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Abstract
Surface Specific Explorations at the Nano-Bio Interface
Merve Dogangiin

The increasing production and use of nanoscale transition metal oxide materials in the next
generation of consumer electronics and electric vehicle batteries, specifically lithium intercalation
compounds, may lead to environmental release and exposure, with poorly understood biological
outcomes. As the toxicity mechanism of nanomaterials may vary fundamentally from their bulk
material counterparts due to specific nanoparticle properties, the environmental consequences of
these materials need to be kept in mind as new materials are developed. When nanomaterials
encounter unicellular and multicellular organism in the environment, the surface of the
nanoparticles and the surface of the cell membrane are the first points of contact. Therefore,
understanding the molecular level interactions at the nano-bio interface can provide insight into
the mechanisms of nanotoxicity. However, it is difficult to elucidate specific molecular level
information regarding the interactions between nanomaterials and cell membranes, given the
inherently complex nature of the surface chemistries. To identify the roles that (1) nanomaterial
surface charge and chemical composition and (2) membrane charge and constituents play in these
interactions, this thesis uses idealized model membranes and transition metal oxide nanomaterials
that are well characterized and allow control of chemical composition.

This thesis focuses on mitigating non-contact interactions between nanomaterials and
model membranes and point towards a path for enabling the design of new energy storage materials
with reduced environmental impacts. Using vibrational sum frequency generation (SFG)
spectroscopy to probe idealized model membrane-nanomaterial interactions, this thesis

investigates the structural alterations in model membranes at the nano-bio interface in situ, in real



4
time, with surface-specificity, and under environmentally relevant aqueous conditions. Along with

complementary surface-specific techniques, this thesis highlights how electrostatics and
nanomaterial transformations impact the interactions between the nanoscale transition metal
oxides and supported lipid bilayers, identifying environmental behaviors that may be used in the
future to predict the impact of nanomaterials based on their physical and chemical properties.
Finally, this thesis demonstrates an approach to probe the C—H stretches of lipid alkyl tails in
supported lipid bilayers detected along with the O—H stretching continuum of the hydrogen
bonding network system to capture changes in the interfacial water structure. The ability to probe
hydrogen bond networks over supported lipid bilayers along with the C—H stretches of alkyl tails
holds the promise of opening paths for understanding specific and non-specific interactions at the

nano-bio interface.

Professor Franz M. Geiger

Research Advisor
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CHAPTER 1

Importance of Nano-Bio Interfaces

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

Dogangiin, M.; Hang, M. N.; Troiano, J. M.; McGeachy, A. C.; Melby, E. S.; Pedersen, J. A.;
Hamers, R. J.; Geiger, F. M. ACS Nano. 2015, 9 (9), 8755-8765.
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1.1. Introduction: Nanomaterials in the Environment

Nanomaterials, defined as having at least one dimension of 100 nm or less, are ubiquitous.
Nature is an enormous laboratory that produces nanomaterials, and natural phenomena taking
place on the nano-scale have existed throughout the history.! Examples of naturally produced
nanomaterials include ash from volcanic activity,” salt particles from ocean spray,’ fullerenes from
combustion,* and iron-based nanomaterials from icebergs,> which overall sum to over 100
teragrams of nanomaterials per year.®

Engineered nanomaterials differ from natural nanomaterials as they are intentionally
developed for a functional purpose.” They can be produced from a variety of materials,® with

different sizes,” shapes,'® surface charges,'

and surface functionalities, allowing for chemical
tailoring of the unique physicochemical properties that arise on the nano-scale.!'? Recent advances
in nanomaterial synthesis and manufacturing have led to the exploitation of nanomaterials and

their characteristic physicochemical properties in a variety of applications with the potential to

benefit society in numerous ways. Indeed, they are increasingly being used for commercial

13-14 15 16

purposes including electronics, energy storage,'> cosmetics,'® and agriculture.!”!” For the
purpose of this thesis, we will only discuss engineered nanomaterials, so we will refer to
engineered nanomaterials as simply nanomaterials.

Significant nanotechnology research is underway to meet the global demand for batteries
in portable electronics and electric vehicles. Due to their low molecular weight and favorable
electrochemical properties, transition metal oxide (TMO) nanomaterials have received particular
attention as promising candidates for cathode materials in energy storage systems. The layered

structure of these nanomaterials allows Li* ions to travel between the cathode and anode for several

thousand charge and discharge cycles with little memory effect. This capability, coupled with the
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high energy density offered by Li-ion intercalation compounds, makes these nanomaterials

suitable candidates to meet the rigorous demands of present-day and next-generation devices and
vehicles.

Correspondingly, Li-ion intercalation batteries have been dominant in the market with their
high-performance characteristics. These batteries rely heavily on the use of nanomaterials and
nanometer thick coatings.?® As the global battery-making capacity is set to double by 2021, waves
of disposed batteries will arrive in the near future. Assessments indicate that the electric car stock
will be between 9 million to 20 million by 2020,?! generating lithium ion battery wastes about
120-190 thousand tons globally.??-23

While these TMO nanomaterials are being produced and used in increasing abundance,
there is rising concern regarding the consequences of introducing large amounts of these materials
into the environment. With higher abundance comes an increased chance of nanomaterials entering
the environment and coming into contact with unicellular and multicellular organisms. As the
toxicity mechanism of nanomaterials may vary fundamentally from their bulk material
counterparts due to specific nanoparticle properties, the environmental consequences of these
materials need to be elucidated directly and kept in mind as new materials are developed. In
particular, given these unknown biological consequences,>* developing a fundamental
understanding of molecular interactions occurring at this interface, commonly referred to as the

nano-bio interface (where nanotechnology meets biology), is the main focus of this thesis.

1.2. Importance of Surface Chemistry
Surfaces and interfaces define the boundary between a material and its surrounding
environment. At the molecular level, surface atoms have a different chemical environment (i.e.

fewer nearest neighbors) from those in bulk.?3-2¢ This difference in chemical environments leads
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to dissimilar chemical behavior; thus, surface chemistry plays an important role in understanding

the chemical processes that occur in complex environments with a wide variety of practical
applications, such as energy conversion,?’ heterogeneous catalysis,?® and nanotechnology® and
environmental protection.°

When nanomaterials encounter cells, the surface of the nanoparticles and the surface of the
cellular membrane are the first points of contact. Therefore, understanding the molecular level
interactions at the nano-bio interface can provide crucial insight into the mechanisms of
nanotoxicity.?%3! The consequences of these dynamic interactions determine nanomaterial uptake,
bioavailability, and mechanisms for bio-physicochemical reactions. Although the physicochemical
properties of some biomolecules and materials may be well studied in the bulk, it is necessary to
address processes occurring at the nano-bio interface, and thus, surface-specific techniques are
needed to ultimately gain a complete picture of how both biomolecules and materials behave in
the cellular environment. While the chemical composition, surface functionalization, and shape of

nanomaterials are important characteristics,?® 32-33

parameters of the suspending media, including
the ionic strength, pH, and temperature, will determine the effective surface charge,** dissolution
characteristics,®® and aggregation.*® Considering these variations in nanomaterials coupled with
the range in properties of cell membranes — such as type of constituent phospholipids, proteins,
surface charge, lipid density, and fluidity influencing the interactions — characterizing the nano-
bio interface has proven to be challenging.>> ? Yet, understanding these interactions at the

molecular level remains necessary for developing and enabling the sustainable use of emerging

nanotechnologies.
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1.3. Common Methods for Studying the Nano-Bio Interface

It 1s difficult to elucidate specific molecular level information regarding the interactions
between nanomaterials and cell membranes, given the inherently complex nature of the surface
chemistries.?’ To identify the roles that (1) nanomaterial surface charge and chemical composition
and (2) membrane charge and constituents play in these interactions, this thesis uses idealized
model membranes and metal oxide nanomaterials that are well characterized and allow control of
chemical composition.

We focus on supported lipid bilayers (SLBs), motivated by recent explorations of the
uptake and accumulation of various engineered nanomaterials, typically composed of metal oxide
cores, by prokaryotic and eukaryotic cells, as well as their interactions with model cell
membranes.’’*° SLBs offer many advantages as idealized model membranes due to the ease of
formation, stability on a solid support, applicability of a large range of compositions, and the
degree of translational and rotational freedom of lipid molecules.*'*** Consequently, SLBs have

been used to mimic biological membranes to study applications in drug delivery,** biosensor

45-46 48-49
t,

developmen and toxicity assays,*’ as well as to study binding interactions and basic

membrane processes.*!» 3031

Nanoparticle-phospholipid bilayer interactions have been investigated through a host of
analytical techniques, including electrochemical impedance spectroscopy (EIS),’?3 attenuated
total reflectance Fourier transform infrared (ATR-FTIR) spectroscopy,’* x-ray photoelectron
spectroscopy (XPS),%>¢ electron microscopy,’®>’ atomic force microscopy (AFM),® quartz
crystal microbalance with dissipation monitoring (QCM-D),>*®! and scanning probes.’’> ©2

However, these methods lack inherent surface sensitivity, are not chemically specific, or require

ultra-high vacuum (UHV) conditions.
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Fluorescence microscopy, known for its versatility and specificity, has shown remarkable

growth in the biological sciences and has been widely applied to study various biomolecules and
their binding characteristics.%%* Although very useful, fluorescence microscopy relies on organic
fluorophores, fluorescent proteins and fluorescent biomolecules. Such labels introduce complexity
and only allow for probing the fluorescently labeled structures, and not their unlabeled biological
counterparts.

Label-free optical sensing is a strong alternative to study nano-bio interactions without tags
or labels. Surface plasmon resonance (SPR), a versatile technique for nanomaterial-based
biosensing, has been used to probe biomolecules such as DNA and proteins with real time
detection.®>-” However, some challenges in SPR applications are its limitation to metal surfaces,

low sensitivity to low molecular weight compounds, and lack of specificity.

1.4. Investigating the Nano-Bio Interface using Sum Frequency Generation

Vibrational sum frequency generation (SFG) spectroscopy is a powerful label-free method
to provide structural and orientational information on molecules at surfaces and interfaces in situ
in real time.%®-7! The theoretical basis for vibrational SFG spectroscopy will be detailed in Chapter
2. SFG spectroscopy has proven useful to study various oscillators directly at liquid/air and
solid/liquid interfaces with surface specificity,®® 7273 including many important biologically-
relevant interactions on surfaces and at buried interfaces. In particular, SFG spectroscopy has been
used to probe phase transitions of lipid bilayers,’*’° kinetics of lipid transbilayer movement,’®78
bilayer asymmetry,”® protein adsorption,?’-%2 and DNA interactions,®3-#* as well as to characterize
the structure of nanoparticle surfaces.®3-% Many research groups have focused on monolayer

surfaces,’® 8788 lipid bilayers with one or both leaflets deuterated,?® or used D>O as a solvent.”
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Throughout this thesis, we extend the use of vibrational SFG spectroscopy to investigate

SLB structure and orientation at aqueous/solid interfaces without using deuterated lipids or
solvents. This method allows us to determine molecular level information at the nano-bio interface
with surface specificity. This technique is particularly powerful when applied in conjunction with
complementary methods for investigating nanomaterial-membrane interactions. This multi-

technique approach is detailed in the following section.

1.5. The Center for Sustainable Nanotechnology

This thesis work is integral to the NSF funded Center for Chemical Innovation on
Sustainable Nanotechnology (CSN), whose goal is to develop guidelines that will allow for
predicting the biological responses induced by engineered nanomaterials in order to develop safe
and sustainable nanotechnologies. The CSN is composed of scientists from thirteen U.S.
institutions with diverse expertise.

Due to the complexity of the problem, the CSN uses a feedback loop mechanism where the
studies on model systems, organisms, and computational methodologies inform one another to
develop a fundamental understanding on nanomaterial toxicity and associated redesign strategies.
In this way, nanomaterial interactions with whole organisms can determine the hazardous
categories of nanomaterials, while experimental probes of simplified model systems and
computational methods can provide a deeper understanding of the underlying chemical interaction
mechanisms. Comparably, simple model systems can be used to identify the effect of each
constituent and inform the consequences to the overall biological system. Equally important, the
knowledge obtained from the computational studies can be integrated into experimental research,

providing guidance to future experiments. This work, aimed at understanding interactions between
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model cell membranes and nanomaterials, serves as a bridge between the computational

approaches and whole organism studies.

The SFG work presented here is supported by other techniques including second harmonic
generation (SHG) spectroscopy, scanning electron microscopy (SEM), QCM-D, time of flight
secondary ion mass spectrometry (ToF-SIMS), XPS, fluorescence microscopy, and atomistic
calculations to obtain mechanistic insights into nanomaterial interactions with biological

interfaces.

1.6. Scope and Organization of this Thesis

The present work aims to understand the fundamental chemical interactions that occur at
the nano-bio interface in order to facilitate the design of environmentally sustainable
nanotechnologies. This thesis highlights key cases in which investigations of surface chemistry at
the molecular level with a collaborative approach can lead to important information about
nanomaterial transformations and identification of environmental behaviors that may be used in
the future to predict the impact of nanomaterials based on their intrinsic properties.

The main focus of this work is to use vibrational SFG spectroscopy to probe the structural
and orientational alterations in model membranes at the nano-bio interface in situ, in real time,
with surface-specificity, and under environmentally relevant aqueous conditions. Complementary
experiments that support the interpretation of the SFG results and provide additional insight into
the nano-bio interactions will also be discussed. This thesis has been organized as follows:

Chapter 2 outlines the theoretical framework of SFG vibrational spectroscopy, the
experimental setups and protocols used, and the methods used to form and characterize SLBs.

Chapter 3 focuses on structural changes in supported lipid bilayers upon interactions with

metal oxide nanomaterials of lithium intercalation compounds. The research presented in this
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chapter explores the origins of nanomaterial-induced membrane asymmetry by employing

vibrational SFG spectroscopy in the C—H stretching region.

Chapter 4 investigates how electrostatics and ion dissolution impact the interaction
between nanomaterials of lithium intercalation compounds and supported lipid bilayers. This work
demonstrates a possible avenue for redesign strategies that mitigate noncontact interactions
between nanomaterials and biological interfaces, facilitating the design of new energy storage
materials with reduced environmental impacts.

Chapter 5 reports vibrational SFG spectra in which the C—H stretches of lipid alkyl tails in
fully hydrogenated single- and dual-component supported lipid bilayers are detected along with
the O—H stretching continuum from water molecules located above the bilayer. The ability to probe
hydrogen bond networks over SLBs, presented in this chapter, holds the promise of opening paths
for understanding specific and non-specific interactions at the nano-bio interface.

Chapter 6 reports lipopolysaccharide-incorporated supported lipid bilayers, in an attempt

to move towards more biologically relevant SLBs and concludes the thesis.
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CHAPTER 2

Sum Frequency Generation Spectroscopy to Investigate the Nano-Bio Interface

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

Dogangiin, M.; Hang, M. N.; Troiano, J. M.; McGeachy, A. C.; Melby, E. S.; Pedersen, J. A.;
Hamers, R. J.; Geiger, F. M. ACS Nano 2015, 9 (9), 8755-8765.

Dogangiin, M.;* Ohno, P. E.;* Liang, D.; ¥ McGeachy, A. C.; Be, A. G.; Dalchand, N.; Li, T.; Cui,
Q.: Geiger, F.M. J. Phys. Chem. B 2018, 122 (18), 4870-4879.
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2.1. Brief Overview of Vibrational Sum Frequency Generation Spectroscopy

Vibrational SFG spectroscopy is a nonlinear optical technique wherein the response of the
system to the incident electric field is not linearly dependent on the field strength. Vibrational SFG,
utilized in this thesis, is created by the temporal and spatial overlap of a tunable infrared beam and
a fixed visible beam in systems that lack an inversion center, such as at interfaces.' As a result,
light at a frequency equal to the sum of the two incident frequencies is generated.** Figure 2.1
shows the energy level description of sum frequency generation. The intensity of the sum
frequency light is resonantly enhanced when the frequency of the tuneable infrared beam coincides
with a vibrational mode of the molecules at the interface.* 7 This resonant enhancement provides
spectral information on characteristic vibrational transitions.

Vibrational SFG spectroscopy allows for the characterization of molecules at interfaces
and surfaces with high selectivity and sensitivity in a non-destructive manner.3-!° By probing the
characteristic vibrational modes, molecular structure and orientation can be deduced. This method

1-13 golid/liquid,®7 1914 liquid/vapor, '+

can produce in situ, real time measurements of solid/vapor,
16 and liquid/liquid interfaces." ® 1417 SFG spectroscopy has been used to probe the vibrational
structures of biomolecules in the O-H stretching region (3800-3000 cm™),!3-23 N-H stretching
region (3500-3100 ¢cm™),2325 C-H stretching region (3100-2700 cm™), 19 21, 23, 2627 9D
stretching region (2800-2200 c¢m™),282° C-D stretching region (2250-2000 c¢cm™),33! C=0
stretching region (1950-1500 cm™),2*32-34 PO," stretching region (1200-1000 ¢cm™),3-36 and SO;
symmetric stretching region (1150-950 c¢cm™).>” Throughout this thesis, we demonstrate how

vibrational SFG spectroscopy in the C—H stretching region (Chapters 3-6) and O—H stretching

region (Chapter 5) is utilized to gain molecular level insight into the nano-bio interface.



