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Abstract

The label-free characterization of phospholipids is vital for physics, chemistry, biology, and
medicine. Due to their wide range of applications, it is important to broaden our knowledge on
the interfacial structure of phospholipids at low surface coverages, their heterogeneous
mixtures, and the surrounding water molecules. Broadband vibrational sum-frequency
generation (BB-VSFG) spectroscopy is a surface-sensitive tool capable of studying the

structure of phospholipids at any interface.

This thesis focuses on the applicability of a state-of-the-art 100 kHz BB-VSFG spectrometer
recently developed at the SALSA Photonics Lab and on the analysis of the interfacial structure
of alkyl chains, surrounding water, and the phosphate head groups of phospholipid layers. First,
multi-component phospholipid bilayers were studied at laser repetition rates of 5, 10, 50, and
100 kHz at constant pulse energy. The BB-VSFG spectra suggest that the phospholipid bilayers
were stable during the measurements with no heat-induced distortions. Moreover, an increase
in the laser repetition rate provided a feasible route to obtain spectra in short data acquisition
times without compromising the signal-to-noise ratio. The extremely short acquisition time of
500 ms, the high spectral resolution, and all applied pulse parameters ensured no thermal
induced photodamages occur during the measurements under ambient conditions. A systematic
study of one- and two-component phospholipid monolayers as a function of surface tension and
mixture ratio at different polarization combinations was performed and the dependence of the
vibrational spectra was explored. The structure of alkyl chains and surrounding water was
analyzed using the same model systems. Vibrational bands that were previously unseen and
spectra of monolayers at low surface coverage were reported for the first time with an
unprecedented signal-to-noise ratio. The structure of phospholipid monolayers containing
identical head groups and different chains was analyzed and compared. The spectra confirmed

the presence of water molecules near the phosphate and choline groups of the phospholipid
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monolayers. The order of the phospholipid molecules as a function of the composition of the
monolayers was inferred from the spectral data. The influence of the hydration and/or changes
in the orientation of the phosphate group was visible from the spectra as well. In summary, the
work validates the use of high repetition rate BB-VSFG in the analysis of phospholipids at the
air-CaF; interface and presents suitable experimental conditions that can be employed for more
complex biomolecules. This study provides new insight into the molecular-level understanding
of the phospholipid monolayers leading to a more detailed understanding of biological
processes at the lipid membrane. Besides, the work presented also opens up great perspectives
on the application of 100 kHz VSFG spectroscopy for the chemical and structural analysis of

complex biological interfaces.
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Kurzzusammenfassung

Die markierungsfreie Charakterisierung von Phospholipiden ist von entscheidender Bedeutung
fiir Physik, Chemie, Biologie und Medizin. Aufgrund ihrer breiten Anwendung ist es wichtig,
unser Wissen {iber die Grenzflichenstruktur von Phospholipiden bei geringen
Oberflichenbedeckungen, ihre heterogenen Mischungen und die umgebenden Wassermolekiile
zu erweitern. Breitband-Schwingungs-Summenfrequenzspektroskopie (engl. broadband
vibrational sum frequency generation, BB-VSFG) ist eine oberflichenempfindliche Methode,

mit der die Struktur von Phospholipiden an jeder Grenzflache untersucht werden kann.

Diese Arbeit konzentriert sich auf die Anwendbarkeit eines hochmodernen 100 kHz BB-VSFG-
Spektrometers, das kiirzlich im SALSA Photonics Lab entwickelt wurde, fiir die Analyse der
Grenzflaichenstruktur von  Alkylketten, des sie umgebenden Wassers und der
Phosphatkopfgruppen von  Phospholipidschichten. Zundchst wurden Phospholipid-
Doppelschichten, die mehrere Komponenten enthalten, bei Laserwiederholraten von 5, 10, 50
und 100 kHz mit konstanter Pulsenergie untersucht. Die BB-VSFG-Spektren legen nahe, dass
die Phospholipid-Doppelschichten wéhrend der Messungen ohne wirmeinduzierte
Verdnderungen stabil waren. Dariiber hinaus bot die Erh6hung der Laserwiederholungsrate eine
praktikable Moglichkeit, Spektren in kurzen Datenerfassungszeiten zu erhalten, ohne dass das
Signal-Rausch-Verhiltnis beeintrachtigt wurde. Die extrem kurze Aufnahmezeit von 500 ms,
die hohe spektrale Auflosung und alle verwendeten Pulsparameter sorgen dafiir, dass bei
Messungen unter Umgebungsbedingungen keine thermisch bedingten Photoschdden auftreten.
Es wurde eine systematische Untersuchung von ein- und zweikomponentigen Phospholipid-
Monoschichten in Abhingigkeit von der Oberflichenspannung und dem Mischungsverhéltnis
fiir verschiedene Kombinationen an Polarisationen durchgefiihrt und die Abhéngigkeit der

Schwingungsspektren untersucht. Die Struktur von Alkylketten und umgebendem Wasser
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wurde anhand derselben Modellsystemen analysiert. Bislang nicht beobachtete
Schwingungsbanden und Spektren von Monolagen mit geringer Oberflichenbedeckung
wurden mit einem bisher nicht erreichten Signal-Rausch-Verhiltnis gemessen und beschrieben.
Die Struktur von Phospholipid-Monolagen mit identischen Kopfgruppen und unterschiedlichen
Ketten wurde analysiert und verglichen. Die Spektren bestdtigten die Anwesenheit von
Wassermolekiilen in der Nihe der Phosphat- und Cholingruppen der Phospholipid-Monolagen.
Aus den Daten kann der Ordnungsgrad der Phospholipidmolekiile in Abhadngigkeit von der
Zusammensetzung der Monolagen abgeleitet werden. Der Einfluss von Hydratation und/oder

Orientierungsidnderungen auf die Phosphatgruppe war aus den Spektren ebenfalls ersichtlich.

Zusammenfassend kann gesagt werden, dass die Arbeit die Verwendung von BB-VSFG mit
hoher Wiederholrate bei der Analyse von Phospholipiden an der Luft-CaF,-Grenzflache
validiert und geeignete experimentelle Bedingungen, die auch fiir komplexere Biomolekiile
verwendet werden konnen, vorstellt. Die Dissertation liefert neue Einblicke in das Verstidndnis
von Phospholipid-Monolagen auf molekularer Ebene, was zu einem detaillierteren Verstindnis
biologischer Prozesse an der Lipidmembran beitragen wird. Dariiber hinaus erdéffnet die
vorgestellte Arbeit auch groBe Perspektiven fiir die Anwendung der 100 kHz VSFG-
Spektroskopie zur chemischen und strukturellen Analyse komplexer biologischer

Grenzflachen.
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1. Introduction

Phospholipids exist as monolayers in the interfacial alveolar region of lungs or tear films. The
monolayers present at the air-water interface of the lungs are so-called pulmonary surfactants.
They are heterogeneous mixtures of 90 wt% lipids and 10 wt% proteins. The composition of
pulmonary surfactants is shown in Figure 1.1. The two main components of these pulmonary
surfactants include saturated (~50%) and unsaturated (~20%) phosphatidylcholines (PC) [1].
Other lipids, ~5—10%, such as cholesterol, phosphatidylethanolamine (PE), fatty acids, and
lysolipids are also present in small quantities. These phospholipids have important roles in
maintaining the structure and stability of the interfacial pulmonary region. They maintain a
near-zero surface tension on compression of the air/water interface during exhalation when

restricting the increase in surface tension on the expansion of the interface during inhalation

[2].

Composition of lipids and proteins in pulmonary surfactants (%)

= Phosphatidylcholine (saturated)

= Phosphatidylcholine (unsaturated)

Phosphatidyl
choline

(saturated) Neutral lipids
50%
Phosphatidyl ® Phosphatidylglycerol
choline
(Uns;g:/rnated) m Other phospholipids

H Proteins

Figure 1.1 Composition of lipids and proteins in the pulmonary surfactants.

A lack of effective pulmonary surfactants in fetuses and newborns leads to pulmonary failure,
a defect that is usually treatable. Adults can also suffer from a low concentration of surfactants
due to an inherent lack or as a consequence of disease. The low concentration of surfactants

causes lung disorders, namely, respiratory distress syndrome. Several treatments are available
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for the replacement of surfactants: previously, protein-free synthetic surfactants were applied,
which were later on replaced with animal-derived systems. Nonetheless, further investigations
of the physicochemical properties of multi-component PC monolayers are required to fully
understand their interfacial structure to support the development of new synthetic surfactants.
Although many studies discuss the structure of pulmonary surfactants, further label-free
investigation of phospholipids at lower surface coverages may reveal more information about
their interfacial structure. An in-depth understanding of artificial versus natural lung surfactant
is limited by the lack of label-free, sub-monolayer sensitive, real-time analytical tools that are

capable of fast data acquisition under ambient conditions.

Broadband vibrational sum-frequency generation spectroscopy is a promising tool that can
provide the structure, conformation, orientation, and composition of the molecular layer.
Recently, a next-generation, high-repetition-rate BB-VSFG (HRR-BB-VSFG) spectrometer
was developed by Heiner et al. in SALSA Photonics Lab, Humboldt Universitdt zu Berlin,
Germany [3, 4]. This thesis focuses on the first application of the HRR-BB-VSFG spectrometer
as a bio-analytical tool to study molecules such as phospholipids. A systematic study of one-
and two-component phospholipids at different surface coverages revealed the benefits of the
spectrometer. This thesis also discusses the interfacial structure of the phospholipids’ head and

alkyl chains, and the interfacial structure of water molecules near and around the lipid head

groups.



2. Motivation and goals

Phospholipids have widespread interest in physics, chemistry, biology, nanotechnology, and
biotechnology, their interfacial structure having crucial importance in future technologies.
Based on the literature review, there is a plethora of previous work that studied the interfacial
structure of phospholipids [5-11]. The structure of phospholipid monolayers and bilayers was
previously studied by labeling the molecules, adding probes, or deuterated lipids, however, it
was shown that these approaches can alter the physicochemical properties such as structure,
conformation, and orientation [12, 13]. The solution for these issues is to implement label-free
methods which have monolayer sensitivity. Vibrational spectroscopies such as IR and Raman
spectroscopy can help to study the chemical composition and structure of lipids at various
microenvironments, however, the lack of sensitivity to discriminate the interfacial signals from

the bulk is a limitation of these methods.

Broadband vibrational sum-frequency generation spectroscopy (BB-VSFG) is a nonlinear
optical technique, that can be used to study the structure, orientation, and conformation of
interfacial molecules. This technique is intrinsically surface-specific due to its unique selection
rules. Recently, a next-generation, high-repetition-rate, high-resolution BB-VSFG (HRR-BB-
VSFGQ) spectrometer was developed with two orders of magnitude higher sensitivity compared
to typical VSFG spectrometers [3, 4]. The thesis presented here aims to study the applicability
of an existing HRR-BB-VSFG spectrometer in bio-analytical chemistry. In order to explore the
feasibility of studying biomolecules such as phospholipids using the state-of-the-art
spectrometer, phospholipids were selected for this purpose as the structure and interaction of

their lipid chain are sensitive to heat-induced processes.



The VSFG measurements were performed in order to explore the experimental conditions for
studying biomolecules such as phospholipids. Model systems of multi-component phospholipid
bilayers were employed for this purpose. As will be shown by the results, the HRR-BB-VSFG
spectrometer has the potential for non-destructive highly sensitive probing of the phospholipids.
In particular, the one- and two-component phospholipid monolayers were studied at different
surface coverages and compositions. In order to extract the information about the vibrational
modes, the fitting was performed. As will be discussed, combining information on the
vibrations of the alkyl chains, the head groups as well as the surrounding water molecules,
opens new perspectives in characterizing lipid layers as they are abundant in pulmonary

surfactants and many other samples.

The thesis is categorized as follows. Chapter 3 introduces the fundamentals of phospholipids
and the physical aspects of BB-VSFG and the state-of-the-art of its applications. Chapter 4
contains details on the methods used to obtain the experimental results, which are presented in
Chapters 5-7. In particular, Chapter 5 allocates the applicability of the HRR-BB-VSFG
spectrometer as a bio-analytical tool for studying multi-component phospholipids, the
optimization of experimental conditions, and the stability of phospholipids during the
measurements. Chapter 6, presents the HRR-BB-VSFG spectra of one- and two-component
phosphatidylcholines and their structural variations at different surface coverages. The chapter
also discusses the quantification of the conformational order/disorders in the alkyl chains, the
interfacial structure of water molecules between the head group of phosphatidylcholines and
the CaF, window, and the advantages of using HRR-BB-VSFG spectrometer. Chapter 7 is
devoted to the HRR-BB-VSFG spectra of deuterated and non-deuterated phospholipids’ head
groups at the fingerprint region. This chapter is concerned with the preliminary assignments of
vibrational features. Finally, the main conclusions from the results obtained in this doctoral
thesis are summarized in Chapter 8 including the future perspectives and an outlook on potential

directions.



3. Research background

3.1 Phospholipids

Phospholipids are macromolecules that serve a variety of functions in all organisms. These
functions include maintaining the structure of sub- and cellular membranes, acting as metabolic
fuels, signaling molecules, and surface wetting agents. Their abundance and importance created
a widespread interest in physics [14-16], chemistry [15, 17, 18], biology [17], material science
[19], nanotechnology [20-22], biotechnology [17, 23-25], and photonics [26].

3.1.1 Chemical structure

According to the International Committee for the Classification and Nomenclature of Lipids in
association with The LIPID MAPS Initiative, lipids are classified into numerous classes and
subclasses [27]. The major categories of lipids include fatty alkyls, glycerolipids, and
glycerophospholipids [27, 28]. Glycerolipids are lipids made of fatty acid esters of glycerol
(alkylglycerols) which are categorized into mono-, di- and tri-substituted glycerols [29].
Glycerophospholipids (also called phospholipids) are the key elements of the plasma
membrane, serve as metabolic fuels, and function as signaling molecules. The abundance and

importance of phospholipids made them a separate category.

Phospholipids are amphipathic molecules that contain a polar head (phosphorus) and two non-
polar tails (alkyl chain) that are linked to two glycerol moieties in their structures. Phospholipids
may be subdivided into distinct classes based on the nature of the polar head group. Many lipids
have charged head groups which influence the head group’s behavior, as it affects repulsion
with other molecules and other membrane characteristics. There are positive, negative, and

zwitterionic head groups, with negatively charged head groups being the most widespread,
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while positively charged ones are much less common. Various head groups include compounds
such as glycerophosphocholine (GPC), glycerophosphoethanolamine (GPE),
glycerophosphoserine (GPS), glycerophosphoinositol (GPI), glycerophosphoglycerol (GPG),
and phosphatidic acid (PA) [28]. These head groups are prepared by esterification of
phosphatidic acid. Phosphatidylcholine (PC) has a positively charged choline group. The
choline is an N, N, N-tri-methylethanolammonium cation that binds to phosphatidic acid. This

process makes the PC a neutral molecule by losing a negative charge on the phosphate group.

The alkyl chain group is characterized by a repeating series of methylene groups that provide
the hydrophobic character of phospholipids. The alkyl chain length usually varies from four to
thirty-six hydrocarbons (C4-C36) in the tail of a phospholipid. The number of double bonds in
the alkyl chain determines the degree of unsaturation. Depending on the degree of unsaturation
of the alkyl chain, the phospholipid molecule can be classified as saturated or unsaturated. In
saturated phospholipids, all the carbon atoms in the tail groups are hydrogenated while in the
unsaturated lipids there will be at least one pair of carbon-carbon double bonds in an extended
chain structure. The hydrocarbon tails determine the type of phosphatidylcholine molecule,
where one tail is usually an unsaturated hydrocarbon such as oleic acid and the other a fully
saturated one. The hydrocarbon chains of the phospholipid have an important role in
maintaining the fluidity of the formed monolayers or bilayers. Several factors affect the fluidity
of the alkyl chains. The three most important factors that influence membrane fluidity are the
number of unsaturated alkyl chains, the concentration of cholesterols, and the temperature.
Phospholipid model systems are commonly employed to study the effect of several unsaturated

alkyl chains, the concentration of cholesterols, and the temperature on membrane fluidity.
3.1.2 Thermotropic and lyotropic mesomorphism

Studies show that the phospholipids pack mostly as bilayers in all single-crystal structures [30,
31]. Heat or solvent disrupts phospholipids’ physical properties, specifically the crystal lattice,
and give rise to complex structures or phases [15, 32]. These arising phases have been referred
to as mesomorphic or liquid crystalline because they exist in between the crystalline and the
liquid state. The phases formed between crystal and isotropic liquid as a result of heat are
referred to as thermotropic mesomorphism whereas the phases between crystal and a true
solution when interacting with H>O are termed lyotropic mesomorphism. Lyotropic phases can
also exhibit thermotropic mesomorphism: this phenomenon happens when the lipid phases

depend on both water content and temperature. There are several lyotropic phases such as



micelles, vesicles, monolayers, and bilayers (see Figure 3.1) [33]. The cubic, hexagonal, or
inverted hexagonal and less ordered phases also occur under certain conditions. These phases

are formed in a way to adapt to a minimum energy conformation in a water solution.

Bilayer

Micelles Monolayer

Figure 3.1 The lyotropic mesophases of phospholipids such as vesicles, micelles, bilayer, and
monolayer in the aqueous environment are represented as two-dimensional schemes. The blue and green

colors represent the head group of the alkyl chain of the phospholipids respectively.

Both polar and non-polar groups associate with each other to form these structures. The shape
of a particular phospholipid molecule is an important factor that determines the curvature of the
aggregation. Some of these structures have significant biological relevance and are versatile
tools for biological functions. Phospholipid bilayers functions include maintaining the structure
of the membrane, compartmentalizing cells and organelles from the microenvironment,
regulating and controlling the transport of ions and nutrients through channels and pores, and
mediating interactions between the internal and external environments of the cells, which
involve cellular signaling and energy storage [34]. Phospholipids monolayers act as surface-
active wetting agents in the pleura and alveoli of the lung, pericardium, and joints in the human
body [35]. The physiochemical properties of the lung surfactants can be understood at various
microenvironments when studying the model systems in the laboratory. Various model systems

and their preparation are discussed in the following section.
3.1.3 Phospholipid model systems

There are several types of phospholipid model systems such as solid-supported lipid bilayers
and monolayers, phospholipid vesicles, polymer cushioned phospholipid bilayers, black lipid
membrane, and self-assembled monolayers. Among these model systems, solid-supported
bilayers and monolayers have a special interest in spectroscopic and microscopic communities
as they are convenient to prepare and measure using several techniques. Therefore, the
background and the preparation of planar model systems of phospholipids are discussed in the

following section.



