractional surface coverage, the

relevance of which is discussed below.
While the GC model has been used to describe the electrical double layer at charged

interfaces, and at supported lipid bilayers in particular,****!

in Chapter 4, we also apply the triple
layer model (or Gouy-Chapman-Stern model) to describe the electrical properties of the interface.
Generally, the triple layer model is used because it is more versatile as it can be used over a broader
range of ionic strengths and with a wider class of analytes.”” In this model, the total charge is
composed of two parts: the charge generated by ions held close to the surface and a diffuse layer.
The ions held close to the charged surface are held by electrostatic forces and specific adsorption
potential which is ion dependent. The latter is sometimes neglected.*®

The electrical triple layer model can be summarized, mathematically, as shown in Equation

2.11:
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+ D, 2.11

0-0 O-B‘l_o-o
Po=r ¢
1 2

where C;and C,are the capacitances in the zero and S planes, g, is the surface charge density of

the zero plane, op is the charge density at the f-plane, @, is the interfacial potential at the zero

plane (surface), and @ is the potential of the diffuse plane. It is assumed that ®; decays according
to the Gouy-Chapman theory as discussed in the previous section (Figure 2.2). The charge
densities sum to zero for charge neutrality.

In many studies of mineral surfaces, C,, which is the capacitance of the diffuse layer, is
typically assigned a value of 0.2 F/m”.”*** We have previously shown in a study of trivalent metal

cations adsorbing to fused silica that varying the value of C,by as much as 50% around 0.2 F/m*

had no appreciable impact on model results.” Contextually, the width of the electrical double layer

can be estimated from the differential capacitance which is defined as follows: C = Z—;. At

sufficiently small potentials, C can be approximated as 2% where Apis the Debye-Hiickel
A D y

screening length.*’” Following this approximation and assuming that there is a constant relative
permittivity (g,) equaling that of bulk water (80.1), C, can vary from 0.07 F/m” at low ionic
strengths (0.001 M) to 0.7 F/m? at biologically-relevant ionic strengths (~0.1 M). There are some
shortcomings with the triple layer model as well, one of which is that the dielectric permittivity is
constant throughout the entirety of the double layer.’® Yet, the value of the dielectric permittivity
close to the charged interface is lower than that of bulk water’’ and varies as a function of distance
from the surface.”® The implications of the permittivity constant used in estimating interfacial

potential is discussed further in Chapter 5.
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Diffuse Layer

Solvent molecule

) i > @ Solvated cation
Distance from interface

Figure 2.2. Illustration of triple layer model which consists of three planes: zero, 5, and diffuse
planes. Here, the supported lipid bilayer/SiO, surface carries a charge (0y) and interfacial potential,
@, which are dictated by the lipid composition and experimental conditions. The 8 plane is
comprised of specifically adsorbed ions with an interfacial potential of ®g and charge density, gp.
The interfacial potential is described with a constant capacitance approach between the zero and
B plane, and the B diffuse planes with capacitances of C, and C,, respectively. Lastly, the outermost

plane is the diffuse plane, @; which decays exponentially in accordance with the Gouy-Chapman
model.
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Considering that the charge density is modulated by surface coverage, 8, we can combine

Equations 2.2, 2.8, and 2.11 and arrive at a triple layer expression for the SHG response (Equation

2.12).
Ogas . 2kgT 8.5 M/2m?c—1
Esye X A+ B 0+ sinh™!| (0y + 04456) ( 2.12
G, ze JM ~+ Copec

where a,is the charge density of the substrate, 0,45 1s the charge density of the adsorbate at
. L l .
monolayer coverage, M is the bulk adsorbate concentration in %, and Ce. 1s the background

electrolyte concentration (which includes contributions from buffer (0.008 M for Tris or 0.003 M

mol

for HEPES) in -

2.3.2. Adsorption Models. As briefly discussed above, the surface charge density is modulated
by surface coverage. Therefore, we need to introduce a model that can be used to relate surface
coverage to adsorbate concentration. The Langmuir adsorption model describes the reversible
adsorption of a species to a homogeneous, flat surface.””* Additionally, it assumes that lateral

interactions between adsorbed species occupying adjacent sites do not occur and that all binding

K M .
—a45—_ where 6 represents the fractional
1+KqqsM

sites are equivalent. The model takes the form of 6 =
surface coverage, K ;s 1s the apparent equilibrium constant of adsorption, and M is the bulk
adsorbate concentration. In an extension of the Langmuir model, the Hill model®' accounts for

intramolecular coupling (i.e. change in binding affinity at one site in response to binding at another

KaasM™ 61,62

Py .
1+K,3M™]

site). The Hill model takes the form 6 = The Hill-coefficient, n, describes

cooperativity. If n > 1, the adsorption process is cooperative and as the concentration of adsorbate

increases, the binding affinity increases. Conversely, when n < 1, the process is typically described
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as being anti-cooperative, and increasing adsorbate concentrations at the interface reduces the

binding affinity. The interpretation of cooperativity solely based on the experimentally determined
Hill coefficients is problematic. For example, adsorption to heterogeneous surfaces can also result
in artificially low n values®*®* while electrostatics and reductions in dimensionality can explain
high values for n.°> When 7 is equal to unity, the Hill model reduces to the Langmuir model.

2.3.3. Estimating Thermodynamic Parameters from SHG Spectroscopy. Combining Equation

2.11 with the Hill equation, we arrive at Equation 2.13.

o _ n oM™ 8.5 MY/2m?Cc—1
suc X A + Bsinh Oy + Ou4s 2.13

1+ KaqsM™ vV M + Celec

ads
we incorrectly used a combination of cgs

It is important to note that in our earlier work'™> '% 22

and SI units which is the reason that Equation 2.7 has been written with 30.2 instead of 8.44 used
herein. These models are used in the analysis of SHG adsorption isotherms in Chapters 3-6. The
apparent equilibrium constant, K, 45, can be used to calculate an apparent free energy of adsorption.
2.4. SHG Laser System and Procedures.

2.4.1. Laser System. SHG spectroscopy measurements discussed in Chapters 3-6 was conducted
with the output from a Ti:sapphire laser system (Hurricane, Spectra-Physics, 800 nm, 120 fs pulses
at a repetition rate of 80 MHz). The power is attenuated using a variable density filter down to
0.50 = 0.05 W, and the beam is directed through a longpass filter to remove residual 400 nm light
from the oscillator. The output beam from the oscillator is split, and part of the beam is used to
continuously monitor the power over the course of the SHG experiment using a power meter
(Newport 1917-R) to correct the SHG signal for any drifts in power. The transmitted 800 nm beam
is focused on the fused silica/water interface at an incident angle of ~60° from the surface normal,

less than the angle of total internal reflection. The fundamental 800 nm light is recollimated and



37
then filtered using a 400 nm bandpass filter (FBH400-40M ThorLabs, >90% peak transmission)

and a monochromator tuned to the SHG wavelength (400 nm), as described earlier.> The SHG
light is then directed into a photomultiplier tube where the signal is amplified and collected by a
gated photon counter (Stanford Research Systems). The polarization combination used is s-in/all
out.

In one set of experiments discussed in Chapter 3, a regeneratively amplified Ti:sapphire
laser system (Hurricane, Spectra-Physics) provides 120 femtosecond pulses at a repetition rate of
1 kHz to an optical parametric amplifier (OPA-CF, Spectra-Physics) which is tuned to a
fundamental wavelength between 570-610 nm. A variable density filter is used to attenuate the
energy of the 120 femtosecond pulses to 0.40 = 0.05 wJ/pulse, translating to a pump fluence of
approximately 60 mJ/cm?, to avoid thermal degradation of the sample and/or bilayer. The incident
beam is focused to a 30 um focal spot, at an angle just below the angle of total internal reflection,
onto a silica/water interface containing an SLB. The reflected fundamental light is selectively
filtered out through the use of a Schott filter and a monochromator tuned to the SHG wavelength.
Here again the SHG light is then directed into a photomultiplier tube where the signal is amplified
and collected by a gated photon counter.

2.4.2. Sample Cell, Flow System, and Substrate Preparation. SHG spectroscopy flow
experiments were carried out using a home-built Teflon flow-cell and a fused silica hemispherical
lens (ISP Optics, 1-in diameter, QU-HS-25-1) (Figure 2.3) that has been previously
described.'*'***? The flow cell has an internal volume of ~3 mL. Our Teflon flow-cell, three-way
valve, and all connected components, including tubing (PTFE tube (1/16”) and Swagelock fittings,
were sonicated in methanol (~30 min) prior to each experiment. The flow-cell was then rinsed with

copious volumes of Millipore water and then dried under nitrogen and oxygen plasma cleaned
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(Harrick Plasma Cleaner, 18W, 300-500 mTorr) for 10 minutes. Prior to use, the tubing was

flushed with Tris buffer solution. The PTFE-tubing was changed frequently to avoid contamination
and cleaned with methanol, Millipore water (>18 M), and buffer before reuse.

Hemispherical lenses were cleaned with Nochromix® for at least 1 hour and then rinsed
with Millipore water. The hemispherical lenses were then transferred to a beaker containing fresh
methanol and sonicated for 10 minutes, rinsed with Millipore water, and dried under N,. Lastly,
the hemispherical lenses were plasma cleaned for 10 minutes. As various methods were used for
the formation of SLBs, the specific methods used for their formation is described in the respective
chapters. All experiments, except where explicitly stated otherwise, are carried out under

intermittent flow conditions as described in the subsequent chapters.
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Figure 2.3. Cross-sectional view of the home-built Teflon flow cell used for second harmonic
generation sepctroscopy experiments. Fundamental light is shown in red, while SHG is shown in
purple. Arrows indicate flow into and out of the cell via PTFE tubing (omitted for clarity). The
flow cell is capped with a fused silica hemispherical lens and a leak-tight seal is created with the
use of an O-ring (shown in brown). (Inset) Zoomed in view of the solid/water interface where the
supported lipid bilayer is formed.



40

CHAPTER 3

Resonantly Enhanced Nonlinear Optical Probes of Oxidized Multiwalled Carbon
Nanotubes at Supported Lipid Bilayers

Portions of this chapter are reproduced with permission from the American Chemical Society:

McGeachy, A. C.; Olenick, L. L.; Troiano, J. M.; Lankone, R. S.; Melby, E. S.; Kuech, T. R;
Ehimiaghe, E.; Fairbrother, D. H.; Pedersen, J. A.; Geiger, F. M., Resonantly Enhanced
Nonlinear Optical Probes of Oxidized Multiwalled Carbon Nanotubes at Supported Lipid
Bilayers. J. Phys. Chem. B, 2017, 121, 1321-13209.



41
3.1. Introduction. As a first test system for probing the nano-bio interface with nonlinear optics,

we focused on carbon nanotubes (CNTs), as they have actual and proposed applications in
consumer product areas including optics,"” electronics,™ biomedicine,” drug delivery,®’
environmental remediation'®'* and energy technologies.'>'® Applications and technologies that
do not require specific chirality, diameters, or bandgaps often favor multiwalled CNTs
(MWCNTs) over single walled carbon nanotubes because of the much lower cost and relative
case of production of MWCNTs."” The projected increase in the use of CNT-based
nanomaterials, however, raises concern about the potential adverse impacts new technologies
utilizing these materials may have on the environment.'*”® Consequently, the possibility of
environmental release of engineered nanomaterials in general,"”?’ and MWCNTSs in particular,
and their subsequent interaction with biological systems have motivated laboratory studies aimed

at exploring how nanomaterials interact with biologically relevant systems of varying

26,28,29 23,30-

complexity, including idealized model systems consisting of phospholipid membranes.

3% Several studies have indicated that CNTs may penetrate biological membranes, traverse the
cell membrane, or may lead to alterations in cellular function, including death.**

In the environment, CNT surfaces are likely to contain oxygen-bearing functional
groups.”** Oxidized MWCNTs (O-MWCNTs) may thus represent a more realistic model
system for studying the biogeochemical consequences of CNT release into the environment than
pristine (unoxidized) CNTs.*** Oxygen-containing functional groups are either grafted

deliberately into the CNT sidewalls during covalent functionalization strategies or inadvertently

C g .. 48- .. .
as a result of exposure to oxidizing conditions.*° The presence of oxygen-containing functional

51,52 44,53-55

groups on CNTs increases their hydrophilicity and stability in aqueous solutions.

Although concentrations of O-MWCNTs in the environment have yet to be determined, current
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estimates based on a number of parameters including production rates suggest that CNT

concentrations may be as high as several pg per kg of s0il.”® On the other hand, field experiments
with natural benthic communities show that 2 mg of MWCNTs per kg aquatic sediment induced
detectable changes in the structure of benthic organism communities.’

Given the difficulty in determining the concentration of CNTs in environmental settings
and the uncertainty in current estimates of environmental concentrations, determining O-
MWCNT concentrations that would be environmentally relevant in experimental laboratory
model studies is challenging. Electrophysiological measurements conducted by Corredor et al.
on suspended planar lipid bilayer membranes composed of 1,2-dioleoyl-sn-3-
phosphotidylcholine (DOPC) suggest that O-MWCNTs at concentrations as low as 1.6 mg/L can
induce transmembrane current fluxes and possibly traverse the lipid bilayer.”® Yi and Chen
explored the interactions between O-MWCNTs and DOPC under varying ionic strength and pH
conditions using quartz crystal microbalance with dissipation monitoring (QCM-D). They
reported no attachment of O-MWCNTs with surface oxygen concentrations of ca. 10% O to
DOPC at 0.1 M NaCl at pH 7.4 (0.01 M HEPES) at O-MWCNT concentrations of 500 pug/L as
detected by QCM-D.** Though significant progress has been made in exploring the impact of
CNTs on biological systems, molecular-level insight into the interactions that occur between O-
MWCNTs and biological systems remains limited.

Here, we apply a multi-pronged approach to investigate the interactions of O-MWCNTs
in the ng/L to mg/L concentration range with supported lipid bilayers (SLBs), which have been
used as model systems for probing the interaction of O-MWCNT with cellular
membranes.’******° We employ, for the first time, second harmonic generation (SHG) to track

the adsorption of nanotubes to the SLB and estimate binding equilibria and adsorption free
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energies. We also report the first vibrational sum frequency generation (SFG) spectra of the

carbon tail and headgroups within the lipids comprising the bilayer before, during, and after
interaction with O-MWCNTs. Finally, we complement our spectroscopic measurements with
mass measurements using QCM-D to estimate total mass attached. Our use of SLBs most likely
prevents us from addressing possible experimental outcomes such as membrane piercing, and the

34,58,59

formation of transmembrane channels, which molecular dynamics simulations and

experiments’*’

indicate can occur under certain conditions. Instead, we focus on the initial step
of attachment to the surface. We estimate the interaction free energies, and assess whether
changes occur to the SLB structure before, during, and after interaction with the O-MWCNTs.
Our results in the sub-ppb regime extend current molecular insights towards lower O-MWCNT
concentrations than what had been available thus far, which may be of further relevance to
biogeochemical conditions.

3.2. Experimental. As we discuss in Chapter 2, SHG and SFG spectroscopies are surface-
general, label-free, and interface-specific techniques that allow interfacial processes to be
monitored without the overwhelming contribution from bulk processes. When working with
systems as complex as the nano/bio interface, we find that combining several techniques is
advantageous in terms of facilitating data interpretation. Therefore, this work combines SHG and
SFG spectroscopies and QCM-D measurements.

3.2.1. Laser System. Detailed descriptions of our SHG approach can be found elsewhere.®*®*
Here, we use incident wavelengths of 600 and 800 nm as described in detail in Chapter 2.

3.2.2. Flow Cell, Substrate, Solution, and Bilayer Preparation. The flow cell preparation

procedures are outlined in Chapter 2. We note that concerns about the potential “stickiness” or

adhesion of O-MWCNTs to the PTFE tubing we use in our flow cell prompted us to increase the
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frequency with which we exchanged our tubing to once every other experiment. Before use, and

between trials, the tubing was thoroughly rinsed with methanol, ultrapure water (> 18 MQ-cm),
and buffer solution. All buffers contained 0.01 M Tris adjusted to pH 7.4 using dilute HCI or
NaOH as needed and are henceforth referred to as Tris buffer.