WsEG

Ovjig

27

Figure 2.1. (A) Schematic of visible and IR beams producing an observable SFG signal. (B)

Energy level diagram for vibrational SFG spectroscopy.

2.2. Sum Frequency Generation Spectroscopy Theory
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Sum frequency generation (SFG) is defined by the second-order polarization response of a

material due to the interaction of two high intensity electric fields, often generated by high energy
pulsed laser beams.* *® The theory of SFG has been explained in detail elsewhere and it is briefly
outlined here.!3- 6 38-39

Nonlinear optical responses are commonly described by the induced polarization as a

function of the applied electric field strength:

P(0) =e, (1 VE@+ P EQE@D+ P EQE@DEQD) 2.2.1)
where y(1, ¥ and y® are the linear, second and third order nonlinear susceptibilities, P(¢) is the
polarization, and E(¢) is the electric field strength. SFG originates from the second order
polarization.

The electric field E(¢) at an interface is expressed in terms of the two input laser beams

with incident electric fields £1 and E», and frequencies w; and w,:

E(t) = E cos(w, 1)+ Eycos(w,i) (2.2.2)
Combining equations 2.2.1 and 2.2.2, the second order polarization can be expressed as:
2
pP® () =g, y? (El cos(w t)+ Ezcos(a)zt)) (2.2.3)

where y(® is the second-order nonlinear susceptibility tensor describing the relationship between

electric field and second order polarizability.’* Equation 2.2.3 is expanded to

PO ) =g [(El2 + E?) + (Elzcos(Za)]t)+Ezzcos(2w2t) +

E|E,cos ((a)l — a)z)t) + E,E,cos ((a)l + a)z)t)] (2.2.4)
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in which each term represents a different second-order nonlinear optical interaction. The first term

in Equation 2.2.4 corresponds to optical rectification, the second term to second harmonic
generation at each of the input frequencies, and the third term to difference frequency generation.
The fourth term in Equation 2.2.4 corresponds to SFG, indicating the frequency of the SFG

oscillates at w,+ w,, or wgrg. Thus, overlapping two incident beams in time and in space at the

interface generates signal at the sum of the two incident frequencies:

Wspg = Wyis T WIR (2.2.5)
and the nonlinear polarization of the SFG can be described as:

S (2.2.6)

The intensity of the sum frequency signal, Isrg, is proportional to the square modulus of the SFG

component of second order polarization, which is proportional to the product of the effective

€))

second-order nonlinear susceptibility tensor, y ¢

and intensities of the incoming beams:

2 2),2
Ispg o |P (SF)Gl x |ng12| Iyishgr (2.2.7)

where the susceptibility tensor depends on the orientational average of the transition dipole
moments in the sample.’
@)

The second order nonlinear susceptibility term has a resonant component, y ;” and a non-

resonant component y %)Q, which are associated by phase, ¢:

2 2) i
AP = Oty Deio (22.8)

The non-resonant term depends on the instantaneous polarizability of the surface molecules; while

the resonant contribution depends on the number of SFG-active oscillators (Nsurf) at a particular
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resonance frequency multiplied by their molecular hyperpolarizability tensors (f), averaged over

all molecular orientations:

Nsurf AgM
2= Il (L S (2.2.9)

€ wyis — WR— ilvis

where Ak is the IR transition moment, My is the Raman transition probability, and I'vis is the
natural linewidth of the transition. Equation 2.2.9 clearly shows that SFG provides sensitivity to
molecular structures when the incident IR beam is resonant with a vibrational mode that is both
Raman- and IR-active. Due to the mutual exclusion principle, which states that a vibrational mode
may be either IR-active or Raman-active in a centrosymmetric media, vibrational SFG
spectroscopy is sensitive to surfaces and interfaces where inversion symmetry is inherently
broken.*® Within this thesis, we will focus on studies at aqueous/solid interfaces in the C—H
stretching frequency region (2800-3200 cm™') in Chapters 3, 4 and 6, and the C-H and O-H

stretching frequency regions (2800-3800 cm!) in Chapter 5.

2.3 SFG Experimental Setup
2.3.1 C-H Stretching Region

Following our previously published approaches,*'-** the SFG experiments presented in
Chapters 3, 4 and 6 were conducted using a regeneratively amplified Ti:Sapphire system (Spectra
Physics, Spitfire) producing 800 nm pulses with an energy of 2.5 mJ/pulse, 1 kHz repetition rate,
and 120 femtosecond pulse duration. Half of the beam was pumped into an optical parametric
amplifier (OPA-800CF, difference frequency mixing, Spectra Physics) to produce an infrared (IR)
beam in the C—H stretching frequency region (~3.4 um, 140 cm! FWHM). The OPA output beam
was directed through an IR filter (Newport Corporation, 2702-0271) and was focused onto the

sample using a BaF; IR focusing lens (ISP optics, BF-PX- 200). The remaining 50% of the 800
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nm beam was used as an upconverter beam, which was directed through two variable density filters

(ThorLabs, NDC-50C-4), a home built delay stage with two gold mirrors, a narrow band pass filter
(CVI, Melles Griot, F1.1-800.0-UNBLK-1.00), a half waveplate (Karl Lambrecht Corp.,
MWPAA2-12-700-1000), and was focused onto the sample using a plano-convex focusing lens.
The IR and visible beams were overlapped in time and in space at the sample at 60° and 45° angles
from the surface normal, respectively. The generated SFG beam was recollimated using an
achromatic lens, and sent through a polarizer (ThorLabs, Glan polarizer, GL15), a half waveplate
(Karl Lambrecht Corp., MWPAA2-12-400-700), a short pass filter (Edmund Optics, 45646), a
long pass filter (Edmund Optics, 600 nm, 66054), a plano-convex focusing lens, and a notch filter
(Kaiser Optical Systems, Inc., holographic notch-plus filter, HNPF-800.0-1.0). The SFG signal
was detected with a charged coupled device (CCD) camera (Roper Scientific, 1340 x 100 pixels)
connected to a 0.5 m spectrograph (Spectra Pro 5001 Acton Research).

All SFG spectra were collected in the internal reflection geometry and the ssp polarization
combination (s-polarized SFG, s-polarized 800 nm light, p-polarized IR light). Each SFG spectrum
was recorded at the fused silica/SLB/H>0 interface with an integration time of 4 minutes and an

15-16 each

average of five acquisitions. Following the pioneering approach by Esenturk and Walker,
spectrum was taken at multiple IR center frequencies, in order to cover the frequency range of
interest (3200-2700 cm"). All spectra were then background subtracted, calibrated to polystyrene
peaks at 2850 and 3060 cm™','® %> and normalized to the non-resonant sum frequency signal of a

gold substrate to account for the distribution of the IR intensity.!>*® All spectra were taken in

triplicate.
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2.3.2 Extension to the O—H Stretching Region

The SFG experiments described in Chapter 5 utilized a Ti:Sapphire laser system (Spectra
Physics Solstice) producing 795 nm pulses with an energy of 3 mJ/pulse, 1 kHz repetition rate,
and 120 femtosecond pulse duration. The optical set up is shown in Figure 2.2. The 795 nm beam
was directed through a 90/10 beam splitter (CVI, BS1-800-90-1012-45P) and 90% of the beam
was used to pump a TOPAS tunable optical parametric amplifier (TOPAS-C, Light Conversion)
with a difference frequency generation (DFG) stage to generate a broadband tunable IR beam. The
TOPAS output was directed through a longpass IR filter to eliminate the signal and idler beams,
and the IR beam was focused onto the sample using a BaF» IR focusing lens with 200 mm focal
length (ISP Optics, BF-PX-25-200). The remaining 10% of the 795 nm beam was used as a visible
upconverter beam, which was directed through a variable density filter (ThorLabs, NDC-50C-4),
and a home-built delay stage with two 3 mm thick gold mirrors (CVI, PW1-1025C) to achieve
temporal overlap with the IR beam at the sample. The visible beam was then sent through a narrow
band-pass filter (Andover Corp. 795 nm, 1.0 nm bandwidth), to obtain a spectral resolution of ca.
10 cm™!, and an achromatic half-waveplate (Karl Lambrecht Corp., MWPAA2-12-700-1000) for
polarization rotation. The visible beam was focused on the sample stage using an achromatic lens
with 75 mm focal length (Edmund Optics, 32-325). The incident IR beam and the 795 nm beam
were directed towards the optical substrate mounted on an xyz-sample stage at 60° and 45° from
the surface normal, respectively. Due to refraction, the beams were incident at the substrate/water
interface at approximately 38° and 30° for the IR and visible, respectively. At the sample, the
incident visible pulse energy is kept at 3.0 puJ and the IR pulses are typically 8-15 pJ in the O-H
and 15-25 pJ in the C—H stretching region. The output SFG beam was recollimated using an

achromatic lens with 150 mm focal length (Edmund Optics, 32-494), and sent through a polarizer
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Figure 2.2. A schematic layout of the broadband laser setup utilized to study vibrational transitions

in the C—H and O—H stretching regions.
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(ThorLabs, Glan polarizer, GL15) and a half-wave plate (Karl Lambrecht Corp., MWPAA2-12-

400-700) to control the SFG polarization for optimizing signal collection at the detector. The SFG
beam was directed through a 700 nm shortpass filter (Edmund Optics, 47-291), a plano-convex
focusing lens, and a notch filter (Kaiser Optical Systems, Inc., holographic notch-plus filter,
61193622) to remove excess 795 nm light and other light resulting from other nonlinear optical
processes. A 0.5 m spectrograph (Acton SP-2558 Imaging Spectrograph and Monochromator)
coupled to a liquid nitrogen cooled charged coupled device (CCD) camera (Roper Scientific, 1340
x 100 pixels) was used to detect the SFG signal. To direct beams, gold mirrors (Edmund Optics,
45606) were used in the incident IR and visible beam paths and silver mirrors (Edmund Optics,
49194) were used in the output beam paths. The set-up was enclosed with a Plexiglas box and was
purged with dry house N> to avoid water absorption bands that appear in this stretching region.
Similar to the procedure described in the previous section, all the SFG experiments
reported here were carried out in the internal reflection geometry, using the ssp polarization
combination to probe the components of the vibrational transition dipole moments that are oriented

along the surface normal,'> 4’

and in triplicate. SFG spectra were recorded at the SLB/aqueous
interface with an integration time of 1 to 4 min with an average of 3 acquisitions. Spectra were
recorded sequentially using an automated Python script to adjust the IR center wavelengths (2600-
3600 nm) and spectrograph center wavelength (615-655 nm) to cover the frequency range of
interest (2800-3800 c¢cm™'). Each SFG spectrum was recorded using nine different center IR
wavelengths to cover the frequency range of interest, background-corrected to account for the
optical scattering of the 795 nm upconverter beam and calibrated to the 2850 cm™ and 3060 cm’!

(NIST 1921b) peaks of a 70 um thick standard polystyrene film (International Crystal

Laboratories).!>-1¢
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Each spectrum was normalized to the incident IR energy profile by recording a non-

resonant spectrum from a gold film on CaF,, following the procedure detailed by Liljeblad and
Tyrode."”” A gold spectrum is recorded (Figure 2.3a) for each IR center wavelength used in
recording the sample spectrum (Figure 2.3b). The individual gold spectra are then smoothed with
a Gaussian filter and truncated at a cutoff value of 5% of their maxima (Figure 2.3c). The
individual sample spectra are truncated at the same positions as their gold counterparts (Figure
2.3d). This truncation prevents adding into the final spectrum noise generated at the detector from
spectral regions where there was little to no incident IR energy present. After truncation, the
individual gold (Figure 2.3e) and sample (Figure 2.3f) spectra are summed into the total, composite
spectra. The final normalization occurs when the summed and truncated sample spectrum is

divided by the normalized, summed and truncated gold spectrum.
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Figure 2.3. Gold normalization example (a) Individual non-resonant gold spectra (b) individual
sample spectra (c) gold spectra smoothed and truncated at 5% of their maximum value (d) sample
spectra truncated at positions determined by gold counterparts (e) summed gold spectrum (f)
summed sample spectrum. Note the removal of baseline noise between (b) and (d) prior to the final

summation.
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2.4. Sample Preparation

2.4.1. Optical Windows

For the experiments described in Chapters 3, 4 and 6, IR-grade fused SiO> windows (ISP
Optics, #QI-W-25-3) were used as solid substrates. The fused silica windows were cleaned in
Nochromix solution (Godax Laboratories) overnight, rinsed with Millipore water (18 Q-cm
resistivity; Millipore), and dried with N,. For the experiments reported in Chapter 5, CaF, windows
(ISP Optics, #CF-W-25-3) were used as solid substrates due to optical adsorption from the fused
Si0; substrate in the O-H stretching region. The CaF> window was soaked in a dilute aqueous
solution of Alconox for 30 min, rinsed with Millipore water, sonicated in methanol (Fisher
Scientific, HPLC-Grade) for 30 min, rinsed with Millipore water, and dried under a stream of No.
Both fused SiO; and CaF> windows were plasma cleaned (Harrick Plasma Cleaner, PDC-32G,

18W) for 10 min immediately before use.

2.4.2. Flow Cell

All SFG spectra were collected using a home-built Teflon flow-cell with a volume of
approximately 3 mL. The Teflon cell was sealed off with a Viton O-ring (Chemglass) and an
optical window (ISP Optics, 1” diameter) was clamped onto the sample stage. For experiments
described in Chapter 5, instead of the sample stage clamps, an aluminum face plate attached to
Teflon cell was used to hold the optical window securely in place. A diagram of the flow cell is
shown in Figure 2.4. The sample solutions were flowed through the reservoir across the interface
with a variable flow rate controller at 1.5 mL/min. The CaF>, window was sonicated in methanol
(Fisher Scientific, HPLC-Grade) for 30 min, rinsed with Millipore water (18.2 Q-cm resistivity;

Millipore), and dried under a stream of N>. The flow cell and PTFE tubing were sonicated in
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methanol for 15 min, rinsed with Millipore water and dried with N> The flow cell and O-ring were

plasma cleaned (Harrick Plasma Cleaner, PDC-32G, 18W) for 10 min immediately before use.
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Figure 2.4. Schematic of the custom-built Teflon flow cell and experimental setup used for

measurements at aqueous/solid interfaces.
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2.4.3. Bilayer Formation

DMPC, DMPG, and DMPS were purchased from Avanti Polar Lipids and used without
further purification. Pure DMPC lipids, and lipid mixtures containing 9:1 DMPC/DMPG, 9:1
DMPC/DMPS and 8:2 DMPC/DMPG (by mole) were dried under a stream of N> and rehydrated
in 4 mL of a 0.01 M Tris buffer solution at pH 7.4, with 0.1 M NaCl and 0.005 M CaCl,-2HO0.
The lipids (0.5 mg/mL) were extruded using a mini-extruder kit (Avanti Polar Lipids) and a 0.05
uM polycarbonate membrane filter to form small unilamellar vesicles.*® The extruded lipids were
injected into the flow cell and lipid bilayers were formed on optical windows via the vesicle fusion
method, which has been previously described.*->* Unless otherwise noted in the following
chapters, all bilayers were formed in 0.01 M Tris buffer, 0.1 M NaCl, in the presence of 0.005 M

CaCl, at pH 7.40 + 0.03 and rinsed with 30 mL buffer of the same composition but lacking CaCl»

to ensure removal of excess vesicles at the interface. The temperature (22 + 2 °C) and the pH were

held constant throughout the experiment.

2.5. Summary

Chapter 2 described the theoretical framework of SFG vibrational spectroscopy. The
experimental setups and protocols used, as well as the methods used to form the SLBs are also
detailed in this chapter. Additional experiments employing dynamic light scattering (DLS), time-
of-flight secondary ion mass spectrometry (ToF-SIMS), second harmonic generation (SHG),
scanning electron microscopy with energy dispersive X-ray analysis (SEM/EDX) and quartz
crystal microbalance with dissipation monitoring (QCM-D) are included in the following chapters
where applicable. Next, Chapter 3 will describe the use of SFG to probe the molecular order and

orientation of SLBs upon exposure to nanomaterials of Li-intercalation compounds.
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CHAPTER 3

Alteration of Membrane Compositional Asymmetry by LiCoO; Nanosheets

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

Dogangiin, M.; Hang, M. N.; Troiano, J. M.; McGeachy, A. C.; Melby, E. S.; Pedersen, J. A.;
Hamers, R. J.; Geiger, F. M. ACS Nano 2015, 9 (9), 8755-8765.
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3.1. Introduction

As discussed in Chapter 1, LiCoO» is among the most commonly used commercial cathode
material in portable electronics.!® Nano- and micro-formulated LiCoO, in particular, features
high capacity and cyclability,*> while a related material, lithium nickel manganese cobalt oxide
(NMC), offers improved rate performance at a reduced cost.>® LiCoO, and NMC
nanoformulations are projected to be widely used in consumer electronics, all-electric/hybrid
vehicle batteries, and in grid energy storage applications.’”'? The redox potentials of these materials
overlap with those of several biologically important redox pairs, suggesting that exposure to them

may perturb cellular function.!3-4

Therefore, it is important to develop a molecular level
understanding of how these nanomaterials interact with biological interfaces, including lipid
membranes.'>"!” Chapter 3 makes a first step in this direction by using a molecular approach to
probe the interaction of LiCoO, and NMC nanosheets with supported phospholipid bilayers. We
find that some cobalt oxide nanoformulations cause alterations to the compositional asymmetry in
our idealized model membranes that persist even upon rinsing, and that some of the nanosheets
irreversibly interact with the membranes under the conditions of our experiments. This finding is
important as alterations in the compositional asymmetry of membranes are known to signal
multiple negative consequences for cellular processes, as discussed recently. '8!