I. Phospholipid vesicles

Phospholipids spontaneously form closed structures in aqueous solutions [18]. Lipid vesicles
or liposomes are synonymously used terms according to the [UPAC guideline. In general, there
are two types of vesicles, multilamellar (MLVs) and unilamellar. MLVs are defined as
concentrically arranged, equally spaced, spherical bilayers separated by layers of water, while
unilamellar vesicles are defined as spherical structures consisting of a single, closed bilayer that
surrounds an aqueous cavity. Unilamellar vesicles are further divided into two classes according
to their size. The vesicles larger than ~ 100 nm are referred to as large unilamellar vesicles
(LUV), and the vesicles below 100 nm are as small unilamellar vesicles (SUV). Since packing
constraints decrease as the vesicle diameter exceeds about 50 nm, some studies refer to the

vesicles below 50 nm in diameter as SUVs and above as LUVs [36].

MLVs and LUVs: The procedures for preparing MLVs and LUVs are quick and simple [17].
The preparation of MLVs begins with the selection of neutral phospholipid- first, the
phospholipids are dissolved in organic solvents, which is followed by the deposition of the
dissolved lipids on a round-bottom flask, and then put up for rotary evaporation under reduced
pressure. The resulting film is thoroughly dried under a vacuum. The preparation of LUVs is
done with negatively charged phospholipids or lipid mixtures instead of neutral lipids. The term
multivesicular vesicle has been proposed for vesicles within a vesicle [37] to distinguish this
kind of vesicle from ordinary MLVs. When adding water to the dry lipid film, vesicles are
spontaneously formed. The MLVs and LUVs formed after rehydration are heterogeneous in
size which is a major drawback of MLVs and LUVs prepared with the above-mentioned

procedure.

SUVs: SUVs can be prepared by applying force to the phospholipid dispersions. The external
shear force tends to provide energy to disrupt and reseal phospholipid suspensions. High-speed
centrifugation [38], ultrasonic irradiation [39], French press extrusion at generally very high
pressures [40, 41], and repeated extrusion at low or medium pressures through membrane filters
of defined pore size [42] are some of the examples that are commonly employed to prepare
unilamellar and oligolamellar vesicles of more homogeneous size distribution. The drawback
of high-power sonication is that it can easily lead to the lipid undergoing oxidative and
hydrolytic degradation [43]. The bath sonication is milder than probe sonication where the lipid
has a minimum risk of degradation. A more homogeneous dispersion of SUVs is obtained by
centrifuging the phospholipid dispersion after ultrasonication. Prolonged high-speed

centrifugation may be used to improve the homogeneity of the SUV dispersion [38].



Liposomes or lipid vesicles of phospholipids experience both chemical and physical instability.
The chemical instability mainly results from the hydrolysis of the ester bonds in phospholipids
and the oxidation of their unsaturated alkyl chains. The hydrolysis of phospholipids causes the
formation of fatty acids (FA) and lysophospholipids. The presence of these compounds can
affect the physical properties of the phospholipid bilayer. The liposomes aggregate and/or fuse
to form a larger unit, compromising the structure even more. Several methods have been
developed to ensure the physical stability of lipid vesicles on storage, the basis of them being
the following: 1) The structure of the bilayer can be adjusted for optimum stability. For example,
selecting compounds with long and saturated alkyl chains or adding saturated hydrogenated
soybean or egg-phosphatidylcholine tends to produce a highly condensed bilayer with low
permeability. 1i1) The aqueous liposomal dispersions can be freeze-dried. Freeze-drying is a
logical alternative to achieve long-term stability on the shelf, with most research groups
focusing on freezing or freeze-drying as a means of cryo-preservation. The major factors
affecting the stability in a freeze-drying and rehydration cycle are the structure of the bilayer,
the size of liposomes, and the presence and type of cryo-protectant. The considerable variables
during the process include the time of the process, the applied temperature(s), the rate of

freezing/drying, and the conditions of rehydration.

I1. Phospholipids bilayer and monolayer structures

The deposition of amphipathic molecules on the solid substrate from the air-water interface to
form lipid layers dates back to the 1920s [44], however, numerous techniques were employed
for layer formation previously to this. Towards the end of the nineteenth century, Lord Rayleigh
was working on layer-formation by spreading simple oils over the water surface. He was able
to calculate the thickness of the film by measuring the original volume of oil used and the final
area it covered. Agnes Pockels observed monolayer thick molecular layers at the air-water
interface [45], which were further explored in the 1930s by Irving Langmuir and Katharine B.
Blodgett. Langmuir and Blodgett modified the apparatus used by Pockels, which from here on
out is referred to as a Langmuir trough. Irving Langmuir received the Nobel Prize for Chemistry
in 1932 “for his discoveries and investigations in surface chemistry”. Later on, Gortner and
Grendel performed some key experiments using a Langmuir trough on blood cells [30]. They
were interested in determining the amount of lipid present in red blood cell membranes by
studying the area of lipids using a Langmuir trough. Mueller et al. developed the first planar
phospholipid bilayer model system for studying their electrical properties such as electrical

capacity, and resistance in the mid-1960s [46]. Later Tamm and McConnell deposited
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supported phospholipid bilayers directly onto quartz, glass, and oxidized silicon substrates [47,
48].

There are several methods employed for the formation of phospholipid bilayers or monolayers
on solid substrates, such as the vesicle fusion approach [49, 50], Langmuir—Blodgett (LB), and
Langmuir—Schaefer (LS) deposition, [51], using self-assembled monolayers (SAM), black lipid
membrane, polymer-cushioned lipid bilayers [52-54] or lipid-detergent mixed micelles [55, 56].
[lustrations of bilayer and monolayer formation on hydrophilic solid-substrates are shown in
Figure 3.2. Phospholipid bilayers formed on the solid substrate are often named planar-
supported lipid bilayers (SLBs) where they mimic intact membranes [49, 50]. The SLBs are
ideal for different surface-sensitive spectroscopic techniques and microscopes [53] as they are
stable model systems. Vesicle fusion approach and LB-LS deposition of bilayers and monolayer

on solid substrates are widely employed due to their ease of preparation [47, 53, 57].

.............. e

Hydrophilic substrate
Bilayer Monolayer

Figure 3.2 The bilayer and monolayer of lipids formed on the hydrophilic substrate.

Planar supported lipid bilayers: The solid-supported lipid bilayers are generally prepared by
the vesicle fusion approach, as it is a simple and reliable methodology. SUVs for the vesicle
fusion approach can be prepared by a plethora of methods; however, the simplest methodology
involves the extrusion of multilamellar vesicles through porous polycarbonate membranes [41-
44]. An alternative approach is the sonication and ultracentrifugation of aqueous lipid
suspensions where the size distribution of the vesicles depends on the time of sonication, the
composition of lipids, charges of lipid, the ionic strength, and screening capability of the buffer
[22]. It is worthwhile to use a water bath that reduces the heat produced and keeps the lipids to
maintain the temperature for prolonged sonication. The high surface coverage SLBs are formed
via the fusion of the prepared vesicles under the right experimental conditions [50]. The
asymmetric phospholipid vesicles were studied under various conditions in which SLBs
formation can occur with intact vesicles on solid supports [45]. The experimental conditions
that determine the quality of the bilayers formed on the substrates include the nature of the
lipids, the properties of the buffer solution, and the surface of the substrate. Solid substrates
such as glass, silica, mica, or calcium fluoride are commonly used as supports for vesicles.

Vesicle fusion on a surface occurs in a two-step process [58]. The process begins with the
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adsorption of the SUVs from the buffer solution followed by its fusion onto the surface of the
substrate forming planar supported bilayers (see Figure 3.3) [59].

Adsorption Deformation Rupture SLB formation

Figure 3.3 Schematic of vesicle fusion on the CaF, window a) a vesicle prepared using extrusion method
b) adsorption of vesicle on the CaF, window and c) deformation of vesicle d) rupture e) supported lipid

bilayer formation.

The amphipathic nature of the phospholipids causes the adsorption of vesicles onto the
substrate. The hydrophilic head groups of lower lipid leaflets interact with the substrate that
encloses a thin water layer, and their hydrophobic alkyl chains interact with the alkyl chains of
the upper lipid leaflet. SLB patches form on the substrate by rupturing and fusing surface-
adhered vesicles when the concentration of the reaches above a critical value. The process of
vesicle rupture may occur via various channels. Lipowsky and Siefert [48] elaborated on the
factors that affect the spontaneous rupture and fusion of vesicles. According to them,
spontaneous raptures can occur in three distinct ways: 1) The main cause for the rupture of
adsorbed vesicles is the lipid—substrate interaction. When the lipid-substrate interaction is
strong, even at low lipid coverages, the rupture of single vesicles will occur. ii) The rupture
may take place upon the incorporation of a newly arriving vesicle into the vesicle overlayer. iii)
The vesicle rupture may occur near the boundaries of already formed lipid islands. Several
factors affect the adsorption and rupture of SUVs on the substrate: such as the composition,
size, osmotic pressure of the vesicles; surface charge, surface roughness, surface cleanliness of

the substrate; pH, and ionic strength of the solution [60, 61].

Phospholipid monolayers: A monolayer formed on the surface of the water or any other
subphase is not in thermodynamic equilibrium. In general, the equilibrium spreading pressure
is a few mN/m. In the case of higher lateral pressures, monolayers prefer to form in a three-
dimensional lipid crystal on the water surface. Ordered monolayer phases are metastable: a
monolayer may transform spontaneously into a bilayer or collapse into a multilayer film under
specific conditions [62, 63], therefore, they may be out of equilibrium in long-range

translational order.
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Planar supported monolayer: The phospholipid monolayer is the simplest lipid model system.
LB deposition permits the creation of monolayers, bilayers, or even multilayers on the solid
substrates. The control over the parameters, namely, surface tension, surface pressure, surface
area the main advantage of LB depositions. It ensures the high homogeneity of the samples and
easy reproducibility. The physicochemical properties of phospholipids can be studied by having

control over the lipid monolayer.
3.1.4 Surface pressure — area isotherm (7-A)

Surface tension is the force per unit length (y=F/L), and its units are N m™' and dyn cm™'. Surface
pressure is the difference between the surface tension of pure water (co) and the water covered
with a monolayer (o). The surface pressure of a monolayer can be defined as a function of the
area per molecule (A, usually expressed in A2 or nm? molecule™), and the -A isotherm can be
obtained when the total number of molecules and the total area that the monolayer is known.
The surface pressure-area isotherm (n-A) provides information on the stability of the monolayer
at the water-air interface, conformational changes, and phase transitions [64-66]. The
monolayer on the water surface experiences a compression as the barriers move from the initial
position, which may also result in a change of surface pressure at the air-water interface. The
surface tension is approximately 73 mN/m (20 °C) for the air/water interface. The Langmuir
balance and Wilhelmy plate are two main methods that can be used to measure the change n-A
during monolayer compression. The continuous monitoring of the m-A isotherm of the

monolayer on the surface of the water gives rise to the diagram as shown in Figure 3.4.

In general, the monolayer during compression experiences several phases, namely, gas (G),
gas-liquid expanded (G-LE), liquid-expanded (LE), liquid expanded-liquid crystalline (LE-
LC), and liquid-crystalline (LC) as demonstrated in Figure 3.4. Initially, when the surfactants
are spread on the surface of the water the molecules apply inter and intra-molecular forces to
act on each other. They behave as in the 2-dimensional (2D) ideal-gas phase and possess a very
low surface pressure (<l mN/m). When the barriers are moved closer together, the
intermolecular distance decreases, the molecules start to interact with each other, and the
surface pressure increases. Transition from the “gas” to the “liquid” state occurs, forming the
“liquid-expanded” phase. In this phase, the hydrocarbon chains of the surfactants are mostly
randomly oriented and may contain gauche conformations. Under further compression, the
monolayer changes from liquid to the condensed states where condensed lipid domains appear

in the expanded phase. As the barriers are moved progressively, the monolayer will have a well-
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defined in-plane structure in the condensed phase. This phase is named “liquid-crystalline”
where the lipid monolayer behaves as a 2D crystal. Further moving the barriers together, the
monolayer tends to collapse at smaller surface areas when the compression goes beyond certain

limits, forming three-dimensional structures at these collapse points.
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Figure 3.4 Surface pressure - area isotherm of lipid monolayer formed on the surface of the water
subphase. The scheme of molecules at the air/water interface was given on the right side. The blue and
green colors represent the arrangement of the head group and the tails of the phospholipids in certain

phases.

3.2 Structure and dynamic characterization techniques

In the case of phospholipids, the structure and dynamic properties can be measured by several
diffraction, spectroscopic and microscopic techniques. An overview of these techniques and

their limitations are discussed in this section.
3.2.1 Fluorescence microscopic, and spectroscopic methods

There are several fluorescence measurement approaches such as excitation, emission, time-
decay, anisotropy, and microscopy. Some of these techniques relevant for the context of this
work are one-and two-photon excitation fluorescence (TPEF) microscopy, fluorescence
recovery after photobleaching (FRAP), fluorescence correlation spectroscopy (FCS), and

fluorescence anisotropy.

The first applications of fluorescence microscopy on lipid monolayers were reported in the
1980s [58, 59]. Phospholipid molecules do not have fluorescing groups, so to emit fluorescence,
phospholipids need to be covalently bound with a fluorescent label or a fluorescent probe needs

to be introduced into the lipid bilayer. Fluorophores embedded into phospholipid membrane
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offer a means to study the dynamics and average orientation of the hydrocarbon chains [67] and
also enable the study of properties such as the molecular order [60], domain formation [61, 62],
phases, and their co-existence [63-65]. Other properties such as the rotation of molecules, the
extent of hydration, polarity, local pH, and lateral diffusion are also extensively studied with

fluorescent spectroscopic methods.

The theory of two-photon excitation was proposed in a study of the early 1930s [68], however,
the experimental demonstration took almost three decades to implement the theory in
experiments [69]. TPEF microscopy was first demonstrated by W. Denk and James Strickler in
1990 [70]. The strength of this approach is that it increased penetration depths for long
excitation wavelengths, and also reduced light scattering with two-photon excitation. The
method allows the study of structural properties such as domain formation, and molecular order

[71].

FRAP exploits the photobleaching property of fluorophores. A region of interest (ROI) is
bleached with a high-intensity light beam, which is then followed by the fluorescence recovery
of the sample due to diffusion, interactions, or reactions of the surrounding fluorophores. This
yields a recovery curve from which the diffusion coefficients, binding rates, or turnover rates
can be determined [72]. FCS is a single-molecule method for the characterization of
membranes. In this approach, small fluorescence intensity fluctuations are measured in a
defined volume, which provides accurate information about diffusion coefficients,
concentrations, molecular brightness, intramolecular dynamics, and molecular interactions
[72]. Its advantages over FRAP are the improved sensitivity, and the possibility to work at
significantly reduced fluorescence labeling densities. Domain-forming - the interaction
between lipid and proteins - has long been studied using FCS [73-76]. The challenge of FCS
arises during the photobleaching of the applied dye: the loss of fluorescent signal leads to a

compromise between the determination of concentrations and diffusion coefficients.

Fluorescence anisotropy or polarization-resolved imaging has been widely used to measure the
size of the fluorophore, speed of rotation, and the viscosity of the solvents based on one or two
incident polarization states. The idea to investigate a molecular structure by a polarization-
resolved fluorescence method was introduced by Perrin in 1926 [77] and developed by Weber
in 1953 [78]. Employing this approach, the order, fluidity, orientational order of the lipid

molecules are studied using polarization-resolved fluorescence [79, 80].
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There are many advantages to using these fluorescence techniques. These benefits include the
ability to measure changes in systems, high sensitivity, medium specificity, and non-destructive
nature. On the other hand, there are several drawbacks in studying the molecular properties of
labeled phospholipids with fluorescent techniques: 1) Almost all phospholipid molecules need
to be labeled with fluorescent groups. ii) The labeled lipids, as well as the fluorescent probe,
have a different molecular shape, and therefore different intermolecular interactions. iii) The
probe concentration has to be low otherwise it perturbs the spatial distribution of lipids, their
structure, dynamics, and the functioning of the membrane particularly in the ordered phases
[81]. iv) A practitioner must handle the data with extreme care when using such probes else

misinterpretation can occur.
3.2.2 Nuclear and electronic spectroscopic and microscopic techniques

I. Electron paramagnetic/spin resonance spectroscopy (EPR/ESR)

During this method, a spin probe, namely a nitroxide group, is covalently bound to either the
fatty alkyl chains or to the head group of a lipid molecule at a particular position. The spin
probe will incorporate lone pair of electrons into the phospholipid structures. These lone pairs
of electrons will be then excited with a static external magnetic field, inducing the splitting of
spectral lines into several components, which is known as the Zeeman effect. The time-scale of
ESR is 10® s - 10~ s which complements molecular vibrations which are in the order of 10!% s
— 10" 5. The order parameter, polarity effect, fluidity, and lateral diffusion of phospholipid
mono-and bilayers are usually studied with the help of ESR spectroscopy [13, 82]. The
advantage of this technique is its great sensitivity; however, a major disadvantage is that the
incorporated spin probes may induce perturbations in the lipid bilayer via the added reporter
groups. If the concentration of the spin probes is above a critical value, the properties of the
bilayer are altered. Another issue of ESR spectroscopy when studying mixed systems and the

liquid crystalline phase is the inhomogeneous distribution of spin probes.