For most of the work described herein, we studied SLBs formed from 1,2-dimyristoyl-3-
sn-glycerophosphatidylcholine (DMPC), as phospholipids bearing zwitterionic PC headgroup are
the majority lipids in extracellular leaflet of eukaryotic cell membranes.”’ To prepare vesicle
suspensions, 2 mg of 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC, Avanti Polar
Lipids) in chloroform were dried under a gentle stream of N,. The dried lipids were then placed
in a vacuum desiccator overnight to remove any remaining organic solvent, and then stored in
the freezer under nitrogen. Prior to use, the dried lipid vesicle films were rehydrated with a 0.1 M
NaCl, 0.01 M Tris buffer, 0.005 M CacCl, solution buffered to pH 7.4 and gently warmed to a
temperature above the chain melting temperature (T, = 24 °C)® for approximately 1 h.
Vortexing the solution produced a suspension of multilamellar lipid vesicles that was then
mechanically extruded through a polycarbonate membrane with a pore size of 0.05 pm (Avanti
Polar Lipids). The suspension was passed through the polycarbonate membrane 11 times, as
suggested by the manufacturer. Bilayers composed of 1,2-dioleoyl-sn-glycero-3-phosphocholine
(DOPC) and 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP) were prepared in a similar
fashion. The vesicle suspensions were stored in glass scintillation vials or polypropylene Falcon
tubes until use. Vesicle-containing suspensions were used within 2 days of preparation. The
vesicle fusion method is employed to form supported lipid bilayers.”® In SHG and SFG
experiments, the flow cell is first equilibrated with Tris buffer containing 0.1 M NaCl. After

acquiring steady background signal, 4 mL of a 0.5 mg/mL vesicle-containing solution (0.1 M
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NaCl, 0.01 M Tris buffer, 0.005 M CaCl,, pH 7.4) is introduced into the flow cell. After allowing

the SLB to form at the silica/water interface over the course of at least 20 minutes, the SLB is
rinsed with CaCl,-free Tris buffer (0.1 M NaCl) to remove remaining intact vesicles.
3.2.3. Preparation and Characterization of O-MWCNT Suspensions. A detailed procedure

for the oxidation of MWCNTs is documented elsewhere.*® >

Briefly, pristine multiwall carbon
nanotubes (MWCNTs) are purchased from NanoLab Inc. (Waltham, MA). The as-received
MWCNTs are characterized by the manufacturer to have an outer diameter of 15 nm + 5 nm, a
length of 5-20 um, and a carbon purity of > 95%. We use two different batches of oxidized
MWCNTs that contain 12% and 7% surface oxygen, denoted below as 7% and 12% O-
MWCNTs, using H,SO4/HNOs. Uncertainties in surface oxygen contents are in the 1% range.
The CNT purification procedure developed by Bitter er al. (2014)*® was followed for all O-
MWCNTs produced. Transmission electron microscopy (TEM, Philips CM 300) is used to
examine the structure of the O-MWCNTs following the oxidation procedure. TEM samples are
prepared by dipping a lacey-carbon grid into a colloidal suspension of O-MWCNTs in water; the
sample is imaged at 300 kV and the images are collected with a CCD camera (Figure 3.1.A-B).
Figure 3.1.A shows that the oxidation process leaves the MWCNTs structurally intact with
approximately 10 walls and lengths on the order of several hundreds of nanometers. Dynamic
light scattering (DLS) and laser Doppler micro-electrophoresis (Zetasizer Nano ZS, Malvern
Instruments, 632.8 nm, 173° backscattering angle) are used to estimate changes in hydrodynamic
diameter over time and to measure electrophoretic mobility (EPM) for assessing the stability of
aqueous O-MWCNT-containing suspensions.

3.2.4. SHG Experiments. In SHG adsorption experiments, the O-MWCNT-containing

suspensions are introduced into the cell at a given nanotube concentration using a flow rate of
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2.5 mL/min for a total volume of approximately 8 mL. To avoid changes in SHG signal that

could be attributable to changes in ionic strength or pH, the O-MWCNT solutions are prepared
such that the conditions of the background electrolyte and pH remained constant (0.001 or 0.1 M
NaCl, 0.01 mM Tris buffer, pH 7.4). Each suspension is vortexed for approximately 20 seconds
immediately prior to introduction into the flow cell.

3.2.5. SFG Experiments. Following our previously described approach,”® we tune the
broadband IR output of an OPA to the C—H stretching region between 2800 cm™ and 3000 cm™.
SFG spectra are collected using near total internal reflection geometry and the ssp polarization
combination, which probes components of the vibrational modes that are oriented perpendicular

to the surface. Each SFG spectrum is composed of an average of
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Figure 3.1. (A) Low- and (B) high-magnification TEM images of O-MWCNTs prepared
by refluxing in 70% HNOS. (C, D) UV-Vis absorbance spectra of 1 mg/L of (C) O-

MWCNT (7% O) and (D) O-MWCNT (12% O) in 0.1 M NaCl, 0.01 M Tris buffer, pH
7.4 over the span of 2 hours. (E) Effective hydrodynamic diameter (DH) of O-MWCNT

with surface oxygen concentrations of 7% O (filled black circle) and 12% (open circle) O
MWCNT suspensions at 1 mg/L, 0.1 M NaCl, 0.01 M Tris buffer, pH 7.4, as a function
of time.
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five acquisitions each integrated over 4 min. In SFG experiments the SLBs are rinsed with 30

mL of Tris buffer at a flow rate of 1.5 mL/min. SFG spectra of the SLBs before exposure to O-
MWCNTSs (Figure 3.2) agree well with our previous report,” and are consistent with the
presence of well-formed bilayers.

3.2.6. QCM-D Experiments. QCM-D experiments are conducted using a modified version of
our previously described procedures.”’ In these experiments, the particle attachment period was
extended to 140 min, and the flow rate was reduced to 10 xL/min.

3.3. Results and Discussion.

3.3.1. Assessing the Stability of O-MWCNT Suspensions. Our DLS data indicates that some
O-MWCNT aggregation occurs over the course of the SHG and SFG experiments, while UV-Vis
data indicates the absence of settleable aggregates (Figure 3.1.C-D). Specifically, the UV-Vis
data shown in Figure 3.1 indicates that the 7% O and 12% O MWCNTs are stable towards
sedimentation over the timescale of the SHG and SFG experiments. Although DLS
measurements (Figure 3.1.E) indicate some aggregation of the O-MWCNTSs occurs over the time
period of the optical experiments (two hours), the increase in the hydrodynamic diameter (Dy) of
the 7% O-MWCNTs and 12% O-MWCNTs stabilizes after approximately 20 minutes at which
point our SHG measurements are conducted. Comparable EPM values (—6.1 (+ 2.9) x10® m*/Vs
and —5.7 (£ 1.1) x10” m?/Vs for O-MWCNTs with surface oxygen concentrations of 7% and
12% O respectively) were obtained despite the difference in the relative percentage of oxygen-
containing functional groups. The lack of correlation between the atomic percent surface oxygen
concentration and the measured electrophoretic mobilities at pH values higher than 6 has been

observed in other studies of O-MWCNTs.”* These various particle stability measurements
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indicated that the SHG and SFG data are best described as representing the interactions of

individual O-MWCNTs and small O-MWCNT aggregates with SLBs.

3.3.2. Attachment of O-MWCNTs to Supported Lipid Bilayers Prepared from DMPC. We
have previously determined that after accounting for the interfacial potential contributed by the
Si0; substrate, SLBs rich in phospholipids with phosphatidylcholine (PC) headgroups carry a
negative interfacial potential at 0.1 M NaCl at pH 7.4,*> which is important, given the negative
surface potentials of the O-MWCNTs. Upon exposure to 1 mg/L. O-MWCNTs in the presence of
0.1 M NaCl buffer, we observe a ca. 200 cm™ broad contribution underneath the relatively sharp
vibrational features observed prior to O-MWCNT exposure for 7% O-MWCNTs and 12% O-
MWCNTs (Figure 3.2). We putatively attribute this broad spectral feature to the production of a
non-resonant SFG response from the pool of polarizable free electrons associated with the -
electron system of the O-MWCNTs, reminiscent of the well-known nonresonant SFG response
from polarizable metals.®® Upon rinsing the bilayer with O-MWCNT-free solution, the SHG
signal remains unchanged, indicating irreversible adsorption of O-MWCNTs to the SLBs over
the timescale investigated.

The appearance of a non-resonant response, on top of which ride well-resolved
vibrational features of the SLB, is observed in the majority of the experiments conducted across
three O-MWCNT samples. Yet, we note that a subset of experiments conducted with 7% O-
MWCNTs produced no change in the SFG signal (i.e., no increased non-resonant background

develops), which we attribute to possible variation in aggregation
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Figure 3.2. ssp-Polarized SFG spectra of SLBs formed from DMPC before
(green) and after interaction with 1 mg/LL O-MWCNT (gray), and after rinsing
with 0.1 M NaCl buffer solution (blue) at 0.1 M NaCl. Three characteristic
peaks at ~2960, ~2900, and ~2870 cm’ are associated with C-H oscillators
associated with the alkyl chains of the SLB formed from DMPC.
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state or solution stability for the batch used in those specific experiments though these

differences were not evident in UV-Vis and DLS measurements.
QCM-D studies conducted under conditions similar to those discussed in the SFG
experiments (0.1 M NaCl buffer and 1 mg/L 7% O-MWCNTs) reveal a small but measurable

frequency shift, Af=—0.57 + 0.16 Hz. Upon rinsing the SLB formed from DMPC with buffer

solution (i.e., no O-MWCNT present), the frequency shift increases to —0.33 = 0.10 Hz (Figure
3.3). This observation is attributable to the removal of weakly bound carbon nanotubes, some
portion of the bilayer, or both, along with loss of associated water and electrolyte. However,
given that the SFG results do not indicate further bilayer alteration as shown in Figure 3.2, the
rinsing likely leads to the loss of weakly bound 7% O-MWCNTs. QCM-D studies conducted
under the same conditions with 12% O-MWCNTs yield larger frequency shifts of —3.5 = 1.7 Hz,
albeit with larger uncertainties of the point estimate (Figure 3.3) and no reversibility. The energy
dissipation relative to the frequency changes for these systems (ADs/(Afs/5) = 9.4 (+ 2.7) x 107
Hz' and 8.3 (£ 2.0) x 107 Hz' for the 7% and 12% O-MWCNTs, respectively) precludes
application of the Sauerbrey equation to estimate the mass of O-MWCNTs on the SLBs.”
Nevertheless, the small frequency shifts observed indicates that the surface coverages here are
far below a monolayer.

3.3.3. SHG Control Studies. Given that these experiments are among the first to employ SHG
to probe O-MWCNTs at liquid/solid interfaces, we briefly discuss outcomes from the control
experiments we carried out to assess the validity and origin of the detected nonlinear optical
signals. When compared to the bare SLB response at 0.1 M NaCl and 0.01 M Tris buffer (no O-

MWCNTs present), we observed fractional SHG signal
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Figure 3.3. Attachment of O-MWCNTs (1 mg/L) to supported lipid bilayers formed
from DMPC at 0.1 M NaCl (0.01 M Tris buffer, pH 7.4) as determined by QCM-D.
Decreases in frequency correspond to increases in mass. Frequency data are reported for
the 5" harmonic. Error bars represent one standard deviation (n = 3).
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intensity increases as large as approximately 20% at Aspyg = 300 nm (kHz amplifier laser source)

for all of the O-MWCNTs studied. Adsorption of O-MWCNTs to bare silica (Figure 3.4) or
defects in the SLB structure cannot be ruled out as a potential source for the observed SHG
signal increases, given that adsorption isotherms for bare silica yield similar fractional increases
in SHG intensity though adsorption to the underlying silica support is unlikely given that micron-
scale defects in the SLB structure have not been observed. Based on QCM-D frequency shifts
(24-26 Hz) and surface coverages (~3.4 to 4.1x10" cm™), SFG spectroscopy (well-resolved
spectra), AFM and fluorescence microscopy (diffusion coefficients of ~2 pm?/s), forming
supported lipid bilayers via the vesicle fusion method does result in the formation of fluid nearly
complete supported lipid bilayers as was shown in our previously published work.”® Given the
QCM-D results indicating mass uptake upon introducing O-MWCNTs with surface oxygen
concentrations of 7% and 12% to SLBs formed from DMPC, we interpret this SHG response to
indicate nanotube attachment to the bilayer. Further, attachment of 7% O-MWCNTs to SLBs
formed from DMPC, depends on ionic strength with no significant change in SHG signal
intensity relative to the initial SLB is observed at 0.001 M NaCl (Figure 3.5.A), indicative of a
repulsive electrostatic interaction between the O-MWCNTs and the SLBs. Similar trends in the
adsorption of O-MWCNT under conditions of increasing ionic strength were also described in
other work investigating the interactions of O-MWCNT and SLBs formed from DOPC.** To be
clear, the term attachment here should not be taken to imply that covalent bonds are formed.

Instead, the expectation is that the O-MWCNTs are physically adsorbed to the SLBs.
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Figure 3.4. Fractional increase in SHG signal intensity as a function of O-
MWCNT concentration, in pg/L, in the presence of bare fused silica substrate at
both 0.001 M NaCl (open gray circle) and 0.1 M NaCl (filled gray circle). Error
bars are generated from the standard deviation of all data points at a given ionic
strength (shown on last for clarity).
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Figure 3.5. (A)Fractional increase in SHG signal intensity as a function of O-MWCNT
concentration, in ug/L, in the presence of SLB formed from DMPC at both 0.001 M NaCl
(open black circle) and 0.1 M NaCl (filled black circle). Error bars are generated from the
standard deviation of all data points and is only showed on the last points for clarity. (B)
Fractional increase in SHG signal intensity as a function of O-MWCNT concentration, in
mg/L, in the presence of supported lipid bilayers formed from DMPC at 0.1 M NaCl,
0.01 M Tris buffer at pH 7.4 as monitored at 600 nm (kSHG=3OO nm, filled circle) and 800

nm ()\SHG =400 nm, open circle) incident wavelengths.
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To better understand the origin of our SHG signal gains, a second set of SHG experiments was
conducted. At Asug = 400 nm (MHz oscillator laser source) we observe no change in SHG signal
intensity upon interaction of SLBs formed from DMPC with O-MWCNTs (Figure 3.5.B). The
finding of significant increases in the SHG response at 300 nm that coincide with O-MWCNT
addition and a lack of signal increase at 400 nm indicates that SHG resonance enhancement,
which can substantially boost signal intensities when the SHG wavelength matches an electronic

.. . . -72
transition in the surface-bound species, *”’

may be an important contributor to the SHG signals
recorded here. Indeed, given the optical absorbance features of the O-MWCNTs towards the
shorter wavelengths (Figure 3.1), it is likely that our experiments are approaching electronic two-
photon resonance with the m—n transitions of the nanotubes. Yet, further experiments using
SHG spectroscopy with varying incident and SHG wavelengths are needed to unambiguously
assess the role of resonance enhancement here.

To determine the damage threshold of the SLB systems and the bare silica substrate in
the presence of 2 mg/L O-MWCNT, we introduced, in two separate experiments, two
concentrations (1 and 2 mg/L) of O-MWCNTs in 100 mM NaCl buffer to the flow cell and
increased the incident visible pulse energy in increments of 0.05 puJ up to 0.5 pJ. Fits of a power
function to the SHG intensity as a function of pulse energy yield a quadratic dependence at a
concentration of 1 mg/L (Figure 3.6.A) but deviate somewhat (P = 2.6) at a concentration of 2
mg/L. (Figure 3.6.B). Departures from the expected quadratic dependence indicate optical

breakdown, optical processes other than SHG, or sample damage, which may be attributable to

nanotube aggregation specifically
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Figure 3.6. (A) Normalized SHG intensity as a function of pulse energy at 600 nm
fundamental light field for 1 mg/L O-MWCNT interacting with an SLB formed from

DMPC at 0.1 M NaCl. Green curve is a power function of the formy =A + Bx', where p
= 2.1 £ 0.1. (B) Normalized SHG intensity as a function of pulse energy at 600 nm
fundamental light field for 2 mg/L O-MWCNT interacting with an SLB formed from

DMPC at 0.1 M NaCl. The green curve is a power function of the form y = A + Bx,
where p = 2.6 + 0.1. The black dashed line is a representative quadratic curve with a
power of 2. (C) SHG intensity with the fundamental beam at 600 nm collected as a
function of monochromator wavelength and Gaussian fit (solid green line) resulting in
3.9 £ 0.4 nm bandwidth for 2 mg/L. concentration of O-MWCNT interacting with an SLB
formed from DMPC at 0.1 M NaCl, (D) SHG intensity with the fundamental beam at 800
nm collected as a function of monochromator wavelength and Gaussian fit (solid red line)
resulting in 2.5 + 0.1 nm bandwidth for 2 mg/L concentration of O-MWCNT interacting
with an SLB formed from DMPC at 0.1 M NaCl, (E) SHG intensity as a function of
output polarization angle aligned with surface normal while probing with p-polarized
fundamental light field for 2 mg/L. O-MWCNT interacting with a SLB formed from
DMPC at 0.1 M NaCl.
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at the interface, as opposed to the bulk aqueous solution, and strong absorbance at this high

concentration and pulse energy. Given the data shown in Figure 3.6.A and 3.6.B, all SHG
experiments were carried out using nanotube concentrations < 1 mg/L, and incident pulse
energies of 0.40 = 0.05 pJ so as to remain within the regime of well-behaved SHG responses.

Additional SHG bandwidth studies show that SHG signals recorded at Aspyg of 300 and
400 nm (Figure 3.6.C, 3.6.D respectively) are well behaved, showing no evidence of
fluorescence or radiation other than SHG entering the photomultiplier tube. Finally, SHG
polarization studies carried out with p-polarized incident light and at Asyg = 300 nm show that
the SHG signal is well polarized along the surface normal (Figure 3.6.E).
3.3.4. SHG Adsorption Isotherm Measurements. Having verified that the nonlinear signal
response was indeed due to SHG, we proceeded to record the SHG response as a function of O-
MWCNT (7% O) concentration. Figure 3.7 shows the average of 18 individual adsorption
isotherm measurements, each time using newly formed SLBs and newly prepared O-MWCNT
(7% O) suspension. We find that the SHG response increases with O-MWCNT (7% O)
concentration and begins to plateau at approximately 10 ug/L in the case of all O-MWCNTs
investigated here, regardless of surface oxygen concentration. This plateau indicates some
limiting surface coverage has been reached.