Chapter 3 aims to address the molecular basis of the interactions of lithiated and delithiated
LiCoO> nanosheets, as well as those composed of NMC, with single and binary component
supported phospholipid bilayers under environmentally relevant pH and ionic strength conditions.
This chapter presents results from SFG spectroscopy experiments that probe changes in the

structure and chemical composition of supported lipid bilayers held at constant temperature, ionic

strength, and pH. This study provide evidence that compositional asymmetry is induced between



42
the two leaflets of binary phospholipid mixtures near the gel-to-liquid crystalline phase transition

temperature (7m), upon addition of positively charged lithiated and near neutral delithiated LiCoO-
nanosheets under isothermal conditions. 1,2-Dimyristoyl-sn-glycero-3-phosphocholine (DMPC)
was selected as a model lipid since zwitterionic phosphocholine-derived lipids are among the most
common phospholipids found in eukaryotic membranes.?? 1,2-Dimyristoyl-sn-glycero-3-phospho-
(1-rac-glycerol) (DMPG) was chosen because its 7w is comparable with that of DMPC and
because the negatively charged headgroup allows investigations into the importance of
electrostatics in the interaction. 1,2-Ditetradecanoyl-sn-glycero-3-phospho-L-serine (DMPS) was
selected as a second anionic phospholipid because phosphatidylserine is among the most abundant
anionic headgroups in eukaryotic cell membranes.?? All lipids were purchased from Avanti Lipids

and the molecular structures are shown in Figure 3.1.

DMPC: 1,2-Dimyristoyl-sn-glycero-3-phosphocholine

DMPG: 1,2-Dimyristoyl-sn-glycero-3-phospho-(1-rac-glycerol)
Q 9 OH
/\/\/\/\/\/\/LI\O/Y\O’;:’\O\)\/OH
O H o}
\/\/\/\/\/W Na*
o]
DMPS: 1,2-Ditetradecanoyl-sn-glycero-3-phospho-L-serine

Figure 3.1. Molecular structure of the lipids used in this chapter.
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3.2. Experimental Details

3.2.1. SFG Approach

The details of our SFG approach to study the nano—bio interface have been presented in
Chapter 2 and in previously published work.?*3% In the study reported here, the frequency of the
incident femtosecond IR light is tuned to resonance with the C—H stretches of the system
(2700-3200 cm™), as Liu and Conboy have previously shown that the terminal CH3 groups of the
lipid alkyl chains can be used as an intrinsic probe of the symmetry of the bilayer.}! Here, we probe
the SFG intensity due to the alkyl CH3 symmetric stretch (vs) to evaluate the change in the bilayer

asymmetry upon interaction with LiCoO-, delithiated LiCoO>, and NMC nanosheets.

3.2.2. Supported Lipid Bilayer (SLB) Preparation

Lipid bilayers from small unilamellar vesicles of pure DMPC and lipid mixtures containing
9:1 DMPC/DMPQG, 9:1 DMPC/DMPS and 8:2 DMPC/DMPG (by mole) were formed on IR-grade
fused silica windows (ISP Optics) via the vesicle fusion method, which has been previously
described.*?-3? Experiments were carried out at room temperature (22 £ 1 °C). All bilayers were
formed in 0.01 M Tris buffer, 0.1 M NaCl, in the presence of 0.005 M CaCl, at pH 7.40 + 0.03,
and rinsed with buffer of the same composition but lacking CaCl,. The temperature and the pH
were held constant throughout the experiment. Buffer solutions were filtered through a 0.2 pm
PVDF membrane (Acrodisc, LC 25 mm) before each experiment. Throughout this chapter, we use

the word “bilayer” interchangeably with “supported lipid bilayer” or “SLB”.

3.2.3. Nanomaterial Synthesis and Characterization
LiCoO: nanosheets were synthesized by Dr. Mimi Hang in the Hamers group by adapting

a molten-salt method previously reported.>* Varying the degree of lithiation in LiCoO> while
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maintaining comparable size, shape, and crystal structure is synthetically difficult. To achieve this,

we used an electrochemical delithiation method, which is explained in previously published
work.? Figure 3.2 shows the scanning electron microscopy (SEM) and transmission electron
microscopy (TEM) images, indicating comparable size, shape, and crystal structure. The purified
particles were further characterized by Dr. Mimi Hang in the Hamers group by X-ray photoelectron
spectroscopy (XPS) and Raman spectroscopy. The characterization data are provided in previously
published work.>> NMC material was synthesized and characterized extensively as described
elsewhere.*¢

The nanosheet suspensions (LiCoO., delithiated LiCoO,, and NMC) were freshly prepared
before each experiment by sonicating in a solution of 0.01 M and 0.1 M NacCl at pH 7.4 for 8 min,
vortexed for 30 s, and introduced into the sample cell within 15 minutes of suspension. Unless
indicated otherwise, nanosheet solutions at 5 mg/L concentration were used in the interaction
experiments due to well-formed suspensions that were stable over the time period studied. An
Ocean Optics Chem2000 UV-vis spectrophotometer was used for absorbance measurements. UV-
vis measurements indicate only minor differences in the electronic properties of the nanosheets

maintained in the buffer solution over the time period studied.?’
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Figure 3.2. Scanning electron microscopy shows that the (A,C) sheet-like structure of LiCoO: is
retained, (B,D) after electrochemical delithiation. (A,B) Clumps of the nanosheets (C,D)
Individually resolved nanosheets. Synthesized LiCoO:» is irregularly shaped and are approximately
30-50 nm in diameter. Transmission electron microscopy image (E) shows that the LiCoO,

nanoparticles are of 7-8 atomic layers thick.
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3.2.3.1. {-Potential measurements

{-Potential measurements were obtained using Malvern Zetasizer Nano ZS. Diffusion
coefficients, hydrodynamic diameters, and apparent {-potentials, shown in Table 3.1, are the
averages of three measurements, each consisting of 15 runs. For {-potential measurements,
nanosheet suspensions (1 mL) were transferred into a clear, disposable folded capillary cell
(Malvern Instruments, part no. DTS1060). Under the conditions of our experiments lithiated and
delithiated LiCoO, nanosheets possessed ( potentials of +12.9 £ 0.6 and +0.5 = 1.2 mV,
respectively (Table 3.1). We note that the LiCoO, and the delithiated LiCoO, nanosheets
suspended in ultrapure water exhibit (-potentials of —21.7 £ 1.2 and —19.2 = 0.9 mV, respectively,
whereas Table 3.1 shows the (-potentials for nanosheets suspended in the buffer solution at pH
7.4. This difference is assumed to be due to the surface-active nature of the Tris cation, which has
been previously recorded to be present at silica and bilayer surfaces.’* The NMC material is

associated with a {-potential of —19.5 + 1.4 mV under the conditions of our experiments.

Table 3.1. Diffusion coefficients, Estimated Z-average hydrodynamic diameters (d;z),* and
Apparent (-potentials for Fresh Suspensions (5 mg/L) of Lithiated and Delithiated LiCoO>
Nanosheets and NMC Nanosheets in 0.01 M Tris buffer and 0.1 M NaCl at pH 7.4.

diffusion coefficient dpz ? apparent (-potential
(um?/s) (nm) (mV)
LiCoO2 nanosheets 0.65 +£0.08 760 £79 +12.9+0.6
delithiated nanosheets 0.38 +0.02 1320 + 55 +0.5+1.2
NMC nanosheets 0.96 £0.23 536 £ 155 -19.5+1.4

* Estimate assumes spherical particles.
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3.2.4. Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS)

A Phi Trift III ToF-SIMS was used for trace detection, specifically to identify lithium. The
high-energy pulsed metal ions were used to bombard the sample surface which causes the emission
of secondary elemental ions from the surface. The detailed description of instrumentation can be
found elsewhere.’” A 15 keV liquid metal (Ga") ion gun (LMIG) with a spot size of 100 um was
used to desorb ions from the uppermost layers of a sample within an ultrahigh vacuum
environment. Silica substrates were cleaned with methanol, rinsed with ultrapure water, and
plasma cleaned for 5 min prior to bilayer exposure. The experiments were carried in a similar flow
cell setup having 1 mL total volume and rinsed with 7 mL of buffer after the bilayer formation and
nanosheet interaction. Substrates were then left to air-dry for approximately an hour before the

measurements.

3.2.5. Second Harmonic Generation Spectroscopy (SHG) and Quartz Crystal Microbalance
with Dissipation Monitoring (QCM-D) Measurements

Following the approaches described in our earlier work,** fellow graduate students Dr.
Julianne Troiano and Alicia McGeachy employed SHG and Dr. Eric Melby from the Pedersen
group performed QCM-D measurements to monitor the interfacial electronic and mass response
of the bilayers in the presence and absence of nanosheets, respectively. There was no observed

signal change upon the addition of the LiCoO; nanosheets.

3.2.6. Scanning Electron Microscopy
A Leo Supra55 VP scanning electron microscope was used to characterize LiCoO»
nanosheet morphology. Specifically, these images were obtained using 1 kV incident electron

energy with a standard in-lens detector located above the final Gemini lens in the column of the
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SEM instrument. Scanning electron microscopy coupled with a Thermo Scientific UltraDry

energy-dispersive X-ray spectroscopy (EDS) detector was used to characterize LiCoO> interaction
with supported lipid bilayers from small unilamellar vesicles of pure DMPC and lipid mixtures
containing 9:1 DMPC/DMPG formed on ultraflat S10, wafers (200 nm = 5 % thermal oxide). The
supported lipid bilayer exposed to LiCoO> was prepared using the same method as previously
described in the sample preparation. Ultraflat SiO> wafers (200 nm + 5 % Thermal Oxide) were
cleaned with ethanol, rinsed with ultrapure water and plasma cleaned for 5 min prior to bilayer
exposure. An atomic force microscopy fluid cell (Bruker MTFML-V?2) was used to prepare the
substrates, and the cell was rinsed with 6 mL of buffer after the bilayer formation and nanosheet
interaction. Substrates were then left to air-dry before the measurements. SEM images coupled

with EDS were taken using 14 kV incident electron energy with the standard in-lens detector.

3.3. Results and Discussion
3.3.1. Nanosheet Attachment

SHG and QCM-D measurements showed no attachment of lithiated LiCoO, nanosheet to
the supported lipid bilayers. While the SHG limit of detection for the particles under investigation
here is not known, the QCM-D limit of detection is on the order of 1 ng/cm?. We therefore
proceeded to probe for the Li" ions of the LiCoO: nanosheets by using time-of-flight secondary
ion mass spectrometry (ToF-SIMS). ToF-SIMS has been previously applied in structural analysis
of lipid monolayers and bilayers.®®3° Figure 3.3 shows the ToF-SIMS spectra of 9:1
DMPC/DMPG bilayers before and after interaction with 5 mg/L of LiCoO> and NMC nanosheet
solution over the spectral region of interest (m/z 0-200). Following LiCoO, and NMC exposure
and rinse, the spectrum shows the presence of a mass peak at m/z = 7 corresponding to the atomic

mass of lithium.
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Figure 3.3. Normalized ToF-SIMS spectra of bilayers formed from 9:1 mixture of DMPC/DMPG
lipids in 0.01 M Tris buffer, 0.1 M NaCl at 23 °C, and pH 7.4 (m/z 0-200 range) (A) before the
addition of nanosheets (B) upon exposure to 5 mg/LL LiCoO> nanosheets and rinse with 0.01 M
Tris buffer solution in the presence of 0.1 M NacCl at 23 °C, and pH 7.4 (C) upon exposure to 5
mg/L NMC nanosheets and rinse with 0.01 M Tris buffer solution in the presence of 0.1 M NaCl
at 23 °C, and pH 7.4. Each spectrum is the average of three spectra taken on three different spots
for a given sample, repeated for three different samples, for a total of nine spectra averaged for (A)
and nine spectra averaged for (B) and three spectra averaged for (C). m/z = 184 corresponds to the
phosphocholine headgroup and is marked as an indication to the presence of the bilayer.
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To determine if the lithium peak was due to the attachment of Li* released from the

nanosheets or the nanosheets themselves, ToF-SIMS spectra over the spectral region of interest
(m/z 0-50) were acquired prior to the nanosheet exposure (Fig. 3.4A) and upon exposure of bilayer
formed from 9:1 mixture of DMPC/DMPG lipids to 1.0 mg/L LiCl (Fig. 3.4B). Figure 3.4A shows
no mass peak at m/z =7, which indicates that no lithtum was present at the bilayer surface prior to
particle exposure. Control experiments carried out with 1.0 mg/L LiCl solution reveals no lithium

present at the bilayer surface.
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Figure 3.4. ToF-SIMS spectra of bilayers formed from 9:1 mixture of DMPC/DMPG lipids in
0.01 M Tris buffer, 0.1 M NaCl at 23 °C, pH 7.4 (A) before exposure to LiCl (B) after exposure to
1.0 mg/L LiCl in 0.01 M Tris buffer with 0.1M NaCl at pH 7.4 and rinse with 0.01 M Tris buffer
solution in the presence of 0.1 M NaCl at 23 °C, and pH 7.4.



51
We also employed SEM/EDS to provide further evidence of nanosheets on the bilayer after

rinsing. Figure 3.5 shows the SEM image and the corresponding EDS spectra on different spots of
an ultraflat SiO, wafer with a bilayer prepared from a 9:1 mixture of DMPC/DMPG lipids.
Following nanosheet exposure and rinse, localized regions of the bilayer contained
LiCoO> nanosheets which were observed by SEM/EDS. Figure 3.5 shows that LiCoO> nanosheets
have distinct flake-like structures, which can be easily distinguished from larger cubic structures
of NaCl. EDS spectrum 1 in Figure 3.5 shows that the cubic structures exhibit Na (1.04 keV) and
Cl (2.62 keV) signals in EDS, further confirming our ability to distinguish the difference between
nanosheets and salt. EDS spectrum 2 in Figure 3.5 shows that in a region void of nanosheets or
salt features, only Si (1.84 keV) and O (0.52 keV) signals originating from the underlying
Si0; substrate are detected. EDS spectrum 3 in Figure 3.5 shows that the region of LiCoO»
nanosheets exhibits Co signals (0.79 and 7.65 keV). The identity of the peak at 3.4-3.5 keV that is
evident in the EDS spectra is not known. It is too far from Ca (3.69 keV) and K (3.312) to be either
of those elements. Evidence from ToF-SIMS data presented in Figure 3.3 and SEM/EDS data in

Figure 3.5 clearly show that our rinsing procedures do not remove the LiCoO; nanosheets.
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Figure 3.5. SEM/EDS image of a bilayer formed from 9:1 mixture of DMPC/DMPG in 0.01 M
Tris buffer, 0.1 M NaCl at 23 °C and pH 7.4 upon exposure to LiCoO> nanosheets and rinsing. The
large particle (“1”’) is NaCl, (“2”) is the ultraflat Si0, substrate, and the finer material (“3”’) consists
of LiCoO; nanosheets.
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3.3.2 LiCoO: Nanosheets Elicit Increases in SFG Signal Intensity from SLBs Made from 9:1

Mixtures of DMPC/DMPG Lipids

Having shown that LiCoO, nanosheets are likely to be present at the membrane surface,
we applied SFG spectroscopy to study their impact on molecular order along the lipid carbon
chains by using our recently described approach.’® Specifically, we applied SFG to probe the
structural changes among the methyl groups of the alkyl tails upon interaction with 5 mg/L of
LiCoO:. A representative SFG spectrum of a 9:1 DMPC/DMPG bilayer in 0.01 M Tris buffer in
the presence of 0.1 M NaCl at pH 7.4 is shown in Figure 3.6A. As we reported earlier,’* we
typically observe three vibrational features centered at 2875, 2907, and 2950 cm! remain invariant
with ionic strength between 0.001 and 0.1 M NaCl concentration. To probe the structural changes
of the bilayer, we monitor the 2875 ¢cm™!' peak, which can be attributed to the CH3 symmetric
stretch of the alkyl tails, as suggested by Liu and co-workers.'® 40 Upon interaction with the
LiCoO> nanosheet solution, the SFG spectrum of the bilayer shown in Figure 3.6B shows higher
intensity at 2875 cm™! relative to the signal of the bilayer before introduction of the nanosheets.
The spectral differences were determined by calculating the area under the 2875 cm! peak.?® This
result is robust over five measurements and consistently shows SFG signal intensity differences of
a factor of 2.0 = 0.7.