I1. Nuclear magnetic resonance (NMR)

The NMR is similar to the ESR spectroscopy in that both techniques are magnetic resonance
approaches. During NMR nuclear magnetic resonance arises in an external magnetic field due
to the transitions between the Zeeman energy levels of the atomic nuclei [83]. NMR allows the
investigation of the lipids in their genuine environments without an external probe molecule,

which is an advantage over ESR. Both natural phospholipid bilayers and vesicles can be
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investigated with this technique, and it also ables the study of molecular motion in the range of
102 s-10"'s. When lipid vesicles or lipid micelles are small, and/or in fluid-phase, simple [84]
or multidimensional high-resolution NMR is the preferred method of investigation [85]; while
ordered lipid phases and macroscopically oriented lipid samples are investigated using magic-
angle spinning. The major drawbacks of NMR are that its measured spectral lines are sensitive
to the size of the phospholipid vesicles, to rapid particle tumbling, and molecular diffusion —
these dynamic properties cause an isotropic averaging of the NMR lines and this method is not

applicable for studying the interaction of model membrane with other molecules in real-time.

ITI. X-ray diffraction and neutron scattering

The structures of phospholipids and their aggregates can be studied using these scattering
techniques [15]. The single-crystal X-ray diffraction techniques are the most promising for
investigating phospholipid structure [86, 87], however, complementary information about
hydrated phospholipids can also be obtained with neutron diffraction by selective deuteration
of the phospholipid layer [88-90]. One of the limitations of these techniques is that it is difficult
to obtain suitable single crystals of phospholipids, however, surface-aligned phospholipid
bilayers partially solve this problem [91]. Neither of these methods provides information about
molecular dynamics, and both techniques lose resolution as the rate of molecular motion

increases.

IV. Atomic force microscopy (AFM) and scanning tunneling microscopy (STM)

Phospholipid bilayers have been visualized in situ with the electron transmission mode [92],
STM [93], and AFM [94], with the AFM and STM methods, also enabling the study of
phospholipid structures and their aggregates in water. The sensitivity of these force
measurements depends on the strong interaction between the AFM tip or scanning needle and
the investigated specimen. The limitation of AFM measurements is the sample distortion from
the proximity of a scanning tip, which results in undesired conformational or phase changes.
For this reason and because of its chemical sensitivity, the structural identifications are difficult
with standard AFM. Additionally, stabilization of monolayers either by a covalent attachment

to the substrate or by polymerization is mandatory for this technique.

V. Brewster angle microscopy and autocorrelation spectroscopy

The p-polarized light incident on the air-water interface under the Brewster angle condition is

not reflected. The formation of a monolayer on the water surface modifies the Brewster angle
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condition, and light reflection is observed at a constant angle of incidence. Both Brewster angle
microscopy [95, 96] and Brewster angle autocorrelation spectroscopy [97, 98] work under this
method, but the latter additionally involves an autocorrelation technique. This technique
provides us a mono-molecular level visualization: we can study the monolayer’s morphological
features, domain formation, and collapse behavior, however, the application is limited to
probing only crystalline samples. Using this technique, the tilt angle of the lipids’ alkyl chains
can be studied [99, 100].

3.2.3 Vibrational spectroscopy

The vibrational spectroscopy offers a non-destructive and label-free approach to studying the
chemical structure, the composition of molecules, and/or complex biomolecules, such as
phospholipids. Infrared and Raman spectroscopy are considered two conventional vibrational

spectroscopic techniques and will be further detailed below.

I. Infrared spectroscopy (IR)

IR is an absorption spectroscopic technique that can excite molecular vibrations or rotations.
The band intensity obtained in the IR spectrum is proportional to the change in the dipole
moment of the molecules investigated. This technique has a significant role in the
characterization of biomolecules. The physicochemical properties of phospholipids were
intensely studied in the 1960s using IR [15, 101], however, the study of phospholipids in their
natural aqueous state is limited as the surrounding water strongly absorbs in the mid-infrared

region [101-103].

Fourier transform infrared spectroscopy (FTIR) solved this issue, enabling the study of lipid
samples in the presence of water, and also provides a higher signal-to-noise ratio compared to
classic IR spectroscopy [104]. Several other challenges need to be considered in the case of IR
techniques for studying phospholipids. These include phospholipids at high concentrations that
cause molecular aggregations that may result in artifacts: when estimating the absorption
coefficients, errors may occur when estimating the path length of the cuvette. Additionally,
surface-specific techniques are required to study the structure and dynamics at the molecular
level, however, IR techniques lack the means to discriminate against bulk signals. This issue is
solved by using other label-free optical methods, such as attenuated total internal reflection
infrared (ATR-IR) [105, 106] spectroscopy. ATR-IR spectroscopy is sensitive to local
structures but is experimentally more demanding, and restricts the choice of substrates. For this

reason, more surface-specific spectroscopic methods are required for the investigation of
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samples with low surface coverage samples, and to be able to adequately discriminate the
vibrational contribution of corresponding molecular species from the signals of the molecules

investigated.

Infrared reflection absorption spectroscopy (IRRAS) is another technically improved IR
spectroscopic tool with high sensitivity, with which we can study the structure, orientation, and
composition of phospholipids [107-109]. The limitations of this method are the choice of
substrate and the non-resonant contribution or background (NRB) from the substrate. In the
field of advanced IR spectroscopy, nano-FTIR is a relatively new approach becoming popular
in the characterization of biomolecules [110-112]. In nano-FTIR, the spectra of absorption,
reflection [110], and hyperspectral images of the sample can be obtained by collecting spectra
over a 2D array of positions [113]. The main drawback of this approach is the sample distortion

because of the measurement tip.

II. Raman microscopy and spectroscopy

Raman scattering is an inelastic scattering process, where an external monochromatic light
excites the molecules to a virtual electronic state. The light emitted during relaxation from these
virtual electronic states is measured and constitutes the molecule’s Raman signal. The effect
was first predicted by Adolf Smekal in 1923 [114] which was experimentally proved in 1928
by the Indian scientists C. V. Raman and K. S. Krishnan in liquids [115, 116]. Raman received
the Nobel Prize in Physics in 1930 “for his work on the scattering of light and the discovery of
the effect named after him”. In 1928, the same effect in crystals [117] was reported by G.
Landsberg and L. Mandelstam in the Soviet Union. Raman spectroscopy is widely used to
characterize molecules to obtain structural, conformational, and compositional information
[118-120]. Both Raman and IR provide complementary information on phospholipid
molecules. These methods have several advantages over diffraction methods, such as 1) that
they are extremely fast, cheap, and label-free. i) Measuring spectra is possible in aqueous
media. iii) Being vibrational methods, they are sensitive to structural transitions of
phospholipids. iv) The vibrations of individual groups provide structural information on highly
localized regions in the phospholipid bilayers. v) Applying it as an imaging technique, Raman
microscopy can give sub-micrometer spatial resolution while IR microscopy limited to a few
um, which makes it possible to distinguish the C-H stretching absorptions of the phospholipid
alkyl chains from the carbonyl stretching of the interfacial region and the phosphate stretching
of the polar head groups. Both for IR and Raman it is challenging to probe thin layers of lipids

at the interface. Raman suffers from a very weak scattering cross-section, which is 10"'? orders
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of magnitude lower than fluorescence, making this spectroscopic technique not widely used for
biological samples [121]. The technical limitation of Raman spectroscopy has been overcome
with surface-enhanced Raman scattering (SERS) spectroscopy. SERS can be employed to study
the structure, composition, and conformation of the molecules adsorbed on a metal substrate
[115-117] and because of its compatibility with aqueous samples, its high sensitivity, and
narrow linewidth, it is a universally used method for biological applications e.g., in cells and
tissues. In SERS, metallic nanoparticles are used to enhance the Raman signals of the molecules
via the surface plasmon resonance effect, where it also gives information of molecules at the
proximity of the employed nanoparticles. Comparing the relative intensity of certain bands, we
can obtain information about molecular orientation [122, 123], however, SERS is limited to the
study of molecules adsorbed on metal substrates or nanoparticles in solution. Recently, SERS

was employed to study the structure and composition of multilamellar liposomes [124].
3.2.4 Nonlinear spectroscopic techniques

I. Coherent Anti-Stokes Raman Scattering (CARS) and Stimulated Raman scattering
(SRS) microscopy

Both these methodologies are advanced coherent nonlinear Raman spectroscopic approaches.
CARS is a parametric generation spectroscopic technique without transfer of energy to or from
the sample [125, 126], while SRS [127, 128] is a nonlinear dissipative optical method. The
benefits of using CARS imaging lie in that no sample preparation is needed beforehand, and
the technique enables submicron spatial resolution and chemical imaging. The SRS signal is
proportional to the imaginary part of the third-order susceptibility tensor ). The strength of
SRS is its inherently free NRB nature. While using multiplex CARS microscopy [129], the
localization of lipid in the sample and the degree of lipid saturation are estimated by probing
the entire vibrational spectrum at each spatial point. Phospholipids are probed with a submicron
spatial resolution. The ordering of water molecules between the bilayers of phospholipids was
reported by employing CARS microscopy [130]. The drawback of CARS is its inability to
identify the alkyl chain length, its capability to differentiate between chemically similar head
groups such as sphingomyelins and phosphatidylcholines, and it is limited to study the structure
and dynamics of lipids with abundant C—H stretching. It also suffers from the NRB generated

both by the molecular species and by the surrounding medium.
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I1. Polarization-resolved SHG, third-harmonic generation, and four-wave mixing
microscopy

These approaches are based on nonlinear optical processes that involve two or three photons at
the same frequency interacting with a nonlinear material to generate a new photon with twice
or thrice the energy of the excitation photons. Polarization resolved SHG (P-SHGQG) is a second-
order non-linear optical process, which inherently promises sufficient surface-specificity,
where only non-centrosymmetric media generate the SHG signals. Polarization resolved third-
harmonic generation (P-THG) microscopy, a third-order nonlinear optical process, which is
sensitive to refractive index mismatch between structures in the focal plane, allowing the
imaging of surfaces and interfaces. Because of these methods’ surface-specificity, they are both
suitable to study lipid order, the surface density of a monolayer, and the orientation of molecules
[131-133]. Four-wave mixing (FWM) is a third-order nonlinear optical process. In the case of
FWM, three incoming waves generate a fourth signal due to the nonlinear property of the
material they cross in. FWM microscopy has the potential to probe the time-resolved dynamics

of electronic and vibrational excitations of phospholipids [134, 135].

I11. Vibrational sum-frequency generation spectroscopy (VSFG)

VSFQG is a second-order nonlinear spectroscopical method, a special case of SHG, where the
sum of the two electromagnetic waves generates the so-called sum-frequency signal due to the
nonlinear properties of a material present. Similar to other second-order nonlinear processes
VSFG signals are inherently surface-specific due to selection rules. Ron Shen and his
colleagues established VSFG together with SHG in the 1980s [136]. Employing VSFG,
information can be obtained of structure, composition, conformation, and orientation of
molecules, with probing their vibrational resonances of molecules at solid-solid, solid-liquid,
and solid-gas interfaces [137-141]. Shen et al. pointed out that the VSFG is the only technique
that can yield a vibrational spectrum of molecules at a free liquid or liquid mixture interface
[143]. The spatial resolution in VSFG is better compared to the resolution achievable in IR
microscopy. The spatial resolution of the VSFG can be further improved by focusing the visible
(VIS) wavelength laser beam in the sub-um range [142].

The structural and dynamic properties of phospholipids vary in bulk state and at the interface.
To understand the structural properties, tools with high sensitivity and spectral resolution are
required. VSFG, an inherently surface-specific, tool is a promising approach that can overcome
currently faced challenges in other vibrational spectroscopic methods [133, 134, 136, 141, 142].

While employing VSFG, the structure, orientation, conformation, and composition of the
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phospholipids can be studied with sub-monolayer sensitivity. A summary of the above-

mentioned structure and dynamic characterization techniques is given in Table 3.1. This

summary is prepared with the help of several works reported [17, 72, 134, 143, 144]. From

Table 3.1, it is clear that VSFG spectroscopy is a promising tool that can be employed to study

phospholipids model systems with sub-monolayer sensitivity.

The theory of VSFG

spectroscopy is described in detail in the following section.

Table 3.1 The summary of structural and dynamic characterization techniques and their applications

[17,72,134, 143, 144] are listed below.

Techniques Information obtained Chemical Limitations
Structure
Nanostructure of the Loss of sensitivity at a high rate
surface and interface, of molecular motion, lack of
X-Ray and, course of the reaction in molecular dynamics information,
Neutron the monolayer, No samples are measured in ultra-
reflectometry ~ monolayer thickness, high vacuum chambers, the study
monolayer. counterion of gas/gas, liquid/liquid interfaces
interactions is limited
Single- . . Single crystals of phospholipids
crystal X- order, in-plane lattice are required, loss of sensitivity at
Ray structure, different No a high rate of molecular motion,
diffraction phases of the monolayer and lack molecular dynamics
information
Morphological features,
domain formation,
Brewster aggregation, monolayer
angle phases, phase- No Lack of chemical information
microscopy coexistence, collapse
behavior, n-T phase
diagram
AFM Morphological features, N Lack of chemical sensitivity (for
domain formation, 0 standard AFM)
STM aggregation
Low sensitivity and only small
NMR Structure and dynamics Yes hp id Ves1clgs can be used,
multilayer vesicles may broaden
the NMR lines
Spin labeling of lipids is required,
ESR Structure and dynamics Yes misinterpretation of spectra may

occur due to the presence of the
probe
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Chemical

Techniques Information obtained Limitations
Structure
Fluorescence Domain formatiqn,
microscopy phases,'and their No
coexistence
Diffusion coefficients,
concentrations,
FRAP mol‘ecular brightness, No
intramolecular
dynamics, and
molecular interactions Labeling of lipids with
fluorescent dyes is mandatory,
Fluorescence Orientational order, No misinterpretation of spectra may
anisotropy diffusion occur due to the presence of
probe, lack of chemical
specificity
Order, domain
TPEF formation, phases, and No
their coexistence
Diffusion coefficients,
concentrations,
FCS molpcular brightness, No
intramolecular
dynamics, and
molecular interactions
Low sensitivity and the
IR Yes application of water and heavy
water is limited due to IR
absorption
Limited substrates, lipid
FTIR Yes monolayers/bilayers are
Structure of the challenging to prepare on these
functional groups, substrates
degree of ionization, the Limited substrates, lipid
ATR-FTIR orientation of alkyl Yes monolayers/bilayers are
chain and head groups, challenging to prepare on these
H-bonding substrates
The measurement tip of the
nano-FTIR Yes spectrometer can distort the
samples
The choice of substrate is limited,
IRRAS Yes preparation of monolayer on the

metal substrate
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Chemical

Techniques Information obtained Limitations
Structure
Raman Yes Low sensitivity and efficiency
Structure of the
functional groups, the _
conformation of alkyl Nanoparticles/ substrates of Ag or
chains, monolayer Au are required, the
SERS ordering Yes monolayers/bilayers are
challenging to prepare on these
substrates
Low sensitivity for the
CARS Structure of the Yes differentiation of the different
functional groups, the headgroups of phospholipids,
conformation of alkyl non-resonant background, low
chains, mqnolayer Difficult signal isolation from
SRS ordering Yes . .
incoming fields
The surface density of
the monolayer, pK, and
SHG the degree of ionization No Low-intensity signal and lack of
of head groups, the chemical structural information
orientation of molecules
within the monolayer
THG Morphology, domain No Lack of chemical information
formation, aggregation
FWM Morphology, domqm No Lack chemical information
formation, aggregation
Orientational and
VSFG conformational changes, Interpretation of the spectral
microsco the structure of the information is difficult,
Py interface, phase Yes heterogeneous samples are
and i . i
Shectrosco transitions, surface difficult to interpret where
P Py density of the ordered monolayers are required
monolayer
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3.3 Vibrational sum-frequency generation spectroscopy

A molecule is a combination of bonded atoms where each atom contains a positively charged
nucleus surrounded by a negatively charged electron cloud. According to the classical spring
model of molecules, nuclei and the bonding forces created by the electron cloud are analog to
point masses connected with an ideal spring. Each atom possesses freedom of motion in the X,
Y, and Z directions, and thus a molecule of N atoms has 3N degrees of freedom. If we subtract
the three translational and the three rotational modes of a whole molecule, we get the molecule’s
number of internal degrees of freedom. A nonlinear molecule consisting of N number of atoms,
therefore, has an internal degree of freedom of 3N-6, while a linear molecule, due to its
structure, has 3N-5. The number of vibrational normal modes of a molecule equals the number
of its internal degrees of freedom. In vibrational spectroscopy, the frequency of vibrational
modes depends on the masses of the involved nuclei and the bonding forces [145]. The
information about different molecular properties is acquired by probing the molecular
vibrational modes. The symmetry of a molecule or a functional group dictates the selection
rules of vibrational spectroscopy, which describe if a particular vibration is active or inactive
in IR and/or Raman spectroscopy. Figure 3.5 shows an energy-level diagram of TPEF, SHG,
CARS, SRS, and VSFG.
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Figure 3.5 Jablonski representation of two-photon excitation fluorescence (TPEF), vibrational sum-
frequency generation spectroscopy (VSFG), second harmonic generation spectroscopy (SHG),
stimulated Raman scattering (SRS), and coherent anti-Stokes-Raman scattering (CARS). In all the cases,
the molecular system absorbs and emits photons where the upward and downward arrows represent the

annihilation and emission of the photon, respectively.

The theory of nonlinear second-order optical processes was first described in 1962 by

Bloembergen and Pershan [146, 147]. The experimental work was performed after two decades
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by Shen et al. in the early 1980s [136, 148, 149] and summarized as follows. The theory of the
VSFQG is described elsewhere in detail [137, 140, 150-152], but a quick overview of it will be
given here. VSFG is a second-order nonlinear optical process that can provide polarization-
dependent vibrational information of molecules at the surfaces or interfaces. In VSFG, a
broadband mid-infrared (MIR) femtosecond pulse resonantly excites the vibrational transitions
in the molecules [153-155]. A non-resonant, narrow-band, picosecond pulse then up-converts
the molecular vibrations of the interface excited by the resonant MIR pulse into a second-order
signal. The two incoming optical beams of MIR and VIS are spatially and temporally
overlapped at the investigating surface to generate a third outgoing VSFG signal. The recorded
VSFG spectra represent a convolution of the molecular response function with the visible up-
conversion pulse. Since the VSFG process includes both IR and Raman transition (see Fig.