To provide an estimate for the interaction energy, we fit the Langmuir adsorption

model”>7”°

to the SHG adsorption isotherms. The Langmuir fit yielded an apparent equilibrium
constant, K™ of 1.2+ 0.2 L/ug and 2.0 = 0.4 L/ug for 100 mM NaCl buffer, corresponding to

adsorption free energy estimates of —52 + 0.4 kJ/molc and =53 £ 0.8



1]

RN
o
|

Referenced and
Normalized Egyg [a.u.]
(@)
h

O
o
1

A\
M I I I I

0 01 10 1000
O-MWCNT [ug/L]

Figure 3.7. SHG E-fields as a function of O-MWCNT concentration (7% O), in pg/L.
collected at 300 nm, normalized to maximum FE-field at high O-MWCNT
concentration recorded at 0.1 M NaCl, pH 7.4 in the presence of a SLB formed from
DMPC at 0.1 M NaCl and referenced to the SHG signal from an SLB formed from
DMPC at the silica/water interface (filled circles). The black solid line is a fit of the
Langmuir adsorption model to the experimental data collected at 0.1 M NaCl in the
presence of a SLB formed from DMPC, specifically of the form 6=

KLappC/(1+KLappC), where KLapp is the apparent equilibrium attachment constant, C is

the concentration of O-MWCNT in pg/L, and @ is the relative SHG E-field. Error
bars are generated from the standard deviation of data points collected at high particle
concentration.
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for the O-MWCNTs with surface oxygen concentrations of 7% and 12% respectively. In this

analysis, we used the 55.5 molar (or 10° pg/L) concentration of water as a standard state for
adsorption from solution.”® Departures from the Langmuir model could be attributable to the lack
of reversibility, (direct or indirect) particle-particle interactions (e.g., O-MWCNT aggregation),
and the heterogeneous nature of O-MWCNTs, and are likely to be masked by the uncertainty in
the reported point estimate.

3.3.5. O-MWCNT Adsorption to SLBs Prepared from DOPC and DOPC/DOTAP. O-
MWCNT with surface oxygen concentrations of 8% O also adsorbed to SLBs composed of
zwitterionic  DOPC and DOPC  bilayers containing  cationic  1,2-dioleoyl-3-
trimethylammoniumpropane (DOTAP) (Figure 3.8). (The batch of O-MWCNTs used in these
experiments had a surface oxygen concentration of 8%, while those described in the previous
sections had 7% 0O.) While we hypothesized that the adsorption of these negatively charged O-
MWCNT particles would be higher in the presence of DOTAP, a cationic lipid, our SHG signals
were comparable across SLBs formed from DOPC, DMPC, and 9:1 DOPC/DOTAP (Figure 3.8).
Given that the surface charge of the pure SLB formed from DOPC and 9:1 DOPC/DOTAP are
comparable,® the lack of significant difference in the adsorption behavior for these two bilayer
systems is not surprising.

3.4. Possible Interaction Mechanism and Conclusions. The results from our SHG, SFG and
QCM-D studies show that O-MWCNTs attach to the SLB probed here at 0.1 M NacCl to a small
extent. Adsorption of the CNTs to the SLBs likely does not cause significant disruption or
displacement of the SLB as indicated by the retention of the characteristic SFG spectral features

associated with DMPC, despite the development of a strong non-
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Figure 3.8. Fractional increase in SHG signal intensity as a function of O-
MWCNT concentration, in pg/L, in the presence of supported lipid bilayers
formed from 9:1 DOPC/DOTAP (blue open circle), DOPC (red open circle),
and DMPC (black open circle) at 0.1 M NaCl, 0.01 M Tris buffer at pH 7.4.
For both the DOPC and 9:1 DOPC/DOTAP SLBs, the O-MWCNT used have
surface oxygen concentrations of 8% while for the interaction studies
involving DMPC, the concentration is 7% O.
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resonant background. Yi and Chen® previously reported no attachment of O-MWCNTs (10.6%

oxygen) to SLBs composed of DOPC below a NaCl concentration of 200 mM at pH 7.3 (0.2 mM
NaHCO:s) at 37 °C. The two studies differed with respect to lipids used to form SLBs (DOPC vs.
DMPC), O-MWCNT concentration, the nature and concentration of the buffer, flow rate, and,
likely most importantly, temperature. Nonetheless, similar to the results of Yi and Chen,” we
observe more attachment to SLBs formed from DMPC or DOPC at higher ionic strength and no
attachment at lower ionic strength (0.001 M NaCl).

As the O-MWCNT carry small negative zeta potentials under the conditions of the

. 33,54,55
experiments,”

and given that SLBs composed of lipids having zwitterionic headgroups carry
negative interfacial potentials,”® the mechanism by which O-MWCNTs adsorb to SLBs formed
from DMPC and DOPC likely involves sizeable entropy gains as water molecules and electrolyte
ions are displaced upon attachment of the nanotubes. Coulomb repulsion between the like-
charged O-MWCNTs and the SLBs are thus overcome. Indeed, SHG experiments using bilayers
prepared from 9:1 mixtures of DOPC/DOTAP, which are also associated with a negative
interfacial potential under the experimental conditions,” yield comparable fractional increases in
SHG intensity upon exposure to O-MWCNTs as that of DOPC and DMPC further supporting
our conclusion.

In summary, we have employed SHG and SFG spectroscopy to directly probe O-MWCNTs
interacting with supported lipid bilayers. We showed that O-MWCNT adsorb to SLBs rich in PC
lipids at 0.1 M NaCl under the conditions explored in this study and at concentration in the sub-
ng/L range. Resonantly enhanced SHG spectroscopy served as a chemically specific probe and is

demonstrated to provide higher sensitivity to sub-pg/L O-MWCNT adsorption processes than

QCM-D. We also showed that adsorption of O-MWCNTs to SLBs does not result in significant
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disruption or displacement of the lipid bilayer as indicated by SFG spectroscopy. We cannot,

however, rule out the formation of pores or assess the extent of local disruption to the bilayer.

In Chapter 4, we build on the toolbox of techniques employed here to investigate the role
of charge in the interactions of polyelectrolytes with SLBs. Similar to the distribution of various
functional groups along the backbone of the CNT structure, polyelectrolytes carry a number of
groups along their main chains. Using polyelectrolytes allows us to understand how this multi-
technique approach can be applied to the quantification of surface charge and charge density in

systems with more flexibility than that exhibited by the CNTs described herein.
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CHAPTER 4

Interfacial Electrostatics of Poly(vinylamine hydrochloride),
Poly(diallyldimethylammonium chloride), Poly-L-lysine, and Poly-L-arginine

Interacting with Lipid Bilayers

Portions of this chapter are reproduced with permission from the Royal Society of Chemistry:

McGeachy, A. C.; Dalchand, N.; Caudill, E. R.; Li, T.; Dogangun, M.; Olenick, L. L.; Chang, H.;
Pedersen, J. A.; Geiger, F. M., Interfacial Electrostatics of Poly(vinylamine hydrochloride),
Poly(diallyldimethylammonium chloride), Poly-L-lysine, and Poly-L-Arginine Interacting with
Lipid Bilayers. Phys. Chem. Chem. Phys. 2018, 20, 10846-10856.
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4.1. Introduction. Nanoscale carbon-based and polymeric materials constitute two classes of

nanomaterials having the largest market volumes, highest risks of industrial impact and public
exposure, and both are identified as priority materials in need of regulatory consideration.' In
Chapter 3, we explore the interactions of oxidized multiwalled carbon nanotubes with supported
lipid bilayers (SLBs). There we find that negatively charged carbon nanotubes adsorb to the
surface of the SLB in a non-destructive manner. Here, we proceed to extend on the insights
gained in the previous chapter through the investigation of cationic charged groups on polymers.
The motivation for this work is two-fold. As discussed in Chapter 1, nanoparticles are commonly
functionalized with polymers or peptides to impart specific attributes for increased stability or
functionality, for example. Often, nanoparticles are prepared in an excess of the desired polymer,
and insufficient or incomplete purification strategies can leave a sometimes unknown
concentration of polymer in solution with the functionalized nanoparticle.® Indeed, our
experience with various purification strategies for the removal of excess poly(allylamine
hydrochloride) (PAH) polymer from gold nanoparticle suspensions, has motivated a series of
control studies which have developed into a highly informative project of its own. PAH, as an
example, is known to disrupt model and actual® biological systems when bound to nanoparticles
or free in solution. Unfortunately, this coexistence of sometimes large, and unaccounted for,
concentrations of polymer in solution with nanoparticles can make it difficult to elucidate the
toxicity mechanism as both the nanoparticle and/or free ligand can be responsible.> In addition
to the motivation to understand the propensity of free ligands to disrupt model cellular surfaces
and to quantify these interactions, polymers and polymeric particles represent an importance

class of materials as discussed in more detail below.
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Widespread interest in and utility of antimicrobial polymers, cell-penetrating peptides,

bioelectrodes, and biosensors has driven many experimental and theoretical studies devoted to

2 13-22

elucidating the interactions of polymers with cell surfaces”? and model systems.

Outstanding questions in this field pertain to surface charge and charge density, %%

252 . . .
27 antimicrobial surfaces,” nonviral

particularly for polyelectrolytes in spherical nucleic acids,
vectors,'’ as well as films™ and gels.”* So far, experimental approaches providing answers to
how many charges a polycation carries upon attachment to a surface or interface are scarce, if
not absent, especially when considering those that require no external labels. Importantly, an
accurate description of how polycations interact with surfaces or interfaces is also a key
requirement for modeling their interaction kinetics. Reaction rates, being proportional to absolute
surface coverages, require knowledge of said absolute coverages, especially when it comes to
heterogeneous redox reaction. Another example where knowledge of the absolute number of
charges on adsorbed species is paramount is the heterogeneous kinetic salt effect, in which
reaction rates increase or decrease with said number, depending on the ionic strength.”’
Interfacial charge density estimates from experiments are important, as molecular
dynamic (MD) simulations suggest that some linear polycations such as poly(vinylamine) and
polyethylenimine (PEI) can accumulate, through electrostatic interactions, phosphatidylglycerol
(PG) lipids present in simulated bacterial membranes,’® a result also reported for polybetaines."
PAH is another widely investigated polycation under exploration for use in thin films,'** drug
delivery,** and cell encapsulation.””> As a weak polyelectrolyte, PAH has been reported to shift its

283637 and at model biological interfaces,”™ a result not

ammonium pK, in multilayer films
expected with polyelectrolytes containing quaternary amines, such as

poly(diallyldimethylammonium chloride). In addition to charge density, the structure of the
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charged functionality can significantly influence the interactions of the polymer with lipids and

macromolecules and have biological consequences. For instance, atomistic simulations of PAH,
PEI, poly(vinylamine), and poly-L-lysine (PLL) interactions with DNA reveal that two different
binding behaviors lead to the formation of polyplexes.”” Of the polymers explored, only
poly(vinylamine) embeds into the DNA major groove, a behavior not observed even with
poly(allylamine) despite both polymers having similar functionalities. The authors hypothesized
that the length of the pendant chains is responsible for this observation, as the amine group of
poly(vinylamine) is one methylene shorter relative to poly(allylamine) (Figure 4.1). Further, in
studies exploring the antimicrobial activity of copolymers with various cationic functional
groups against Escherichia coli, polymers containing primary amines demonstrated a higher
degree of antimicrobial activity relative to those bearing quaternary ammonium groups.*’

With the importance of polyelectrolyte charge density in mind, we explore here the
quantification of charge density and the ultimate role that charge density plays in the interactions
that occur between polyelectrolytes having varying functionalization and SLBs as models for
biological membranes. To this end, we have published an approach to estimate charge density on
adsorbed entities that pairs surface-sensitive nonlinear optical spectroscopies, namely second
harmonic generation (SHG) and vibrational sum frequency generation (SFG) spectroscopies,
with acoustic mass measurements from quartz crystal microbalance with dissipation monitoring
(QCM-D) as well as coarse-grained and molecular dynamic simulations.”® We are further
motivated by a previous study*' exploring the role of chemical functionality, size, and charge in
the disruption of SLBs. Generation 7 (G7) amine-terminated PAMAM dendrimers were shown
to form and exacerbate membrane defects whereas this effect was reduced (G5) or eliminated

(G3) in lower generation dendrimers. Moreover, replacing the terminal amine groups with
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acetamide, reduced the propensity even further for G5 dendrimers to produce holes in the SLB.

While this study and others highlight the important role that size, charge, chemical functionality,
and molecular mass can play in the interactions that polymers have with model and actual
cellular surfaces, these studies do not provide a quantitative measure for the surface charge of the
dendrimers, SLB, or the adsorbed polymer layer. In a comparative study exploring the
interactions of PLL and PLR nonamers with lipid bilayers composed from mixtures of anionic
PG and zwitterionic phosphatidylcholine (PC) lipids, PLR was found to bind more favorably to
lipid bilayers than PLL."” Although a pH-sensitive sensor composed of ortho-rhodamine B
conjugated with the free amine of (l-hexadecanoyl-2-(9Z-octadecenoyl)-sn-glycero-3-
phosphoethanolamine) was used to monitor changes in interfacial potential, no values for charge
density or interfacial polymer concentration were reported due to stated limitations in the
capabilities of the binding assay used."”

Our present work explores a suite of linear cationic polymers differing in chemical
structures  (Figure 4.1) that includes poly(vinylamine hydrochloride) (PVAm),
poly(diallyldimethylammonium chloride) (PDADMAC), poly-L-lysine hydrobromide (PLL) and
poly-L-arginine hydrochloride (PLR). This suite of polymers consists of various cationic groups
including primary amines (PVAm and PLL), a quaternary ammonium (PDADMAC), and a
guanidinium group (PLR). Given the diversity of the interactions that can occur between

polycationic polymers, with varying chemical functionalities,’***

and biological interfaces, this
suite of polymers allows us to explore the applicability of our quantitative approach for
estimating charge densities. Here, we use a label-free method for estimating polymer-bilayer

interactions to aid in the interpretation of such results and in understanding the molecular-level

mechanisms by which polymers interact with biological surfaces. Specifically, we estimate
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Figure 4.1. Structures of the polycations studied herein: (A) poly(diallyldimethyl ammonium
chloride) (PDADMAC), (B) poly(vinylamine hydrochloride) (PVAm), (C) poly-L-lysine
hydrobromide (PLL), and (D) poly-L-arginine hydrochloride (PLR).
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interfacial charge densities from nonresonant second harmonic measurements that we pair with

acoustic mass (polymer mass plus hydrodynamically coupled water) estimates from QCM-D
measurements. This approach provides the lower bounds of charge per attached polycation,
because (1) not all charges associated with the polycation may be located within the SHG active
interfacial region and (2) the water content contributing to the mass estimates is not known
quantitatively unless another technique such as nanoplasmonic sensing or optical waveguide
lightmode spectroscopy is used, which is not the case here.
4.2. Experimental Methods.
4.2.1. Vesicle and SLB Preparation. Two-milligram vesicle suspensions of 9:1 molar ratios of
1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC, Avanti Polar Lipids) and 1,2-dimyristoyl-
sn-glycero-3-phospho-(1°rac-glycerol) (sodium salt) (DMPG, Avanti Polar Lipids) were dried
under a gentle stream of N; and placed in a vacuum desiccator for at least 3 hours. As multiple
methods for reconstituting and forming supported lipid bilayers exist, we used two methods
somewhat interchangeably in order to evaluate the reproducibility and transferability of the
results that we observe in our SHG measurements. Both methods produce similar outcomes in
SHG experiments probing the interaction of polyelectrolytes with SLBs. The concentration of
Tris buffer (0.01 M) adjusted to pH 7.4 is constant throughout and henceforth will be omitted.
The bilayers prepared are well formed, as characterized in detail in our previous reports.****

The procedure for drying lipid films is consistent across Methods 1 and 2. Details of each
method are outlined below:
Method 1. Lipid vesicle films were reconstituted with 0.1 M NaCl, 0.005 M CaCl, Tris buffer
and gently warmed for 30 minutes. The reconstituted lipids were mechanically extruded through

a polycarbonate membrane with a pore size of 0.05 um at a lipid concentration of 2 mg/mL
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(Avanti Polar Lipids). The vesicle solutions were diluted to a final concentration of 0.5 mg/mL at

0.1 M NaCl, 0.005 M CaCl, Tris buffer and stored in a 5-mL polypropylene round bottom Falcon
tubes at 4 °C (Method 1). The addition of divalent salts has been shown to facilitate the
formation of lipid bilayers from vesicle containing solutions onto supportive substrates such as
fused silica. However, addition of CaCl, to vesicles containing large amounts of anionic lipids
has been shown to result in vesicle aggregation. We have previously shown that there is no
noticeable aggregation of vesicles using Method 1.** The majority of experiments involving
PVAm and PDADMAC (400-500 kDa) were performed using Method 1. In experiments
performed with this method, the cell was equilibrated with 0.1 M NaCl Tris buffer adjusted to
pH 7.4. The vesicle containing solutions was then introduced into the flow cell at a flow rate of
approximately 2 mL/min. After allowing the bilayer to form over at least 15 minutes, the flow
cell is then flushed with 20 mL of 0.1 M NaCl Tris buffer. All experiments are performed at
room temperature (~20 °C). Fluorescence recovery after photobleaching (FRAP) has shown that
this method produces well-formed bilayers.*’

Method 2. We also conducted a subset of experiments with lipids that were reconstituted instead
with 0.001 M NaCl Tris buffer, vortexed, and transferred to 2-mL microcentrifuge tubes. After
vortexing, the lipids were sonicated (bath sonicator for 30 minutes) and then subjected to 3
freeze-thaw cycles (5-minute liquid N, and 5-minute thaw in bath sonicator) (Method 2). Method
2 for vesicle preparation was also used primarily for SHG experiments with PDADMAC (100
kDa), PLL, and PLR. However, control experiments using this method for PVAm and
PDADMAC (400 kDa) were also conducted. The vesicles were stored in a 2-mL microcentrifuge
tube at 4 °C and diluted to a final concentration of 0.5 mg/mL at 0.15 M NaCl, 0.01 M Tris,

0.005 M CaCl, immediately before use for SHG experiments. In SHG experiments performed
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with this method, the SHG flow cell was equilibrated with 0.15 M NaCl, Tris buffer, 0.005 M

CaCl, Tris buffer and then lipid suspensions were injected at a flow rate of 2 mL/min. After
allowing the bilayer to form over at least 15 minutes, the flow cell was flushed with 10 mL of
0.15 M NaCl Tris buffer, 0.005 M CaCl,, 10 mL of 0.15 M NacCl Tris buffer, and finally 20 mL
of 0.1 M NaCl Tris buffer. All experiments are performed at room temperature (~20 °C).