We further investigated the effect of nanosheet concentration on the observed SFG
responses. As detailed in the publication, 1 mg/L solution of LiCoO> does not significantly alter
the SFG intensity at the 2875 cm™! peak, while 10 mg/L solution increases the SFG signal intensity
by a factor of 1.5 £ 0.6. The observed SFG responses are concentration-dependent with 5 mg/L

concentration having the highest impact on the bilayer structure.
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Figure 3.6. Representative ssp-polarized SFG spectra of bilayers formed from a 9:1
DMPC/DMPG in 0.01 M Tris buffer, 0.1 M NaCl at 23 °C and pH 7.4 (A) before the addition of
nanosheets, (B) upon exposure to 5 mg/L of LiCoO, nanosheets solution (C) upon exposure to 5
mg/L of delithiated LiCoO, nanosheet solution.
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LiCoO> nanosheets have no C-H oscillators that would contribute to the SFG signal

intensity. Therefore, changes in the signal intensity are due solely to the structural changes
occurring at the bilayer surface upon nanosheet attachment. The measured SFG intensity depends
on the number of SFG-active C—H oscillators and their orientational average (Egs. 2.2.7 and 2.2.9,
see Chapter 2). Provided that lipids do not leave the bilayer, probing the SFG intensity differences
for a certain vibrational mode yields information about changes in bilayer symmetry. Single-
component supported lipid bilayers give readily detectable SFG signals due to the fact that
proximal leaflet borders the solid support and the distal leaflet borders the electrical double layer,
extending into solution. Yet, more SFG signal intensity is obtained from bilayers containing upper
and lower leaflets with different densities or lipid composition, as discussed by Anglin and
Conboy.*! The results shown here suggest that leaflet asymmetry may be induced upon addition
of the LiCoO; nanosheets to the bilayers formed from the 9:1 mixture of DMPC/DMPG.

Additional experiments to test this hypothesis are outlined below.

3.3.3. Delithiated LiCoO; Nanosheets Also Exhibit Strong SFG Responses from SLBs Made
from a 9:1 Mixture of DMPC/DMPG Lipids

Delithiated LiCoO> nanosheets elicit similar SFG response as the LiCoO» nanosheets
(Figure 3.6B). Although the delithiated nanosheets exhibit a near neutral {-potential (+0.5 + 1.2)
in contrast to the positive {-potential of LiCoO; (+12.9 £ 0.6 mV) at pH 7.4 (0.01 M Tris) in 0.1
M NaCl, adding them to the bilayers appears to elicit statistically similar increases in the SFG
responses (factor of 1.7 + 0.6 over three measurements).

Computational studies investigating the interactions between charged nanoparticles and
lipid bilayers with zwitterionic headgroups suggest that nonspecific adsorption of charged

nanoparticles onto phospholipid bilayers may lead to a change in the local phase (gel vs liquid
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crystalline) of the bilayer.*>* According to these simulations, positively charged particles are

predicted to raise the effective transition temperature of the bilayer by creating a less dense upper
leaflet. This situation is attributed to the van der Waals interactions between the positively charged
particles (Table 3.1) and the zwitterionic headgroups of the lipids. Wang and co-workers offered

a similar interpretation using data obtained from fluorescence microscopy,*346

which may
however have been influenced by the label-specific response modifications of supported lipid
bilayers that have been well established for some spin labels by Conboy and co-workers.*!

The gel-to-liquid crystalline phase transition temperatures for DMPC and DMPG are 24
and 23 °C, respectively. In this study, the spectra are collected at 22 + 1 °C, where the gel and the
liquid crystalline phases coexist.'®* However, it is not clear whether the observed response is a
consequence of a phase transition. The observed increases in the SFG signal intensity upon
nanosheet addition could also be due to bilayer asymmetry induced by rearrangement of the
negatively charged DMPG lipids upon the addition of positively charged nanosheets. The portion
of neutral or negatively charged nanosheets in the delithiated batch (recall the (-potential of +0.5
+ 1.2 mV, Table 3.1) may not interact with the bilayer, or the interaction may be dominated by
entropic contributions from solvent reorganization and is the subject of future studies. The impact

of the bilayer composition and the PG-specific effect on interaction will be discussed further in

the following two sections.

3.3.4. SLBs Made from Pure DMPC Lipids Resist Apparent Asymmetry Induction
To determine the effect of the negatively charged PG group on the SFG response from the
bilayers, we investigated the interaction of lithiated and delithiated LiCoO; nanosheets with

bilayers composed of only zwitterionic DMPC lipids (no DMPG present). Before the addition of
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the nanosheets, the pure DMPC bilayers exhibit vibrational features comparable to those obtained

from the bilayers formed from the 9:1 mixture of DMPC/DMPG.

As shown in Figure 3.7A, the SFG intensity observed for the pure DMPC bilayer changes
little upon exposure to LiCoO: nanosheets. This result indicates that, unlike the bilayers made
from 9:1 DMPC/DMPG mixtures, the nanosheets do not induce structural change in the bilayer
prepared from the purely zwitterionic PC lipids, at least as viewed by SFG spectroscopy under the
conditions of our experiment, and no interaction occurs between the pure DMPC bilayer and the
LiCoO> nanosheets. Although the bilayers remain intact in all cases, the observation that structural
anisotropy, as measured by SFG spectroscopy, occurs only in the presence of DMPG indicates that
the PG headgroup plays an important role in the interaction. Our experiment using bilayers
prepared from pure DMPC (the zwitterionic lipids) effectively rules out a possible density
difference between the distal and proximal leaflets as a sole mechanism for bilayer asymmetry,

provided that the nanosheets are indeed present.

3.3.5. SLBs Containing DMPC/DMPS Lipids Elicit Similar Responses to SLBs Containing
DMPC/DMPG Lipids

A similar response was observed when the DMPG lipids were substituted with DMPS
lipids in bilayers (Figure 3.7C). LiCoO: nanosheets were observed to increase the SFG signal
intensity from the 9:1 mixture of bilayers made of DMPC/DMPS lipids by a factor of 1.9 + 0.5
over three measurements. In the plasma membrane, phosphatidylserine (PS) lipids are restricted
predominately to the cytosolic leaflet, and the appearance of PS at the outer leaflet is associated
with apoptosis.*’*# Therefore, induced transbilayer movement of PS lipids from the inner to outer
leaflet is particularly important in eukaryotic cellular membranes as it signals the macrophages to

phagocytosize the cell.
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Figure 3.7. ssp-Polarized SFG spectra of bilayers formed from (A) 100% DMPC lipids, (B) 9:1
mixture of DMPC/DMPG lipids, (C) 9:1 mixture of DMPC/DMPS lipids (D) 8:2 mixture of
DMPC/DMPG lipids, before (green) and after (brown) exposure to 5 mg/L of LiCoO; in 0.01 M
Tris buffer, 0.1 M NacCl at 23 °C and pH 7.4.
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3.3.6. SLBs Made from an 8:2 Mixture of DMPC/DMPG Lipids Are Also Prone to

Nanosheet-Induced Asymmetrization

Our findings presented in previous sections for the bilayers prepared from the 9:1 mixture
of DMPC/DMPG and DMPC/DMPS led us to propose a mechanism in which the concentration
of the negatively charged PG (or PS) lipids within each leaflet changes upon nanosheet addition.
The resultant difference in the PG (or PS) concentration within the proximal vs the distal leaflet
would then constitute enough of a compositional asymmetry that the SFG signal increases could
be explained. To test this hypothesis, we increased the PG ratio in the bilayers. Figure 3.7D shows
that once LiCoO> nanosheets are added, bilayers formed from 8:2 mixtures of DMPC/DMPG
exhibit SFG signal intensity increases (a factor of 1.6 = 0.3 over three measurements).

Anglin and Conboy previously showed that the zwitterionic PC and the
phosphatidylethanolamine (PE) groups are susceptible to fast lipid flip-flop near the T.*' It has
also been shown that lipids having negatively charged PG headgroups are associated with
activation energy barrier lower than that of PC- and PE-terminated lipids which brings the
phospholipid headgroup in the hydrophobic interior of the bilayer,’*>! thus making negatively
charged DMPG lipids more prone to flip-flop when compared to zwitterionic lipids. It is our
interpretation that the electrostatic attraction between the positively charged LiCoO; nanosheets
and the negatively charged PG headgroups causes the DMPG lipids in the leaflet proximal to the
fused silica support (proximal leaflet and away from nanosheets) to flip to the distal leaflet (close
to nanosheets). This situation leaves the distal leaflet enriched in DMPG relative to the proximal
leaflet, thus leading to compositional asymmetry in the bilayer and a rationale for the observed
SFG signal intensity increases. A similar phenomenon of bilayer asymmetry induced by a surface-

associated polypeptide was earlier demonstrated by Brown and Conboy,*’ and here we show that
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the effect also occurs with lithiated and delithiated cobalt oxide nanosheets. Yet, there may be a

limit to leaflet enrichment with the negatively charged DMPG lipids.

The nanosheet-induced mechanism of compositional asymmetry in the bilayers also
explains why the SFG signal observed at around 2875 cm™ does not return—on average—to the
original intensity (factor of 1.4 + 0.8 over eight measurements) after rinsing with nanosheet-free
buffer solution (only three out of eight runs show that the SFG signal intensity returns back to the
original bilayer intensity). This result may be attributable to the negative charges on the fused silica
surface that may inhibit the negatively charged PG headgroups from returning to the proximal
leaflet. Yet, the more likely reason for the disruption of lipid order to persist after rinsing is that
the LiCoO> nanosheets are still present at the membrane following rinsing, as shown in the ToF-
SIMS spectra in Figure 3.3 and the SEM image in Figure 3.5. The latter interpretation is relevant
for biological cell membranes because they are not supported by silica substrates. Finally, we note
that the SFG signal above 3000 cm™!, which arises from the beginning of the O—H stretching
continuum of interfacial water molecules, becomes stronger upon addition of the nanosheets. We
attribute this response to differences in the interfacial water environment at the bilayer surface’?
before and after addition of the nanosheets, whose investigation is outside the scope of the present

study.

3.3.7. NMC Nanosheets with Similar Crystal Structure Do Not Induce Apparent Asymmetry

As mentioned in the introduction, we also examined the interactions of more complex
lithium intercalation compounds with the supported lipid bilayers. Specifically, we used
LiNi13Mn13Co01302, which is a commercially available cathode material. Unlike the previously
examined metal oxide nanosheets, we found that the SFG responses from bilayers formed from

our 9:1 mixture of DMPC/DMPG lipids at the H>O (0.1 M NacCl, 0.01 M Tris buffer, pH 7.4)/silica
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interface are invariant with bilayer exposure to 5 mg/L of NMC nanosheets (Figure 3.8C,

measurements made within 15 min of suspending the nanosheets). Although the NMC nanosheets
are similar to the other lithium intercalation compounds in shape and crystal structure, their (-
potentials (—19.5 = 1.4 mV) suggest that these nanosheets carry a negative surface charge. If the
NMC nanomaterial were to attach to the 9:1 DMPC/DMPG bilayers, then the negatively charged
DMPG lipids would avoid Coulomb repulsion by moving from the distal (close to NMC
nanomaterial) to the proximal (close to solid support) leaflet, due to the negative charge of the
Si0; substrate. This suggests that NMC does not interact with the 9:1 DMPC/DMPG bilayers
under the solution conditions used in our experiments. To obtain additional insight on the possible
environmental impact of NMC nanosheet formulations, we examined the role of phosphate in the
interaction. Phosphates are found in surface coatings of battery materials and are also present in
aquatic environments.'%? Figure 3.8D shows that the spectral features are retained for the bilayers
formed from a 9:1 mixture of DMPC/DMPG in the presence of 88.1 uM phosphate, which is
common to biological growth media. NMC exposure (5 mg/L) does not alter the SFG response in
the presence of phosphate either. The lack of changes in the SFG spectra upon NMC addition, with
or without phosphate present, suggests that structural and compositional rearrangements within
the supported lipid bilayers studied here are associated with high energy barriers that are not
overcome under the conditions of the experiments, or that NMC does not interact with the bilayer
in the first place. For the former case, we caution that more work is needed to quantify the amount

of NMC material at the interface, which is ongoing.
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Figure 3.8. ssp-Polarized SFG spectra of bilayers formed from 9:1 DMPC/DMPG at 23 °C, pH
7.4 (A) in 0.01 M Tris buffer, 0.1 M NaCl (B) in 0.01 M Tris buffer, 0.1 M NaCl, 88.1 uM
NaxHPO4, (C) upon exposure of 5 mg/L of NMC nanosheets in 0.01 M Tris buffer, 0.1 M NaCl
(D) upon exposure of 5 mg/L NMC nanosheets in 0.01 M Tris buffer, 0.1 M NaCl, 88.1 uM
NaxHPOg4 , and (E) after rinsing with 0.01 M Tris buffer, 0.1 M NaCl, 88.1 uM Na,HPOs. Spectra
are offset for clarity.
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3.4. Conclusions and Future Directions

In summary, we have presented experimental evidence for the induction of compositional
asymmetrization upon interaction of supported lipid bilayers prepared from 9:1 and 8:2 mixtures
of DMPC and DMPG with lithiated and delithiated LiCoO> nanosheets while maintaining 0.1 M
NaCl concentration and pH 7.4 through the use of 0.01 M Tris buffer. We find that lithiated and
delithiated LiCoO> nanosheets elicit increases in SFG signal intensity from 9:1 DMPC/DMPG
bilayers, which we interpret to be due to the enrichment of negatively charged DMPG lipids in the
bilayer leaflet closer to the positively charged LiCoO> nanosheets. Delithiated LiCoO; nanosheets
also exhibit strong SFG intensity increases from 9:1 DMPC/DMPG bilayers. This enrichment
process may be Coulomb-limited. Bilayers made from pure DMPC, in contrast, show no apparent
asymmetry induction, as reported by SFG spectroscopy, isolating the role of the negatively charged
DMPG lipids in inducing the attachment of these nanosheets and the concomitant bilayer
asymmetrization, provided that the nanosheets are indeed present. Finally, we find that exposure
of the bilayers to a related battery cathode material, NMC, does not result in changes to the SFG
responses, independent of whether the common coanion phosphate is present.

Studying how emerging nanomaterials projected to be widely used in the near future
interact with biologically relevant systems is key to understand the mechanisms of their
interactions.>* Doing so will enable the identification of possible negative consequences of
introducing such materials at very large scales into the environment. Specifically, the insight that
some cobalt oxide nanoformulations cause alterations to the compositional asymmetry in idealized
model membranes may represent a first step toward assessing the biological consequences of their
predicted widespread use. In addition, the findings presented herein contribute to molecular level

insights that we argue are necessary for developing formulations enabling the sustainable use of
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emerging nanotechnologies. Next, Chapter 4 will investigate how electrostatics and ion dissolution

impact the interactions of LiCoO: nanosheet interactions with SLBs.



CHAPTER 4

Evidence for Considerable Metal Cation Concentrations from Lithium Intercalation
Compounds in the Nano-Bio Interface Gap

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

Dogangiin, M.; Hang, M. N.; Machesky, J.; McGeachy, A. C.; Dalchand, N.; Hamers, R. J.;
Geiger, F. M. J. Phys. Chem. C 2017, 121 (49), 27473-27482.
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4.1. Introduction

In Chapter 3, we showed that lithium cobalt oxide (LiCoO>) nanosheets induce alterations
to the compositional asymmetry in two-component SLBs through electrostatic interactions. In
Chapter 4, we further explore the charge interactions by altering the (-potential of nanosheets and
changing the ionic strength of the solution. Yet, while many nanomaterials are poorly soluble in
water, dissolution of some transition metal oxide nanoparticles, including those containing TiO»,
Zn0, and CuO, in aqueous environments may result in cellular toxicity due to the release of Ti*",
Zn**, and Cu?" ions into solution.!? Indeed, previous work by Hang et al. demonstrated that the
toxicity of nanoscale lithium nickel manganese cobalt oxide (NMC) to the Gram-negative
bacterium Shewanella oneidensis MR-1 arises from the incongruent release of transition metal
ions (specifically Ni>* and Co?") into solution, as opposed to the nanoparticles themselves.?
Specifically, that study showed that Co?* significantly delayed the onset of exponential growth at
sub mg/L concentrations, while Li* had no effect on bacterial growth.? For simultaneous exposure
to both Li* and Co?*, total oxygen consumption remained unchanged. Subsequent research
investigated the impact of chemical composition of NMC on bacterial oxygen consumption,* and
how the surface structure of LiCoO, nanosheets can be altered to enhance phosphate binding,> so
as to decrease ion dissolution by an environmentally acquired surface coating.

In this Chapter, we aim to address the possible importance of ion dissolution from the
LiCoO> nanosheets for the induction of compositional asymmetry in supported lipid bilayers
(SLBs). To this end, we present results from vibrational SFG spectroscopy experiments sensitive
to how the chemical composition of SLBs may or may not change upon exposure to aqueous Li*
and Co?" ions. This study provides empirical evidence for a locally high concentration of ions

present at the bilayer-nanosheet gap and provide estimates for the dissolved ion concentrations at
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the interfacial region, which may ultimately be helpful for to abating potential environmental

impacts of nanomaterials used for energy storage.