3.5.), only vibrational modes that are both Raman and IR active can be investigated.

When two input laser beams at frequencies of mid-infrared (wy;z) and visible (wy;s) overlap
in a medium, a sum-frequency of the two incoming laser beams (wWyspg = Wyr + Wygs) 18
generated as an output. The incoming laser beams must be spatially and temporally overlapped
at the interface for the generation of the wy g signal. The wygp; signal is generated as a result
of the sample’s absorption of incoming wy;z and then the up-conversion of its generated
vibrational signatures to the lower wavelength range. The scheme of a three-layer model of co-

propagating geometry used for the VSFG experimental geometry is shown in Figure 3.6.

Figure 3.6 Illustration of the three-layer model considered for the co-propagating geometry in VSFG.

In Figure 3.6, wy;r and wy,s are the frequencies of incident MIR and VIS beams. The wysgg
is the frequency of generated VSFG signal, while n; and n> represent the refractive index of the
first and second bulk media. n’ is the interfacial refractive index and y is the refracted angle

derived by Snell’s law. All the beams lie in the XZ-plane of the laboratory coordinate system
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(X, Y, Z) where (i, j, k) is the generic indices. The Z-axis is perpendicular, while the XY plane
is parallel to the surface. The 8ysr¢, Oy;s and the 8,z represent the angle between the surface
normal and the XZ plane of the corresponding beam. The intensity of the generated VSFG
signal, Iysr¢, 1s proportional to the intensities of the incoming electromagnetic beams. The

intensity of VSFG can be expressed as equation 3.1 [156]:

3 2 2
8T wysps” sec” OBysrg 3.1

c3 ny (wyspe)ng (Wys)ng (Wpyrr)

@ |
Iysre = Xeff| Iyisivir

The variables in equation 3.1 correspond to those previously defined. Additionally, Iy,;¢ and
Iyr represent the intensity of VIS and MIR beams, while )(S%, is the effective second-order

susceptibility, which is a macroscopic quantity. Considering the conservation of momentum,
the angle at which the VSFG signal is generated can be calculated using the phase-matching
condition, which is applicable for all three beams as they are co-propagating at the interface,

and can be defined the following way [157]:

Nyspe Wysre SINOyspg = Nys Wyys SIN Oy s + Nyyp Wyyg SiN Oy 3.2

The positive and negative signs refer to co-propagating and counter-propagating beams,

respectively.

The effective second-order susceptibility can be expressed as in equation 3.3 [156]:

22 = [e(@ysre)L(@ysre)] - 12 [L(@yis)é(@y) L @mp)é(@m)]. 33

Here, é(w;) are the unit electric field vectors for the corresponding frequencies at the interface
and L(w;) are the Fresnel factors, where i represent VSFG, VIS, and MIR. A three-layer model
is valid at the interface since the molecular layer is thin. The tensorial Fresnel reflection factors

L;j(w;) are expressed the following way [156].

Lo (o) = 2n, (w;) cosy; 3.4
e\ W) = ny(w;) cosy; + n,(w;) cosb;
Lo () = 2n, (w;)cosy; 3.5
yy O = ny(w;)cosB; + n,(w;)cosy;
L (o) = — 2ma(@cosd; @)\’ 36
zz\01) = ny (w;)cosy; + ny(w;)cosd; \ n'(w;)
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The refractive index of the thin surface, n', is either determined by a series of VSFG
measurements at different angles of incidence [158] or estimated from a theoretical model

proposed by Y. R Shen [156].
3.3.1 Selection rules

x® is zero for isotropic and centrosymmetric media where even order nonlinear processes are
forbidden. Molecules residing in an ordered fashion at the interfaces break symmetry, thus
enabling the generation of VSFG signals. This property makes VSFG intrinsically surface-
specific, simplifying the need for background subtraction compared to conventional IR and
Raman spectroscopy. Figure 3.7 illustrates the scheme of various molecular arrangements in

materials and whether the VSFG is applicable or not for said arrangement.

non-centrosymmetric +
non-isotropic

ik
O - R

%I% _$ _* ; * _$_ als . centrosymmetric
VSFG-inactive

Figure 3.7 Possible molecular arrangements in materials and interfaces. VSFG is inherently surface-

sensitive at interfaces where the symmetry is broken.

() .

The macroscopic second-order susceptibility x; is a third-rank tensor with 27 tensor elements

where 1, j, and k denote the Cartesian coordinates in the laboratory frame of reference. The
procedures for identifying the non-zero tensor elements for different symmetry groups were

based on von Neuman’s principle [159].

Isotropic achiral surfaces have C. symmetry around the surface normal. For VSFG at achiral
isotropic surfaces, all the tensor elements vanish due to symmetry constraints excluding four
quadratic terms. These terms only possess either x or y with z and contribute together with the

remaining zzz. The tensor elements are listed below in Table 3.2.
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Table 3.2 The second-order susceptibility tensor elements are listed below, the non-zero tensor elements

are represented in bold letters and the zero tensor elements are crossed out.

XXX XyX XZX YXX YyX YZX ZXX ZyX Z7zX

XXy Xyy Xzy YXy Yyy YZy ZXy zyy Z7Zy

XXZ XYyZ XZZ yXZ YyZ YyZZ ZXZ ZyZ 77Z

The x and y axes are equivalent while considering an isotropic surface. Among the 7 non-zero

tensor elements for an achiral rotationally isotropic interface, the surface with C., symmetry has

2 (2)

only four non-zero y;; components. The four non-zero x;:, components are:

X (= x5 ) x5 (= x5 ) 25 (= 45 ), 2

)(S)f is a linear combination of four independent experimental polarization combinations, thus

it depends on the experimental polarization combinations and the geometries. These
polarization combinations are ppp, ssp, sps, and pss, where ‘p’ denotes the parallel, and ‘s’ to
the perpendicular plane of polarization. During VSFG measurements, the parallel (p) and the
perpendicular (s) plane of polarization of light can be selected using waveplates for all light
beams. The polarization combinations are defined by the individual beams’ polarizations, with
the characters representing the VSFG, VIS, and MIR polarizations, respectively. For example,
the ssp polarization combinations are a representation of s-VSFG, s-VIS, and p-MIR,
respectively. Specifically, it is possible to selectively probe the four non-zero susceptibility
tensor elements by selecting the plane of polarization of the incident fields and the sum
frequency field, respectively. Table 3.3 represents the four different polarization combinations
and their non-zero tensor elements. The ppp polarization combination probes an admixture of
four tensor elements whereas the other three polarization combinations such as ssp, sps, and pss

probe a single x® element.

Table 3.3 Polarization combinations and their corresponding non-zero tensor elements.

Polarization
reatt Constituent )(1(12,3

combinations (VSFG, VIS, MIR)
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PPP @ @ @ @

Xxe 'Xxe ’XZXX ’XZZZ

ssp Xsys
sps XJ(,ZZ)y
pss Xg,)y

Because of the symmetric nature of the Raman tensor [159] and )(S)f being a linear

combination of four experimental polarization combinations, the first two indices of the
x@Pelements are interchangeable if the resonance frequencies are far away from electronic

transitions. Taking this into consideration, equation 3.3 can be extended for the non-zero tensor

elements in the following way:

(2 3.7
Xeff.ppp .
. 2
= — Ly (wyspe) Lyx (Wyrs) Lz (@pir) €OS Byspg €OS Oy s SIN Oppip Xyxz

. 2
— Lyx (@yspg) Lzz(wy1s) Lyx (wpr) €OS Byspg Sin Byps cos Oyyr Xfczl

. 2
+ Lz (Wyspe) Lyx (@y1s) Lyx (wpgir) Sin Oy spg €OS Byps €OS Opyp Xéxgc

) . . 2
+ Lz (Wyspe) Lzz(wyis) Lz, (Wpr) Sin Byspg sin Oy sin Oy )éz)z

Xgp)f'“p = Lyy(wysre)Lyy(@vis)Lzz(0pir) sin Oyir )(3%)2 3.8
2 _ ,

Xéf}’sm = Lyy(wysre)Lzz(wvis)Lyy (@mip) sin Byis Xs(/z)y 3.9

XS}“’SS = Lzz(wysre)Lyy(yis)Lyy (@pir) SIN Oysre Xgr)y 3.10

3.3.2 Second-order susceptibility and hyperpolarizability

Resonant contribution of second-order susceptibility, )(l-(j,zR is a macroscopic average of

2

molecular hyperpolarizability, S, q

The 1, j, k represent the coordinates of the Cartesian

2
abc,q

(2

system in the x;}; p, which relates to S in molecular coordinate systems (abc) by Euler

angle transformation [160]. The relation between the resonant contribution of second-order

(2) 2)

susceptibility, Xijk R and the molecular hyperpolarizability ;. q can be written as follows:

N
XL(JZISR = S—SZ(R(tp)R(e)R((p» ﬁg}c,q 3.11
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The term Ns represents the number density of the molecules per unit volume at the surfaces
whereas R(Y)R(O)R(¢) is the product of three rotation matrices using all three Euler angles
to convert from the molecular to the laboratory coordinate systems. The () indicate the
orientational averages and & is the electric permeability in a vacuum. The indices a, b, and ¢ on

the B-elements represent the molecular-oriented coordinate system. Equation 3.11 states that

(2) &)

the second-order susceptibility, ¥,y . is related to the hyperpolarizability, B, , of individual

molecules averaged over all orientations. The VSFG intensity depends on the order of the
molecules at the surfaces, with a highly ordered surface providing high VSFG intensity, while
a disordered interface, for instance, a disordered monolayer does not generate any VSFG signal.

The expression for the hyperpolarizability is shown in equation 3.12.

@ _1 AgpBe 3.12
abc,q 2h ((Uq — WMIR — qu)

B

The terms Iy, and wq are the linewidth and the resonant frequency of the q™ molecular

vibrational mode, whereas wyr is the frequency of the MIR beam. In equation 3.12, the
presence of A,, and B, means that the hyperpolarizability contains both a Raman transition
moment and the IR transition moment. In other words, the corresponding vibrational mode must
be both Raman and IR active to obtain a VSFG signal. Because of this reason, the VSFG
spectrum less number of vibrational modes compared to IR and Raman spectra. The expression
3.12 states that @ will be negligibly small when the frequencies are far away from the
resonance frequency, whereas it increases when the frequency of MIR overlaps with the

resonance frequency of the molecules at the interface.

3.3.3 Second-order susceptibility and non-resonant contribution

The effective second-order nonlinear susceptibility ()(g%c) has two contributions; one is a

resonant contribution that contains the polarization information and the geometrical factors
corresponding to the adsorbed molecules with the interacting electromagnetic fields. The other
one includes the non-resonant response that will be generated independently of incoming
frequencies which depends on the dielectric properties of bulk such as the substrate, water, etc.

This can be expressed as equation 3.13.

@ _|.@ @) |2 3.13
Xerrl = |XNR + Xr
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The term X}gz) is the resonant contribution whereas )(,(\,213 is the non-resonant contribution. Xlgz)

becomes zero when the incoming electromagnetic field of infrared radiation does not match the
vibrational excitation of the adsorbed molecules at the surface. The non-resonant background
causes several issues such as spectral distortion, or spectral broadening which has previously
been reported in [161-163]. The relation between I,sp; and the contribution of both the non-
resonant and resonant transitions is given in equation 3.14.

2 3.14
Iyisimir

lyspe <

A9
@)
+
ANR ZwM,R —wg + il

In the equation above, the term )(1(\,213, A1, I, w, are the non-resonant signal, amplitude,
bandwidth, and frequency of the q'" vibrational resonance, respectively. Equation 3.14 implies

@) |?

that I sp¢ 1s proportional to |y, FF

The spectral width of the visible pulse determines the spectral resolution of the VSFG. The
spectral resolution of the VSFG spectra also depends on the interfering NRB of second-order
susceptibility. The NRB is an undesired artifact because its amplitude and phase relative to the
resonant signal cannot be controlled, however, in some cases, it can enhance the resonant VSFG
signal. The interference of NRB to the resonant VSFG can affect the line shapes by making
them asymmetric, shifting the peak frequency, and masking the resonant component in
conventional VSFG measurements at low monolayer coverage. In certain cases, the NRB
impedes the resonant signal, which leads to the misinterpretation of the measured vibrational
modes [164-166]. Studies show that an appropriate choice of the shape of the narrow-band
visible up-conversion pulse and its temporal delay with respect to the BB-MIR pulse can
minimize NRB. The best spectral resolution and highest signal level are both achieved when
the non-resonant narrow-band up-conversion pulse arrives with a non-zero time delay after the
resonant MIR pulse [167]. However, we must also consider that time delay between MIR and
VIS beams can also distort the BB-VSFG spectra [161-163]. To some extent, the contribution
of the NRB can be reduced by selecting dielectric materials instead of metals as substrates.
Metals and water — which are important materials for biomolecules — have huge non-resonant

contributions.

3.3.4 High repetition rate BB-VSFG experimental setup
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The VSFG spectrometers can be operated in two modes: i) the scanning-VSFG, and ii)
broadband VSFG (BB-VSFG). In both the scanning-VSFG and the BB-VSFG, the incoming
VIS beam is fixed to a quasi-monochromatic wavelength. In the case of scanning-VSFG
spectroscopy, the narrow bandwidth IR beam is used in the spectral range to obtain a single
spectrum. This type of spectrometer was introduced by Shen and co-workers [138, 168]. Many
significant improvements were reported in the development of a scanning-VSFG spectrometer
[169, 170]. In BB-VSFG spectroscopy, a broad bandwidth mid-infrared (MIR) beam and a
narrow bandwidth VIS pulse are focused on the sample to obtain the VSFG spectrum. The
unique benefit of the BB-VSFG spectrometer is that a broadband VSFG spectrum is obtained
in a single shot acquisition without scanning the MIR frequency. Earlier BB-VSFG systems
were built with a free-electron laser as the broad bandwidth MIR source [171, 172]. This system
is limited in number across the globe since it requires a synchrotron facility. In 1998, a BB-
VSFG system was developed using tabletop Ti: sapphire laser systems by Richter, Petralli-
Mallow, and Stephenson [173]. Many advancements in BB-VSFG spectroscopy were reported
by improving the stability, repetition rate, and peak intensity of the laser system [174]. In 2017,
a new development in the field of BB-VSFG spectrometer driven by a 100 kHz repetition-rate
laser system was demonstrated [3]. The two orders of magnitude higher repetition rate and the
special scheme for generating narrow bandwidth visible laser pulse reported highly stable
optical pulses which improved the sensitivity as well as the spectral resolution of the BB-VSFG

setup compared to typical Ti: Sapphire laser systems [151].
3.3.5 Phospholipid model systems studied by VSFG measurements

VSFG measurements of biomolecules, such as proteins [155-161], peptides [162-166], DNA
[167], polysaccharides [168], and phospholipids have been reported in the past decades. VSFG
spectroscopic studies of phospholipid model systems were preformed previously to investigate
domain formations [175], phase transitions [176], transition temperatures [177], membrane
potential [138, 178-180], and kinetics of lipid flip-flop [81, 181, 182]. Phospholipid bilayers
model systems such as supported lipid bilayer (SLB), [6, 183], black lipid membrane (BLM)
[184], polymer-cushioned lipid bilayers [185], the hybrid bilayer with lipids in various
compositions [186, 187], and lipid bilayers mixed with cholesterol [181, 187, 188] and
engineered nanomaterials [180, 189-192] were studied using VSFG spectroscopy.
Phospholipids were studied at different surface platforms. These include solid-water, air-solid,
supported lipid bilayers, air-water [7, 193], liquid-liquid, and colloidal surfaces in liquid
suspension interfaces. Often solid silica [194, 195], or calcium fluoride [5] were used as the
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substrate. The window geometry and the prism geometry were employed usually in the VSFG

experimental setup illustrated in Figure 3.8.

Window geometry Prism geometry

Figure 3.8 Scheme of a) window and b) prism experimental geometry employed in the VSFG setup.

The substrates most commonly employed for collecting VSFG signals are water [96], silica
[132], or CaF> windows [100] or prisms [133, 134], and metal surfaces [135]. An external
reflection such as monolayer on a solvent or window geometry [5, 183, 196], and total-internal
or near-total reflection where a monolayer is put on a right-angled prism or a metal surface, is
the most commonly employed surface platforms. Many groups employed the prism geometry
for obtaining the VSFG spectrum of monolayers [100, 136] or bilayers [137, 138]. Studies show
that changing the medium of contact from air to water, phospholipid bilayers or monolayers on

prisms can enhance the VSFG resonant signals by tens of times [197].

A bilayer of phospholipids is two monolayers oriented in opposite directions. Symmetric or
native bilayers are made of the same type of phospholipids on both leaflets of the bilayer. They
are scarcely employed to study the properties of phospholipids as they are chiral and thus
generate a low or no VSFG intensity [177, 183]. For this reason, several studies were conducted
on asymmetric lipid bilayers. Lipid monolayers aligned at an interface give strong VSFG
signals as they have C..y symmetry. Bilayers have a reflection plane parallel to the surface and
have Don symmetry. The Doh symmetry leads to the cancellation of second-order susceptibility
[196], where VSFG signals from the upper and lower layer of the leaflets destructively interfere
resulting in no VSFG signals [177]. For this reason, asymmetric bilayers with varying densities
of deuterated lipids are used in one or both leaflets of the bilayers [81, 181, 198] to enhance
VSFG signals. Figure 3.9 represents the symmetric and asymmetric lipid bilayer on the surface

of the solid substrate.

Symmetric bilayer Asymmetric bilayer

Figure 3.9 Scheme of a) symmetric b) asymmetric lipid bilayer on the surface of the solid substrate.
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If we consider the phospholipid bilayer as two monolayers of chiral molecules oriented in
opposite directions (see Figure 3.9), the structure’s chirality removes the reflection plane and
reduces the symmetry from D.h to Do [196]. In this case, the achiral susceptibility elements
lead to cancellation and the chiral susceptibility elements do not lead to cancellation. Thus, the
chiral elements do not lead to cancellation even if two monolayers are oriented in opposite
directions at the interface. In this case, chiral VSFG may not be considered surface-specific if
the intrinsic surface-specificity of second-order surface spectroscopy is narrowly defined as the
requirement of cancellation in the second-order polarization due to the breakdown of up-versus-

down centrosymmetry across an interface.