4.2.2. Polymer Solution Preparation. Poly(diallyldimethylammonium chloride) (PDADMAC,
400-500 kDa, 20 % wt. in H,O), poly-L-lysine hydrobromide (PLL, 4-15 kDa), and poly-L-
arginine hydrochloride (PLR, 5-15 kDa) are purchased from Sigma Aldrich and used without
further purification. Poly(vinylamine hydrochloride (PVAm, 25 kDa) was purchased from
Polysciences and used without further purification. All polymer solutions, with the exception of
PDADMAC, were prepared and stored in 0.001 M NaCl. Poly(vinyl alcohol) with molecular
weights of 9 kDa (Product Number 360627) and 85 kDa (Product Number 363081) (PVA), and
poly(acrylic acid) (PAA, Product Number 416037) were also purchased from Sigma Aldrich.
Polymer concentrations were determined based on the average molecular mass of the polymer,
and the average number of repeat units was determined by dividing the average polymer
molecular mass by the molar mass of one monomer, including the counterion mass.

4.2.3. Fluorescence Recovery after Photobleaching (FRAP) Measurements. FRAP is a
fluorescence technique that is used here to provide insight into lipid surface coverage and the
two-dimensional lateral mobility of lipids within the silica-supported lipid bilayer. Diffusion
coefficients, determined through FRAP measurements, have been used previously as a method
for evaluating the quality of supported lipid bilayers.** Here, FRAP measurements were
carried out in a manner consistent with our previously published work.* Specifically, we used a

Leica Spinning Disk Microscope (Leica DMI6000 inverted microscope equipped with a



73
Yokogawa CSU-X1 Spinning Disk module) with either a 40X or 63X oil immersion objective.

The samples are visualized by a Photometrics Evolve Delta512 camera (60fps at 512 X 512 chip
camera, 16 um pixel size, backthinned electron multiplying charge coupled device).
Photobleaching was carried out using an iLas® attachment from Roper Scientific which is
mounted onto the microscope (401 nm 50 mW; 50-100% of laser power). Images were collected
with the Green ET525/50M emission filter and 488 nm, 50 mW laser at 10-15% power.
Metamorph was used for data collection and ImageJ was used for data processing. The simFRAP
plugin for ImageJ was used to extract lateral diffusion coefficients.*®

For these experiments, the vesicles were doped with 0.1 mol% TopFluor PC® (Avanti
Polar Lipids, 810281). Experiments were carried out in a similar manner as briefly described in
Chapter 2. Specifically, we used a homebuilt Teflon flow cell and a 1-inch diameter UV grade
fused silica window (ISP Optics, QU-W-25-1) marked on the edge with marker (to facilitate
aligning) and either Method 1 or Method 2 for vesicle preparation (T = 20-22°C). After forming
the SLB in the Teflon flow cell at the silica/water interface, the SLB was rinsed with 20 mL of
0.1 M NacCl, 0.01 M Tris buffer solution adjusted to pH 7.4. The window was carefully removed
and mounted into a modified closed cultivation cell (Pecon, POC-R2). To avoid disrupting the
bilayer, the window is separated from the imaging window by a thin layer of silicone grease and
a small reservoir of 0.1 M NaCl buffer (Figure 4.2).

For SLBs produced with Method 1, which did not employ the freeze-thaw pretreatment,
we find an average diffusion coefficient of 0.6 + 0.3 pm*/s (18 replicates over 6 individual
samples). SLBs formed from Method 2 have an average diffusion coefficient of 1.4 + 0.3 pm*/s
(18 replicates over 2 individual samples). We also find that both methods discussed above

produce SLBs with mixtures of liquid-crystalline and gel phase domains. As such, we find
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Figure 4.2. Illustration of FRAP experimental setup. The flow cell and method for forming
SLBs is consistent with the procedure used in our SHG experiments. After allowing the SLB to
form and rinsing away excess vesicles, the optical window was removed from the SHG flow cell.
The optical window was then mounted into a modified closed cultivation cell (omitted for
clarity). Four silicone grease “spacers” were placed onto a glass coverslip and excess grease was
removed. The window was separated from the glass coverslip by these spacers and a pool of

hydrating buffer to ensure that the bilayer has minimal contact with air.
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diffusion coefficients on the order of ~1 and ~0.01 pm?s which corresponds to the liquid-

crystalline and gel phase supported lipid bilayers, respectively. The diffusion coefficients
reported here agree well with our previously reported estimates for diffusion coefficients of
SLBs formed via Method 1.* Representative traces are shown in Figure 4.3. The error associated
with the average diffusion coefficient is the standard error determined by dividing the standard
deviation of the diffusion coefficients over all of the sample replicates by the square root of the
number of replicates.
4.2.4. SHG Adsorption Experiments. The flow cell was equilibrated with 0.1 M NaCl buffer
(Method 1) or 0.15 M NaCl and 0.005 M CaCl, (Method 2), and the SHG signal was monitored
for at least 10 minutes to obtain a stable baseline. Vesicle-containing solutions were then
introduced into the Teflon flow cell via the three-way valve at a rate of approximately 2 mL/min.
Supported lipid bilayers formed over the course of at least 15 minutes via the vesicle fusion
method.*®*** The resulting 9:1 DMPC/DMPG bilayer was then rinsed at the same flow rate
with (1) 20 mL of 0.1 M NacCl Tris buffer (Method 1) or (2) 10 mL of 0.15 M NaCl and 0.005 M
CaCl, Tris buffer, 10 mL of 0.15 M NaCl Tris buffer, and 20 mL of 0.1 M NaCl Tris buffer
(Method 2) to remove any excess vesicles, and the SHG signal was monitored for at least 20
minutes or until stable. The SHG signal recorded prior to polymer solution introduction serves as
the baseline signal to which the data are normalized. To generate SHG adsorption isotherms,
sequentially higher concentrations of polymer were introduced into the flow cell (20 mL at 2
mL/min), and the SHG signal was allowed to stabilize (~30 minutes). The average SHG signal
over the last 10-15 minutes was used.

Single-exposure experiments were also performed to assess reversibility. In these single

exposure experiments, referred to herein as on/off experiments, the SHG baseline signal from a
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Figure 4.3. Representative simFRAP plots of normalized fluorescence intensity as a
function of time for SLBs formed from 9:1 DMPC/DMPG for Method 1 (top) and

Method 2 (bottom). The diffusion coefficients are consistent with a bilayer
undergoing a gel-to-liquid phase transition.
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SLB formed from 9:1 DMPC/DMPG at 0.1 M NaCl was collected for at least ~45 minutes.

Then, 20 mL of solution at the desired polymer concentration was introduced into the flow cell,
maintaining the same background electrolyte concentration (0.1 M NaCl), and the SHG signal
was monitored for 70 minutes before rinsing with 20 mL of a polymer-free solution at 0.1 M
NaCl. In experiments conducted at lower ionic strengths (0.01 M), where the only contribution to
ionic strength was the Tris buffer (i.e., no added NaCl), the initial rinse with 0.1 M NaCl after
bilayer formation, was followed by a rinse with 20 mL Tris buffer (no NaCl present). The
adsorption isotherms and on/off experiments were then carried out in the same manner using
salt-free buffer. All experiments were carried out at room temperature (20-21°C) which is just
below the temperature at which the lipids transition from an ordered gel phase to a disordered
liquid crystalline phase of DMPC and DMPG (T,, 24 and 23°C respectively).

4.3. Results and Discussion.

4.3.1. Polycation Adsorption to Supported Lipid Bilayers. The adsorption of polycationic
polymers to membranes is driven, in part, by short-range electrostatic interactions, although
some studies have suggested that hydrophobic interactions and hydrogen bonding are also
important in these interactions.>*” While PLR and PVAm adsorb to lipid bilayers formed from
pure zwitterionic DMPC and a 9:1 mixture of DMPC/DMPQG, as evidenced by the decrease in
SHG signal upon introduction of polymer solution, PLL and PDADMAC do not change the
observed SHG signal considerably upon interaction with SLBs formed from DMPC (Figure 4.4).
These results suggest that, as expected, PLL and PLR adsorption to SLBs containing PG-lipids is
driven, at least in part, by electrostatics. These qualitative outcomes are similar to what has been

15,4
reported elsewhere.'>**
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Figure 4.4. Normalized SHG E-field as a function of time in the presence SLBs formed from
(lefty DMPC or (right) 9:1 DMPC/DMPG for 50 nM PDADMAC, - (dark purple), 50 nM

PDADMAC,  (light purple), 500 nM PLL (light green), 500 nM PLR (red), and 50 nM PVAm

(teal) at 0.1 M NaCl, 0.01 M Tris buffer, pH 7.4. At ¢t = 0, the supported lipid bilayer is
unperturbed and the SHG signal is monitored at 0.1 M NaCl. At # = 43 min, polymer solution is
introduced into the flow cell and at # = 112 min the flow cell is rinsed with polymer-free solution
composed of 0.1 M NaCl, 0.01 M Tris, pH 7.4.
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4.3.2. Reversibility and Timescales. SHG and QCM-D were also used to investigate the

reversibility of polycation binding to the SLBs. In these experiments, SLBs were exposed to 50
nM concentrations of PVAm or PDADMAC or to 0.5 uM of PLL or PLR, at 0.1 M NaCl. These
polymer concentrations correspond to saturation coverage as determined by SHG, as discussed
later from our adsorption isotherm measurements.

PLL, PLR, and PVAm interacting with SLBs formed from 9:1 DMPC/DMPG all show
partial to complete reversibility upon rinsing with 0.1 M NaCl polymer-free buffer solutions
(Figure 4.2B), albeit over long timescales (>8 hours). PLL, PLR, and PVAm interacting with
SLBs formed from 9:1 DMPC/DMPG all show partial to complete reversibility upon rinsing
with 0.1 M NaCl polymer-free buffer solutions (Figure 4.4), albeit over long timescales (>8
hours). We note here that such long timescales are generally not probed using nonlinear optics or
quartz crystal microbalances, as drifts in the signal due to a variety of exogenous signal
variations typically prevent one from making such “long-term” measurements. Indeed, Fig. 4.4B
shows that had the measurements ceased after two hours, already an impressive feat in probing
surface processes at buried interfaces using ultrafast lasers, the varying extent of reversible
binding for PVAm, PLR, PLL, and PDADMAC,, would not have been identified. An important
part to overcoming the difficulty of long-term surface interaction tracking is due to the low long-
term drift of our Ti:S oscillator (0.5% drift in power over two hours.

PDADMAC, regardless of molecular mass, remains adsorbed to the SLB surface as
evidenced by the continued suppression of the SHG signal after rinsing, as compared to the SHG
signal of the bare SLB prior to exposure. These results might be explained by the significantly
larger molecular mass of the PDADMAC polymers, as compared to the (reversibly bound) much

lower molecular mass polymers (PVAm, PLL, and PLR). While QCM-D reversibility studies do
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not indicate that the adsorption process demonstrates reversibility over 20 minutes of rinsing, the

longer-term SHG studies indicate that polymer adsorption is indeed reversible over longer
timescales (>8 hours). Indeed, close to full reversibility is observed in the case of PVAm over
these timescales. We therefore apply Langmuir model-based adsorption isotherms to describe the
adsorption behavior of the various polyelectrolytes studied herein. Note that neither SHG
spectroscopy nor QCM-D can independently distinguish between removal of lipids, polymer, or
a combination thereof. However, vibrational sum frequency generation spectroscopy
experiments show only negligible changes in the spectral features from the SLBs studied here
before and after they have been exposed to the polycations.
4.3.3. Comparable Binding Free Energies Across All Polymers Despite Differences in
Molecular Structure and Mass. Recently, the Hill adsorption model was applied to the
adsorption of PLL and PLR to lipid bilayers formed from 1-palmitoyl-2-oleoyl-sn-glycero-3-
phospho-(1°rac-glycerol) (sodium salt) (POPG) and 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (POPC)."> As reported by Cremer and co-workers, using a simple Langmuir
model to describe the adsorption of PLL and PLR to SLBs is difficult. These studies revealed
that PLR nonamers adsorbed more cooperatively to SLBs than did PLL nonamers, although
binding of PLR and PLL was largely anti-cooperative under most conditions explored.® Given
that some cooperative binding is expected in the adsorption of PLL and PLR specifically in these
systems, we opted to use the Hill model, which provides better fits with the experimental data
presented here.

Using our previously published approach,™ we estimate charge densities, equilibrium
constants, mass uptake, degree of ionization, and free energies of adsorption for the

polycation/bilayer systems studied in this work (Table 4.1). Figure 4.5 shows that with
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increasing polymer concentration, the SHG signal intensity decreases as the bilayer surface

charge decreases in magnitude due to polycation attachment. Control SHG experiments using
(uncharged) polyalcohols show negligible binding (“PVOH” in Figure 4.5A, 4.5B).

Dividing the average molecular mass of the polymer by the molar mass of the
corresponding monomer (including the mass contributions from the counterion), we now account
for molar mass differences across the various polycations we studied (Figure 4.5B). Plotting the
SHG response after normalizing it to the zero-polycation concentration case and referencing to
the response obtained for the highest polycation concentration reveals that the individual
adsorption isotherms of all the polycations converge on a single curve, with an inflection point
corresponding to 10 mol/L of cations in solution (Figure 4.5C). Our approach is similar to an
exploration of the binding activity of polycations with pendent biguanide or quaternary
ammonium functional groups,”’ in which accounting for molecular mass differences between the
two polymers led to comparable antimicrobial activity.

Here we apply a combined Gouy-Chapman and Hill model to describe the binding of
these polymers to the bilayer surface. When referenced to the molarity of water (55.5 M), the
apparent equilibrium constants determined from SHG isotherms correspond to apparent
adsorption free energies of —61 + 2, -58 = 2, -57 £ 1, -52 + 2, -52 + 1 kJ/mol for
PDADMAC,40, PDADMAC, 00, PVAm, PLL, and PLR, respectively (Table 4.1). Comparable
free energies associated with the adsorption of PDADMAC to that of the polymers explored
herein are somewhat surprising since PDADMAC is expected to only weakly interact with lipids,
given the charge shielding in the quaternary ammonium groups. The nuances of the binding
behavior of the polycations studied here are likely to manifest themselves in their binding

entropies and enthalpies. For instance, given differences in the molecular weights and the
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Figure 4.5. Normalized SHG E-field as a function of (A) polymer molar concentration, (B) the
number of repeat units (degree of polymerization, DP), in molarity, and (C) amount of positive
charge (molar units) at 0.1 M NaCl Tris buffer at pH 7.4. In (B) the concentration on the basis of
repeat units is determined by multiplying the polymer concentration, in molarity, by the number
of repeat units. In (C) the concentration of positive charges is determined by multiplying the
polymer concentration, in molarity, by the number of repeat units. Each polymer data set is
independently normalized and referenced. The SHG E-field displayed is normalized to the SHG
E-field associated with the supported lipid bilayer formed from 9:1 DMPC/DMPG prior to
exposure to polymer.
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differing propensities of the polycations described here to reorient or release water and

counterions from the bilayer surface upon adsorption, and to perturb local lipid ordering,™ it is
conceivable that the entropic contributions to the free energies vary significantly across
polymers. A comparison of the results derived from combinations of two surface complexation
models (triple-Layer and Gouy-Chapman), and Langmuir and Hill models is provided in the
below (Table 4.2). Future experiments will address this point through the use of temperature-
controlled experiments, an aim beyond the scope of this current work.

In addition to providing estimates for charge densities, the approach described herein also
allows us to explore the cooperative nature, or the lack thereof, of polyelectrolyte adsorption to
lipid bilayers. Atomistic-scale MD simulations suggest that strong interactions between PVAm
and the headgroups of PG-lipids results in competitive binding between two different PVAm
polymer chains.”® With a Hill coefficient of 2.3, we find that the adsorption of PVAm to 9:1
DMPC/DMPG bilayers is more positively cooperative than any of the other polymers explored
herein. In fact, none of the other polymers demonstrate positive or negative cooperativity based
on their estimated Hill coefficients, which are close to unity. Unlike PLL and PLR, two other
relatively weak polyelectrolytes, PVAm is subject to the polyelectrolyte effect. Specifically, the
relative distance between neighboring amine groups gives rise to a unique ionization behavior
that allows PVAm to maintain partially ionized over most of the pH scale.*” Our previous report
on PAH showed that the pK, shift associated with PAH adsorption to 9:1 DMPC/DMPG could
be substantial.”® Here, we expect this shift to be even larger given the unique relationship
between neighboring amine groups associated with PVAm.