4.2. Experimental Details
4.2.1. SLB Preparation

1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) and 1,2-dimyristoyl-sn-glycero3-
phospho-(1-rac-glycerol) (DMPG) were purchased from Avanti Polar Lipids and used without
further purification. Lipid bilayers from small unilamellar vesicles of pure DMPC as well as a lipid
mixture containing 90 mol% DMPC and 10 mol% DMPG were prepared on 3mm thick IR-grade
fused silica windows (ISP Optics) by the vesicle fusion method, as described in Chapter 3.
Experiments were carried out at room temperature (22 £ 1 °C). All SLBs were formed in (1) 0.01
M Tris, 0.1 M NacCl in the presence of 0.005 M CaCl>2H;0, (2) 0.01 M HEPES buffer and 0.1 M
NacCl in the presence of 0.005 M CaCl>2HO, or (3) 0.01 M Tris, 0.001 M NacCl in the presence
of 0.005 M CaCl>2H;0, at pH 7.40 + 0.03, and rinsed with Ca-free buffer following bilayer

formation.

4.2.2. Dynamic Light Scattering (DLS) of Nanosheets and Lipid Vesicles

Diffusion coefficients, electrophoretic mobilities, z-4verage hydrodynamic diameters (nm)
and apparent C-potentials for fresh suspensions (5 mg/L) of LiCoO; nanosheets and vesicle
solutions were determined using a Malvern Instruments Zetasizer Nano, with a He-Ne laser at 633
nm operating at a maximum of 5 mW. Electrophoretic mobilities determined from three
measurements, each consisting of 20 runs, were converted to {-potential by the Smoluchowski
model which simply assumes spherical particles.® We note that nanosheets have different aspect

ratios that might lead to deviations in the absolute values. Reported z-Average hydrodynamic
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diameters are the averages of three measurements, each consisting of 15 runs. For DLS

measurements, solutions (140 uL) were placed into low-volume, disposable cuvettes (Sarstedt,
Part No. 67.758). For {-potential measurements, solutions (1 mL) were transferred into a clear,
disposable folded capillary cell (Malvern Instruments, Part No. DTS1070).

Lipid vesicle stock suspensions were diluted to a concentration of 0.0625 mg/L in (1) 0.01
M Tris, 0.1 M NacCl, (2) 0.01 M HEPES buffer and 0.1 M NacCl, or (3) 0.01 M Tris, 0.001 M NaCl
at pH 7.40 = 0.03. Apparent (-potentials and z-average hydrodynamic diameters of small
unilamaller vesicles used in this Chapter are shown in Table 4.1. Details of bilayer characterization
have been reported in our previously published study.' LiCoO: nanosheets were synthesized by
Dr. Mimi Hang in the Hamers group and LiCoO> nanosheet suspensions were freshly prepared
before each experiment by sonicating in a solution of 0.01 M Tris or 0.01 M HEPES buffer in the
presence of 0.1 M NaCl or 0.001 M NaCl, at pH 7.40 + 0.03 for 10 minutes and vortexed for 30

seconds. DLS measurements were carried out within 10 min of suspending the nanosheets.

Table 4.1. Properties of small unilamellar vesicles (SUVs) of 9:1 mixtures of DMPC/DMPG
lipids 2

[NaCl] Buffering agent Apparent {-Potential z-Average Hydrodynamic
M) (0.01M) (mV) Diameter (nm)
0.001 Tris -18(2) 70(2)
0.1 Tris -12(1) 82(1)
0.1 HEPES -12(1) 83(1)

2All solutions were buffered to pH 7.4. Standard errors of the point estimates are given in the
parentheses.
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4.2.3. Nanosheet Imaging on SLBs

Leo SupraS5 VP scanning electron microscope (SEM) coupled with a Thermo Scientific
UltraDry energy-dispersive X-ray spectroscopy (EDS) detector was used to verify the attachment
LiCoO, nanosheets on SLBs formed from unilamellar vesicles prepared from a 9:1 mix of
DMPC/DMPG in Tris buffer on 5% thermal oxide ultraflat SiO, wafers.” In HEPES buffer, the
nanosheet attachment to SLBs was probed by SEM (Hitachi SU8040) coupled with an Oxford
Aztec X-max 80 EDS detector. The images were taken using 14 keV incident electron energy.
Ultraflat Si0,> wafers were cleaned with methanol, rinsed with Millipore water, and plasma cleaned
for 10 min prior to bilayer exposure. A custom-made Teflon flow cell which has a volume of 1
mL with the tubing was used to prepare the substrates. Substrates were then left to air-dry before

the measurements.

4.2.4. Metal Ion Dissolution from LiCoO, Nanosheets

A PerkinElmer Optima 2000 inductively couple plasma optical emission spectrometer
(ICP-OES) was used to determine metal concentrations of the LiCoO, nanosheets in aqueous
solutions held at 0.1M NaCl, 0.01M Tris and pH 7.4. To characterize metal ion release into the
solution, triplicate sample suspensions of LiCoO, at 5 mg/L concentration was prepared. After 4
hours, the suspensions were centrifuged at 4,700g for 10 minutes to remove most of the LiCoO»
nanoparticles in solution. The supernatants were then ultracentrifuged for 2 hours at 288,000g
using a Beckman Coulter Optima Ultracentrifuge with a SW-41 Ti Rotor to ensure removal of any
remaining LiCoO> nanoparticles. Concentrations of dissolved metal species in the resulting

supernatants were measured by ICP-OES. Stock solutions of LiCl and CoCl,.6H>0 in 0.01 M Tris
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buffer and 0.1 M NaCl at pH 7.4 at metal ion concentrations equivalent to those measured by ICP-

OES were used as described in the Results and Discussion section.

4.2.5. Concentration of Metal Ions at the Nanosheet/SLB Interface

Second harmonic generation (SHG) ¥ spectroscopy is used to quantify the metal ion
concentration at the interface. SHG studies reported here were carried out using the methods
described previously,®? using the s-in/all out polarization combination. Interfacial potential for the
bilayers made from a mixture of 9:1 DMPC/DMPQG lipids in 0.1M NaCl and 0.01 M Tris buffer at
10-11

pH 7.4 was found using the Gouy-Chapman Equation

6 =0.1174 1"? sinh (19.46 @) Eq. 4.1
In our recent work by Troiano et al., the surface charge density (G) was calculated to be — 0.11 £
0.06 C/m? for the bilayer.!? Thereon, the interfacial potential (®) is found to be — 0.177 V. By

applying these values to the Eq. 4.1., the ratio of the adsorbed ion concentration to bulk ion
concentrations, respectively, is found to be up to three orders of magnitude, for monovalent
cations. This indicates that the Li" ion concentration at the nanosheet/bilayer interface is likely to

be higher that the bulk solution concentration determined by ICP-OES measurements.

4.3. Results and Discussion
4.3.1. LiCoO: Nanosheet Interactions with SLBs Formed from 9:1 Mixtures of
DMPC/DMPG Lipids Depend Critically on {-Potential at 0.1 M NaCl

We first examined the effect of buffer choice and (-potential on nanosheet-bilayer
interactions (Table 4.2). While LiCoO> nanosheets suspended in 0.1M NaCl, 0.01 M Tris buffer
exhibit positive {-potentials (+12.9 = 0.6 mV),” they were found to exhibit negative {-potentials

(—19.4 = 1.8 mV) when suspended in solutions prepared using 0.1M NaCl and 0.01 M HEPES
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buffer. This difference in {-potentials for the two different buffers is putatively attributed to the

possibly surface-active nature of the Tris cation, which has been previously reported to be present
at silica and bilayer surfaces.”° This finding also highlights the importance of buffer choice when
studying oxide nanosheets at the nano-bio interface. Note that while the {-potentials of nanosheet
suspensions show differences in the two different buffers, the {-potentials of the vesicles formed
from the 9:1 mixture of DMPC/DMPG lipids used for preparing the supported lipid bilayers

studied in this work remain invariant in the two buffers (Table 4.1).

Table 4.2. Apparent (-Potentials® for Fresh Suspensions (5Smg/L) of LiCoO» Nanosheets in 0.001
M or 0.1 M NaCl and 0.01 M HEPES or Tris Buffer at pH 7.4 and Corresponding Observed
Changes in SFG Signal Intensity Upon Exposure of SLBs Made from 9:1 Mixtures of
DMPC/DMPG Lipids.

[NaCl] Buffering agent Apparent {-Potential Alsrg

M) (0.01M) (mV)

0.1 Tris +12.9+ 0.6 Increase by +2.0+0.7

0.1 HEPES -19.4 £ 1.8 No change
0.001 Tris -9.4+0.8 No change
0.001 HEPES -20.5+0.3 Not measured

“Estimate assumes spherical particles.
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We used SEM/EDS to provide evidence of LiCoO> nanosheet attachment to bilayers

formed from the 9:1 mixture of DMPC/DMPG used in these experiments.” Figure 4.1A shows the
SEM image and the corresponding EDS spectra of an ultraflat S10, wafer with a bilayer prepared
from a 9:1 mixture of DMPC/DMPG lipids in 0.1 M NacCl buffered at pH 7.4 using 0.01 M Tris
buffer. Following nanosheet exposure and rinse, the EDS data reveals localized regions of the
bilayer contained LiCoO> nanosheets, identified at 0.79 and 7.65 keV for cobalt, that are readily
distinguished from Na (1.04 keV) and Cl (2.62 keV) signals originating from the cubic feature
seen in the image and Si (1.74 keV) and O (0.52 keV) signals from the underlying SiO. substrate.

Switching from Tris to HEPES buffer would be expected to lead to some degree of
Coulombic repulsion between the negatively charged bilayers and the LiCoO» nanosheets, which
carry a negative potential in HEPES buffer.’ Indeed, as shown in Figure 4.1B, the flake-like
LiCoO:; structures in HEPES buffer are present but in more confined regions compared to Tris.
EDS data shows the presence of LiCoO> nanosheets in localized regions, identified at 0.78, 6.92
and 7.65 keV for cobalt. Signals originating from the cubic feature seen in the image are from Na
(1.04 keV) and Cl (2.62 and 2.82 keV) and signals from the underlying SiO; substrate appear at

1.74 keV for Si and at 0.52 keV for O.
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Figure 4.1. SEM images and EDS spectra from numbered areas indicated of bilayers formed from
a 9:1 mixture of DMPC/DMPG in (A) 0.01 M Tris buffer, 0.1 M NaCl at 23°C and pH 7.4 upon
exposure to LiCoO» nanosheets (5 mg/L) and rinsing, and (B) 0.01 M HEPES bufter, 0.1 M NaCl
at 23°C and pH 7.4 upon exposure to LiCoO; nanosheets (5 mg/L) and rinsing.
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To probe the nanosheet-bilayer interactions in sifu, and under conditions of dynamically

changing aqueous flow, we proceeded to record vibrational SFG spectra of the supported lipid
bilayers before, during, and after exposure to the oxide nanosheets. Figures 4.2A and 4.2B show
representative SFG spectra of 9:1 DMPC/DMPG bilayers maintained in 0.01 M Tris and in 0.01
M HEPES buffer, respectively, both in the presence of 0.1 M NaCl at pH 7.4. Before the addition
of the LiCoO: nanosheets, the SLBs produce vibrational SFG spectra featuring comparable peak
positions at ca. 2980, 2930, and 2875 cm™!, where the 2875 cm™! peak which is attributed to the
CH3z symmetric stretch of the alkyl tails and the other two features are presumably due to
interference from the O—H stretches.” 1315 The contributions from the O—H stretching region to
the C—H stretching region will be discussed in Chapter 5.

We note that the relative signal intensities vary somewhat with choice of buffer. Unlike the
previously examined LiCoO; nanosheets suspended in Tris buffer, which show SFG signal
increases that are attributable to asymmetry induction in the membrane (Fig. 4.2A),” the SFG
responses from the bilayer remain invariant upon exposing it to LiCoO> nanosheets suspended in
0.01M HEPES buffer (Fig. 4.2B). A similar lack of a signal intensity change was observed when
NMC nanosheets, carrying a negative (-potential of -19.5 + 1.4 mV in 0.01 M Tris buffer and 0.1
M NaCl were exposed to bilayers formed from 9:1 mixture of DMPC/DMPG at 0.1 M NaCl.’
These two results suggest that negatively charged nanosheets do not induce compositional
asymmetry in supported lipid bilayers formed from 9:1 mixtures of DMPC/DMPG under the
solution conditions used in our experiments, a likely result of Coulombic repulsion, given that the

bilayers studied here carry a negative surface potential under the conditions of our experiments.’
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Figure 4.2. ssp-Polarized SFG spectra of bilayers formed from 9:1 mixture of DMPC/DMPG
lipids at 22 °C and pH 7.4 in (A) 0.1 M NaCl, 0.01M Tris buffer before (green) and after (black)
exposure to LiCoO, nanosheets (5 mg/L) (B) 0.1 M NaCl, 0.01M HEPES buffer before (green)
and after (black) exposure to LiCoO; nanosheets (5 mg/L) (C) 0.1 M NaCl, 0.01 M Tris buffer
(green), 0.01 M NaCl, 0.01M Tris buffer (blue) (D) 0.01 M NacCl, 0.01 M Tris buffer before (blue)
and after (black) exposure to LiCoO; nanosheets (5 mg/L).
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4.3.2. LiCo0O; Nanosheets Do Not Disturb SLBs Formed from 9:1 Mixtures of DMPC/DMPG

Lipids at Low Ionic Strength

To investigate the role of ionic strength on the oxide nanosheet-bilayer interactions, we
rinsed bilayers formed in 0.1 M NaCl and 0.01 M Tris buffer with a solution of 0.001 M NacCl in
0.01 M Tris buffer and subsequently exposed them at that low ionic strength to LiCoO> nanosheets
maintained in Tris buffer. Figure 4.2C shows that while the general lineshape of the SFG spectra
obtained at high vs. low ionic strength in the presence of 0.01 M Tris buffer is invariant with salt
concentration, the signal intensities tend to be higher at low salt concentration than at high salt
concentration. Figure 4.2D shows that exposing the SLBs to LiCoO; nanosheets suspended in
0.001 M NaCl and 0.01 M Tris buffer at pH 7.4, conditions for which the nanosheet C-potential is
—9.4 £ 0.8 mV (Table 4.2), leads only to insignificant SFG signal intensity changes. This outcome
is attributable to the notion that despite reduced charge screening at low ionic strength,
considerable charge-charge repulsion remains such that the oxide nanosheets cannot readily

approach the bilayer to induce chemical asymmetry, as probed by SFG spectroscopy.

4.3.3. Dissolution of LiCoO; Nanosheets in Aqueous Solution Releases Li* and Co?* Ions
Having established that LiCoO, nanosheets that carry a positive {-potential produce SFG
signal intensity increases that indicate the induction of chemical asymmetry within supported lipid
bilayers formed from 9:1 mixtures of DMPC/DMPG at 0.1 M NaCl, while those carrying a
negative (-potential do not (even though they are still present at the bilayer, as evidenced by SEM,
Fig. 4.1), we proceeded to further investigate the fundamental interactions that lead to chemical
asymmetry in bilayers exposed to oxide nanosheets. Our prior work’ established that bilayers
prepared from purely zwitterionic lipids do not produce SFG signal intensity changes upon

exposure to LiCoO> nanosheets under conditions of 0.1 M salt and 0.01 M Tris buffer, while those
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prepared from mixes containing 10 mol% of the negatively charged lipids PS or PG do. This

finding pointed to the importance of the lipids with negatively charged headgroups in the bilayer.
Motivated by the extent of oxide dissolution reported for nanoscale lithium nickel manganese
cobalt oxide by Hang et al.,’ we asked whether the LiCoO, nanosheets studied in this present work
could release metal cations directly into the membrane-nanosheet gap, where those metal cations
(as opposed to the actual nanosheets) could interact with the lipids to produce the observed SFG
signal intensity changes described here.

Incongruent oxide dissolution may release metal cations in amounts that depend on the
intrinsic properties of the oxide (e.g., chemical composition and particle size) as well as the
aqueous solution conditions (e.g., pH, temperature, ionic strength).'® Under the conditions of our
experiment (0.1 M salt, 0.01 M Tris buffer, pH 7.4, and room temperature), ICP-OES
measurements (Table 4.3) carried out by Dr. Mimi Hang from the Hamers group show, for
suspensions of 5 mg/L LiCoO:s stirred for four hours, dissolved Li ions at 0.124 £+ 0.002 mg/L and
dissolved Co ions at 0.042 = 0.001 mg/L. Table 4.3 also shows that the extent of dissolution is
fairly comparable for conditions of 0.001 M salt and 0.01 M Tris buffer. Ion dissolution for the
condition of using HEPES buffer is comparable to that of Tris buffer.

Given the above findings, any experiment testing whether the presence of dissolved ions
from the LiCoO; nanosheets cause the observed SFG signal intensity increases produced by the
bilayers upon exposure to the nanosheets should then start with sub-mg/L concentrations of Li and
Co ions dissolved in 0.1 M salt solution maintained at pH 7.4 using 0.01 M Tris buffer. Controls
for chloride and any minor changes in ionic strength would be provided by adding sub-mg/L
amounts of NaCl to the 0.1 M salt solution while monitoring the SFG spectra obtained from the

bilayers. The following two sections present the results from those experiments.
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Table 4.3. Measured Concentrations of Ions Produced by Dissolution in a 5 mg/L Solution of
LiCoO: Nanosheets.?