While employing an advanced BB-VSFG spectrometer to study phospholipids, there are many
expectations. These expectations include the improved sensitivity of the spectrometer may
allow a practitioner i) to obtain more vibrational modes, ii) better-resolved overtones and
combinations of the vibrational resonances, and iii) to probe phospholipids prepared at low
surface coverage. Since the repetition rate of the recently developed laser source is tunable up
to 100 kHz, the spectral acquisition of the VSFG measurements can be reduced to an optimum
time. If this is possible, the risk of phospholipids oxidation or degradation in ambient conditions
can be reduced to a large extent. A practitioner should consider minimizing the pulse energy
and maximizing the signal-to-noise ratio of the BB-VSFG spectrum while employing a 100 kHz
repetition-rate laser-driven BB-VSFG spectrometer for probing biomolecules such as
phospholipids. Since high pulse energy can cause photo-damages or chain melting in the
phospholipids, optimization of experimental conditions must be performed. The doctoral thesis
also focuses on studying the stability of phospholipids at different repetition rates and
experimental conditions. The model systems prepared for the investigation are planar-supported
lipids bilayers from native phospholipids as it is more realistic, and stable. The simple procedure
and the stability of the solid-supported lipid bilayer on the window geometry are considered a
factor for the studies. The solid-supported lipid bilayer is prepared on the CaF, window, as it is
transparent in both MIR and VIS wavelengths of the BB-VSFG spectrometer.
Phosphatidylcholine derived from egg-yolk (Egg-PC) is selected for the preparation of the
planar-supported lipid bilayers. The heterogeneity of Egg-PC complicates the structural studies
at the interface. This issue can be solved by investigating one-component phospholipids and
mixing them with another phospholipid of interest which then can be used as a model system
for pulmonary surfactants. The BB-VSFG measurements can suggest the interfacial structural
changes and lipid chain packing. When there are few molecules at the interface, the structure

of the alkyl chain and the phospholipid head groups are challenging to understand. The thesis
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also focuses on studying the structure of alkyl chains and head groups of one-and two-
component phospholipid monolayer at different surface coverage, and the water molecules

entrapped between the CaF» and the phospholipid molecules.
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4. Materials and Methods

4.1 Materials

The phospholipids 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (16:0, DPPC), 1,2-
dipalmitoyl-d62-sn-glycero-3-phosphocholine (16:0, DPPC-d62), and 1,2-dioleoyl-sn-glycero-
3-phosphatidylcholine (18:1, DOPC), were purchased as lyophilized powder from Avanti Polar
Lipids (Alabaster, AL, USA). 1,2-dialkyl-sn-glycero-3-phosphocholine (Egg-PC), phosphate-
buffered saline (PBS, pH 7.4), chloroform, and methanol were purchased from Sigma-Aldrich
(Germany). The lipids were stored at -20°C since they are sensitive to temperature. All stock
solutions were prepared in chloroform:methanol mixtures. Adding a small amount of methanol
to chloroform increases the solubility of charged lipids. For all purposes, Millipore water (18.2
MQ cm) was used. The chloroform dissolves the plastic vails thus the lipid stock solutions were

stored in a suitable container made of glass with Teflon sealing.

Numerous calcium fluoride (CaF>) windows of 25.4 mm diameter were purchased from Korth
Kristalle Gmbh. The planar-supported lipid mono-and bilayers were prepared on CaF2 windows
(in 110 orientation). The CaF, windows were cleaned using two methods: plasma cleaning and
annealing. For plasma cleaning, the CaF> (110) windows were initially cleaned with toluene
(Merck), ethanol (Merck), followed by Millipore water for 10 min in each solvent. Oxygen
plasma cleaning was employed to remove the remaining solvent directly before the preparation
of the supported lipid layers. This procedure is known to increase the hydrophilicity of the CaF»
surface. [199] For the annealing method, initially, the CaF, windows were sonicated using
ethanol and Millipore water. This was followed by annealing at 500°C for 2 hours, during which
nitrogen was applied for 2 minutes in three steps to remove the impurities from the chamber 1)
at the beginning of annealing, ii) after one hour, and iii) at the end of 2 hours. The plates were

37



immersed in water for a maximum of 24 hours and isolated from water for the sample

preparations.

4.2 Methods

4.2.1 Preparation of planar supported lipid bilayers

Lipid vesicles were prepared according to Ref. [36, 200]. The stock solution of 50 mM was
prepared by dissolving the Egg-PC in an organic mixture of chloroform:methanol (1:1, v:v).
The solution was dried under the stream of gaseous argon. The flow of argon creates a lipid
film on the surface of the apparatus. The lipid film formed after the evaporation of the
chloroform: methanol mixture was rehydrated in PBS buffer. The hydration of the lipid film
creates vesicles of Egg-PC. Immediately, the vesicles were freeze-thawed seven times in liquid
nitrogen at 37 °C, followed by, sonication and extrusion of the vesicles through a polycarbonate
membrane. To yield small unilamellar vesicles, a polycarbonate membrane of pore size 100 nm
was used. The prepared vesicle solution was passed 17 times through the membrane. The
extrusion was performed using the mini extruder (Avanti Polar Lipids, Alabaster, AL, USA)
that has several parts: two gas-tight syringes to hold a lipid solution where the parts are sealed
to protect the syringe from leakage. The cleaning of all parts except the filter support and
polycarbonate membrane is mandatory. A mild detergent followed by, tap water and deionized
or distilled water are used for cleaning. The number of passes through the extruder determines
the particle size distribution. After the preparation, the vesicles were stored in the refrigerator
at -20° C and sonicated before each lipid bilayer preparation. For the preparation of lipid
bilayers, the vesicles were diluted in the water (1:9, v:v) and sonicated for 10 min. After
sonication, the lipid vesicles were deposited on the surface of the substrate. For all
measurements, a CaF, window was selected as the solid substrate. The vesicle may undergo
several changes on the surface of the substrate, and due to the previously mentioned vesicle
fusion, lipid bilayers will form on the surface due to the hydrophilicity of the CaF, window.
The prepared lipid bilayers adsorbed the solid substrate was gently washed with Millipore water
to remove intact vesicles and excess bilayers. The BB-VSFG measurements were conducted

immediately after the preparation of solid-supported lipid bilayers.
4.2.2 Preparation of planar supported lipid monolayers

Langmuir-Blodgett (LB) deposition was employed for the preparation of monolayers on the

solid substrate. The stock solutions of DPPC, DOPC and its mixtures DOPC: DPPC (9:1, v:v),
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DPPC: DOPC (9:1,v:v) dissolved in chloroform: methanol (9:1, v:v) were used for preparation.
A few micro-liters of the corresponding phospholipid dissolved in chloroform:methanol
mixture was spread on the surface of the water using a Hamilton syringe. Allocating 10 minutes,
the organic solvents evaporate i.e., chloroform and methanol from the surface of the water in
the LB trough leaving amphipathic phospholipid molecules at the air-water interface. The
barriers were moved to the targeted surface pressure with extremely low compression speed
(10 mm/s). The barriers were automatically maintained when the target surface pressure was
attained. The initially inserted substrate was drawn vertically at a speed of 1 mm/min to transfer
the lipid monolayer onto the CaF, window. The solid-supported monolayers were measured by

using the VSFG spectrometer immediately after preparation.

Extreme care was taken with the cleanliness of the trough and its components before beginning
the experiments. The trough and its components were cleaned using methanol or ethanol before
preparing the monolayers. Any contaminants on the air-water interface would affect the
monolayer ordering, therefore, the cleanliness of the Langmuir trough is vital to maintain
stability throughout the experiments. The contaminants present on the trough can be detected
on the compression isotherm (surface pressure as a function of area per molecule) as
aberrations. Even a slight variation in the surface tension of the meniscus can be measured and
displayed on the computer display. If contaminants are present, it is difficult to compress the
monolayer more than 35 mN/m - 40 mN/m of surface pressure. After cleaning the trough, the
barriers were placed on both edges of the trough and were manually initialized. Figure 4.1 (a-
d) shows the scheme of the LB deposition of supported lipid monolayers on a solid substrate
(e.g. CaF»). The LB apparatus consists of several components: 1) a trough made of Teflon that
holds the sub-phase ii) a dyne probe made of metal iii) a pair of barriers made of Teflon and iv)
a dipper that holds the substrate. The lipid molecules form monolayers at the air-water interface
due to their hydrophobic nature. The monolayer formed can be transferred either by vertical
(LB film) or horizontal dipping (Langmuir-Schaeffer film) onto a solid substrate depending on
the hydrophilic-hydrophobic nature of the substrate.

The main purpose of the barriers is to maintain a constant number of molecules at the surface
of the sub-phase for a particular surface area. The subphase was poured into the trough. Water
was used as a subphase. The Langmuir trough was filled with water and left for a few minutes
to stabilize the surface. For calibrating the system, a metallic rod called a dyne probe was used.
Besides, the surface tension or surface pressure at interfaces can be measured by using the dyne

probe. Before spreading the solution, the dipper holding the CaF> window was vertically
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inserted into the water for the preparation of the lipid monolayer. All components of the
Langmuir trough are computer and software controlled (Kibron, Helsinki). Figure 4.2 shows

the Kibron MicroTrough XS apparatus that was used to prepare the solid-supported

monolayers.
a) (iii) Dyne probe b) Addlng PC c) CaF2 window Vemcal lifting
J&m —
Water 5 "L

(ii) Barriers

Figure 4.1 a)-d) shows the scheme of Langmuir-Blodgett deposition used for the preparation of solid-
supported lipid monolayers. a) LB trough is filled with water and a calcium fluoride window is immersed
into the water. b) Lipids in chloroform: methanol was injected into the water surface. c¢) Lipid molecules
are spread at the water surface. d) Monolayer preparation using the vertical lifting of a calcium fluoride

window.

Dipper

Dyne probe
Barrier
Trough

Figure 4.2 Kibron MicroTrough XS apparatus that was used to prepare the solid-supported monolayers.

4.2.3 Broadband vibrational sum-frequency generation spectrometer

Briefly, the whole setup is driven by a compact, turn-key Yb: KGd (WO4) solid-state laser
system (Pharos-SP, Light Conversion Ltd.) operating at a 100 kHz repetition rate. The total
pulse energy (E;), the pulse duration (), and the central wavelength of the laser system are
60 uJ and 180 fs, and 1.03 pm, respectively. The 6 W pump pulses from the laser system were

split into two parts using a partial reflector.
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I. Generation of picosecond visible pulse

From the 6 W laser femtosecond pump laser, a 2 W pump was used to generate narrowband
picosecond visible (VIS) pulses. An efficient spectral compression scheme, the chirped sum-
frequency mixing was employed to generate the VIS pulses [3, 201, 202]. The 2 W, 20 pJ,
180 fs pump laser beam was equally split into two parts. One part of the laser beam was fed to
positive dispersion, and the other was subjected to negative dispersion. After introducing the
positive and negative dispersions, the two beams were focused on a 1.5 mm thick, type I BBO
crystal generating 5 pJ, transform-limited, 4.5 ps pulses. The pump-to-VIS conversion
efficiency was ~50 % and the overall conversion efficiency was ~25 %. The produced 5 uJ VIS
picosecond laser pulses were centered ~515 nm with excellent beam quality [3, 4]. The full
width at half maximum (FWHM) was about 3 cm™! that determines the spectral resolution in
BB-VSFG measurements. For comparison, the typical Ti:sapphire-based BB-VSFG
spectrometers have only a 15-30 cm™ spectral resolution [154, 155, 193]. Figure 4.3 shows a
schematic of the BB-VSFG experimental setup which was used for all VSFG measurements

discussed in this thesis [3, 4].

I1. Mid-infrared I beam: 2700 cm™ - 3600 cm™!

The remaining 4 W pump was split into two parts, one part about ~100 mW is used for
generating seed pulses and the remaining amount was used for pumping the optical parametric
amplifiers (OPA). For seeding the first OPA, supercontinuum pulses were generated in the
wavelength range of 1300 nm—1700 nm, and further amplified in two OPA stages (see Figure
4.3 MIR I box). The pre-amplifier and the booster amplifier were based on 5 % MgO-doped,
periodically poled Lithium Niobate (PPLN) crystals. Due to the applied collinear OPA
geometry, nearly transform-limited, temporally, and spatially clean pulses were obtained in
both the 1.52 um signal and the 3.2 um idler beamlines at average powers of 460 mW and
180 mW and pulse durations of 32 fs and 63 fs, respectively [3]. The center wavelength of the
idler pulses around 3.2 um was tunable by +/- 0.2 um. The parameters of mid-infrared beam I

(MIR I) which have the spectral full width of 800 cm™, [3, 4] are summarized in Table 4.1.
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Figure 4.3 Scheme of the 100 kHz broadband vibrational sum-frequency generation spectrometer. BS:
beam splitter, MM: magnetic mirror, WLC: white-light continuum generation unit, SFG: sum-frequency
generation unit, OPA: optical parametric amplifiers, Mono: monochromator, F: filter, P: polarizer, BD:
beam dump, WP: waveplate, CCD: charge-coupled device. MIR I and MIR II denote the two mid-IR

beamlines.

II1. Mid-infrared II beam: 900 cm™ - 1800 cm!

Using a magnetic mirror, the switching between the MIR I and MIR II can be easily controlled
(see Figure 4.3). The experimental parameters of MIR I and MIR II are summarized in Table
4.1. As discussed above, 4 W was also used to produce sub-100 fs tunable MIR II laser pulses.
The MIR II beam was generated with the help of a single-stage OPA where the amplifier was
based on LiGaS; crystal (cf. OPA#3 in Figure 4.3). About 100 mW of 4 W was applied to
generate the seed pulse, and the remaining energy was used for pumping the single-stage OPA.
Tilting the OPA crystal, the central wavelength of the MIR II laser pulses can be easily adjusted
[4]. The generated MIR II beam was tunable in the spectral ranges of 900 cm™'—1800 cm™'. The
pulse energies of the MIR II after the pulse compression unit, are measured to be 0.48 puJ at the
central frequency of 7.8 um and decreased to 0.1 pJ at center wavelengths of around 6.5 pm

and 8.7 um. More information about the parameters of the MIR II beam is given in Table 4.1.

IV. VSFG measurements

For BB-VSFG measurements (Figure 4.3), the few-cycle MIR I or MIR 1I and the 4.5 ps visible
laser pulses were spatially and temporally overlapped at an Au (111) surface. The broadband
MIR I beam and VIS pulses were focused on the sample using 50 mm and 300 mm focal length
lenses at angles of incidence of 57° and 68°, respectively. The broadband MIR II beam between

5.7 pm and 10.5 pm was focused on the sample using a 40 mm focal length lens. The angle of
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incidences of both the MIR beams was identical in all the cases. The generated sum-frequency
signal was detected using a 320 mm spectrograph equipped with a Peltier-cooled, back-
illuminated, deep-depletion CCD. In the experiments conducted with MIR I beamline, the E,
of MIR I and VIS at the sample plane were 0.55 pJ and 4.25 pJ, respectively. Moreover, the E,
of the MIR II and the VIS at the sample plane were 0.06 pnJ-0.5 uJ and 4.15 pJ, respectively.
The spot size of MIR I and MIR II pulses are 20 um and 28 pum, respectively. The beam waists
for VIS pulses were 150 um and kept constant in the different spectral window. Both the MIR
and the VIS parameters were kept constant for all experiments conducted in the corresponding

spectral range.

Table 4.1 Beam parameters applied for the BB-VSFG measurements.

Parameters VIS MIR 1 MIR II

Central wavelength [pum] 0.515 2.8-3.6 5.7-10.5

Ep [WJ] 4.15-4.25 0.55-2 0.06-0.5
T [fs] 4500 60 100
f[mm] 300 50 40
Spot size [um] 150 20 28
FWHM [cm'] 3 800 150-300
OPA crystal PPLN LiGaS;
Angle of incidence [deg] 68 57 57

E,: pulse energy, T: pulse duration, f; focal length, FWHM: full width at half maximum, OPA:

optical parametric amplifier.

The BB-VSFG experiments were conducted in the window geometry in reflection mode where
both the MIR and the VIS beam come from the same direction of the surface normal i.e., co-
propagating geometry. The co-propagating geometry was preferred as there is only a minimal
dispersion of the signal [150, 151]. Moreover, in this geometry, the generated VSFG beam and
the VIS beam are almost collinear that enabling a straightforward approach to obtain the signal
at the detector. In the experimental setup, zero-order half-wave plates were used to control the
polarization of the excitation pulses. Additionally, a polarizer and a half-wave plate were
employed for selecting the polarization component of the generated VSFG signal with respect
to the plane of incidence on the sample where “p” represents the parallel and the “s” stands for
the perpendicular polarization. Besides, it can also provide high diffraction efficiency in the

grating spectrograph [3, 4]. The window geometry in reflection mode was employed in all the

BB-VSFG experiments conducted in this thesis.
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4.2.4 Data pre-processing

The calibration spectra were collected by overlapping the MIR and the VIS beams temporally
and spatially on the Au (111) surface. The generated BB-VSFG signal from the Au (111)
surface was obtained using a monochromator and a CCD camera. Figure 4.4 (a) illustrates the
BB-VSFG spectra of Au (111) measured in the C-H, O-H, N-H vibrational stretching range and
the fingerprint region. A 50 um-thick polystyrene film was inserted in the path of the MIR beam
while obtaining the BB-VSFG spectra from the Au (111) surface. This procedure was
conducted to calibrate the x-axis (i.e., the wavenumber axis) of the BB-VSFG spectra. Figure
4.4 (b) illustrates the BB-VSFG spectra of polystyrene measured in the spectral range of
2700 cm™-3600 cm™, and 900 cm™'-1400 cm™. Table 4.2 represents the polystyrene bands
obtained from BB-VSFG spectra measured in the corresponding region. The vibrational modes
of polystyrene from the literature were used as a reference to calibrate the x-axis of the collected

BB-VSFG spectra [203].
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Figure 4.4 a) BB-VSFG spectra of Au (111) surface in the C-H, N-H, O-H i.e., 2700 cm™!-3600 cm!,
and the fingerprint region, 900 cm™'-1400 cm™'. The green spectra centered at 19421 cm! is the spectrum
of the VIS beam. b) BB-VSFG spectra of Au (111) surface obtained while inserting a polystyrene thin
film in the MIR beam path in the spectral range of 2700 cm!-3600 cm™ (C-H, N-H, O-H) and
900 cm™-1400 cm™! (fingerprint region).