4.3.4. Charge Densities of Polycations Attached to SLBs. Previous work indicates that SL.Bs

formed from 9:1 mixtures of DMPC and DMPG are associated with a negative charge density
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Table 4.2. Summary of Estimates for Charge Densities (o) and Apparent Equilibrium Constants

Yielded from Different Adsorption Models

GC+Langmuir

GCH+Hill

TL+Langmuir?

TL+Hill?

PDADMAC o, K[M] 1.3 (£0.5) x 10° 9.5 (+6.1) x 108 2.6 (+0.4) x 10° 2.3 (+0.6) x 10°
o[C/m2] 0.25 +0.09 0.30+£0.15 0.32+0.19 0.24+0.23
n - 0.92 +0.09 - 1.24 +£0.22
X2 2.49 x 104 2.20 x 104 6.28 x 104 6.27 x 104
PDADMAC o, K[M] 3.5 (+ 1.3) x 108 2.3 (x2.1)x 108 6.4 (+0.7) x 108 5.7 (+1.2) x 108
o[C/m2] 0.20 +0.06 0.28+0.18 0.24+0.05 0.20+0.08
n - 0.92 +0.14 - 1.1 £0.16
X2 2.00 x 104 1.96 x 10* 2.12 x 104 1.65 x 104
PVAmM K[M] 9.6 (+ 49) x 107 1.7 (£0.7) x 108 2.8 (+0.6) x 108 1.8 (£0.1) x 108
o[C/m2] 0.11+1.0 0.16 £0.15 0.47 £0.27 0.30+0.05
n - 23 +1.0 - 2.9 03
X2 9.9x 10°3 1.74 x 10 7.69% 1073 1.17 x 103
PLL K[M] 1.2 (£ 1.3) x 107 2.6 (£2.1)x 107 1.6 (£0.7) x 107 2.8 (+2.1) x 107
o[C/m2] 0.35+0.35 0.18 £0.20 0.17 £0.42 0.08 +0.34
n - 1.6 +0.76 - 22+13
X2 3.54 x 104 2.52 x 104 8.21 x 104 2.78 x 104
PLR K[M] 4.4 (+0.5) x 107 2.8 (+1.4) x 107 3.4 (£ 0.8) x 107 3.6 (+0.3)x 107
o[C/m?] 0.17 £0.02 0.24 +0.08 0.23+0.26 0.24 +0.20
n - 0.89 +0.08 - 1.28 +0.05
X2 4.08 x 10 4.40 x 10 2.00 x 104 3.00 x 105

aC, assigned a value of 0.2 F/m’
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(—=0.11 + 0.06 C/m?).*® Accounting for this charge density, and using Equation 2.13, we estimate

the total interfacial charge densities listed in Table 4.1 (Figure 4.6). Specifically, the charge
densities reported in Table 4.1 are the charge densities for the adlayers after accounting for the
charge density of the SLB (0,45 in Equation 2.13). PDADMAC (Figure 4.6A, 4.6B) and PLR
(Figure 4.6E) appear to bind to a large extent, reversing the surface charge of the lipid bilayer.
Unfortunately, considerably large errors on the estimated charge densities of PLL (Figure 4.6D)
and PVAm (Figure 4.6C) prevent us from drawing further conclusions on whether adsorption to
SLBs formed from 9:1 DMPC/DMPG results merely in charge neutralization or if the surface
charge is indeed reversed. These results are in line, at least in part, with previously published
studies employing atomistic-level MD simulations which show that some polycations neutralize
or cause overcharging of lipid bilayers composed from 4:1 mixtures of
phosphatidylethanolamine and PG lipids.*® In these simulations, accumulation of chloride ions at
the Helmholtz plane suggests that poly(vinylamine), PEI, and PLL overcharge the membrane
surface upon adsorption. Further, adsorption of poly(vinylamine) to PG-containing phospholipid
bilayers can (1) cooperatively accumulate Na' ions and (2) induce the reorientation of water
molecules at the membrane surface.”

We assume that y®)| which accounts for the net orientation of water molecules polarized
due to the presence of a charged interface, remains constant over the course of our experiments.
Given that SHG signal intensity is proportional to the square modulus of the SHG E-field, and
the number of water molecules present remains constant throughout, the reorientation of water

molecules upon interfacial overcharging is not captured in these measurements.
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Figure 4.6. Normalized SHG E-field as a function of polymer concentration, in molarity, at 0.1
M NaCl, 0.01 M Tris, pH 7.4 for (A) PDADMAC,y,, (B) PDADMAC,y, (C) PVAm, (D) PLL,
and (E) PLR. SHG E-field is normalized to the SHG E-field associated with the supported lipid
bilayer formed from 9:1 DMPC/DMPG prior to exposure to polymer. Each individual adsorption
isotherm is shown with the corresponding fit with the combined Hill/Gouy-Chapman equation
(black solid line).
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As a complement to the charge densities, and to provide additional insight into the

adsorption properties of the polycations explored herein, QCM-D experiments were conducted
under the same experimental conditions (0.1 M NaCl, 0.01 M Tris buffer, pH 7.4). QCM-D mass
measurements yield the acoustic mass associated with polymer adsorption (which contains
dynamically coupled solvent) to SLBs from which we estimate the number of polymer chains
associated with the bilayer and the degree of ionization. Using the acoustic mass data from
QCM-D measurements, and assuming that 30% of the sensed mass adsorbed is due to mass
contributions from coupled water molecules,”® we estimate number densities (in terms of
polymer density per square centimeter) on the order of 10''-10"* polymers/cm® corresponding to
approximately 10" charges/cm” (Table 4.1), again given the caveat that not all charges
associated with the adsorbed polycations may be captured in the SHG-active interfacial region.
Previous studies using colorimetric assays have reported a minimum surface charge density on
the order of 10'°~10'° positive charges per square centimeter required for effective antibacterial
activity.” Here, our adsorbed film charge densities are just below those values.

Combining the charge densities from our SHG experiments with the estimates for
polymer mass density from the QCM-D measurements, and assuming again that ~30% of the
associated mass is attributed to water molecules associated with the adsorbed polymer, we find
that 7%, 20%, 30% of the ionizable groups of PVAm, PLL, and PLR are charged, respectively,
under the conditions of our experiments, provided that each amine group is available to
participate in binding to the membrane surface and is sensed in the SHG active interfacial region.
These results show that PVAm is associated with the lowest degree of ionization of any of the
polymers explored herein. At pH 7.4, PVAm is expected to be approximately 50-70% ionized’'

but ionization depends strongly on the extent of hydrolysis.”* Given the previously discussed



89
caveats, and the uncertainty in the percent of acoustic mass attributable to polymer alone (i.e.

excluding contributions from hydryodynamically coupled water molecules), we have also
provided estimates for percent ionization and polymer number density with water contents
ranging from 1-70% of the acoustic mass. (Figure 4.7)

In addition to the result regarding PVAm discussed above, PDADMAC also appears to
have a smaller fraction of charged groups than expected. This result is consistent with reports
that polymers containing quaternary ammonium functional groups interact only weakly with
lipid membranes™ and points towards the special role that contact ion pairing, or counter ion
condensation, may play in this case. Though, it should be considered that each of the polymers
will have different interactions with water and will therefore likely have different degrees of
hydration. Without estimates for mass densities that exclude water, we cannot account for these
differences here.

4.4. Conclusions. Polyelectrolyte charge density is thought to be critically important for the
function of many engineered and naturally occurring systems, including spherical nucleic acids,
antimicrobial surfaces, nonviral vectors, and in the formation of films and gels. However,
concrete — as opposed to hypothetical — interfacial charge density data have been difficult to
obtain, largely because of a lack of label-free, surface specific measurement techniques that can
provide electrostatic information at buried aqueous/solid interfaces. As an important first step
towards understanding how charge density correlates to the formation of these complex
assemblies, we have presented here an experimental tool that pairs QCM-D with nonlinear
optical spectroscopy, specifically, SHG that is used to estimate the charge densities of the

adsorbed layers formed on supported lipid bilayers. These studies are important not only for the
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study of the interactions of polyelectrolytes and model membranes but also in the study of

similarly formed thin films and polymer-cushioned SLBs.”*”’

Using surface charge densities determined using the SHG Eisenthal ¥’ method and the
attached mass from the QCM-D experiments, we estimate the number of charges associated with
a polyelectrolyte attached to a lipid bilayer. These polyelectrolytes include poly(vinylamine
hydrochloride), poly(diallyldimethylammonium chloride), poly-L-lysine hydrobromide, and
poly-L-arginine hydrochloride. Through these studies, we have begun to explore a structure-
charge density relationship that compares the various polycations and their subsequent
interactions with idealized model bilayers. We find that upon accounting for the number of
positive charges associated with each polyelectrolyte, the free energies of adsorption are
comparable despite differences in molecular masses and functionalities. Further, these results
provide information regarding the role of electrostatics in these interactions, but also indicates
that other interactions are important to polyelectrolyte/membrane interactions. Future work will
focus on polyelectrolytes with tunable polyelectrolytes that can be systematically altered to yield
better control over the number of associated positive charges. In Chapter 5, we will further build

on this approach and discuss the connections that can be made to atomistic molecular dynamics

simulations when employing polyelectrolytes on shorter length scales.



92

CHAPTER 5

Counting Charges on Membrane-bound Peptides

Portions of this chapter are reproduced with permission from the Royal Society of Chemistry:

A. C. McGeachy,Jr E. R. Caudill,Jr D. Liang,Jr Q. Cui, J. A. Pedersen and F. Geiger, Counting
Charges on Membrane-bound Peptides, Chem. Sci., 2018, 9, 4285-4298.

TACM, ERC, and DL contributed equally to this work.
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5.1. Introduction. As discussed in Chapter 4, polymers and peptides and their interactions with

biological and engineered membranes are of relevance in a number of applications. Cell
penetrating peptides containing cationic amino acids such as arginine and lysine can be used to
cross cell membranes' and deliver compounds to the cell interior by exploiting the surface charge
of biological membranes.”> Small peptides also provide an opportunity to probe how short
segments of polycations may interact with surfaces, with direct relevance to understanding how
engineered nanomaterials, often manufactured with polycationic wrappings, interact with their
environment.™* Despite the importance of charge density in these cases, a need remains to
quantify polypeptide/membrane interactions from a perspective of the number of charge present
at interfaces and the extent to which these charges are subject to contact ion pairing or pK,
shifts.”” Indeed, the ability to “count” the number of charges on peptides attached to solid or soft
matter surfaces, especially in a label-free fashion, would represent a significant step towards
understanding, controlling, and predicting peptide-surface interactions. However, doing so
requires reliable estimates of (i) surface coverage and (ii) surface charge, both of which are
notoriously difficult parameters to obtain at solid/water interfaces, especially if one wishes to
avoid complications commonly associated with the use of external labels.

Recent mechanistic studies pairing molecular dynamic simulations and fluorescence
assays have shown that arginine nonamers bind to lipid bilayers with a higher degree of
cooperativity than do lysine nonamers,” possibly explaining the cell-penetrating effectiveness of
peptides containing arginine groups.' Other studies of peptide interactions with lipid bilayers and

cellular surfaces have reported on concomitant structural®"

and electrostatic potential
changes.®'*"* The recent work by Cremer and co-workers employed a pH-sensitive fluorescence

assay to provide qualitative and semi-quantitative information about the binding of lysine and
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arginine nonamers to supported lipid bilayers formed from zwitterionic (phosphatidylcholine,

PC) and negatively charged (phosphatidylglycerol, PG) lipids on the basis of changes in local
proton concentration upon nonamer adsorption.® However, the surface charge density of the
bilayer and those of the attached oligomers was not provided. To this end, the mass of the
attached peptides and the interfacial charge density are necessary, albeit elusive, parameters
which we focus on here.

Our present work combines estimates of interfacial mass with nonlinear spectroscopic
studies of interfacial electrostatics and atomistic simulations of octamers of lysine (Lyss) and
arginine (Argg) interacting with supported lipid bilayers used as idealized model systems
mimicking some aspects of biological membranes (see Figure 4.1 for peptide structures). These
peptides are amenable to investigations by atomistic computer simulations, which we employ to
obtain further mechanistic information on the peptide-bilayer interactions.

We quantify attached mass using acoustic and optical sensing techniques which are
commonly used to monitor the adsorption of biomacromolecules to surfaces,'*"? including cell

20-2
surface models.??

Quartz crystal microbalance with dissipation (QCM-D) monitoring is used to
obtain the acoustic mass of the attached oligomers (including the mass of dynamically coupled
water)."> Simultaneous optical sensing by localized surface plasmon resonance spectroscopy
(LSPR) yields estimates of the optical (solvent-free) mass of adsorbed species. Using this
combined acoustic and optical sensing approach, we report on the water contents of oligomer
films adsorbed to the supported lipid bilayer surface. The interfacial charge density and
potentials and free adsorption energies are estimated by second harmonic generation
(3)

spectroscopy (SHG), specifically using the Eisenthal y*’ method, as described in Chapters 2 and

4 and discussed elsewhere.*** Analysis of electrostatic potential and charge distribution from
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atomistic simulations helps evaluate mean-field models (e.g., Gouy-Chapman)*® which are

commonly used to map surface potential through the Eisenthal ¥ method to an apparent surface
charge density, when the interface is rough at the molecular scale.

5.2. Experimental Methods.

5.2.1. Oligopeptide and Lipid Vesicle Preparation. Lysg and Argg were synthesized by and
purchased from GenScript (Piscataway, NJ, purity > 98%). Powders of Lysg and Argg were
stored in sealed plastic vials at —20 °C prior to use and were used without further purification.
Powders (~50 mg) were dissolved in 50-100 uL of ultrapure water (>18 MQ-cm; GenPure Pro or
Millipore, Thermo Scientific) containing 0.001 M NaCl and vortexed, producing solutions with
concentrations on the order of hundreds of mM. Lower concentrations were achieved through
serial dilution. These stock solutions were then covered with Parafilm and stored in glass vials or
microcentrifuge tubes at 4 °C. Immediately before use, the appropriate volume of oligomer
solution was diluted to the desired concentration in 0.1 M NaCl buffered to pH 7.4 with 0.01 M
Tris.

Small unilamellar vesicles were prepared at 9:1 molar ratios from 1,2-dimyristoyl-sn-
glycero-3-phosphocholine (DMPC, Avanti Polar Lipids) and 1,2-dimyristoyl-sn-glycero-3-
phospho-(1'-rac-glycerol) (sodium salt) (DMPG, Avanti Polar Lipids) as described in Chapters 3
and 4. Here, we use Method 2 described in Chapter 4 for reconstituting lipid films, preparing
lipid vesicles, and forming SLBs for study by SHG spectroscopy. For reference, all experiments
described in the remainder of this chapter employed solutions buffered to pH 7.4 with 0.01 M
Tris in the presence of 0.1 M NacCl.

5.2.2. Determination of Lysg and Args Surface Mass Densities. Acoustic sensing techniques,

like QCM-D, are commonly used as quantitative tools for monitoring the adsorption of



96

222327 1 supported lipid bilayers and cellular membranes.”*** While QCM-D reports

polymers,
on acoustic masses, which includes the mass of the adsorbed oligomer along with dynamically
coupled water associated with the oligomer, and provides insight on viscoelasticity, other
techniques based on nanoplasmonic sensing (NPS)* can be used to report on the dry mass of
adsorbed species.'”” NPS relies on, and is sensitive to, changes in local refractive index of the
localized surface plasmon resonance produced by illumination of noble metal nanoparticles.’'
Through this combination of experimental tools, we provide lower estimates for the amount of
dynamically coupled water molecules captured in QCM-D measurements. Specific details about
QCM-D and LSPR experimental methods and details about data analysis are described
elsewhere.*

QCM-D measures changes in the resonance frequency (Af,) and energy dissipation (AD,)
of the fundamental frequency and odd harmonics (v = 3—11) of a (coated) AT-cut piezoelectric
quartz crystal caused by interaction with an analyte.*> The acoustic mass sensed by QCM-D
includes the mass of the analyte and that of any dynamically coupled solvent. For rigidly coupled
adlayers (taken as those with AD,/(Af,/v) << 0.4 x 10 Hz"),** the acoustic surface mass density

(Al'gem-p) can be estimated here for the supported lipid bilayers from the Sauerbrey relation:* *°

Af,
Alpey—p = _CTU 5.1

where C is the mass sensitivity constant (18 ng-cm™-Hz ™' at the fundamental frequency, f; = 4.95
MHz used here) and depends on the properties of the quartz crystal. In the present study, the
Sauerbrey relation was used to estimate acoustic surface mass densities of the supported lipid
bilayers and the octapeptide adlayers on the SizNs-coated sensors. For more dissipative (i.e.,

AD/(Afi/v) > 0.4 x 10° Hz ), laterally homogeneous adlayers (in this study, the octapeptides on
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the supported lipid bilayers), acoustic mass can be estimated from the frequency and dissipation

response for multiple harmonics using a Kelvin-Voigt model.***®

5.3. Results and Discussion

5.3.1. Peptide Mass Adsorbed to Bilayers Formed from 9:1 DMPC/DMPG. As discussed
above, we use a combined QCM-D and NPS setup to examine the initial rates of Lysg and Argg
attachment to supported lipid bilayers formed from 9:1 DMPC/DPMG, the surface mass
densities of octapeptides adsorbed onto the supported lipid bilayers, and the extent of
reversibility (Figure 5.1). QCM-D and LSPR experiments were carried out by Emily Caudill,
who is advised by Joel Pedersen, at the University of Wisconsin-Madison. We find that the
initial rate of octapeptide attachment to bilayers formed from 9:1 DMPC/DMPG, as well as, the
maximum acoustic and optical surface mass densities attained by Argg are larger than those of
Lysg. The maximum optical surface mass densities of Lysg and Argg correspond to 3 £ 0.3 x 10"
and 5.7 + 0.63 x 10'® molecules per m’.