Buffer Dissolved metal ion concentration (mg/L)
Li (mg/L) Li (uM) Co (mg/L) Co (uUM)
0.1 M NacCl, 0.124 £ 0.002 17.86 +0.29 0.042 £ 0.001 0.71 £0.01
0.01M Tris
0.001 M Nac(l, 0.206 = 0.001 29.68 +£0.20 0.029 £ 0.001 0.49 £ 0.05
0.01M Tris
0.1 M NacCl, 0.283 = 0.004 40.77 £ 0.61 0.035 £0.004 0.59 £0.07
0.01M HEPES

2The mean and standard deviation of three replicate samples are listed for the measured values.

4.3.4. Sub-mg/L Concentration of Aqueous Metal Ions Found in Bulk Nanosheet Solution Do
Not Induce Apparent Bilayer Asymmetry from SLBs Formed from 9:1 Mixtures of
DMPC/DMPG Lipids

As shown in Figures 4.3A and 4.3B, the presence of Li* and Co?" ions at concentrations
determined by ICP-OES to be relevant for LiCoO> nanosheet dissolution in high ionic strength
does not produce significant SFG signal intensity increases in the spectra obtained from the
bilayers. We further investigated possible combined ion effects by introducing a solution
containing both Li* and Co?" ions using the concentrations determined in the dissolution
experiments. Figure 4.3C shows negligible changes in the SFG spectra upon exposing bilayers to
aqueous solutions under those conditions as well. Controls shown in Figure 4.3D indicate no

change in the spectral lineshape when adding even one mg/L. NaCl to the aqueous solution.
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Figure 4.3. ssp-Polarized SFG spectra of bilayers formed from 9:1 mixture of DMPC/DMPG
lipids before (green) and after exposure to (A) 0.1 mg/L Li* (black), (B) 0.05 mg/L Co?** (purple),
(C) a mixture of 0.1 mg/L Li" and 0.05 mg/L Co?* (black), and (D) 1 mg/L NaCl (dark green), all
in 0.01 M Tris buffer, 0.1 M NacCl, and at 22 °C and pH 7.4.
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4.3.5. Elevated Concentrations of Aqueous Metal Ions Elicit Increases in SFG Signal

Intensity from SLBs Formed from 9:1 Mixtures of DMPC/DMPG Lipids

Although ICP-OES measurements yield information about dissolved ion concentration in
the solution phase, these concentrations do not necessarily correlate to the effective concentration
of ions at the bilayer/nanosheet interface. We therefore exposed bilayers prepared from a 9:1
mixture of DMPC/DMPG to Li* and Co?" ion concentrations 10 times above those determined in
the nanosheet dissolution studies, at a total salt concentration of 0.1 M and at pH 7.4, maintained
using 0.01 M Tris buffer. As shown in Figures 4.4A and 4.4B, the use of elevated ion
concentrations indeed produced significant SFG signal intensity increases for the case of Li* and
Co?" ions. Again, these results are for solution conditions of 0.01 M Tris buffer and 0.1 M NaCl.
This result is robust over three measurements.!” Given the salt control (shown in Figure 4.3D), this
outcome appears to point towards a role of ion specificity. The interaction appears to involve the
negatively charged PG headgroup, as the introduction of 0.5 mg/L solution of Co?" shown in
Figure 4.4C respectively does not significantly alter the SFG signal intensity from bilayers
composed of purely zwitterionic DMPC lipids, as shown in Figure 4.4C. Furthermore, Figure 4.4D
shows that the increases in SFG signal intensity upon exposure to 0.5 mg/L Co?" persist even upon
rinsing.

Cation bonding to the backbone of peptides has been reported to depend on the hydration
shell of the cation, with well-hydrated divalent cations showing stronger binding than weakly
hydrated monovalent cations.'® Similarly, the tendency of ions to interact with lipids in the bilayer
membrane depends on the strength of their hydration shell,'*2° with anionic lipids typically more
prone to strong interactions with metal cations than zwitterionic lipids because of attractive

Coulombic forces.?! McLaughlin and coworkers showed that Co?" forms strong complexes with
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Figure 4.4. ssp-Polarized SFG spectra of bilayers formed from 9:1 mixture of DMPC/DMPG
lipids before (green) and after exposure to (A) 1 mg/L Li* (black), (B) 0.5 mg/L Co?" (purple). (C)
ssp-Polarized SFG spectra of bilayer formed from 100% DMPC lipids before (green) and after
exposure to 1 mg/L Li" (black). (D) ssp-Polarized SFG spectra of bilayers formed from 9:1 mixture
of DMPC/DMPG lipids before (green) and after exposure to 0.5 mg Co?* and rinsing. All data
recorded in 0.01 M Tris buffer, 0.1 M NaCl, and at 22 °C and pH 7.4.
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phoshatidylglycerol (PG) and phosphatidylserine (PS) lipids.?>?* Li* also forms strong, high

melting dehydrated metal ion-PS complexes and induces bilayer hydrocarbon chain crystallization
at higher concentrations.”*?° Since Co?* is more strongly hydrated than Li*, with hydration
enthalpies of 2113 and 545 kJ/mol, respectively,?® we expect a stronger interaction of Co?* with
negatively charged lipid headgroups or an interaction with the headgroup at a lower ion
concentration. Yet, we observe compositional asymmetry induced by Co?" at comparable ionic
strengths under the conditions of our experiments. A more detailed analysis of the binding
thermodynamics and electrostatics, including the determination of the number of cations bound

per unit area within the nano-bio interface gap is found in Section 4.3.6.

4.3.6. Quantifying Co*" Adsorption Thermodynamics and Electrostatics in the Nano-Bio-
Interface Gap

2731 second harmonic generation (SHG) y©®) measurements can yield

As shown previously,
important information about binding thermodynamics and electrostatics.!> 3233 Fellow graduate
students, Alicia McGeachy and Naomi Dalchand collected SHG spectroscopy adsorption
isotherms (Figure 4.5A) in which the SH signal intensity is monitored as a function of Co**
concentration in the presence of SLBs formed from DMPC and a 9:1 mixture of DMPC/DMPQG at
a constant salt concentration of 0.1 M allow us to explore the role of PG-lipids in promoting Co**
adsorption, to estimate the adsorption Gibbs free energy and the interfacial charge density, and to
investigate reversibility, thereby demonstrating the wide utility of the ¥ method for studying the
nano-bio interface. Figure 4.5A shows the adsorption of Co?" to single-component lipid bilayers

formed solely from DMPC results in little change in the SHG intensity as the Co?" concentration

is raised. This finding is similar to the SFG spectroscopy result presented in Figure 4.4C, which
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shows negligible SFG intensity changes upon exposure of bilayers formed from pure DMPC to

Co*" ions.

Figure 4.5A also shows the Co?" adsorption isotherm to bilayers formed from a 9:1 mixture
of DMPC and DMPG, revealing that the addition of just 10% of PG-terminated lipid leads to
substantial SHG losses as the Co*" concentration is raised. These results are consistent over
triplicate measurements on individually formed bilayers of both compositions and consistent with
previous studies that indicate divalent cations bind preferentially to anionic phospholipids.?? 3638
From the SHG adsorption isotherm and the extracted charge density, it is possible to determine the
number of ions present at the interface at the concentration at which we observe the SFG signal
intensity increases displayed in Figures 4.4B and 4.4D. At 100 mM salt concentration, charge
densities are estimated from SHG adsorption isotherms using electrostatic and adsorption models

like the combined Gouy-Chapman/Langmuir expression shown in Equation 4.1.'2

2
2 k-1 Kads[M] 8.44
Iene o |Espg? o |A + Bsinh [(00 + Ogas {1+Kads[M1}) ( W)H Eq. 4.2

Here, Isug and Eshg are the second harmonic intensity and second harmonic electric field,
respectively, gyis the charge density of the 9:1 DMPC/DMPG bilayer, g,,4 1s the charge density
of the adsorbed Co?* at saturation coverage, Kauqs is the apparent equilibrium constant of Co?*
adsorption in liters per mole, M is the bulk Co?" concentration in moles per liter, and Cec is the
background electrolyte concentration (0.1 M NaCl) in moles per liter. As discussed in previously
published work,'?> A and B, which contain the second- and third- order nonlinear susceptibilities
of the system, and the incident electric field at the fundamental frequency and are treated as

constants in our approximations and estimations. The applicability of the Langmuir adsorption
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model in our case is justified by the observation of near quantitative reversibility in the

Co**/bilayer interaction (Fig. 4.5B).

Fitting Equation 4.2 to the SHG adsorption data yields a Co?* charge density of 0.1 + 0.02
C/m?, corresponding to roughly 3x10'? ions/cm? at maximum surface coverage if each ion carries
a +2 charge. A charge density of 0.1 C/m? for Co*" adsorption implies that the surface charge of
the SLB is neutralized, as we have previously determined that SLBs formed from 9:1
DMPC/DMPG carry a surface charge density of approximately —0.1 C/m?2.% !> Thus, cobalt ion
adsorption to SLBs formed from 9:1 mixtures of DMPC and DMPG appears to result in charge
neutralization at the interface. Using the equilibrium constant obtained from the SHG adsorption
isotherm shown in Figure 4.5 (1760 + 290 M), and applying 55.5 M as the standard state for
adsorption from solution,*® AG°?*,qs is estimated to be —28 + 0.4 kJ/mol. This value is comparable
to our previous estimates for divalent metal ions binding to mineral oxide surfaces.’* 404! While
there are several studies exploring the adsorption behavior of Ca?", Ni**, and Mg?" to

36-38,42 and given the ultra-trace concentrations of cobalt in living systems,* little

phospholipids,
effort has been made to elucidate cobalt adsorption to phospholipid model systems or actual cells
in terms of Gibbs free adsorption energies or quantitative surface coverages and electrostatics prior
to this work.

From the Co?" isotherm shown for the SLBs formed from 9:1 DMPC/DMPG (Fig. 4.5A),
we estimate that ca. 2 x 10'> Co?* ions per cm? are present at the interface under the conditions for
which we observe the SFG signal intensity increases when the bilayer is exposed to 0.5 mg/L, or
~8.5 uM, CoCl, (Figure 4.4). Given the comparable SFG signal intensity increases when the

bilayer is exposed to this CoCl, concentration and when it is exposed to 5 mg/L solutions of

LiCoO> nanosheets under otherwise identical buffer and ionic strength conditions, then, we



Normalized EgHG [a.u.]

Normalized Egng [a.u.]

1.00 —

0.95 —

0.90

0.85

0.80
10

1.2

-10

I
10

ST

CoCl, [M]

1.1

0.9

1.0 _‘(m'w\fv'\

40x10”

30

N
o
[Muw] Jemod

|
RN
o

0.8

30
Time [min.]

60

85

Figure 4.5. (A) Normalized SHG E-field as a function of bulk cobalt chloride concentration in the
presence of supported lipid bilayers formed from DMPC (open circles) and 9:1 mixtures of DMPC
and DMPG (filled circles) at 0.1 M NaCl (0.01 M Tris buffer, pH 7.4), and fit of the combined
Gouy-Chapman and Langmuir model (solid black line). (B) Time trace of the normalized SHG E-
field (left-axis) with a sliding average of 10 seconds (gray) and 50 seconds (black) and incident
laser power (dots, right-axis) before and during the exposure of a SLB formed from a 9:1 mixture
of DMPC and DMPG at 0.1 M NacCl (0.01 M Tris buffer, pH 7.4) to 0.001 M cobalt chloride at
t=53 min, followed by rinsing in cobalt-free buffer at t=80 min.
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estimate that a ca. ten-fold enhancement of Co?" ions in the nano-bio interface gap when compared

to the free Co?" ion concentration in 5 mg/L solutions of LiCoO, nanosheets in 0.1 M salt and 0.01
M Tris buffer without bilayers present.

As stated above, Figure 4.5B reveals that cobalt adsorption to supported lipid bilayers
formed from 9:1 mixtures of DMPC/DMPG lipids is nearly completely reversible under the
conditions explored. In contrast, the SFG experiments we report do not show reversibility, as
indicated by the retention in the spectral intensity and lineshapes shown in Figure 4.4D. These
results, taken together, imply that while cobalt ions appear to reversibly adsorb to the bilayer
surface, as monitored by SHG spectroscopy, the induced lipid asymmetry upon interaction persists,

as revealed by SFG spectroscopy.

4.4. Conclusions and Future Directions

In conclusion, we have investigated the role of electrostatics on the interactions between
redox active nanomaterials and supported lipid bilayers. We found that the interactions of LiCoO>
nanosheets with bilayers formed from 9:1 mixtures of DMPC/DMPG depend critically on the (-
potential of the nanosheets and the ionic strength. By studying metal ion dissolution from LiCoO>
nanosheets, additional information on the mechanism of induced bilayer asymmetry was obtained.
Specifically, we found that sub-mg/L concentrations of aqueous metal ions (Li* and Co®*) found
in bulk LiCoO; solution do not change the bilayer structure. However, elevated concentrations of
aqueous metal ions in the 1 mg/L concentration regime were found to produce SFG signal intensity
changes commensurate with induction of compositional asymmetry in the supported lipid bilayers
studied here. This outcome is consistent with the notion that the induction of the bilayer asymmetry
by LiCoO: nanosheets occurs through a non-contact mechanism that involves primarily the

interaction of negatively charged lipids with dissolved ions concentrated within the electrical
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double layers present at the nanosheet/bilayer gap. Surface coverage estimates of the Co?* ions

within this nano-bio interface gap were obtained by SHG spectroscopy and found to correspond
to ca. 2 x 10'? Co*" ions per cm? for the conditions of nanosheet concentrations that induce
membrane asymmetry. SHG and SFG spectroscopy together indicate the observed effects to be
specific to the negatively charged DMPG lipids, as bilayers formed purely from zwitterionic
DMPC lipids show none of the effects described for the bilayers that contain DMPG. The
observation that just 10% of DMPG lipids lead to the effects described here indicates the ion-lipid
interactions are of considerable strength, which is the subject of ongoing work. Whether other lipid
types have similar specific interactions with transition metal ions like Co** is the subject of
ongoing work.

Our findings provide opportunities for mitigating non-contact interactions between natural
and engineered nanomaterials and biological interfaces. Computational studies aimed at
elucidating the thermodynamics of phosphate passivation of LiCoO> indicate that such an
approach is in principle feasible.” We therefore suggest that reducing ion dissolution from lithium
intercalation compounds, such as the one studied in this work, by intentional surface modifications
may provide a path forward for enabling the design of new energy storage materials with reduced
environmental impacts through controlled release mechanisms. Next, Chapter 5 will report
vibrational SFG spectra in which the C—H stretches of lipid alkyl tails in fully hydrogenated single-
and dual-component supported lipid bilayers are detected along with the O-H stretching

continuum from water molecules located above the bilayer.



CHAPTER 5

Hydrogen Bond Networks Near Supported Lipid Bilayers from Vibrational Sum
Frequency Generation Experiments and Atomistic Simulations

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

Dogangiin, M.;* Ohno, P. E.;* Liang, D.;* McGeachy, A. C.; B¢, A. G.; Dalchand, N.; Li, T.;
Cui, Q.; Geiger, F.M. J. Phys. Chem. B 2018, 122 (18), 4870-4879.
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5.1. Introduction

In the previous chapters, we focused on probing the C—H stretches of lipid alkyl tails to
determine structural changes in SLBs. In this chapter, we report how to apply this approach to
probe the C—H stretches of the alkyl tails in fully hydrogenated single- and dual-component SLBs
along with the O—H stretching continuum of the H-bond network system in the electrical double
layer to capture changes in the interfacial water structure.

The structure of water over lipid membranes is of interest for a variety of reasons that are
rooted in fundamental scientific interest and connect all the way to biological function and
technological applications.!® Specific questions pertain to whether there exist populations of
interfacial water molecules that can undergo hydrogen-bond (H-bond) interactions with certain
membrane constituents that can be strengthened or weakened with variations in ionic strength, or,
as indicated by molecular dynamics simulations,> whether some population of water molecules
exists that may interact specifically with certain lipid headgroups over others.

While interface-specific vibrational spectroscopic approaches, particularly those that are
based on sum frequency generation (SFG), are in principle well suited for probing water near

membranes, this method has been largely limited to probing lipid monolayers'> -1

chemically
asymmetric bilayers,?*?? or the use of D,O as opposed to H»0.?>° Indeed, the use of SFG
spectroscopy for probing fully hydrogenated lipid bilayers is now just emerging. Part of the reason
for this relatively new application of vibrational SFG spectroscopy to probe chemically
unmodified lipid bilayers is rooted in the symmetry-breaking requirement of the method,?® which
has limited its use largely to asymmetric bilayers consisting of a deuterated and a hydrogenated

leaflet, or lipid monolayers, as stated above. SFG signals generated by asymmetric membranes

(deuterated leaflet on one side and hydrogenated leaflet on the other side, or aliphatic lipid tail on
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one side and polar headgroup on the other) are strong enough to be detectable using low-repetition

rate, low peak power laser systems most commonly used in the field. Two studies known to us
also report SFG spectra of unlabeled symmetric lipid bilayers, demonstrating their low signal
yields when compared to labeled bilayers.?’-2® The work presented in Chapters 3 and 4 have shown,
in the C-H stretching region, that commercially available broadband optical parametric amplifier
laser systems running at modest (kHz) repetition rates can overcome these limitations, 23! with
reasonably high signal-to-noise ratios obtained in just a few minutes of spectral acquisition time.
The work presented in Chapter 5 probes lipid tail order and disorder while also informing
on changes in the H-bond network strength that result from changes in the bulk ionic strength up
100 mM NaCl. Moreover, by varying the lipid bilayer composition from 100% zwitterionic lipid
to an 8:2 mixture of zwitterionic and negatively charged lipids, we identify specific H-bond
interactions between water molecules and the lipid headgroup choline moieties that manifest

themselves in spectral intensity changes in the 3100 cm™ to 3200 cm™! range.