In Figure 4.4 a) the lines with different colors are the Au (111) spectra obtained in different
wavelengths. The spectral shape of the Au (111) spectra is identical to that of the MIR beam.
The numbers in Figure 4.4 b) corresponds to the absorption bands of polystyrene summarized
in Table 4.2. For the calibration of wavenumber, six absorption bands of polystyrene were used,
(i.e., 3082 cm™, 3060 cm™, 3026 cm!, 3001 cm™, 2924 cm™', and 2850 cm™") in the C-H, N-H,

and O-H vibrational stretching range. Additionally, five vibrational modes were used to
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calibrate (i.e., 1181 cm™, 1154 cm™, 1069 cm™, 1028 cm™, and 905 cm™) in the fingerprint
region (i.e. 900 cm'-1350 cm™). The wavenumber calibration was proceeded by the removal
of spikes from the BB-VSFG spectra. The background spectra were measured by switching ON
the VIS beam alone. The obtained background spectra were subtracted from the raw spectra
followed by normalization of the sample spectra using the gold spectrum. Normalization of
each spectrum with an Au (111) spectrum is a mandatory procedure that eliminates the shape
of the broadband MIR beam to obtain a reliable intensity ratio in the entire spectral range. All
the above data pre-processing was performed with the help of home-written MATLAB scripts.
Each experiment has been repeated a minimum of three times to ensure similar results in all the
cases. The BB-VSFG spectra were fitted with Lorentzian line profiles based on the equation
expression 3.14, for more details see section 3.3.3, page 30 in the Research background, using

a home-written IGOR Pro8 script.

Table 4.2 Polystyrene bands for wavenumber calibration [203].
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5. Applicability of high repetition-rate BB-
VSFG in bio-analytical chemistry

This chapter is based on the publication J. Chem. Phys. 2018, 148, 104702, doi:
10.1063/1.5016629.

Vibrational sum-frequency generation spectroscopy (VSFQ) is a surface-specific analytical tool
widely used to study the structure, conformation, orientation, and composition of molecules at
interfaces. The limitations of the standard broadband VSFG (BB-VSFG) spectrometer are its
spectral resolution and sensitivity. Recently, to overcome this challenge, a 100 kHz repetition-
rate BB-VSFG spectrometer was developed in SALSA Photonics Lab, Humboldt Universitét
zu Berlin, Germany [3]. In this chapter, the first application of the state-of-the-art high
repetition-rate BB-VSFG (HRR-BB-VSFG) spectrometer was performed. For studying the
applicability of the HRR-BB-VSFG spectrometer, a model of the biological membrane such as

the multi-component phospholipid bilayer was employed.

The hydrocarbon chains of phospholipids were previously studied by several groups and
reported that they exist in either all-trans configurations or packed in near-trans conformations
in the crystalline form [15, 103, 175, 204]. The heating of phospholipids causes thermal phase
transitions, this includes gel-to-liquid crystalline, sub-transition, pre-transition, and ice-melting
induced phase transition. During the phase transitions, the chains undergo large structural
rearrangements and disrupt the order in the phospholipid assemblies. This order/disorder is
reflected in the vibrational spectrum, which can be in turn correlated to the population of gauche
conformers in the hydrocarbon chains. The changes can be observed as variations in the
intensities and frequencies of C-H stretching modes in the spectral range between 2800 cm™!

and 3000 cm™. Therefore, the spectrometer was tuned in this spectral range to monitor the
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stability of the phospholipid bilayers during the BB-VSFG measurements. The intense laser
pulses can cause reorientation, and/or photo-induced damages to the phospholipids. This
chapter elaborates on the optimization of experimental conditions for studying the
phospholipids, the stability of the phospholipids during the measurements, and the interfacial

structure of phospholipid bilayers at the air-CaF> interface.
5.1.1 Sample preparation

In this work, phosphatidylcholines (PCs) derived from egg-yolk of chicken (Egg-PC) were used
to prepare planar-supported bilayers. They are model systems that were widely employed for
investigating the physicochemical properties of biological membranes. Egg-PC is a
heterogeneous mixture of different phospholipids, where the composition of fatty acids is

represented in Table 5.1.

Table 5.1 The composition of fatty acids in Egg-PC derived from egg-yolk. The parenthesis contains

the number of carbon atoms and the pair of unsaturation in their alkyl chains.

Types of fatty acid in Egg-PC Fatty acid composition (%)

Palmitic (16:0) 32.7
Palmitoleic (16:1) 1.1
Stearic (18:0) 12.3
Oleic (18:1) 32.0
Linoleic (18:2) 17.1
Other <2.0

The above Table 5.1 is based on the datasheet provided by Avanti Polar Lipid Inc. This
composition of Egg-PC may vary depending on the sources. The major constituents in the Egg-
PC mixture are palmitic acid (16:0) and oleic acid (18:1) with the fatty acid chain attached to
the sn-1 and sn-2 positions. The fatty acid chains attached to sn-1 are predominantly saturated,
and consist of 16-or 18-carbon atoms, and the lipids with higher degrees of unsaturation have

their chains attached to the sn-2 position, where they consist of 18- or 20-carbon atoms.

The stock solution of Egg-PC was prepared by dissolving their lyophilized powder in the
chloroform:methanol mixture. The solution was kept under nitrogen gas flow to evaporate the
organic solvents, where a thin film was formed on the bottom of the flask. This film was
rehydrated with the PBS buffer solution. After rehydration, the solution was freeze-thawed
several times and finally extruded through two polycarbonate membranes to obtain unilamellar

vesicles. The detailed protocols for the sample preparation were elaborated in Materials and
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Methods (see section 4.2.1, page 38). The schematic of small unilamellar vesicles preparation

is shown in Figure 5.1.

Thin layer hydration

Organic solvents

Water
Oo
. o ® »

Extrusion A0 /¢, o

- 5 00 » &

Method °0 °° ’
Lipids o _ Polycarbonate

in organic solvents  Dried lipid film Hydration membrane

Figure 5.1 The scheme of lipid vesicle preparation: the lipids were dissolved in chloroform:methanol,
dried under nitrogen gas, rehydrated with PBS buffer, extruded through polycarbonate membrane to

create homogeneous unilamellar vesicles.

A 20uL of unilamellar vesicles prepared by thin layer hydration method was dropped each time
on the CaF; window to prepare the planar-supported Egg-PC bilayers, where the vesicles adsorb
and rupture to form bilayers on the window. This method is the so-called vesicle fusion
approach. After the preparation of bilayers, the BB-VSFG spectra were measured as soon as

possible.
5.1.2 BB-VSFG measurements and data pre-processing

The spectrometer was adjusted in the spectral range between 2800 cm™ and 3600 cm™ to
observe the C-H and O-H vibrational modes. The vibrational spectra were obtained by spatially
and temporally overlapping the MIR and VIS beams on the samples, where all the spectra were
collected in the reflection mode. Additional details about the setup were given in Materials and
Methods (section 4.2.3, page 40). For the experiments, the incident pulse energy of the MIR
and VIS pulses was 0.55 pJ and 4.25 pJ, respectively. The measurements were conducted at
the air-CaF» interface. The spectral resolution of the BB-VSFG spectrometer used for the
investigation was ~3 cm™, and the spectral window was 800 cm™ broad. Briefly, the
measurements were carried out as follows. First, the BB-VSFG spectra of polystyrene and
Au (111) surface were obtained for calibration of the sample spectra. These absorption bands
were obtained by inserting a 50 pm thick polystyrene film in the path of the MIR beam while
obtaining the BB-VSFG spectra on an Au (111) surface. Then, the BB-VSFG spectra of Egg-
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PC bilayers were obtained by focusing on MIR and VIS beams. Last, the spectra were pre-
processed to obtain spectral information. For the pre-processing, the wavenumber axis was
initially calculated from the wavelength axis. After calculating the wavenumber axis, the
spectra were calibrated with absorption bands of polystyrene, based on the NIST database. As
a next step, all spikes were removed from the spectra. This is followed by, subtracting the
averaged background spectra from the raw BB-VSFG spectra. These background spectra were
obtained by keeping the VIS beam in ON condition. The sample spectra were normalized using
gold spectrum, this procedure is mandatory as it provides a reliable intensity ratio in the entire
spectral range. All the above-mentioned processes were performed using home-written

MATLAB scripts.

The spectral assignments were done after fitting the Lorentzian line profiles on the BB-VSFG

spectra. The fitting was performed using IGOR-Pro software.
5.1.3 Optimum time delay for the HRR-BB-VSFG measurements

To find an optimum time delay between MIR and VIS pulses, the BB-VSFG spectra of planar
Egg-PC bilayers were measured at four different time delays (0 ps, 0.67 ps, 1.67 ps, 2.67 ps)
using ppp polarization combination (see Figure 5.2 dots). This optimum time delay was

achieved by delaying VIS pulses after the MIR beam.
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Figure 5.2 Normalized BB-VSFG spectra of Egg-PC bilayers on CaF, plate at different time-delays
between the MIR-VIS pulses for 0 ps (red), 0.67 ps (green), 1.67 ps (magenta), 2.67 ps (blue) in the C-
H stretching vibrational range. The dots and the lines represent the experimentally measured and fitted

BB-VSFG spectra, respectively.
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The BB-VSFG spectra obtained were fitted with Lorentzian line profiles, according to
expression 3.14 (for more details see section 3.3.3, page 30 in the Research background). The
sum of six Lorentzian line profiles was fitted to extract the central frequencies, line widths, and
amplitudes of the vibrational modes, and the parameters are summarized in Table 5.2. The

traces denote the sum of the Lorentzian line profiles (see Figure 5.2).

Table 5.2 Central frequencies, line widths, and amplitudes of the fitted BB-VSFG spectra of Egg-PC at
0 ps, 0.67 ps, 1.67 ps, 2.67 ps time-delays. wy, I'y, and A, represent the central frequency, line width, and

amplitude of the vth vibrational mode, respectively.

w, [em"] T, [em"] A, [0ps] A,[0.67ps] A, [1.67ps] A, [2.67ps]

2879+0.2 3.2+1.2  0.4+0.2 0.4+0.2 0.5+0.2 0.3+0.1
2901+£0.3 3442 9.4+0.2 8.6+0.2 8.2+0.2 7.4+0.2
2911£0.9 5£1.5 0.3+0.2 0.3+0.1 0.2+0.1 0.15+0.1
2937£2.9 9+0.1 -4.56+0.5 -4.2+0.6 -4.0 £0.6 -3.7+0.9
2955+1.2 104+0.1 -43+0.6 -4.1£0.5 -4.0£0.6 -3.44+0.5
2970+0.5 6.840.3  5.8+0.2 5.540.1 5.0+0.1 4.6+0.1

From Table 5.2, the absolute values of amplitudes of each spectral band decrease as the time
delay between the MIR and the VIS beam increases from 0 ps to 2.67 ps. These observations
were in agreement with those reported earlier [164, 166, 205]. The results showed that spectral
intensity at 0.67 ps was the highest with a slight reduction in the non-resonant background
(NRB). Therefore, 0.67 ps was considered as an optimum time delay for all measurements

conducted in this chapter.

The VIS pulse shape, duration, and timing can significantly affect the spectral resolution of BB-
VSFG spectra [151, 163]. When the delay between the MIR and VIS pulses is zero (the 7=0)
in the BB-VSFG measurement, the non-resonant contribution is fully up-converted, where half
of the VIS pulse is utilized to up-convert the resonant contribution of the response. The
truncation of the resonant part results in 1) spectral broadening, ii) decreased BB-VSFG signals,
and iii) strong non-resonant signals that can distort and even overwhelm the resonant signal of
interest. This is because the non-resonant part is up-converted by the strongest portion of the
VIS pulse, whereas the resonant part is up-converted by the decaying tail. Previous studies have
shown that introducing a positive time delay between the VIS pulse to the resonant MIR pulse
is an appropriate strategy to enhance the resonant signals [165, 167]. The delay between the
VIS and MIR pulses leads to increases in the overall BB-VSFG signal level. In this case, a

larger portion of the VIS pulse is used for up-conversion, where the truncation of the resonant
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signal is minimized. Meanwhile, the non-resonant part of the response is minimized as it is up-

converted by the weaker leading edge of the VIS pulse.

The lineshape broadening and phase flipping are the artifacts caused by the time delay between
the VIS and MIR pulses [161, 162]. The signs of the amplitude remain constant, indicating that
no phase flipping was observed between the neighboring bands at different time delays (see
Table 5.2). In this work, this result was only achieved as a result of the high resolution (3 cm™),
transform-limited VIS pulses [3]. Shalhout et al. demonstrated experimentally and theoretically
the effect of the time delay on the broadband VSFG spectra with two nearby vibrational modes
[161]. The studies showed that the relative phase between the two coherently excited vibrational
modes flips at a certain time delay. Lagutchev et al. reported that the asymmetric shape of the
VIS pulse can suppress the NRB and improve the VSFG signal by a factor of 20 [166]. Curtis
et al. reported that suppression of the NRB signal leads to other distortions in the VSFG signal,
which can complicate the analysis of the VSFG spectra [165]. Wang et al. estimated the
broadening of the spectral lineshapes by the Gaussian VIS pulse of linewidths from 0.6-15 cm’!
[151, 163]. A ps VIS probe pulse with our spectral FWHM causes less than 1 cm™! broadening

for our extracted Lorentzian vibrational spectral bands.
5.1.4 Signal to noise ratio of HRR-BB-VSFG spectrum

As this is the first application of HRR-BB-VSFG spectroscopy, it is crucial to study the signal-
to-noise ratio (SNR) of the spectrum. To investigate the SNR, the spectra of planar Egg-PC
bilayers on CaF, substrate were collected at different acquisition times and averaged. The
measurements were collected using a ppp polarization combination (see Figure 5.3). The single,
10, and 100 times averaged BB-VSFG spectrum obtained with an integration time of 10 s and
30s, 60s, 100 s, and 200 s are shown in Figure 5.3 a and b. The BB-VSFG spectra shown

below were obtained at the 100 kHz laser repetition rate and 800 cm™ broad.

The SNR values calculated for different integration times are summarized in Table 5.3. The
peak at 2965 cm™! was selected to estimate the SNR because of its minimum overlap with the
neighboring modes. The root-mean-square (RMS) noise was obtained from the standard
deviation of the baseline value between the range of 3000 cm™ and 3100 cm™! of the spectra.
The low SNR at the edges of the single spectrum is due to the low energy density of the MIR
beam (Figure 5.3 a, blue).
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Figure 5.3 Normalized 100 kHz BB-VSFG spectra of the planar Egg-PC bilayers at the air-CaF,
interface: a) single spectrum (blue), 10 (red), and 100 (green) times averaged spectra b) obtained at the

integration times of 10 s (cyan), 30 s (red), 60 s (green); 100 s (magenta), 200 s (blue).

Table 5.3 Calculated signal-to-noise-ratio (SNR) for different spectral acquisition conditions of Egg-PC
bilayer BB-VSFG spectra are listed below.

Acquisition time [s] 10s 30s 60s 100s 200s 10sx10 10sx100

SNR 80 154 231 275 283 190 500

The increase in the integration time improved the SNR of the spectra (see Figure 5.3b) [206].
The BB-VSFG spectra of Egg-PC revealed that the SNR could be improved by a few orders of
magnitude while employing a 100 kHz BB-VSFG spectrometer compared to standard VSFG
spectrometers, which is the limitation of conventional BB-VSFG spectrometer [207]. Our
results also revealed that the BB-VSFG spectra can be collected using low (second to the
millisecond) integration times without compromising the SNR of the spectra. The high SNR
obtained from the phospholipids bilayers was surprising because of three reasons: the

experimental geometry used, the bilayers symmetry, and the phospholipid composition.

As explained in the Research background, the window geometry was selected over the prism
geometry for the measurements. The results presented in this work revealed that it is possible
to achieve high SNR spectra even at the air-CaF; interface. In a more general sense, the result

revealed that the geometry of surface platforms does not limit the phospholipid studies using
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BB-VSFG spectroscopy. In earlier studies, phospholipid bilayers were prepared either on prism
geometry and/or immersed in water to improve the signal-to-noise ratio of the VSFG spectra
[183, 194]. Zhan Chen et al. found that the VSFG signal intensity of the phospholipid bilayer
in contact with water is around 34 times stronger compared to that in the air [197]. They found
that the main reason for the signal enhancement is the increased Fresnel coefficients of the
water-lipid interface, rather than the changes in the molecular orientation, which only slightly
changes the VSFG signal. Their results revealed that the contact medium can greatly influence
the VSFG signal intensity. Xiaolin Lu et al. noticed that the VSFG signal of phospholipid
bilayer/monolayer obtained using prism and window geometry are very different [194]. They
found that the reason for different VSFG spectra at different polarization combinations is the
combined effect of interfacial Fresnel coefficients and the second-order nonlinear susceptibility
tensor components [194]. In the ssp polarization combination, the absolute value of the Fresnel
coefficient for the window geometry is much smaller than that for the prism geometry. In the
case of the ppp polarization combination, the total internal reflection changes the spectral

feature as a result of Fresnel coefficients and the interplay between the different y;jx tensor terms.