LSPR measurements indicate that dynamically coupled water contributes considerably to
the overall acoustic mass estimated by QCM-D for both peptides. In fact, a comparison of the
acoustic and optical surface mass densities for Lysg and Arggs reveals that 83 £ 11 % and 93 + 3
% of the acoustic masses reported in our QCM-D measurements is attributable to dynamically
coupled water. Studies that employ both acoustic and optical sensing techniques find similarly
high water contents for amino acids or amino acid-rich polymers adsorbed to surfaces.’’* The
large number of coupled water molecules associated with the highly charged Args is likely a
consequence of solvation effects which help to stabilize Arg-Arg pairs at the interface.”

5.3.2. Interfacial Free Binding Energy and Cooperativity. SHG adsorption isotherms for Lysg

and Argg were recorded by exposing supported lipid bilayers formed from 9:1 DMPC/DMPG to
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Figure 5.1. Attachment of octamers of lysine (Lysg) and arginine (Args) to supported lipid
bilayers formed from 9:1 DMPC/DMPG. (A) Initial attachment rates and maximum acoustic and
optical surface mass densities. The initial attachment rates were based on optical masses
calculated from localized surface plasmon resonance data. (B) Acoustic and optical surface mass
densities after 10 min rinse with oligomer-free solution (0.1 M NaCl Tris buffer). Error bars
represent one standard deviation of triplicate measurements.
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increasingly higher concentrations of the respective octamers. An expected outcome of these

surface potential-sensitive SHG experiments is that the observed SHG signal intensity decreases
as the concentration, and thus the surface coverage, of the cationic Lyss and Argg increases.
Figure 5.2.A and 5.2.B shows that this response is indeed observed. Moreover, we observe a
nearly 10% larger decrease in the SHG E-field in the case of Argg than Lyss, suggesting that the
adsorption of Lysg results in a smaller change in interfacial potential than Argg. These
observations are in line with previous experimental® and theoretical®® studies of these systems,
which indicate that the interfacial potential (i.e., surface charge) does indeed decrease (becoming
more positive) upon exposure to lysine and arginine oligomers.

Over the timescales of our experiments, Lyss and Argg interaction with the bilayer is
partially reversible, as determined by SHG reversibility studies (Figure 5.2.C) and confirmed by
QCM-D/LSPR mass estimates during and after exposure to peptides. Yet, we cannot rule out that
at t = oo, the binding events are fully reversible. We therefore analyzed our adsorption isotherms,
described next, with the caveat that full reversibility is not observed over the timescales of our
experiments.

We fit our SHG adsorption isotherms using the combined Gouy-Chapman and Hill
models which we have also apply in Chapter 4 to obtain estimates of apparent equilibrium
constants, charge densities, and Hill coefficients. The latter parameter describes the degree of
cooperativity (or the lack thereof) as discussed in detail in Chapter 2. While our isotherms
approach surface saturation, due to the limited amounts of peptide available to us, complete
saturation is not reached. Fitting these datasets results in large errors in the apparent equilibrium
constants and charge densities likely because of difficulty achieving sufficiently high

concentrations (>0.01 M) in our SHG experiments. However, prior literature indicates that
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Figure 5.2. Normalized SHG E-field as a function of polymer concentration, in molarity, at 0.1
M NaCl, 0.01 M Tris, pH 7.4 for (A) Lysg and (B) Args. Data sets include an extrapolated data
point (shown as an open circle) that is the average of the last three measured data points. SHG E-
field is normalized to that associated with the supported lipid bilayer formed from 9:1
DMPC/DMPG prior to exposure to oligomers. Each individual adsorption isotherm is shown
with the corresponding fit with the combined Hill/Gouy-Chapman equation applied to the
acquired data (black solid line) and complete data set with extrapolated data point (dashed black
line). (C) Normalized SHG E-field as a function of time in the presence of supported lipid
bilayers formed from 9:1 DMPC/DMPG for 25 uM and 50 uM octapeptide concentrations at 0.1
M NaCl, 0.01 M Tris, pH 7.4. At ¢ = 0, the supported lipid bilayer is unperturbed and the SHG
signal is monitored at 0.1 M NaCl. At ¢ = 43 min, oligomer solution is introduced into the flow
cell and at £ = 112 min the flow cell is rinsed with oligomer-free solution composed of otherwise
identical composition.
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641 We therefore

saturation coverage is reached in the mM peptide concentration regime.
analyzed the SHG adsorption isotherms by including one extrapolated SHG signal point at 0.1 M
peptide concentration which was determined by averaging the three data points at the highest
peptide concentrations achieved experimentally. This approach yielded similar point estimates
relative to the ones obtained from fitting the isotherms while excluding the SHG signal intensity
estimated for 0.1 M peptide concentration as discussed below.

In contrast to the study by Cremer and co-workers,” who reported significant differences
in the cooperativity of adsorption of Lysg (n = 0.22) and Argy (n = 0.73) to lipid bilayers formed
from 9:1 molar ratios of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) and 1-
palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1'-rac-glycerol) (sodium salt) (POPG) (and 0.5 mol%
ortho-thodamine B which impacted at least Argy to POPC bilayers), we find comparable Hill
coefficients of ~0.5 (Table 5.1) for Lysg and Args. This result suggests that the adsorption
process is not cooperative for either octapeptide. The large Hill coefficient reported by Cremer
and co-workers for Argy may be attributable to differences in bilayer fluidity between
POPC/POPG and the addition of ortho-rhodamine B studied in their work in contrast to the
label-free DMPC/DMPG system used here. The authors speculated that the inability of the lysine
peptide to penetrate the lipid headgroup region could contribute to the apparent anti-
cooperativity of lysine.” However, we note that lower n values may also be explained by
molecular heterogeneity where the experimentally derived binding curve is actually composed of
an ensemble of individual binding curves.*” Indeed, such heterogeneity could arise from a
number of factors including those introduced by differences in bilayer phase (liquid versus gel
crystalline phases) and propensity and favorability of the octamers to bind to PC and/or PG lipid

headgroups.
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Table 5.1. Summary of Experimental Data for Argg/Lyss
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Previous studies by McLaughlin and co-workers have reported that the incremental

increase in the free energy of adsorption upon elongating Lys oligomers by one Lys residue is
approximately —5.9 kJ/mol per residue (similar results were noted for arginine).*** We therefore
expect free binding energies of —5.9 kJ/mol x 8 = —47.2 kJ/mol for our octamers. Our
experiments show the binding energy estimate from the isotherms is —44 £ 1 kJ/mol and — 45 £ 1
kJ/mol for Lysg and Argg, respectively. Moreover, recently published molecular dynamics (MD)
simulations exploring the binding of Arg monomers to PC-lipid monolayers report similar
binding free energies (—43.8 kJ/mol). As the comparison to McLaughin’s data shows, the
octamers attached without much noticeable cooperativity or anti-cooperativity (2 kJ/mol'
destabilization for the octamers vs. the purely additive expectation value) in terms of the free
energy of adsorption. We therefore interpret the Hill coefficients from our fits (0.5) to indicate
not anti-cooperativity but instead structural heterogeneity at the interface (as observed in
atomistic molecular dynamics simulations, see below), a common alternate reason for Hill
coefficients smaller than unity.***

5.3.3. Interfacial Charge Densities and Number of Charges per Attached Peptide. Fitting
SHG adsorption isotherms yields charge density estimates for Lysg and Argg of 0.12 + 0.03 C/m*
and 0.10 + 0.02 C/m?, respectively. A sensitivity analysis shows that the approach is robust, as
varying the value of the SHG intensity estimated for the 0.1 M peptide concentrations by 10%
results in comparable charge densities, ranging from 0.02 — 0.16 C/m” and 0.02 — 0.2 C/m’ for
Lyss and Args, respectively (Figure 5.3). Based on our previous estimates for the charge density

of supported lipid bilayers formed from 9:1 DMPC/DMPG on fused silica (—0.1 C/m?),*>*® Lyss

and Argg attachment to the bilayers appears to result in charge neutralization.
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Figure 5.3. Charge density of Lysg (left) and Argg (right) adsorbed to an SLB formed from 9:1
DMPC/DMPG as a function of the normalized SHG E-field used for the extrapolated data point
at 0.1 M NaCl. Insets are a zoomed-out view of the same data to highlight the large errors
associated with charge density values at higher and lower extremes for the extrapolated signal
intensity at 0.1 M octamer concentrations.
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Using the calculated charge densities from our SHG adsorption isotherms and the mass

estimates derived from QCM-D and LPSR measurements, we provide the lower and upper limits
for the fraction of ionizable groups that remain charged upon adsorption to the membrane.
Optical mass estimates correspond to surface coverages of about 10'® peptides (both Lysg and
Argg) per m?, or 0.04 + 0.02 C/m” and 0.08 + 0.01 C/m” for Lysg and Argg, respectively,
assuming they are fully (eight-fold) charged. Our estimates of charge densities from the LSPR
data (0.04 + 0.02 C/m?), assuming the attached peptides are fully ionized, and the SHG
experiments (0.12 + 0.03 C/m?) vary by a factor of about 3 for Lysg. In the absence of more
reliable point estimates for the interfacial charge densities obtained from fitting Equation 2.13 to
the SHG adsorption isotherms, we cannot comment further on this difference. Taken together
though, the charge density estimates from LSPR and SHG suggest that attached Lysg and Argg
are fully ionized under our experimental condition, consistent with their high bulk solution pK,
value.”’

5.3.4. Bound Conformations of Peptides and Interfacial Electrostatics from Atomistic
Simulations. The following work was completed by Dongyue Liang who is advised by Qiang
Cui (Boston University). To complement and provide additional insights for the experimental
results, we performed MD simulations to explore Lysg and Args adsorption to lipid bilayers
formed from DMPC and 9:1 DMPC/DMPG. While each Lysg peptide is most likely to bind with
the bilayer through one or two sidechains with the bilayer, which is qualitatively similar to
observations from previous atomistic MD simulations,*® Argg is most likely to attach to the
bilayer via 3-5 binding sidechains (Figure 5.4). Mass density and binding site distributions
suggest that Argg tends to interact more strongly with lipid bilayers than Lysg, especially in the

presence of anionic lipids which is in agreement with the conclusions drawn from other studies.*
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Examination of these snapshots also reveals stacking of Arg sidechains® from either the same

peptide or neighboring peptides, and association of Argg mediated by the C-terminal carboxylate

. . . 49.51
group, as discussed in recent studies.*”

These observations indicate that while Lyssg is inclined
to “stand-up” on the surface, Args is likely to assume a “buried” conformation, as also evident
from the mass density distribution.

An explicit binding free energy simulation of Args/Lysg to the lipid bilayers was not
pursued here. Considering the diverse binding modes of the peptides observed in the unbiased
atomistic simulations, it is not straightforward to identify a simple collective variable (e.g., the
center-of-mass separation of the peptide and bilayer) that defines the bound state of the peptide
while ensuring an extensive sampling of distinct peptide conformations. Nevertheless, mass
density and binding site distributions suggest that Argg tends to interact more strongly with lipid
bilayers than Lyss, especially in the presence of anionic lipids®> which is in agreement with the
conclusions drawn from other studies.” The similar apparent binding free energies for Argg and
Lysg obtained in our SHG studies likely reflects the notion that the probe depth in our SHG
studies is on the order of several nanometers under the specific salt concentration, thus the
amount of “bound” peptides may have included those in the interfacial region that are only
weakly associated with the bilayer. Yet, we caution that the distance dependence in the SHG
signal generation process from charged interfaces, which is subject to phase matching, is only
now beginning to be understood.?***¢

Despite a considerable number of peptides adsorbed on the lipid bilayer, the net charge
distribution at the interface is rather small (the integrated charge density is less than 0.01 C/m?),

due to the strong charge compensation by the salt ions and also oriented water molecules. This

observation is qualitatively consistent with the SHG estimated charge density, although a direct
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Figure 5.4. Snapshots from MD simulations (Args/Lyss interacting with a 9:1 DMPC/DMPG
bilayer) illustrate the different binding modes of the peptides. The left column is for Argg, and
right column for Lysg. The top two rows are sideviews (showing multiple peptides and a single
peptide, respectively), which illustrate that due to the different numbers of sidechains interacting
with the lipids, Lyss peptides tend to point into the solution, while Argg peptides lay closer to the
membrane. The bottom row contains the top view of close-ups of the binding interactions; while
Argg are engaged with multiple phosphate groups (those within 3 A from Argg are shown in
CPK), only a few lipid phosphate groups interact with the Lys sidechains.
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comparison is difficult since the adsorption densities in the simulation and experiment likely

differ.

The microscopic simulations also provide an opportunity to evaluate the relationship
between electrostatics (e.g., surface potential) and charge distribution in the interfacial region. In
particular, we are interested in the quantitative accuracy of the Gouy-Chapman model,*® which is
widely used to map the measured interfacial electrostatic potential to an apparent surface charge
density. In the Gouy-Chapman model, the solvent is treated as a dielectric continuum with the
bulk dielectric constant and considers the electrostatic interaction between only the surface
charge and salt ions. Such approximations are unlikely to be valid for the lipid-water interface,
where water molecules are known be strongly oriented and thus contribute significantly to
interfacial electrostatics.’>°

Since systems with adsorbed peptides exhibit significant heterogeneity in the mass and
charge distributions in the x,y dimensions (e.g., see Figure 5.4 top row), it is not straightforward
to define an interface and conduct electrostatic analysis. Thus, we focus our electrostatic
potential analysis on the 9:1 DMPC/DMPG system without any peptides. Due to preferential
orientation of water at the interface, the integrated charge density from the lipid center to a given
distance along the membrane normal (z) has considerable contributions from water (Figure 5.5
top panel). As a result, the average electrostatic potential at the interface, ¢(z), exhibits a strong
compensation between interfacial water molecules and membrane/ions (Fig. 5.5 middle panel).
Fitting the electrostatic potential (¢p) and integrated surface charge density (o) for a series of z
values to the Grahame equation leads to an apparent dielectric constant of 27 for the solvent at
the bulk water/lipid bilayer interface. This value is considerably less than the bulk dielectric

constant for water (~78 at 300 K), which is expected due to the preferential orientation for
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Figure 5.5. Top: Integrated charge density from the center of the 9:1 DMPC/DMPG bilayer
(z=0), 0(2) = fOZ p(z')dz', where p(z') is the charge density binned along z (the direction of
the membrane normal) averaged over snapshots from MD simulations. Middle: electrostatic
potential computed based on the charge density from MD simulations. Bottom: Surface charge
density computed with Grahame’s Equation and the electrostatic potential from MD
simulations using different values of dielectric constant for the interfacial solvent. The open
circles indicate integrated charge density from MD simulations (i.e., the top panel). Since the
precise location of the interface is not straightforward to determine, calculations based on the
Grahame’s equation are done for a series of z values near the location of the phosphate groups

(z~20 A).
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interfacial water molecules at the bilayer surface. Nevertheless, the apparent dielectric constant

we find here is also substantially larger than the value (~6) used to compute differential charge
capacitance for charged solid surfaces.”® This can be explained by the considerable thermal
fluctuation of the lipid/water interface, which leads to a rather broad distribution of water
orientation compared to the solid/water interface.”’”® Therefore, considering the uncertainty in
the surface potential measured from SHG due to the assumption of a sharp interface, the current
analysis suggests that the use of Gouy-Chapman model to map the surface potential to an
apparent surface charge density is justified at a semi-quantitative level.

5.3.5. Comparing SHG Results for PLL/PLR to Lyss/Args In Chapter 4, we explore the
adsorption of higher molecular weight polymers of L -lysine and L -arginine. In those studies, we
find that the free energy of adsorption for both PLL and PLR was approximately — 50 kJ/mol.
Comparatively, we estimate free energies of adsorption for Lysg and Args of about — 40 kJ/mol.
If, however, we compare PLL/PLR to Lyss/Argg on the basis of charge concentration instead of
polymer concentration, we find that the difference in free energy between PLL/PLR and Lysg/
Argg is actually much smaller (Table 5.2). To determine the number of charged groups per
polymer, we divide the average polymer concentration by the molar mass of the molar mass of
either a lysine or arginine sub-unit (including mass contributions from the associated anion in the
case of PLL and PLR). In the case of PLL and PLR, we used the combined Langmuir/Gouy-
Chapman model instead of the Hill/Gouy-Chapman for reasons explained in Chapter 4. Fitting
the SHG E-fields versus polymer concentration or charge concentration does not change the
overall charge density, demonstrating the robustness of the fitting models.