5.2. Experimental Details.
5.2.1. SFG Approach

Details of our SFG approach and experimental setup for probing condensed matter
interfaces in the combined C-H and O-H stretching regions have been explained in Chapter 2.
Further details regarding spectral acquisition and analysis procedures are also provided in Chapter
2. All SFG spectra were collected using the near total internal reflection geometry and the ssp
polarization combination (s-polarized SFG, s-polarized 800 nm light, p-polarized IR light). All
SFG spectra were recorded in triplicates and normalized to the ppp-polarized SFG response
obtained from a gold window. To cover the full spectral range of interest, multiple spectra are

collected at different IR center wavelengths before being combined into a single spectrum.
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5.2.2. SLB Preparation

1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) and 1,2-dimyristoyl-sn-glycero-3-
phospho-(1-rac-glycerol) (DMPG) were purchased from Avanti Polar Lipids and used without
further purification. Lipid bilayers from small unilamellar vesicles of pure DMPC, lipid mixtures
containing 90 mol% DMPC and 10 mol% DMPG, and 80 mol% DMPC and 20 mol% DMPG were
prepared by the vesicle fusion method, as described earlier,?® 3!-* on 3 mm thick calcium fluoride
windows (ISP Optics, CF-W-25-3).

Experiments were carried out at room temperature (21 + 2 °C). All SLBs were formed at
0.01 M Tris buffer and 0.1 M NaCl in the presence of 0.005 M CaCl>-2H>O at pH 7.40 = 0.03.3*
Following bilayer formation, SLBs were rinsed with Ca-free buffer to remove excess vesicles. The
spectra were recorded at two different ionic strengths. Before the preparation of aqueous solutions,
Millipore water was left overnight to equilibrate with atmospheric CO,. The solution pH was
measured for each salt concentration and the pH was adjusted to 7.4 with minimal NaOH and HCI
before the solutions were flowed across the interface resulting in ionic strengths of ~10 uM and

0.1 M for the Millipore solution and NaCl solution, respectively.

5.2.3. FRAP Measurements

Two-dimensional diffusion coefficients, which can serve as a metric for bilayer quality,
were estimated using fluorescence recovery after photobleaching (FRAP). FRAP measurements
and sample preparation were carried out in a manner consistent with our previous approach.?’ The
information for the experimental methods are detailed in the main text and supporting information
of Dogangiin ef al. J. Phys. Chem. B 2018, 122, 4870. Here, we report the diffusion coefficients

recorded by fellow graduate student Alicia McGeachy.
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For SLBs formed from a 9:1 mixture of DMPC/DMPG lipids, we find diffusion

coefficients on the order of 0.5 + 0.2 um?/s (13 replicates over two samples) after rinsing with 0.1
M NaCl, 0.01 M Tris buffer, which is consistent with our previously reported two-dimensional
diffusion coefficients®® and indicates that a well-formed bilayer is produced from the
abovementioned method.*>*7 Upon rinsing with pH-adjusted Millipore water with no added salt,
we find that the diffusion coefficient for SLBs formed from 9:1 mixtures of DMPC/DMPG lipids
are on the order of 0.03 = 0.01 pm?/s (6 replicates over 1 sample). The diffusion coefficient for
SLBs formed from pure DMPC lipids on calcium fluoride is 0.4 + 0.2 um?/s (6 replicates over two
samples) after rinsing with 0.1 M NaCl, 0.01 M Tris buffer. After rinsing with pH adjusted
Millipore water, we find a diffusion coefficient of 0.07 £ 0.02 um?/s (4 replicates over two
samples). For SLBs formed from 8:2 mixtures of DMPC/DMPG lipids, the diffusion coefficient
on calcium fluoride is 0.07 £ 0.04 um?/s (6 replicates over one sample) after rinsing with 0.1 M
NacCl, 0.01 M Tris buffer. These results indicate the bilayers transition between the gel and fluid

phases, irrespective of the nature of the underlying substrates (CaF» vs fused silica).

5.2.4. Computational Methods

Molecular dynamics (MD) simulations for investigating the structure of the H-bond
network near the lipid-water interface were performed by graduate student Dongyue Liang in the
Cui group using the CHARMM-GUTI?® input generator to set up the DMPC and 9:1 DMPC/DMPG
systems. The first and second moments of the distribution of water orientations was analyzed as a
function of distance from the membrane-water interface. Given the importance of atomistic
calculations in supporting the SFG experiments presented in this thesis, we will briefly discuss the

results of the MD simulations. The details of the computational methods, the mass density
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distribution, and the two-dimensional distribution plots can be found in Dogangiin et al. J. Phys.

Chem. B 2018, 122, 4870.

5.3. Results and Discussion
5.3.1. Single-Component Zwitterionic Supported Lipid Bilayers

Figure 5.1 shows the ssp-polarized SFG response from the pure DMPC bilayer without
added salt. At this low ionic strength (~10 uM), we find clear spectral signatures from the C—H

29.31.34 35 well as broad contributions from the O—H stretches of the

oscillators of the alkyl tails,
water molecules. The non-zero signals are due to the fact that the molecular environment above
and below the bilayer is not fully symmetric, as would be expected for a suspended bilayer. Instead,
symmetry breaking occurs due to the presence of the aqueous phase on one side and the solid
support on the other. The frequencies corresponding to the signal peaks in the C—H stretching
region shown in Figure 5.1 are comparable to the ones we observe for SLBs formed on fused silica
substrates 2% 3134 The two broad features in the O—H stretching continuum located at ~3200 cm’!
and ~3400 cm™! are associated with bandwidths (full width at half maximum) of about 200 cm™'.
The peak positions are within 50 cm™! of what has been reported for water spectra obtained from

symmetric bilayers prepared from negatively charged lipids on CaF,.?® The difference is attributed

to the fact that our current experiments use bilayers formed from purely zwitterionic lipids.
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Figure 5.1. ssp-Polarized SFG spectrum of an SLB made from pure DMPC lipids in contact with
low-ionic strength water adjusted to pH 7.4. The data below 3000 cm™' have not been binned to

preserve the C—H stretching region, while they were binned over nine points in x and y between
3000 cm™! and 3800 cm™.
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Replacing the H>O phase with D>O while maintaining low ionic strength, shown in Figure

5.2, leads to the C—H oscillators retaining their frequencies while the O—H stretching continuum

is entirely absent. This experiment indicates that 1) there are no exogenous photon sources

contributing to the SFG response from the bilayer under water (H>O), and 2) that H>O that may be

possibly trapped between the bilayer and the substrate is readily exchanged or associated with too

little SFG intensity to be detectable by our method. Control experiments assessing the possible

role that CaF» dissolution could have on the spectra*®*° (see Fig. 5.3) show that the presence of

the bilayer eliminates any flow-dependent changes in the SFG signal intensity produced by the

interfacial water molecules.

IsFg [a.u.]
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Figure 5.2. ssp-Polarized SFG spectra of an SLB made from a 9:1 mixture of DMPC/DMPG lipids
in 0.1 M NaCl on a CaF; window in H,O, pH 7.4 (green) and in D>O, pD ~7-8 (black) at 21 + 2
°C. Lines represent spectra binned by over nine points in x and y between 2800 cm™! and 3600

cml.
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Figure 5.3: ssp-Polarized SFG spectrum of neat water adjusted to pH 7.4 with a flow rate of 1.5
mL/min (blue) and with no flow (red) (A) for CaF,/water and (B) SLB/water interface (not-

normalized).



97

The O—H stretching continuum can be viewed as a display of the various O-H--O distances
sampled in the water network probed by the SFG spectrometer. As shown, for instance, by
Lawrence and Skinner,’® frequencies around 3200 ¢cm™! correspond to O-H stretches associated
with water molecules in tighter H-bond networks, where distances between the donor hydrogen
and acceptor oxygen atoms (H-O) are as short as 1.6 A or less. Towards 3400 cm™, the spectrum
samples water molecules in a considerably looser H-bond network, having H--O distances as long
as 2.1 A or so. Towards 3550 cm™, H-O distances can be as long as 2.4 A or more. At the very
end of the spectrum, near 3700 cm™!, would be the O—H stretch of non-H-bonded water molecules,
those that “straddle the interface”.>! Such signals are not identified within our signal-to-noise ratio,
even though they have been reported to be present in Langmuir monolayers prepared from DPPC
lipids.*?

Figure 5.4 shows the SFG spectrum from the supported lipid bilayer in comparison with
that of two other aqueous CaF» interfaces, namely that of bare CaF> in contact with ~10 uM ionic
strength water adjusted to pH 7.4, as well as bare CaF» in contact with water vapor in He flow
adjusted to 80% relative humidity. The SFG response from the bare CaF,/water interface is in
reasonable agreement with published data.*®> 3** We find that the peak positions from the
bilayer/water interface is blue-shifted by around 25 cm™! when compared to those obtained from
the bare CaF»/water interface. Additionally, the SFG spectrum from the CaF,/water vapor interface
exhibits a blue-shifted SFG spectrum when compared to the bilayer/water or CaF»/water interfaces,
consistent with the expectation that its hydrogen-bonding environment is looser than in the case

of bulk water in contact with the solids.>>?°
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Figure 5.4. Comparison of ssp-polarized SFG spectra from the CaF,/wet air interface (gray), the
CaF»/water interface (blue), and a CaF»-supported SLB prepared from pure DMPC lipids (green).
Lines represent spectra binned by over nine points in x and y between 2800 cm™ and 3600 cm’!.
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Upon increasing the ionic strength in the bulk aqueous phase, the sodium and chloride ions

can modify the H-bond network of water molecules in the bulk in ways that are the subject of
much past and ongoing scientific attention and discussion.>’-3¥ NaCl, whose anion and cation fall
right in the middle of the familiar Hofmeister series, are not necessarily expected to modify the H-
bond network over lipid bilayers at the relatively modest concentrations (0.1 M) employed here.
Moreover, ion-specific interactions with the lipids used in our work are unlikely to be strong under
the conditions of our experiments. Indeed, Figure 5.5 shows that the spectral changes we observe
in response to changes in the ionic strength are largely uniform over the entire frequency region
probed in our experiment (1000 cm™). Between 3000 cm™' and 3600 cm’!, the ratio of the SFG
spectral intensities at low (~10 uM) and high (0.1 M) ionic strength is computed to vary only
slightly, from 1.7 at 3000 cm™! to 2.3 at 3600 cm™! and back to 2.0 at 3700 cm™! (average of 2.1 +
0.2 over all frequencies). We find this slight frequency dependence of the SFG intensity ratio to
be indicative of a minor influence that the relatively modest salt concentrations used here even
under what we term “high salt” have on the various contributors to the H-bond network. This

interpretation is borne out in molecular dynamics simulations as well, which are summarized next.



100

les 1y ‘E):ISI o N
1[es o] ‘D:ISI

lseg [a.u.]

0.0 I

I

T T T |
2800 3000 3200 3400 3600 3800

Wavenumber [cm_1]

Figure 5.5: ssp-Polarized SFG spectrum of an SLB formed from pure DMPC lipids in Millipore
water with no added salt (circles) and with 0.1 M NacCl (solid circles) at 21 °C and pH 7.4. The
lines represent the data that have been binned by over nine points in x and y between 3000 cm’!

and 3600 cm™.
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To further explore the molecular details near the bilayer/water interface, in collaboration

with graduate student Dongyue Liang from the Cui group, we performed MD simulations for a
DMPC lipid bilayer with and without 0.15 M NaCl salt. We focus here on the analysis of the
interfacial water structure, specifically the orientation of interfacial water molecules and the O---O
distance of neighboring water molecules. According to the mass density distribution, the lipid-
water interface is identified at z ~ 20 A. In all cases studied, a small amount of water molecules
penetrates below the lipid/water interface to interact with the lipid glycerol groups (for a snapshot,
see Figure 5.6B). The distribution approaches the bulk value at ~8-10 A away from the lipid-water
interface. Nevertheless, the distribution of water orientation remains broad even at the interface,
which is likely due to the dynamic nature of the lipid headgroup. As a result, no statistically
significant difference is observed between the two DMPC cases studied, suggesting that the impact
of salt on the water orientation at the interface is subtle compared to the effect of thermal
fluctuations. Regarding the distributions of the nearest O---O distances among water molecules,
which reports on the hydrogen bonding strength, our results suggest again that the impact of salt

is small, supporting the observation from SFG analysis.
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Figure 5.6. Snapshots from MD simulation of a solvated DMPC lipid bilayer system. (B) The
snapshot illustrates the water molecules that penetrate below the phosphate-water interface and
engage in hydrogen bonding interactions with the glycerol oxygen in the lipid (z~10 A). Color
representations: water oxygen — red, lipid nitrogen — blue, lipid phosphorus — tan, carbon — green,
hydrogen — white.
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The SFG signal intensity reductions observed across the frequency range investigated here

as the salt concentration is raised from 10 uM to 0.1 M concentration levels are consistent with

absorptive-dispersive mixing between y'») and y'* contributions to the SFG signal generation

process, from charged interfaces according to%%-63
. Ak,
1 = 18+ 28+ e M p0),® Bq.52

surf ¥ izraie)?
Here, the first two terms are the non-resonant and resonant 2"-order susceptibility and the 3" term

is given by the inverse Debye screening length, k, the inverse of the coherence length of the SFG

process, Ak, and the interfacial potential, @(0), multiplied by the 3"d-order susceptibility. The x>
_ Ak, - :
phase angle o= arctan ( / K) can be estimated from Gouy-Chapman theory: at the low (resp.

high) salt concentration investigated here, k is 1 x 107 (resp. 1 x 10%) m’!, while our experimental
geometry leads to a Ak, of 2.4 x 107 m"!, which is invariant with salt concentration. The resulting
phase angle, derived by fellow graduate student Paul Ohno, is shown in Figure 5.7A.

In the absence of phase-resolved measurements, which are proving to be considerably
challenging at buried liquid-solid interfaces such as the ones studied here, it is difficult to
quantitatively examine the interfacial potential, even if one uses the 3™ order ()(t()i)lk) term recently
reported by Wen et al.®* that should be quite universally applicable for aqueous interfaces.
Moreover, it is perhaps not possible to prepare, in an experiment, a truly “zero potential” reference
state: even the fully protonated reference state of a carboxylic acid monolayer, commonly used as
a reference state in surface potential measurements,%® %4-6° is subject to dipolar potentials. In the
absence of 1) phase resolved data and 2) a true zero potential — and/or zero charge density —
reference state, quantitative knowledge of the interfacial potential at two different solution or

bilayer conditions from which a difference in surface potential, i.e. AD, can be calculated is
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difficult to obtain, though methods to acquire this knowledge remain a topic of keen interest to us

that we will discuss in forthcoming work.
For now, we offer the following method for estimating surface potential changes from the
second-order spectral lineshapes (in the O—H stretching region): an examination of Equation 5.2

reveals that even if, as suggested by the MD simulations discussed above, the H-bond network

2

close to the interface remains invariant or nearly invariant (implying a constant y

) upon
changes in ionic strength, changes in the SFG signal intensity can still arise from the potential-
dependent ¥® term. These changes take the form of a complex multiple of the )(t()i)lk term, which
is given mainly by the 3™ order optical properties of bulk water. Unfortunately, given the
difficulties discussed above, our lack of phase-resolved measurements and our lack of access to a
reference state of true @(0)=0, precludes us from comprehensively accounting for the phase-angle
dependent ¥®/x® mixing, and thus quantitatively determining the interfacial potential from the
SFG spectra reported here. Yet, surprisingly good qualitative agreement is obtained between the
difference of the measured intensity spectra for the low and high salt conditions from Figure 5.5
and the calculated )(t()i)lk intensity spectrum derived from the real and imaginary data reported by
Wen et al. (see Fig. 5.7). This agreement supports our conclusion that the spectral changes are not
indicative of large changes in the H-bonded network of water molecules but rather result from
the y®-potential dependent term. Moreover, under conditions where the SFG responses are
dominated by the y®) term, i.e. y'® @ >> @, an estimate of the difference in surface potential, A®,
can be readily provided if the magnitude of the SFG intensity difference, Alsrg, observed for

conditions of varying ionic strength, bulk solution pH, analyte concentration, or surface

composition, is known.
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Figure 5.7. (A) Variation of the y® phase angle ¢= arctan (Akz/ }c) with ionic strength under the

conditions of our experiments. (B) Potential dependent ¥® effect: comparison between the
difference between the low and high salt conditions from Figure 5.5 (green) and a calculated
intensity spectrum derived from the ¥ spectra reported by Wen et al.%° (blue). Even without
comprehensively accounting for the absorptive-dispersive mixing controlled by the ¥ phase
angle, @, as per equation 5.2, which is not yet accessible through phase-resolved measurements at
the solid/liquid interface, qualitative agreement is demonstrated.
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5.3.2. Dual-Component Supported Lipid Bilayers Formed from Zwitterionic and Negatively

Charged Lipids. Motivated by recent reports that the major contribution in the 3000 cm™ to 3200
cm! frequency region originates from polarized water molecules that bridge phosphate and choline
in the zwitterionic lipid headgroup (n. b.: that work focused on lipid monolayer/water interfaces
as opposed to lipid bilayer/water interfaces, which are probed in the present study),? we proceeded
to add negatively charged lipids to the zwitterionic system studied. Mixing in negatively charged
lipids, such as DMPG, is then expected to reduce the population of polarized water molecules that
interact specifically with the zwitterionic PC headgroup.