Based on the literature review, the intensity of VSFG spectra of the planar bilayer reported was
either very low [183] or without any signal [177]. The asymmetric bilayers are generally used
to improve the SNR [177]. As elaborated in the Research background, this is because the
intensities from the upper and lower leaflets of the symmetric phospholipid cancel each other
which may lead to destructive interference, due to the symmetry conditions of the BB-VSFG.
The phospholipid bilayers used in this work were PCs consisting of different chain lengths and
identical head groups, as discussed at the beginning of this chapter. Our results proved that the
Egg-PC bilayers are a good model system for HRR-BB-VSFG spectroscopy. The high SNR of
the BB-VSFG spectra indicate that the bilayers were asymmetric at the interface. Recently,
Olenick and coworkers [183] reported the VSFG spectra of the symmetric lipid bilayer with
both scanning and for a 1 kHz spectrometer. The spectral acquisition time they used to obtain
the VSFG spectra was ~120 minutes using either of the spectrometers. They reduced the
integration time to 20 minutes where an average of 5 spectra was integrated over 4 minutes.
Comparing the spectra in this work to theirs [183], our spectra have high SNR. In conclusion,
the BB-VSFG spectra can be collected with high SNR from a heterogeneous, planar-supported
Egg-PC bilayer on CaF> window geometry at the air interface irrespective of all these factors.
These results pointed out that the BB-VSFG employed for the measurements has high
sensitivity while the acquisition time of the measurements were also significantly reduced

compared to a typical VSFG spectrometer.
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5.2 BB-VSFG spectra of Egg-PC bilayer at different laser repetition

rates and illumination conditions

To study the stability of phospholipids, the measurements were performed at different laser
repetition rates. The BB-VSFG spectra were obtained in four polarization combinations such
as ppp, ssp, pss, sps at repetition rates of 5 kHz, 10 kHz, 50 kHz, and 100 kHz. The acquisition
time for collecting BB-VSFG spectra was varied accordingly with the repetition rate (see Figure
5.4). The desired repetition rate was achieved by adjusting the repetition rate of the pump laser
with the integrated pulse picker and maintaining constant pulse energy. That is, a constant

number of laser pulses were ensured on the sample at all the employed laser repetition rates.
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Figure 5.4 Normalized BB-VSFG spectra of the planar supported bilayers of Egg-PC on a CaF; plate
measured at ppp, ssp, sps, and pss polarization combinations at different laser repetition rates and
acquisition times: a) 100 kHz, 10 s; b) 50 kHz, 20 s; ¢) 10 kHz, 100 s; d) 5 kHz, 200 s. The acquisition

time was adjusted to ensure a constant number of laser pulses.

The SNR of a single BB-VSFG spectrum obtained at laser pulse repetition rates of 100 kHz,
50 kHz, 10 kHz, and 5 kHz were calculated in the same way as it was discussed in the 100 kHz

measurements and the results were summarized in Table 5.4.

Table 5.4 Calculated signal-to-noise-ratio (SNR) of single BB-VSFG spectrum obtained at 100 kHz,
50 kHz, 10 kHz, and 5 kHz laser repetition rates are listed below.

Repetition-rates 100kHz 50kHz 10kHz 5kHz

Acquisition time [s] 10 20 100 200
SNR 76 55 50 37
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From Table 5.4, the SNR calculated for a BB-VSFG spectrum obtained at 200 s integration
time and of 5 kHz laser repetition rate was 37 (see Table 5.4). Besides, the SNR for the average
of ten spectra is 129 which was measured by applying two orders of magnitude lower average
power with shorter integration times compared to typical 1-5 kHz BB-VSFG spectrometers.
The results showed that the SNR of ten times averaged spectra are similar to the values found
in the literature and these results were achieved by an order of magnitude lower average power
and integration time. The 100 kHz laser repetition-rate provides the highest value of SNR (see
Table 5.4). The result showed that the SNR of the BB-VSFG spectra increases with the laser
repetition rate at a constant number of laser pulses and pulse energies incident on the sample.

There is a trade-off between laser repetition rate, average power, and thermal damages.

Several studies showed that the photo-damage and higher-order processes occur at high
excitation intensity [208-210]. Considering VSFG, the photo-damage mechanisms could be
different as it has two optical pulses of femtosecond (fs) and picosecond (ps). The ps pulses in
the VIS spectral range match the Raman energy levels. The fs pulses in the MIR spectral range
initiate vibrational absorption through IR processes, which contribute to additional damage to
the sample. The intense laser pulses at the focal point may generate plasma through multiphoton
processes and destruct the biological sample [211, 212]. In general, lasers with low repetition
rate, high pulse energy, and low average power were used in the experiments to obtain efficient
signals and to potentially reduce thermal effects. Based on the literature review, the laser
parameters generally employed by several research groups for the experiments are listed in
Table 5.5. In our case, ultrashort laser pulses with a 100 kHz laser repetition rate were employed
for VSFG signal generation. To secure the advantage of a high repetition rate we should remain
below any possible nonlinear photo-damage threshold. So far, no 100 kHz laser repetition rate

study has been reported for VSFG spectroscopy.

The pulse energies of both MIR and VIS pulses listed above were used for measuring molecules
that have no absorption in the VIS range of the spectrometer (see Table 5.5). In order to study
photosensitive chromophores, doubly resonant VSFG spectroscopy is used, where the power
of the VIS was kept as low as possible to minimize photo-degradation. The VIS and MIR
powers measured on the sample are generally 0.14-2 mW and 3-4 mW, respectively [213-215].
The pulse energies used in typical VSFG experiments were in the range of 2 tol0 mW and 4 to
425 mW for MIR and VIS pulses, respectively. In the case of the 100-kHz setup, the pulse
energies were much less but the average powers were higher than the typically applied

parameters because of the applied high laser repetition rate (see Table 5.5).
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Table 5.5 VSFG experimental setup developments and the laser parameters used for the measurements

in the spectral range of 2800-3600 cm™.

Timeline Laser Pulse energy References
[kHz] IR [pJ/pulse] VIS [nd/pulse]
1987 - - - [216]
1996 5Hz 10 8 [172]
1998 1 kHz 3 4 [173]
2001 1 kHz 7.7 240 [154]
2004 1 kHz 1-3 425 [169]
2007 1 kHz 10 20 [166]
2008 1 kHz 2-3 10-15 [217]
2009 5 kHz 2.3-4 43 [155]
2017 100 kHz 0.55-2 4.15-4.25 [3, 4]

We attribute the higher SNR at higher repetition rates to the lower accumulated dark noise of
the CCD camera used at shorter integration times. We also noted that the accumulated dark
noise can be reduced by using other types of CCD cameras i.e., iCCD, iEMCCD. The average
background intensity measured was 1.5 X 10° counts at repetition rates of 5 kHz and 10 kHz
(see Figure 5.4 c-d), where it was ~ 10° counts at 100 kHz (see Figure 5.4 a). The total noise,
dark current noise, and readout noise added in quadrature were about 5.5 €™ per pixel RMS over
a 200 s integration time at 5 kHz laser repetition rate and decreased to 4.057 e per pixel over a
10 s integration time at 100 kHz (see Figure 5.3 a versus d). The average powers generally
applied were 20 mW /215 mW (MIR / VIS) whereas the SNR for the 5 kHz laser repetition
rate was 110-170 [154, 155, 196]. The measured average power for different laser pulse
repetition rates keeping the pulse energy constant is shown in Table 5.6, where the pulse energy

is simply the average power measured per laser repetition rate of the pulses.

Table 5.6 Applied pulse energies and average powers at different laser repetition rates in the HRR-BB-

VSFG measurements.

Repetition rate [kKHz] APvis [ mW] AP [mW] PEyis [nJ] PEr [nd]

100 425 55 4.25 0.55
50 213 28 4.25 0.55
10 43 6 4.25 0.55
5 21 3 4.25 0.55

It should be noted that the average power on the phospholipid bilayers decreases proportionally
with a decrease in laser repetition rate as summarized in Table 5.6. Our BB-VSFG spectra were

obtained only with an average power of 2.75 mW /21 mW (MIR / VIS) at a 5 kHz repetition
57



rate where typically 20 mW/ 215 mW (MIR / VIS) were used at the same repetition rate,
respectively [154, 155]. It should be noted that in the present experiments the applied average
power at 100 kHz is a few times higher than the typical values applied in 1-5 kHz laser
repetition rates [196]. Another point of discussion is the time for the acquisition of a vibrational
spectrum. Here, the time for obtaining the BB-VSFG spectra of all the polarization
combinations was about 20 to 30 min. Only a single spectrum can be collected in the case of
scanning-VSFG during this acquisition time. While employing such low repetition rate
spectrometers, studies show that the VSFG spectra of unsaturated lipids in ambient conditions
change over time [218]. For this reason, the application of the high repetition rate of VSFG
spectrometers helps to investigate molecular layers at interfaces that change their structure over

time.
5.2.1 Stability of Egg-PC bilayer at different laser repetition rate

To investigate systematically the influence of the laser repetition rate on the phospholipids, the
BB-VSFG spectra of Egg-PC were measured at 5 kHz, 10 kHz, 50 kHz, 100 kHz. The ppp
polarization combination spectra were selected for the analysis and fitted using the sum of six
Lorentzian line profiles (see Figure 5.5). The central frequencies, the amplitudes, and the line
widths of the four laser repetition rates such as 5 kHz, 10 kHz, 50 kHz, 100 kHz are given in
Table 5.7.

SkHz
10kHz
50kHz
100kHz

Normalized VSFG Intensity
[arb. units]

2850 2900 2950
Wavenumber [cm™]

Figure 5.5 BB-VSFG spectra of planar supported bilayers of Egg-PC were collected using ppp
polarization combination at 5 kHz, 10 kHz, 50 kHz, and 100 kHz.
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Table 5.7 Fit parameters for Lorentzian line profiles in ppp polarization combination as a function of
laser repetition rate, where w, I'v and A, represent the central frequency, line width, and the amplitude

of the vth vibrational mode, respectively.

w, [em'] T, [em?] A,[100kHz] A, [50kHz] A, [10kHz] A, [5kHz]

2880.0+1.2 8+2 1.1£0.2 1.4+0.1 2.4+0.1 1.7+0.1
2901.5¢1.9 10+1.9 1.5+£0.2 1.4+0.2 1.1+0.1 1.3+0.1
2914.0+1.3 5=£1.5 0.9+0.1 1.5£0.4 1.2+0.1 1.4+0.1
2938.0£2.0 11+1.4 3.0£1.1 2.6£1.2 4.4+0.1 5.2+0.1
2956.0+1.1 7.9+14  -5.7+0.7 -5.742.2 -7.0+0.1 -6.3£0.1
2969.3+0.2 6.5+0.2  7.240.2 5.4+0.5 5.8+0.1 5.4+0.1

The values of wavenumbers and linewidths shown in Table 5.7 are the averages obtained from
the four laser repetition rates. The position of the central frequency remains the same in all the
BB-VSFG spectra. The parameters of the Lorentzian line profiles provide accurate values of
vibrational modes than the features from the BB-VSFG spectra. It can be visible from the
spectra that the NRB of 100 kHz laser repetition rate spectra was minimal (see, Figure 5.5,
magenta). The highest amplitude at 2969 cm™ was observed for a 100 kHz repetition rate
indicate that this repetition rate provides better resolved spectral features compared to the
standard VSFG spectra. The amplitudes of vibrational modes also suggest that the Egg-PC

bilayers were stable during the measurements (see Table 5.7)
5.2.2 Stability of Egg-PC bilayers at different illumination conditions

The BB-VSFG spectra of the bilayers were recorded with an integration time of 10 s at 100 kHz
over a time interval of 20 min (see Figure 5.6 and Figure 5.7). Three cases were considered: 1)
the VIS beam always ON and MIR switched ON and OFF ii) the MIR beam always switched
ON and VIS switched ON and OFF, and iii) the VIS and MIR beams simultaneously ON and
OFF during all the measurements (i-iii). The spectral intensity of vibrational modes was

monitored over time to examine the changes in the BB-VSFG spectra of the bilayer.
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Figure 5.6 BB-VSFG spectra of Egg-PC were measured in the ppp polarization with a) VIS beam
always turned ON, b) IR beam always turned ON, and c) both beams simultaneously switched ON and
OFF.
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Figure 5.7 The spectral intensity fluctuation of BB-VSFG spectra of planar Egg-PC bilayer at the air-
CaF; interface at 100 kHz over time in the ppp polarization combination. The vibrational modes of
2965 cm™!, blue; 2937 cm™!, green; 2878 cm™!, magenta; and 2878 cm ™, red; obtained by using ppp and
ssp polarization combinations were recorded over time. The error bars were calculated from the root-

mean-square fluctuation of the peak intensity over 20 min.

The spectral intensity was observed as constant during the experiments in all three cases (see
Figure 5.7). The vibrational features of phospholipids here were in good agreement with those
reported previously [5]. In the case of any thermal induced structural rearrangement, the
vibrational features of methylene modes appear intense around 2850 cm™, which was not
observed in our spectra [219, 220]. It is observed that there was neither a correlation between
different radiance conditions nor the fluctuation in maximal intensities as well as spectral
positions (see Figure 5.7). Our result suggests that there is no or negligible laser-induced
thermal damage to the sample. The BB-VSFG spectral intensity over time infers that the planar
supported bilayers at the applied average powers/pulse energies were stable in the air during
the experiments. This result is in agreement with the simple 3-dimensional analytical heat

diffusion model. The modeling was conducted in collaboration with Dr. Mark Mero from Max-
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Born-Institut fiir Nichtlineare Optik und Kurzzeitspektroskopie im Forschungsverbund Berlin

and summarized in ref. [221].
5.3 Interfacial structure and order of alkyl chains of Egg-PC bilayers

As elaborated in section 3.3 (page 27-28), the achiral molecules at the interface have four non-
vanishing polarization combinations as ppp (p-VSFG, p-VIS, p-IR), ssp, sps, and pss. The
planar-supported bilayers were measured at ppp, ssp, pss, and sps polarization combinations by
applying a time delay of 0.67 ps between VIS and MIR beams for the polarization combination
(see Figure 5.8). The above-mentioned four polarization combinations were carefully adjusted

on the polarizers for the measurements.
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Figure 5.8 Normalized BB-VSFG spectra of Egg-PC bilayer at air-CaF» interface collected using ppp,
ssp, sps, and pss polarization combinations a) in the C-H and O-H vibrational stretching region from
2800 cm ! to 3400 cm ™! and b) the spectra between 2800 cm ™! and 3000 cm™!. Experimental parameters:
acquisition time 10 s, pulse energy of MIR and VIS were 0.55 pJ and 4.25 pJ, respectively.

Different colors of BB-VSFG spectra represent the different polarization combinations used for
collecting the spectra (see Figure 5.8 ). Figure 5.8 b shows the spectral range between 2800 cm ™!
and 3000 cm™! of each polarization combination. Briefly, the band around 2969 cm™! in ppp,
sps, and pss is the strongest in the BB-VSFG spectra. The bands at 2878 cm ™! and 2937 cm™!
were the two dominating features in ssp polarization combinations (see Figure 5.8, blue dots).
The amplitudes, the peak positions, and the line widths of the vibrational modes were
unambiguous from the experimental BB-VSFG spectrum. Therefore, fitting with Lorentzian

line profiles is required to extract this information of the vibrational modes.
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To obtain more information regarding the C-H stretching vibrational mode of methyl and
methylene groups, the BB-VSFG spectra obtained at ppp and ssp polarization combinations
were fitted to the sum of six Lorentzian line profiles based on equation 3.14, page 29. The
spectral intensity depends on the polarization of the incident electromagnetic fields which have
the field vectors in many directions. The obtained BB-VSFG spectra together with the fitted
Lorentzian line profiles are shown in Figure 5.9. The center frequencies, amplitudes, and the
line widths of vibrational modes of the planar Egg-PC bilayer obtained by fitting the Lorentzian
line profile on the measured BB-VSFG are summarized in Table 5.8. The summary of

vibrational mode assignments in the C-H stretching region is given in Table 5.9.
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Figure 5.9 BB-VSFG spectra of Egg-PC on CaF, plate measured (dots) at 10 s using a) ppp and b) ssp

polarization combinations and fitted as a sum of six Lorentzian lines profiles (lines).

The bands at 2879 cm™!, 2902 cm™!, 2914 cm ™!, 2938 cm™!, 2954 cm ™!, and 2969 cm™' were
extracted by fitting Lorentzian line profiles on the measured BB-VSFG spectra. These bands
were assigned to vibrational modes of methyl and methylene stretching in the hydrocarbon
chains. The vibrational modes observed in the current study were in good agreement with the
spectra of lipid monolayers reported before [5, 157, 222, 223]. A strong band at 2879 cm™!
observed in the ssp polarization combination was assigned to methyl symmetric stretching
mode, CHs.s. This vibrational mode was observed and reported earlier [5, 198, 224]. A sharp
band appeared at 2969 cm™ in the ppp polarization combination, which was assigned to methyl
asymmetric stretching mode, CHs.as. The intensity of the 2969 cm™! band was markedly
decreased and blue-shifted to 2964 cm™! in the ssp polarization combination. The band at
2964/2969 cm! is the in-plane component of the methyl asymmetric stretching. This band was
observed as the intense spectral feature in the VSFG spectra [5, 7, 198, 224]. The spectral
feature at 2954 cm ™! was assigned to the out-of-plane methyl asymmetric stretching. This band

at 2954 cm™! was difficult to assign as several assignments were existing in the VSFG
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community. The assignment in this work was in agreement with ref. [225]. The vibrational
mode at 2954/2964 cm™! was reported earlier in n-alkyl chains by R. Snyder et al. [225].
Conboy et al. reported that this vibrational band at 2954 cm™ was the combination of Fermi
resonance of the methyl stretching at 2938 cm™!, and the asymmetric methyl stretching at 2969
cm! [198]. Recently, this band was assigned to the methylene symmetric stretching coming

from the glycerol moiety of the phospholipids’ head group [226].