5.4. Conclusions. Building on the framework developed in Chapter 4, here we present

experiments and MD simulations aimed at providing molecular insights into the thermodynamics
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Table 5.2. Comparison of fitting parameters and free energies for Lyss/Args and PLL/PLR
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and electrostatics that govern the interactions of octamers of L-lysine and L-arginine (Lysg and
Argg) with supported lipid bilayers formed from 9:1 DMPC/DMPG. Comparison of acoustic and
optical surface mass density estimates for Argg and for Lysg indicate the presence of considerable
amounts of dynamically coupled water. These interfacial water molecules, and how they respond
to varying conditions of charge density due to peptide adsorption, can be probed using surface-
specific vibrational spectroscopies, such as vibrational sum frequency generation (SFG),”®

which is underway in one of our laboratories but with a specific emphasis on properly

accounting for the interfacial potential-dependent ¥ contribution and the resulting absorptive-

dispersive mixing with the x'* contributions.®’

SHG adsorption measurements sensitive to
surface potential indicate that Lysg and Argg attach without exhibiting noticeable cooperativity,
as indicated by Hill coefficients of 0.5 & 0.1 for both peptides. Yet, the binding free energies ( —
44 £ 1 kJ/mol and — 45 + 1 kJ/mol for Lysg and Argg, respectively) are purely additive when
compared to those reported for arginine and lysine monomers. As such, the Hill coefficients
found here are likely to report on interfacial heterogeneity, and not anti-cooperativity. Further,
mass estimates from QCM-D and LSPR, and MD simulations suggest that Argg binds to a larger
extent than Lyss. We find comparable equilibrium constants for both octapeptides by SHG (7. b.
we did not determine K4 by QCM-D or LSPR, due to the approximately 2 ng/cm’ sensitivity
limit of QCM-D, which would prevent detection of sub-monolayer surface coverages needed to
determine Kads in this case). Yet, we caution that the K4 point estimates were derived from the
Langmuir-based adsorption model (Hill), whose assumptions (single site, monolayer limit, full

reversibility) may not necessarily be applicable for our experimental conditions. In the molecular

simulations, we found that Lysg is more likely to “stand-up” on the bilayer surface, where it
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interacts through one to two sites, while Argg is more likely to assume a “buried” conformation,

interacting with the bilayer through up to five sites. However, these simulations do not lead to a
straightforward inference of the apparent “binding free energy” of Argg vs. Lyss, which is a
balance between interaction energy, number of dominant binding modes, and configurational
entropy of the bound oligomer. These are the subjects of ongoing investigations by our groups.

The binding free energies for the peptides are about 10 kJ/mol smaller than those shown
in Chapter 4 for the polymeric counterparts poly-L-lysine (PLL) and poly-L-arginine (PLR).*’
However, when we compute the free energy binding estimates for the octamers and polymers
using charge, as opposed to molecular concentration, we find that this difference in binding free
energy is considerably smaller (Table 5.2).

Upon accounting for the charge density of the bare bilayer, the attached peptides show an
interfacial charge density that is approximately two times smaller (0.12 + 0.03 C/m” for Lysg and
0.10 + 0.02 C/m’ for Argg) when compared to PLL and PLR. These results, and atomistic
simulations, indicate that the surface charge density of the supported lipid bilayer is neutralized
by the attached cationic peptides. Further, analysis of interfacial electrostatics and charge density
based on atomistic simulations supports that the Gouy-Chapman model used in the analysis of
SHG data is appropriate at a semi-quantitative level, especially considering the subtleties
associated with the y® approach. From our surface mass density estimates, we find that the
number of charges associated with each attached peptide is commensurate with those found in
buffer solution, i.e. Lysg and Argg are fully ionized when attached to the bilayer, in contrast to
the large range of ionization of the attached polycationic counterparts we report in Chapter 4.

Overall, the electrostatic, thermodynamic, and structural information reported here provides the
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opportunity to further understand, control, and predict the charge-charge interactions that govern

peptide/membrane interactions at biological and engineered interfaces.
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CHAPTER 6

Improving Biomimetic Models for Probing Nano/Bio Interactions
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6.1. Introduction and Motivation. As we discuss in Chapter 1 and demonstrate in Chapters 3-5,

supported lipid bilayers (SLB) serve as a useful model for exploring and understanding the
fundamental drivers of nano/bio interactions. Moreover, these systems, coupled with tools for
probing these interactions, yield valuable insight into the mechanism of toxicity in biological
systems. The majority of experiments that we discuss in Chapters 3-5 explore the interactions of
oxidized multiwalled carbon nanotubes (Chapter 3), polyelectrolytes (Chapter 4), and oligomers
(Chapter 5) with SLBs formed from phosphatidylcholine (PC) or mixtures of PC and
phosphatidylglycerol (PG). While this combination of phospholipids allows us to explore the role
of electrostatics in nano/bio and polymer/bio interactions, PG lipids are only a minor component
in mammalian cells (1-2% in most mammalian cells, but up to 11% in lung surfactant).' Therefore,
the generalizability of our findings may be rather limited. As we move forward it is important to
understand and appreciate the role of individual lipids in biological systems and not to
underestimate the role of specific lipid chemistry that can ultimately drive many cellular processes
and interactions.! For example, while often used interchangeably in model SLBs as zwitterionic
lipids, PC and phosphatidylethanolamine (PE) have different chemical structures (PE bears an
ionizable amine while PC has a quaternary amine), different footprints (PE has a smaller
headgroup than PC), and demonstrate different propensities to undergo bilayer-to-nonbilayer
physical transitions." PC lipids are chosen here because 1) PC lipids are more abundant in most
biological systems relative to PE lipids and 2) PC lipids are essential for preserving the fluidity
and structural integrity of membranes and are thus biologically relevant.”

Recognizing the important role that individual lipids can play in modulating lipid
interactions with external species (ions, polymers, or nanoparticles), we now seek to explore

beyond our simple single- or bi-component SLBs into a broader class of lipids and essential
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membrane components. As a comparison to bilayer systems containing negatively charged PG-

lipids, we explore other anionic lipid types including phosphatidylserine (PS), cardiolipin (CL),
and phosphatidylinositol (PI) in PC-rich SLBs (For relevant chemical structures, see Scheme 1.1).
In addition to incorporating various lipids into the SLB matrix, we discuss first steps towards
developing SLBs coupled with important peripheral membrane proteins (cytochrome ¢, Cytc).
Finally, we conclude this Chapter with a discussion of the next steps that can be taken to build on
the insights that we develop here.

6.2. Experimental Details.

6.2.1. Lipid Vesicle Preparation. 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC), 1,2-
dioleoyl-sn-glycero-3-phosphocholine (DOPC), L-a-phosphatidylinositol (Liver, Bovine) (LPI),
1,2-dimyristoyl-sn-glycero-3-phospho-L-serine (sodium salt) (DMPS), 1',3'-bis[1,2-dioleoyl-sn-
glycero-3-phospho]-sn-glycerol (sodium salt) (18:1, Cardiolipin) are purchased from Avanti Polar
Lipids. Lipids dissolved in chloroform are mixed to achieve a lipid mass of 2 mg at the desired
molar ratios. The lipid mixtures are then dried under a gentle stream of N, and placed in a vacuum
desiccator for at least 3 hours. SLBs used for this study are prepared in a similar fashion to those
discussed in Chapter 5. Specifically, lipid films are rehydrated with 0.001 M NaCl buffer with
either 0.01 M Tris or HEPES buffers adjusted to pH 7.4. The concentration of buffer and pH
conditions are conserved throughout this chapter and will therefore be omitted. Henceforth these
conditions of buffer concentration and pH will simply be referred to as buffer.

6.2.2. DMPC/DMPS. For DMPC/DMPS we follow Method 2 described in Chapter 5.
Specifically, the hydrated lipid films are then subjected to three freeze-thaw cycles and
mechanically extruded at a concentration of 2 mg/mL. Immediately before use, the vesicle solution

is diluted to achieve a final concentration of 0.5 mg/mL at 0.15 M NaCl, 0.005 M CacCl, Tris
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buffer. The Teflon flow cell is equilibrated with 0.15 M NaCl, 0.005 M CacCl, Tris buffer. Lipid

vesicle containing solutions (0.5 mg/mL, 4 mL) are introduced into the flow cell at a flow rate of
~2 mL/min and SLBs are allowed to form via the vesicle fusion method for at least 10 minutes or
until a steady SHG signal is achieved. After allowing the SLB to form, the bilayer is rinsed with
1) 10 mL of 0.15 M NaCl, 0.005 M CacCl, Tris buffer, 2) 10 mL of 0.15 M NaCl Tris buffer, and
3) 20 mL of 0.1 M NaCl Tris buffer. In an effort to quantify the charge density of SLBs formed
from 9:1 DMPC/DMPS, we perform charge screening experiments in which we reduce the NaCl
concentration to 0 M NaCl (0.01 M Tris buffer) and then introduce 20 mL of sequentially higher
concentrations of NaCl while maintaining the Tris concentration and pH conditions. To estimate
the charge density of the SLB, we employ the Gouy-Chapman model as discussed in detail in
Chapter 2.

6.2.3. DOPC/CL and DOPC/LPI. For the majority of experiments, vesicles formed from DOPC
and CL or LPI, are pre-treated with the freeze-thaw method. All other details that we outline above
for DMPC/DMPS related to bilayer formation are the same except for the buffer identity. In these
studies, HEPES buffer is used in place of Tris buffer. One important amendment to the rinsing
procedure outline: following the rinse with 0.15 M NaCl HEPES buffer, the flow cell is flushed
with 20 mL of 0.01 M NaCl HEPES buffer. These conditions are then maintained throughout the
experiment.

6.2.4. Charge Screening of Bare Silica Substrate Exposed to HEPES buffer. In SHG charge
screening experiments, the flow cell is first equilibrated with 0.01 M NaCl, 0.01 M HEPES buffer.
The flow cell is then flushed with 20 mL of 0.01 M HEPES buffer (no added NaCl) at a flow rate
of 2 mL/min. Sequentially higher concentrations of NaCl are introduced into the cell under the

same volume and flow rate, while maintaining HEPES concentration (0.01 M HEPES adjusted to
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pH 7.4). SHG signal is collected for at least 15 minutes or until signal is stable. To correct for

fluctuations in power, the SHG signal intensity is divided by the square of the input power which
is constantly monitored as discussed in Chapter 2. We then use the Gouy-Chapman model

(Equation 6.1) to estimate the charge density of the fused silica substrate (Figure 6.1).

1
— 8.5 [MZm?C1]
Esye < A+ 0.0505 [V]X B < sinh (Grotar) 6.1

vV Celec

The interfacial charge density can be expressed as the sum of the various “interfacial layers”
(Ototal = Osio, + Onepes + Osig) Where g0, is the charge density of the fused silica substrate,
oygppes 18 the charge density of the interfacial HEPES layer, and agg;5 accounts for the charge
density of the SLB. We find that the fused silica substrate, in the presence of HEPES buffer at pH
7.4, carries a charge density of — 0.08 + 0.04 C/m” which corresponds to Osio, T Onppes- In a
previous report on the charge density of the same silica substrates in the presence of 0.01 M Tris
buffer adjusted to pH 7.4, we found a charge density of + 0.02 + 0.01 C/m*.> We know from
previous work that Tris buffer does adsorb to the silica substrate and that in the absence of buffer,
fused silica carries a charge density of ~ — 0.01 C/m” at pH 7.* Having determined the charge
density of the fused silica substrate in the presence of HEPES buffer, we can now determine the

charge density of any SLBs on silica supports under these conditions of HEPES concentration and

pH.
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Figure 6.1. Normalized SHG E-field as a function of NaCl concentration in
the presence of fused silica substrate with 0.01 M HEPES buffer adjusted to
pH 7.4 fit with Gouy-Chapman model (red, solid line, Equation 6.1).
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6.2.5. Cytochrome ¢ (Cytc) Adsorption to SLBs. Cytc (12 kDa) is purchased from Sigma-

Aldrich (C7752, Equine heart). Solutions of Cytc are prepared in 0.01 M NaCl, 0.01 M HEPES
buffered to pH 7.4 and special care is taken not to vigorously stir or vortex protein solution so as
to avoid denaturation. The Cytc solutions are gently mixed by pipetting solution in and out of the
microcentrifuge tube in which the solutions are prepared. The solutions are then divided into small
aliquots and frozen at —20°C. Immediately before use, aliquots are thawed by sitting the aliquot on
the benchtop. Once thawed, solutions are used within one week. [Note: Stored aqueous solutions
should not be used after 6 months even when stored at —20°C as per vendor specifications. |

6.2.6. Characterization of Vesicles with/without Cytc. Lipid vesicles of varying compositions
of DOPC and LPI or CL, are analyzed with dynamic light scattering (DLS) and laser Doppler
micro-electrophoresis using a Zetasizer Nano ZS (Malvern Instruments, 632.8 nM laser, 173°
scattering angle, 50 V, T = 25°C). Vesicle solutions are diluted to 0.0625 mg/mL lipid
concentrations in 0.01 M NaCl HEPES buffer. UV-Vis spectra are collected using a Flame
Integrated Sampling System (FLAME-CHEM-UV-VIS Spectrometer, FLAME-DA-CUV-UV-
VIS system, Ocean Optics). We use the same solution conditions in UV-Vis studies as outlined
above for DLS.

6.3. Integrating PS Lipids into the SLB Matrix. Our first steps towards building more complex
systems involves determining the surface charge density of SLBs composed from 9:1 DMPC and
DMPS. PS headgroups are comprised of a phosphate group and a serine group, which can form
intramolecular hydrogen bonds between the PS ammonium and carboxylate groups. This is in
contrast to the PG lipids which have been extensively used in the preceding Chapters. PG lipid
headgroups are composed of glycerol and phosphate groups. From an electrostatics perspective,

both PG and PS lipids carry a net charge of —1. While experimentally we have not observed
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differences in the binding affinity or mechanism of interactions with SLBs incorporating PG or PS

lipids,’ there is some indication in biological systems that these two lipids do behave differently.'
We find that with increasing NaCl concentration in the presence of 9:1 DMPC/DMPS, there is a
decrease in SHG signal intensity as shown in Figure 6.2. Unfortunately, applying a Gouy-
Chapman fit to our experimental data results in unreasonably large errors associated with the
charge density of the SLB (+0.003 + 0.05 C/m?). Additional data points would be useful in
estimating the surface charge density of SLBs formed from 9:1 DMPC/DMPS. We expect the
charge density of this SLB is comparable to, but perhaps not identical to, that of 9:1 DMPC/DMPG
which is ~ 0.1 C/m”.>

6.4. Cytochrome c as a Model Peripheral Membrane Protein. Fundamentally, Cytc was chosen
as a first step towards increasing the complexity of our model biological systems because it is
widely studied,”'? relatively small, and has relevance to bacterial and mammalian systems, alike."
Cytc is a small (~12 kDa) globular heme protein that plays a key role in mitochondrial electron
transport processes and in the mediation of apoptosis. As a protein that is critically important to
the function of mitochondria, and for the reasons specified above, we currently explore Cytc
interactions with SLBs composed of lipids that are represented in mitochondrial membranes.

Whether through intentional design for targeting mitochondria'*"

or through passive or
active transport of nanoparticles through the cellular membrane,'® it is possible that nanoparticles
will make direct contact with the surface of mitochondria. In fact, some studies suggest that
nanoparticles can liberate Cytc from mitochondria'’ and acquire soft protein coronas that contain
Cytc."® For these reasons, there are a number of experimental and computational studies that

explore the interactions of nanoparticles with Cyte.'®'° Upon interaction with graphene oxide®

21 . . )
or manganese” nanoparticles, for instance, Cytc undergoes a conformational change from hexa-
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Figure 6.2. Normalized SHG E-field as a function of NaCl concentration in
the presence of supported lipid bilayers formed from 9:1 DMPC/DMPS with
0.01 M Tris buffer adjusted to pH 7.4.

123



124
coordinated to a penta-coordinated electron configuration which activates a peroxidase-like

activity. Similar conformational changes, and subsequent induction of peroxidase activity, is also
noted with Cyte adsorbing to CL (and to a smaller extent with PS and PI)’ in the early stages of
apoptosis.'' Both CL* and PI” are present in the outer mitochondrial membrane and are integral
in a number of cellular processes, including the regulation of protein binding and transport. In fact,

peripheral proteins, like Cytc, interact strongly with both CL and PL'"'°

thus motivating their
study herein. CL is an essential diphosphatidylglycerol and as such, CL may or may not be doubly
ionized under physiological conditions.** Given the particular interactions that Cytc can have with
CL and PI lipids, we pay special attention to those lipids here. Specifically, we explore the
adsorption of Cytc to PC-rich SLBs with varying amounts of CL and PI lipids. These experiments
serve as the foundation for exploring nano/bio interactions with these SLB-Cytc systems.