Figure 5.8 shows that this response is indeed observed. At 0.1 M NacCl, the three systems
we surveyed (100% zwitterionic DMPC, 9:1 DMPC/DMPQG, and 8:2 DMPC/DMPG) showed no
significant changes in the 3400 cm™' frequency region. Yet, as the percentage of negatively charged
lipids increases, the SFG spectral intensity in the 3200 cm™ region decreases, indicating the
theoretical result obtained for lipid monolayer/water interfaces may also hold for lipid
bilayer/water interfaces. Triplicate measurements can be found in the Supporting Information of

Dogangiin et al. J. Phys. Chem. B 2018, 122, 4870.
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Figure 5.8. ssp-Polarized SFG spectrum of an SLB formed from pure DMPC (dark green), a 9:1
mixture of DMPC/DMPG (light green) and an 8:2 mixture of DMPC/DMPG (blue) lipids in 0.1
M NaCl (solid lines) at 22 °C and pH 7.4. The circle markers represent the raw data while the

darker lines represent the data that have been binned by over nine points in X and y between 3000
cm™! and 3600 cm™!.
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Results from the MD simulation for 9:1 DMPC/DMPG with 0.15 M NacCl reveal similar

trends when compared to the pure DMPC case, suggesting that the impact of a small amount (10%)
of anionic lipids on the structure and orientation of water at the interface is minor, in the
background of thermal fluctuations. Yet, computing the number of water molecules adjacent to
lipid phosphate, choline, and those close to both phosphate and choline, in a manner consistent
with the analysis by Morita and coworkers,” we find that mixing in DMPG lipids leads to a small,
albeit statistically significant, decrease in the number of water molecule adjacent to both the lipid
phosphate and choline moieties per area, as shown in Table 5.1. These computational results
support the observations that the SFG signal intensities seen in the experimental spectra between
3100 cm™ to 3200 cm™ are due to local water molecules that specifically interact with the

phosphate and choline moieties of the DMPC lipids.?

Table 5.1. Number of water molecules (per surface area) close to the lipid phosphate (labeled with
“P”), close to choline (labeled with “N”’), and close to both phosphate and choline groups (labeled
with “NP”) from atomistic MD simulations.?

Lipid composition DMPC 9:1 DMPC/DMPG
[NaCl] 0M 0.15M 0.15M
# HO@P (nm) 204+03 20.5+03 20.4+0.2
# HO@N (nm) 194+02 199+03 18.6 0.2
# H2O@N&P (nm?2) 15.9+03 16.1+0.2 152+0.2

aFollowing the work of Morita and co-workers,? the cutoff distance for water near phosphate is
determined by the second minimum of the O—P radial distribution function; the cutoff distance for
water near choline is determined by the first minimum of the O—N radial distribution function.
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5.3. Conclusions

In conclusion, this chapter reports vibrational sum frequency generation spectra in which
the C—H stretches of lipid alkyl tails in fully hydrogenated single- and dual-component supported
lipid bilayers are detected along with the O—H stretching continuum of the hydrogen-bond network
in the electrical double layer above the bilayers. Aided by atomistic simulations, we find that the
hydrogen bond network over the purely zwitterionic bilayers is largely invariant with salt
concentration between sub-micromolar and 100s of millimolar concentrations. The structure of the
lipid tails is largely invariant with salt concentration as well, as indicated by a lack of relative
spectral changes in the SFG responses observed in the C—H stretching region as salt concentration
is varied. As the salt concentration is increased from ~10 uM to 0.1 M, the SFG intensities in the
O-H stretching region decrease by a factor of 2. This observed salt concentration-dependent
change in the SFG signal intensity is consistent with significant absorptive-dispersive mixing
between ¥ and y©® contributions to the SFG signal generation process from charged interfaces.
Surprisingly good qualitative agreement is obtained between the difference of the measured
intensity spectra for the low and high salt conditions from Figure 5.5 and the calculated )(t()i)lk
intensity spectrum derived from the real and imaginary data reported by Wen et al. (Figure 5.7).
This agreement supports our conclusion that the spectral changes are not indicative of
large changes in the H-bonded network of water molecules but rather result from the ¥®-potential
dependent term. Moreover, our analysis provides a method for estimating the difference in surface
potential, A®, from the magnitude of the SFG intensity difference, Alsrc, observed for conditions
of varying ionic strength, bulk solution pH, analyte concentration, or surface composition, is

known.
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Specific interactions between water molecules and lipid headgroups are observed as well:

Replacement of PC lipids with negatively charged PG lipids coincides with SFG signal intensity
reductions in the 3100 cm™' to 3200 cm™! frequency region. Our atomistic simulations show that
this outcome is consistent with a small, albeit statistically significant, decrease in the number of
water molecules adjacent to both the lipid phosphate and choline moieties per unit area, supporting
the SFG observations. This result further supports recent molecular dynamics simulations
indicating that the major contribution in the 3000 cm™ to 3200 cm™' frequency region originates
from polarized water molecules that bridge phosphate and choline in the zwitterionic lipid

headgroup.?

5.4. Future Directions

Ultimately, the ability to probe H-bond networks over lipid bilayers in real time, in situ,
holds the promise of opening paths for understanding, controlling, and predicting specific and non-
specific interactions membranes with solutes such as ions and small molecules, peptides,
polycations, proteins, and coated and uncoated nanomaterials. The studies explained in Chapters
3 and 4 can be expanded to investigate the water structure around SLBs upon exposure to nanoscale
transition metal oxides and the ions dissolving from the nanomaterials. Investigating the alkyl tails
of phospholipid bilayers along with the interfacial water structure has biological significance as
water/membrane interactions will be relevant for many important biological processes in cellular
membranes.

In addition to exploring the water structure over the SLBs upon exposure to nanomaterials
and metal ions, future work will focus on making the model phospholipid bilayers more
biologically relevant. This will involve the use of more biologically relevant phospholipids,

incorporation of transmembrane proteins to SLBs and use of suspended lipid membranes. Chapter
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6 reports preliminary experiments to incorporate lipopolysaccharides into SLBs mimicking the

outer membrane of Gram-negative bacteria.
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CHAPTER 6

Towards Using Model Membranes with Increased Complexity:
Lipopolysaccharide Incorporated Supported Lipid Bilayers
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6.1. Introduction

In Chapter 1, we established that cell membrane is the first point of contact between the
cell and its external environment. Gram-negative bacteria, which are of particular biomedical and
technological interest, are surrounded by an additional membrane layer, the outer membrane.'-
The outer membrane of Gram-negative bacteria is characteristically an asymmetric phospholipid
bilayer." # The inner leaflet resembles most cytoplasmic cell membranes, composed of
phospholipids with membrane proteins, and the outer leaflet is predominantly composed of
lipopolysaccharide (LPS) molecules.* LPSs have complex structures consisting of three parts (Fig.
6.1): (1) a particular lipid (Lipid-A) which tethers the LPS molecule to the outer membrane, (2)
the core oligosaccharide region composed of sugars 3-deoxy-d-manno-octulsonic acid (Kdo)
and l-glycero-d-manno-heptose (Hep) (inner core), hexoses, and hexosamines (outer core), and (3)
the O-antigen region composed of a repeating chain of oligosaccharides variable across bacterial
strains.>® The O-antigen has a high variability in the number of repeating units. The phosphate
groups of lipopolysaccharides increase the overall negative charge of the cell membrane and help
to stabilize the structure. When LPS contains the complete core oligosaccharide and O-antigen
regions, it is referred as smooth-LPS, whereas rough LPS is a shorter type of LPS that lacks the
O-antigen with either complete or truncated core oligosaccharide regions.

Previous work has described the formation, structure, and physicochemical properties of
LPS-containing SLBs.*® Several studies have shown that the outer membrane of Gram-negative
bacteria drives the interactions between the membrane and nanomaterials.”!! However, the
underlying mechanisms are still unknown. Chapter 6 aims to investigate the sensitivity of

vibrational SFG spectroscopy to lipid bilayer structures in increasing complexity. As a first step to



114
increase complexity of membrane models and gain molecular level insights into the bacterial outer

membrane, we used smooth- and rough-LPS containing asymmetric SLBs.
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Figure 6.1. General structure for bacterial lipopolysaccharides.'?
Abbreviations: KDO: 3-deoxy-a-D-mannooctulosonic acid; Hep: Heptulose (ketoheptose);

NGa: Galactosamine; NGc: Glucosamine
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6.2. Experimental Details

6.2.1. Materials

1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), 1,2-dioleoyl-sn-glycero-3-
phosphocholine (DOPC), and 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) were
purchased from Avanti Polar Lipids, Inc. and used without further purification. Molecular
structures of lipids are shown in Figure 6.2. The LPS molecules used in the vesicles were obtained
from Sigma Aldrich and were purified from Salmonella enterica serotype minnesota (smooth
strain) and Salmonella enterica serotype minnesota Re595 mutant (rough strain). The deep rough
mutant LPS Re 595 is the shortest LPS molecule available, with both its outer core oligosaccharide
and O-antigen regions shortened, leaving only the two sugars 3-deoxy-d-manno-octulsonic acid

(Kdo) linked to the lipid A glucosamine headgroup.'?

6.2.2. Supported Lipid Bilayer Preparation

Lipid vesicles were prepared by mixing solutions of POPC and DOPC with smooth and
rough LPS in the 8:2 lipid/LPS mass ratio, and evaporating the solvent under a gentle stream of
N gas.” The lipid/LPS mixtures were then rehydrated in 0.150 M NaCl solution buffered with
0.002M HEPES at pH 7.4. The unilamellar vesicles were formed by extruding the lipid suspension
through a 50 nm polycarbonate membrane filter (Whatman) 11 times using Avanti mini extruder
kit. The lipid vesicles were introduced into the flow cell and allowed to spontaneously form an
asymmetric membrane on the fused silica substrate. Following bilayer formation, the excess

vesicles are rinsed with a 0.025 M NacCl solution buffered with 0.002M HEPES at pH 7.4.
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Figure 6.2. Molecular Structure of Lipid A of Salmonella enterica serotype Minnesota Re595,
POPC, DOPC and DMPC lipids used in this chapter.

Abbreviations: POPC: 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocoline, DOPC: 1,2-dioleoyl-sn-
glycero-3-phosphocholine, DMPC: 1,2-dimyristoyl-sn-glycero-3-phosphocholine
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6.2.3 Sum Frequency Generation Spectroscopy in the C-H stretching region

The set-up and experimental details are described in Chapters 2 and 3. The ssp-polarization
combination was used for all experiments. SFG was recorded with an integration time of 4 min
and an average of 5 acquisitions.

6.3. Results and Discussion

As shown in Figure 6.3A, the SFG signal obtained from SLBs formed from 8:2 mixture of
POPC/smooth-strain LPS show a broad peak in the C-H stretching region. Similarly, the shorter
rough-strain LPS incorporated SLBs containing 80% POPC or 80% DOPC (Figures 6.3B and
6.3C), show only the presence of the peak at ~2980 cm™!, which is subject to interference between
the C-H and the O-H stretches from the aqueous phase.'*'® Our previously published study
discussed the role of lipid gel-to-liquid crystalline phase transition temperatures (7m) on the SFG
spectra obtained. Olenick et al. reports that the membranes having 7i’s above the laboratory
temperature exhibit SFG spectra with at least two additional peaks.!” The Tw’s of DOPC, POPC
and DMPC are -18 °C, -2 °C, and 24 °C, respectively, while the laboratory is maintained at 22 + 2
°C. Since the SLBs are composed primarily of POPC and DOPC which have Ti’s below the
laboratory temperature, it is reasonable that the SFG spectra reveal only one broad peak.'”!

Figure 6.3D shows the SFG signal obtained from SLBs formed from an 8:2 mixture of
DMPC/rough-strain LPS where we obtain three sharp peaks, qualitatively similar to those from
pure DMPC and 9:1 mixture of DMPC/DMPG presented in previous chapters. Considering that
the Tm of DMPC is close to the laboratory temperature, we believe that it is reasonable that we see
similar responses. LPS-incorporated DMPC spectrum was recorded to be able to make direct
comparisons to previous work.'*17-20-21 However, we note that low Ty lipids such as POPC and

DOPC are more biologically relevant models for bacterial membranes.
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Figure 6.3. ssp-Polarized SFG spectra of an SLB formed from an 8:2 mixture of (A) POPC/rough-
strain LPS (0.002 M HEPES, 0.025 M NacCl) (B) POPC/smooth-strain LPS (0.002 M HEPES,
0.025 M NaCl) (C) DOPC/rough-strain LPS (0.01 M Tris, 0.1 M NaCl) (D) DMPC/rough-strain
LPS (0.01 M Tris, 0.1 M NacCl).
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Provided that the LPS molecules are incorporated into the bilayers, the strong dependence

of SFG spectra form LPS incorporated bilayers to the primary constituent lipid 7w reveal the
presence of disordered alkyl chains from both smooth- and rough-strain LPS, resulting from the
cancellation of net transition dipole moment. This outcome is consistent with previous work by
Chen and coworkers,?*>* where the SFG signal from the DPPG bilayers do not show significant
differences upon incorporation of sections of LPS (Lipid A and Kdo2-lipid A from Salmonella
minnesota Re595) in the C—H stretching region but reveal some changes in the water structure

over the LPS which can be seen in the O—H stretching region.

6.4. Conclusions

Chapter 6 made a first step to investigate model membranes with increasing complexity by
using LPS incorporated SLBs, intended to mimic the outer membrane of Gram-negative bacteria.
Here, we have demonstrated the sensitivity of SFG to probe different lipid bilayer structures.
Preliminary studies of LPS incorporated SLBs demonstrate that rough- and smooth-strain LPS that
are bound to the SLB are fairly disordered such that they are aligned at the interface causing a
cancellation of the net dipole moment. Thus, the SFG response of the LPS-incorporated SLBs
resemble their lipid bilayer counterpart and LPS does not contribute in significant additional SFG
signal in the C-H stretching region. LPS-incorporated SLBs having 7w’s lower than the room
temperature show only the presence of the peak at ~2980 cm™!, which is subject to interference

between the C—H and the O—H stretches from the aqueous phase.
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6.5. Future Directions

Future research should include probing more complex models (supported lipid bilayers
incorporating LPS, transmembrane proteins, and other biomolecules, as well as suspended lipid
bilayers) in the O—H stretching region and investigate the water structure above the bilayer upon
exposure to nanoscale transition metal oxides and the released metal ions. Exploring the
interactions between more complex model systems and nanomaterials will open new doors to
understand how cell surface structures and non-phospholipid components of cell membranes
mediate interactions with nanomaterials. Improving the phospholipid membrane model will allow
for better comparison to the responses observed in single- and multicellular organisms that are
being carried out in the Center for Sustainable Nanotechnology.

Furthermore, future work should extend SFG spectroscopy to the C=0, N-H and PO>"
stretching regions. Probing additional spectroscopic regions will allow for investigating more
complex SLBs including LPS or transmembrane proteins, by probing their characteristic
vibrations. Exploring the N-H and PO»" stretching region will allow for probing the orientation and
structure of lipid headgroups which will lead to a better understanding of membrane interactions,
when combined with the information obtained from the other spectroscopic regions.

Finally, given the fast-growing global demand for Li-ion batteries, scientists are pushing
beyond the limits for developing new nanomaterials to achieve desired energy efficiency,
performance, reliability, and lifetime. Future research should investigate the interactions of these
emerging materials, such as LiFePO4 and LiNixCo,Al;.x.,O2. Correspondingly, inorganic coatings
are widely used in commercially available cathode materials to enhance stability and durability

while mitigating undesired reactivity (degradation, charging, ion dissolution). Understanding how
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such coatings can alter environmental impact will be important in developing redesign strategies

without altering performance.

The research presented in this thesis demonstrates that SFG spectroscopy, when combined
with complementary techniques, is powerful in providing molecular insights into the nano-bio
interface. By linking experimental and computational efforts to elucidate the molecular
mechanisms of nanomaterial interactions with model membranes, we hope to develop a predictive
understanding of the induced biological responses upon nanomaterial exposure and ultimately

design nanomaterials to reduce adverse outcomes.
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