6.4.1. Adsorption of Cytc to Lipid Vesicles. The hydrodynamic diameters that we report in Table
6.1 are the average of three measurements for one sample. To convert electrophoretic mobilities
to {-potentials, the Smoluchowski equation was used and the average of three measurements for
one sample is shown in Figure 6.3. In addition to characterizing the extruded vesicles, we also
report the calculated {-potentials of vesicles mixed with 0.16 mg/mL Cytc in Figure 6.3. After
exposing lipid vesicles to Cytc, the {-potentials generally become less negative. In the presence of
vesicles composed from 8.24:1.76 DOPC/CL, the {-potential becomes slightly positive (Figure
6.3.A). These results indicate that Cytc is indeed adsorbing to the surface of the small unilamellar
vesicles which are used to form SLBs in our SHG experiments. UV-Vis measurements of Cytc in
solution and in the presence of vesicles show a maximum absorbance intensity centered around

~410 nm which corresponds to the Soret band (electronic transitions in heme group).”> A second

feature at ~520 nm is associated with the Q-band. (Figure 6.3.B). With these data in mind, we



Table 6.1. Properties of Cardiolipin and LPI-Containing Lipid Vesicles®

Vesicle Composition Hydrodynamic Diameter (nm) {-potential (mV)

9.56:0.44 DOPC/CL 86+ 2 —-23+4

9.12:0.88 DOPC/CL 87+0.3 -33+7

8.24:1.76 DOPC/CL 84+ 1 -32+3
9.12:0.88 DOPC/LPI” 76+ 0.6

“Solution conditions: 0.0625 mg/mL lipid, 0.01 M NaCl, 0.01 M HEPES buffer (pH 7.4).

Reported errors are the standard deviation of three averaged measurements. “Lipid
concentration of 0.5 mg/mL.
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Figure 6.3. (A) Zeta-potential as a function of CL concentration in a DOPC vesicle formed in 0.01
M NacCl, 0.01 M HEPES buffer. Empty circles indicate no Cytc present and filled circles indicate
that Cytc is present at a concentration of 0.16 mg/mL (~10 uM). Under these conditions and in the
absence of vesicles, Cytc carries an apparent slight negative charge of — 4 + 2 mV. (B) UV-Vis
spectrum of 1) 0.0625 mg/mL of 8.24:1.76 DOPC/CL (gray), 2) 0.16 mg/mL (~10 uM) Cytc (dark
red), or 3) 0.0625 mg/mL of 8.24:1.76 CL + 0.16 mg/mL (~10 uM) Cytc (red).
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moved on to generating SHG adsorption isotherms from which the charge densities and

equilibrium constants of the adsorbed Cytc adlayer can be determined.

6.4.2. Nonlinear Optical Studies of SLBs Containing PS, CL, and LPI. Previous studies have
already demonstrated the applicability of SHG towards studying Cytc adsorption to model
biological interfaces.” ** Adsorption of Cytc to SLBs formed from 8:2 mixtures of 1,2-dioleoyl-
sn-glycero-3-phosphocholine (DOPC) and 1,2-dioleoyl-sn-glycero-3-phospho-(1'-rac-glycerol)
(DOPG) is associated with a maximum charge density of ~0.2 C/m? (1.3 x 10" charges/cm?).** In
our exploration of Cytc adsorption to SLBs formed from DOPC and CL or LPI, we find that the
signal decreases after initially increasing in intensity as was also shown in the work of Salafsky
and Eisenthal®* (Figure 6.4). Preliminarily, we find that there is a larger decrease in SHG signal
intensity for bilayers with higher CL contents (Figure 6.5). We also note negligible net changes in
signal at the lowest CL concentration and in the presence of LPI lipids, which suggests that Cytc
does not significantly adsorb to these membranes. At the highest CL concentrations, we find that
the SHG signal intensity decreases by ~15% and that the signal remains suppressed even after
rinsing with protein-free buffers, which could indicate that some portion of Cytc binds irreversibly
to the SLB. Yet, to determine the charge density of the bilayers studied herein, along with adsorbed
protein layer charge densities, requires additional data points.

6.4.3. Future Studies Employing Cytc-containing SL.Bs. One possibility for future directions
involving Cytc-containing SLBs, and building on the work discussed in Chapter 5, is to explore
the interactions of SLB-Cytc systems with gold nanoparticles (or any core material) functionalized
with arginine and lysine. Gold nanoparticles functionalized with amino-acids and peptides are used
as mimics for proteins and serve as useful platforms for the study of protein-protein interactions.””

2% Given the reduction in surface charge that is expected to occur upon adsorption of Cytc to SLB
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Figure 6.4. Normalized SHG E-field as a function of time in the presence of supported lipid
bilayers formed from DOPC, Cardiolipin (CL) and Liver PI (LPI) in background conditions of
0.01 M Na(Cl, 0.01 M HEPES buffer pH adjusted to 7.4. At ¢t = 0 min., the SLB is unperturbed
and signal is monitored under the background solution conditions. At first dashed line., the SLB
is exposed to Cytc while maintaining the background solution conditions. At second dashed line,
the flow cell is flushed with Cytc buffer. All traces are shown with 10 second sliding average.
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surfaces, we might expect to see less adsorption of cationic gold nanoparticles as a consequence

of increased electrostatic repulsion. Providing estimates for charge densities and free energies of
adsorption from these experiments would require confirmation that Cytc remains irreversibly
adsorbed to the SLB surface.

Additionally, Cytc has been shown to destabilize neutral, fluid-phase lipid bilayers.’ It is
conceivable that the addition of Cytc to bilayers above their transition temperature (i.e. in fluid-
phase) could make it easier for nanoparticles to remove lipids from the SLB to acquire lipid corona.
Particularly in the case of anionic-nanoparticles, it might be possible to extract Cytc from the
surface of membranes. It should be easiest to extract Cytc from SLBs containing PC and PG
lipids,*® because Cytc is expected to interact relatively weakly with these lipids. As there is limited
research in the influence of membrane-associated Cytc on nano/bio interactions, these studies
would be among the first reported.

6.5. Future Directions for Modifying Biomimetic Systems. In addition to developing our
understanding of the role of peripheral proteins in modulating nano/bio interactions, we can
explore the role of cholesterol in dictating nano/bio interactions and extend on the currently
employed systems to include other proteins.

6.5.1. Addition of Cholesterol to SLBs. Cholesterol plays a critical role in maintaining the fluidity
of cellular membranes as well as in the formation of lipid rafts,”” which are important in cellular
transport processes. In addition to inducing ordering of the alkyl chains associated with
phospholipids, cholesterol has been shown to decrease the surface charge of the cellular membrane
by reducing the extent of Na” binding.” Thus, it is expected that the addition of cholesterol to the
SLB matrix will decrease the extent of adsorption for like-charged adsorbates because of increased

electrostatic repulsion.
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In addition to the role of electrostatics, considered above, in the adsorption of species to

the SLB surface, cholesterol can alter the bilayer fluidity in a manner that is both temperature and
concentration dependent®® which can influence the outcome of nano/bio interactions. For instance,
oxidized carbon nanospheres are found to associate more with cholesterol-containing membranes
in the fluid-phase as opposed to gel-phase membranes.”’ Other reports on carbon-based
nanomaterials interacting with cholesterol-containing model lipid membranes indicate that these
particles can extract cholesterol from lipid bilayers®” and modulate the Cyo permeability into lipid
membranes. The influence of cholesterol on nano/bio interactions is not restricted to carbon-
based nanoparticles though. In unpublished work examining the adsorption of gold nanoparticles
functionalized with PAH (PAH-AuNPs) adsorb less to bilayers containing cholesterol as assessed
by quartz-crystal microbalance with dissipation monitoring.** To date, there are few studies that
systematically explore the relationship between cholesterol content and nanoparticle attachment.
Such a systematic study would no doubt be useful to advancing our understanding of nano/bio
interactions.

6.5.2. Biologically Relevant Proteins for Fundamental Studies. Upon introducing
nanomaterials into biological media, various proteins adsorb to the nanoparticle surface, forming
a dynamic protein corona around the nanoparticle thus changing: the identity of the nanomaterial,
its associated toxicity, cellular uptake, and transport. In addition to Cytc, albumin, a protein
prevalent in plasma could serve as a useful model proein.*>~® As an alternative to integrating
albumin into the cellular matrix, where it would only minimally adsorb to the cellular membrane,’’
we could consider allowing the nanoparticle and albumin proteins to pre-equilibrate and then
expose the SLB to the nanoparticle-protein complex. Albumin is expected to carry a negative

charge under physiological conditions, yet, it has been shown to readily adsorb to the surface of
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333839 and other carbon-based nanomaterials despite expected

carbon nanotubes (CNTs)
electrostatic repulsion,® and even reduce their {-potentials. These unintuitive findings regarding
the binding of albumin to negatively-charged carbon-based nanoparticles can be rationalized by
pockets of positive charges in the albumin structure, conformational flexibility of albumin, and the
relatively small size of albumin which allows the protein to adsorb to unfunctionalized gaps on the
nanoparticle surface.”” It can be hypothesized that there will be greater adsorption of the albumin-
nanoparticle complexes to SLBs than in the absence of albumin if the SLB carries a negative
surface charge.

6.5.3. Naturally-Derived Membranes for Spectroscopic Studies. Understanding that there is
ultimately a limit to the extent to which we can develop a model that accurately reflects the nature
of the cellular membrane, we can complement, and, to some degree, validate the appropriateness
of these models by working with native cellular membranes and conducting interaction studies
with biological systems of greater complexity (i.e. live cells). One question that can be answered
by the latter is how our SHG results translate to toxicity in real systems. With the new capabilities
afforded to us by our updated SHG microscope, these studies are almost in reach. Indeed, SHG

441 and whole organisms,* which indicates that such

microscopy has been performed on live cells
systems are ones that we can realistically explore. While we do not currently have the expertise to

work with these systems, yet, we can take advantage of the expertise and resources available from

the Center for Sustainable Nanotechnology.
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(2016)
Center for Sustainable Nanotechnology, Peer Editor (2015)
e (Center for Sustainable Nanotechnology, Student Board Representative (2015-2017)
e National Science Foundation Graduate Research Fellowship (2014-2017)

RESEARCH EXPERIENCE

Northwestern University, Dept. of Chemistry 09/13-05/18

Advisor: Dr. Franz M. Geiger, CCI Center for Sustainable Nanotechnology

Probing the Nano-Bio Interface with Nonlinear Optics

e Applied nonlinear, surface-selective electronic and vibrational laser spectroscopies to
characterize interactions occurring between nanoparticles and biological interfaces

e Explored the fundamental factors governing the interactions between nanoparticles and

biochemically relevant interfaces

Published three first author articles in peer-reviewed journals

Co-founded a student-led diversity and inclusion group, NUBonD

Mentored five junior graduate students and two undergraduate students

Formally mentored one graduate student through The Graduate School Diversity Peer

Mentor Program

Awarded a National Science Foundation Graduate Research Fellowship

e Communicated science research at six national conferences in both oral and poster formats

e Contributed five blog posts to SustatinableNano and edited fourteen other blog posts in
my role of Peer Editor for SustainableNano
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e Recruited students on behalf of the Graduate School at four national conferences and
biannual events at Spelman College

e Participated in the Graduate Engagement Opportunity Community Practicum

Spelman College, Dept. of Chemistry 09/12-12/12

Advisor: Dr. Jean Marie Dimandja, ASPIRING Researchers Program

In-Situ Derivatization of Biological Compounds in Polar Organic Media

e Worked on derivatization process in the preparation of samples for the analysis of organic
compounds in biological matrices by gas chromatography

e Explored the effects of using various solvents on retention time of several amino acids to
understand how retention time is affected by different conditions including temperature
ramps.

Jet Propulsion Laboratory, California Institute of Technology 06/12-08/12

Advisor: Dr. Mark Anderson

Sample Acquisition Using Meta-Stable Helium

e Prepared 60 samples for analysis by infrared spectroscopy in an effort to minimize
contamination.

e Used meta-stable helium with direct analysis in real time time-of-flight mass spectrometry
to analyze porous rock samples impregnated with polycyclic aromatic hydrocarbons and
amino acids.

e Developed and refined an analytical method for samples collected in future in situ
planetary missions.

e Prepared 6 technical reports for publication in major journals.

Goddard Institute for Space Studies (NASA NYC Research Initiative) 06/11-08/11

Advisors: Dr. Dorothy Peteet, Dr. Jonathan Nichols, Argie Miller

Carbon Sequestration with Climate Change in Alaskan Peatlands

e Performed loss on ignition testing for 200 samples from two sites in Alaska in order to
examine carbon accumulation in relation to climate change.

e Screened 60 macrofossil samples from Bear Bog and Gold Mine, Alaska that were used to
create a climate relative timeline at the two locations over the last 11,000 years based on
peat and pollen accumulation.

e (Cored a sample from Four Sparrows Marsh in Brooklyn, NY.

Marshall Space Flight Center 06/10-08/10

Advisors: Dr. James Perkins, Dr. James Morgan, Dr. Jessica Albrecht

Identification and Analysis of Polyurethane Foam Components A and B

e Organized and maintained documentation and performed routine laboratory maintenance
necessary for compliance with National Environmental Laboratory Accreditation Program
requirements.

e Developed standards and created chemical composition profile using the NIST (National
Institute of Science and Technology) database. Standards were used to analyze the
composition of polyurethane foam used in ARES project.
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PUBLICATIONS (REVERSE ORDER)

Doganglin, M.; " Ohno, P. E.:' Liang, D.; McGeachy, A. C.; B¢, A. G.; Dalchand, N.; Li, T.;
Cui, Q.; Geiger, F. M., Hydrogen Bond Networks Near Supported Lipid Bilayers from
Vibrational Sum Frequency Generation Experiments and Atomistic Simulations. J. Phys.
Chem. B 2018, 122, 4870-4879.

McGeachy, A. C.;T Caudill, E. R.; I Liang, D.;" Cui, Q.; Pedersen, J. A.; Geiger, F., Counting
Charges on Membrane-bound Peptides. Chem. Sci. 2018, 9, 4285-4298.

McGeachy, A. C.; Dalchand, N.; Caudill, E. R.; Li, T.; Dogangiin, M.; Olenick, L. L.; Chang,
H.; Pedersen, J. A.; Geiger, F. M., Interfacial Electrostatics of Poly(vinylamine hydrochloride),
Poly(diallyldimethylammonium chloride), Poly-L-lysine, and Poly-L-Arginine Interacting
with Lipid Bilayers. Phys. Chem. Chem. Phys. 2018, 20, 10846-10856.

Olenick, L. L.; Chase, H. M.; Fu, L.; Zhang, Y.; McGeachy, A. C.; Dogangiin, M.; Walter, S.
R.; Wang, H.-f.; Geiger, F. M., Single-Component Supported Lipid Bilayers Probed Using
Broadband Nonlinear Optics. Phys. Chem. Chem. Phys. 2018, 20, 3063-3072.

Dogangiin, M.; Hang, M. N.; Machesky, J.; McGeachy, A. C.; Dalchand, N.; Hamers, R. J.;
Geiger, F. M., Evidence for Considerable Metal Cation Concentrations from Lithium
Intercalation Compounds in the Nano-Bio Interface Gap. J. Phys. Chem. C 2017, 121, 27473-
27482.

Troiano, J. M.; McGeachy, A. C.; Olenick, L. L.; Fang, D.; Liang, D.; Hong, J.; Kuech, T.;
Caudill, E.; Pedersen, J. A.; Cui, Q.; Geiger, F.M., Quantifying the Electrostatics of
Polycation-Lipid Bilayer Interactions. J. Am. Chem. Soc. 2017, 139, 5808-5816.

McGeachy, A. C.; Troiano, J. M.; Olenick, L. L.; Lankone, R.; Melby, E.; Kuech, T.;
Ehimiaghe, E.; Fairbrother, D. H.; Pedersen, J. A.; Geiger , F. M., Resonantly Enhanced
Nonlinear Optical Probes of Oxidized Multiwalled Carbon Nanotubes at Supported Lipid
Bilayers. J. Phys. Chem. B 2017, 121, 1321-1329.

Peteet, D.; Nichols, J.; Moy, C.; Castaneda, I.; McGeachy, A. C.; Perez, M., Recent and
Holocene Climate Change Controls on Vegetation and Carbon Accumulation in Alaskan
Coastal Muskegs. Quat. Sci. Rev. 2016, 131,168-178.

Dogangiin, M.; Hang, M. N.; Troiano, J. M.; McGeachy, A. C.; Melby, E. S.; Pedersen, J. A.;
Hamers, R. J.; Geiger, F. M., Alteration of Membrane Compositional Asymmetry by LiCoO,
Nanosheets. ACS Nano 2015, 9, 8755-8765.

Nichols, J.; Peteet, D.; Moy, C.; Castaneda, 1.; McGeachy, A. C.; Perez, M., Impacts of
Climate and Vegetation Change on Carbon Accumulation in a South-central Alaskan Muskeg
Assessed with Novel Organic Geochemical Techniques. Holocene 2014, 24, 1146-1155.

"Indicates co-first authorship.
SELECT PRESENTATIONS

Oral Presentations
Black Creativity Jr. Science Café, Museum of Science and Industry, Chicago, IL 02/18




National Organization for the Professional Advancement of Black Chemists and
Chemical Engineers Conference, Raleigh, NC

252" American Chemical Society Fall National Meeting. Philadelphia, PA
Northwestern University, Seven Minutes of Science Symposium, Evanston, IL

Poster Presentations

National Organization for the Professional Advancement of Black Chemists and
Chemical Engineers Conference, Minneapolis, MN

National Organization for the Professional Advancement of Black Chemists and
Chemical Engineers Conference, Orlando, FL

Gordon Research Conference: Environmental Nanotechnology, West Dover, VT

11/16

08/16
09/15

10/17

09/15

06/15
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