Table 5.8 The central frequencies, line widths, and amplitudes of the Lorentzian line profiles fitted on
the measured BB-VSFG spectra of Egg-PC in ppp and ssp polarization combinations, where o, I'y and

Ay represent the central frequency, line width, and the amplitude of the vth vibrational mode,

respectively.
w, [em] I, fem™] A, [pppl A, [ssp]
2879+0.2 6+1 1.6£0.2  4.4+0.1
2902+0.9 7+1 1.320.2  0.5£0.2
2914+1.7 5+1.5 0.2+0.1  0.6+£0.4
2938+1.9 9+2 2711 5.2+1.2
2954+1.9 10£0.6  -4.4+0.7 -1.8+2.2

2969 (ppp)/2964 (ssp) 6.4+1.9  6.7+0.2 -1.3+£0.5

Table 5.9 The vibrational mode assignments of phospholipids obtained by the BB-VSFG spectrometer

in the C-H stretching region are presented below.

w, [emT] Assignments References
2879 CHj3 sym. str. [157, 198, 227]
2902 CH; asym. str. [5, 223]
2914 CH; FR (C-H stretching + H-C-H) [5, 223, 228]
2938 CHs FR [5, 157, 223]
2954 CH3 out-of-plane asym. str. [225]
2969 (ppp)/2964 (ssp) CH3 in-plane asym. str. [5, 157,198, 224, 225]

sym. : symmetric stretching, asym: asymmetric stretching, FR: Fermi Resonance

The band at 2938 cm ! that appeared as a shoulder was assigned to the components arising from
the Fermi resonance of methyl symmetric stretching mode which was visible in the ssp
polarization combination (see Figure 5.9). This band appeared due to the energy level splitting
of the methyl symmetric stretching and the overtones of asymmetric bending modes of the

methyl groups near 1450 cm!; this resonance splitting is referred to as Fermi resonance (FR).
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The largest fraction and complementary components of the fundamental vibration were
designated as the fundamental and FR. The methyl FR was observed by employing VSFG
spectroscopy [6, 198, 227, 229, 230].

The broadband features centered at 2902 cm ™' and 2914 cm™! were assigned to methylene
asymmetric stretching, CH»-as, and the Fermi resonance between the C-H stretching and the
H-C-H bending overtone, CHarr, respectively. The observations were in agreement with the
reported vibrational bands [5, 157, 198, 225]. Snyder et al. predicted these FR components for
the first time in the polyethylene chains [228]. Wang et al. pointed out that the methylene
asymmetric and their Fermi resonance components are misinterpreted in the VSFG literature
[222, 223]. The result obtained showed that these bands at 2902 cm™!, 2914 cm™!, and
2938 cm ! were distinguishable by employing the HRR-BB-VSFG spectrometer.

Since the VSFG spectral intensity depends on the number density of the molecules,
conformation, and orientation at the interface, the amplitudes of the methyl asymmetric
stretching at 2969 cm ™! and the asymmetric methylene stretching at 2902 cm™! indicate that the
bilayers were well-ordered or slightly disordered on the surface of the CaF, window. These
results suggest the methyl groups in the hydrocarbon chains were tilted with an angle between
20° and 30° with respect to the surface normal [106]. The small spectral amplitude of methylene
symmetric CHo.s and asymmetric CHz.as modes indicates that the alkyl chains were near all-
trans conformation [157]. In the case of disordered bilayers, the methyl vibrational modes have
low or no contributions in the BB-VSFG spectra [157]. The spectra of phospholipid bilayer
show that the vibrational feature at 2914 cm ™! and 2938 cm ™! in ppp polarization combination,
can be discriminated by using HRR-BB-VSFG spectrometer, which was one of the limitations

in BB-VSFG.
5.4 Conclusions

The work presented in this chapter studied the applicability and experimental conditions of
high-repetition-rate laser-driven BB-VSFG spectrometers for investigating interfacial bio-
molecular layers. The model system made of Egg-PC bilayer was used for this purpose. The
results obtained were discussed in many aspects including the potential of the HRR-BB-VSFG

spectroscopy and the interfacial structure of the phospholipids.

The VSFG measurements at different time delays between VIS and MIR pulses provided the
optimum delay at 0.67ps with minimal NRB and high SNR. The spectra of Egg-PC measured

at different laser repetition rates were reported for the first time. The spectra obtained at
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100 kHz showed the highest SNR compared to the other repetition rates. The high SNR of the
bilayer spectra was surprising considering the properties of the model membrane and the
interface. The high SNR indicates that the phospholipid is a good model system that can be

studied in its natural form without introducing asymmetries in ambient conditions.

The intensity of the BB-VSFG spectral features monitored over time suggests that there were
neither photo-induced effects nor any structural rearrangement at different experimental
conditions. The BB-VSFG spectra also indicate that the phospholipid bilayers were stable under
different laser repetition rates, pulse energies, average powers, and acquisition times. Thus, the
100 kHz laser repetition rate-driven BB-VSFG can be employed to study biomolecules such as

phospholipids with no thermal damage or disorders.

The fast measurements ca. 10 s for each spectrum reduced the chances of lipid degradation or
oxidation in ambient conditions. Therefore, in the future, this technique can be employed to

study and follow real-time fast kinetic changes that occur within 20 min.

The result revealed that the vibrational bands at 2879 cm ™! were better resolved with our BB-
VSFG compared to the standard VSFG spectra obtained with a low repetition rate spectrometer.
The vibrational spectra obtained also revealed that the vibrational modes at 2914 cm™' and
2938 cm! were distinguishable using HRR-BB-VSFG, which was challenging to observe
using a typical VSFG spectrometer. These results were achieved because of 3 cm™! FWHM
transform-limited ps visible pulses of the BB-VSFG spectrometer. The experiments here
demonstrate that the HRR-BB-VSFG spectrometer can be used to probe structural changes
occurring at interfaces with better SNR compared to conventional BB-VSFG spectrometers. In
conclusion, this work shows the applicability of the HRR-BB-VSFG spectrometer and its
potential to study a variety of biomolecules to study the interfacial structural information which

can be further studied.
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6. Interfacial structure of one-and two-
component phosphatidylcholines studied by
HRR-BB-VSFG spectroscopy

This chapter is based on the publication of Anal. and Bioanal. Chem. 2019, 411, 4861-4871,
doi: 10.1007/s00216-019-01690-9.

Phospholipids exist as monolayers in the interior walls of alveoli and have many roles such as
primary defense barrier, maintaining the structure and fluidity, and lowering the surface tension
during the exhalation [231, 232]. The interfacial properties such as structure, order, and
orientation of the phospholipid molecules are different compared to their bulk. An in-depth
understanding of these properties of phospholipids can help in developing new drugs for

diseases such as respiratory distress syndromes in newborns.

The interfacial structure of phospholipids was previously studied with and without adding
fluorescent dyes, spin labels, and/or probes [5, 7, 183, 198, 224]. However, investigating the
phospholipids using high resolution, high sensitivity analytical tools can provide further
interfacial structural information. The BB-VSFG can provide the interfacial structure of native
phospholipids, but one of the drawbacks is the sensitivity of the spectrometer that limits the
investigation at low number densities. The intensity of the spectra depends on the number
density of the molecules at the interface. Another drawback is the integration time for collecting
a single spectrum, which restricts the studies of unsaturated phospholipids as they oxidize in
the air within 20 minutes. The HRR-BB-VSFG spectrometer intuitively provides an
opportunity to solve these issues in a better fashion compared to a typical BB-VSFG

spectrometer.

67



In this work, the HRR-BB-VSFG spectra of saturated and unsaturated PCs, and their
heterogeneous mixtures were studied at different surface pressures and concentrations. The
structural variations are discussed for the one and two-component and the interfacial water
molecules around and between the phospholipid head groups at different surface pressures. The
results were elaborated in the perspectives of HRR-BB-VSFG and the interfacial structure of
phospholipids. The conformational order/disorder of the one- and two-component monolayers
was also discussed in this chapter. The vibrations displayed by the fatty acid hydrocarbon chains
were used to obtain the conformational changes, which can further reveal the fluidity of

monolayer assemblies.
6.1.1 Sample preparation

One and two-component model systems were prepared for investigating the structural
variations and their related phenomena in detail. For the sample preparation, Langmuir-
Blodgett deposition was employed to prepare solid-supported monolayers to mimic the lung
surfactants. The monolayer formed on the surface of the water due to the amphipathic nature of
the phospholipids was transferred to the calcium fluoride (CaF2) window. Four monolayers of
phosphatidylcholine (PC) were prepared for the measurements. The monolayers include 1,2-
dipalmitoyl-sn-glycero-3-phosphocholine (16:0 PC, DPPC), and 1,2-dioleoyl-sn-glycero-3-
phosphocholine (18:1 A9-cis PC, DOPC) and their different mixtures were prepared as listed
in Table 6.1. The structure and name of the phospholipids are illustrated in Figure 6.1. The
stock solutions of both PCs were prepared in chloroform:methanol (9:1, v: v) mixture. The
phospholipid solutions were handled with care to prevent contamination, degradation, and to
maintain a stable concentration. The lipids were stored in the freezer (i.e., -20°C) as it is
sensitive to the temperature. The lipid stock solutions were stored in glass containers with

Teflon sealing since the chloroform dissolves the plastic vails.
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HaC  CHy

Figure 6.1 The phospholipids used in this study: a) 1,2-dimitoyl-sn-glycero-3-phosphocholine (16:0
PC, DPPC), b) 1,2-dioleoyl-sn-glycero-3-phosphocholine (18:1 PC, DOPC).

The chemical structure of phospholipid molecules is classified into three key components: i) a
hydrophilic head group, ii) two hydrophobic alkyl tails, and iii) two glycerol linkage that
connect the head group to the alkyl chains. Depending on the degree of saturation of the alkyl
tails, the lipid molecule is further classified as saturated and unsaturated molecules. The
molecules employed in this investigation were saturated DPPC and unsaturated DOPC
phospholipids. The saturated DPPC has 16 hydrogenated carbon atom tails while the
unsaturated DOPC has 18 carbon atom tails with a pair of carbon double bonds in the A9-cis
position of the alkyl chain (see Figure 6.1). Both lipids are zwitterionic, containing positively
charged choline and negatively charged phosphate groups. The fluidity of the monolayer and

bilayer are maintained by the alkyl chain-chain interaction.

Before the measurements, the CaF, plates were cleaned to avoid any contamination on the
surface. For cleaning the CaF» surface, the plates were initially sonicated for 20 min with
ethanol and Millipore water followed by annealing at 500°C for 2 hours. The plates were placed
in a quartz chamber lifted by quartz plates. A flux of nitrogen was applied for 2 min in three
steps initially at the start of annealing, then after 1 hour, and finally after 2 hours till the
temperature of the plates was reduced to the minimum, to eliminate impurities from the surface
of the plates. The plates were dipped in water directly after the cleaning procedure until the

measurements.
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Table 6.1 The representation of samples prepared for the investigation in this chapter.

DPPC(v %) DOPC (v %) Representations

0 100 DOPC
10 90 DOPC:DPPC (9:1)
90 10 DPPC:DOPC (9:1)
100 0 DPPC

v: volume in percent, DPPC: 1,2-dipalmitoyl-sn-glycero-3-phosphocholine, DOPC: 1,2-
dioleoyl-sn-glycero-3-phosphocholine

It should be noted from Table 6.1 that the component with the higher volume content is written
first to simplify notations in tables and figures. To prepare solid-supported phosphatidylcholine
monolayers, Kibron MicroTrough XS apparatus and Filmware X 4.0 software (Kibron,
Helsinki, Finland) were employed [64, 65, 233]. The Langmuir-Blodgett trough and the two
barriers were thoroughly cleaned with ethanol and Millipore water before the experiments. A 1
mg/ml stock solution of both DOPC and DPPC was prepared by dissolving the powders in
chloroform: methanol (9:1, v/v). The CaF, window was clamped to the dip coater and immersed
into the water (see section 4.2.2). After that, the stock solution was gently spread on the
subphase in the LB trough. From the stock solution of the corresponding lipid, a volume of
20 ul was spread on the water surface using a Hamilton syringe, and a time of 15 min was
permitted for the complete evaporation of the solvent before the compression. The monolayer
formed at the air-water interface was compressed to 30 mN/m, 18 mN/m (the LC phase), and
5 mN/m surface pressures. Finally, the CaF, window was lifted at a rate of | mm/m to yield

solid-supported monolayers.

6.1.2 Surface pressure-area (m - A) isotherm of one- and two-component

phosphatidylcholine monolayers on the water surface

The surface pressure-area (n-A) isotherms of one- and two-component lipid monolayers on the
water surface namely, DPPC, DOPC, DPPC:DOPC (9:1, v: v), and DOPC:DPPC (9:1, v: v),
were measured to investigate the thermodynamic properties are shown in Figure 6.2. The
isotherms were obtained by compressing the monolayers formed on the water surface with the

barriers at a constant speed of 5 mm/min.
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Figure 6.2 Surface pressure-area isotherms of one-and two-component phosphatidylcholine monolayers
at the air-water interface. The DPPC, blue; DOPC, red; DOPC: DPPC (9:1), magenta; DPPC: DOPC
(9:1), green. Adapted from the publication, Anal. and Bioanal.Chem. 2019, 411, 4861-4871, doi:
10.1007/s00216-019-01690-9.

The isotherm measurements were the same as reported before [193, 234]. The isotherm of
saturated DPPC monolayers showed different phases including the liquid-expanded (LE) phase
up to a pressure of 9 mN/m, the liquid-expanded-liquid-condensed (LE-LC) phase between
9 mN/m and 12 mN/m, and the LC phase above 12 mN/m during the compression (see Figure
6.2). The mean molecular area of the LC phase ranges from 30 to 40 A%/molecule whereas the
collapse point of the DPPC monolayer on the water surface was observed to be at 65 mN/m. At
8 mN/m, the DPPC monolayer is observed in the 2D liquid phase where the mean area of the
monolayer is 55-60 A%/molecule. The DOPC exists in the LE phase in water throughout the

compression (red curve in Figure 6.2).

The collapse pressure of DOPC was observed at 40 mN/m. Comparing the DPPC and the
mixture of DPPC:DOPC (9:1) (green curve in Figure 6.2) a slight deviation in isotherm was
observed. This variation is due to the contribution of unsaturated DOPC in saturated DPPC that
changes the mean molecular area. It is observed that the collapse point of the DPPC:DOPC
(9:1) mixture was about 63 mN/m, slightly lower than the DPPC monolayer. The addition of
DOPC to the DPPC increased the mean molecular area of the monolayer formed on the water
surface and lowered the collapse pressure. This suggests that the number of gauche defects in

their alkyl chains increased as a result of the addition of DOPC to the DPPC molecule.

The collapse pressure of the DOPC:DPPC (9:1) mixture was observed at 44 mN/m, slightly
higher than the DOPC monolayer formed on the water surface. Besides, the DOPC:DPPC (9:1)

mixture showed a minor decrease in the mean molecular area as compared to the DOPC
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monolayer (magenta curve in Figure 6.2). This is because a small contribution of the DPPC in
DOPC decreased the intermolecular distance. Thus, reduced the mean molecular area of the
monolayer formed on the surface of the water. That is, the number of gauche defects in the

chains of the PC decreased with the addition of DPPC.
6.1.3 BB-VSFG measurements data pre-processing

The BB-VSFG experimental setup was explained in detail in the Materials and Methods (see
section 4.2, page 40). Briefly, the BB-VSFG spectra of Au (111) surface and polystyrene were
obtained for the calibration of sample spectra. For this purpose, spectra were collected by
overlapping the MIR and VIS beams spatially and temporally on Au (111), sequentially; the
polystyrene spectra were obtained by inserting a 50 um thin film on the MIR path while
obtaining the BB-VSFG spectra on an Au (111) surface. Later, the HRR-BB-VSFG spectra of
different PC monolayers were obtained by focusing the MIR and VIS beams on the sample.
The vibrational spectra were obtained between 2800 cm ' and 3600 cm™!. The 100 kHz laser
repetition rate and the integration time of 10s were selected for all the BB-VSFG
measurements. Additionally, the prepared monolayers were studied at the air-CaF; interface.
Then, the data pre-processing was done after obtaining the raw BB-VSFG spectra of Au (111)
surface, polystyrene thin film, and phospholipids monolayers. The pre-processing is performed
as follows. First, the wavenumber axis was calculated from the wavelength axis. Then, the
wavenumber axis was calibrated using the polystyrene absorption bands based on the NIST
database. Next, all spikes were removed from the spectra. Additionally, the averaged
background spectra were subtracted from the raw spectra. These background spectra were
collected by keeping the VIS beam switched on. As a further step, the sample spectra were
normalized by using gold spectra as a standard. This procedure is mandatory to obtain a reliable
intensity ratio in the entire spectral range. All this pre-processing was performed using home-
written MATLAB scripts. The Lorentzian line profiles were fitted on BB-VSFG spectra by

using IGOR Pro software. Finally, the fitted parameters were assigned to vibrational modes.

6.2 HRR-BB-VSFG spectra of one-component phosphatidylcholine at

different surface pressures

The biological functionality of monolayers depends on their surface pressures. Different surface
pressures were applied in this work to mimic the structural organization and orientation of lung

surfactants during the inhale-exhale process. The surface pressure values were selected for the
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measurements based on the surface pressure versus area per molecule isotherms (see Figure
6.2). The minimum and maximum surface pressure values were selected to fall into the
categories of LE, LE-LC, and LC phases of the DPPC monolayer. The BB-VSFG spectra of
LB monolayers prepared at different surface pressures of 30 mN/m, 18 mN/m, and 8 mN/m
were measured in the spectral range between 2800 cm ' and 3600 cm ™!, however, Figure 6.3

shows the spectral range between 2800 cm ™! and 3000 cm .

The different colored dots denote the experimentally obtained BB-VSFG spectra at the surface
pressures of 30 mN/m, 18 mN/m, and 8 mN/m. The black traces demonstrate the sum of eleven
Lorentzian line profiles fitted on the experimentally measured BB-VSFG spectra according to
equation 3.14 (see section 3.3.3). The fitting of these vibrational spectra was not
straightforward. The curves were not converging without fitting all the parameters presented in
Table 6.2. The fitting was followed by the assignments of vibrational modes and summarized

in Table 6.2.
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Figure 6.3 The BB-VSFG spectra of DPPC monolayer prepared on CaF, window by applying surface
pressures of 30 mN/m, red; 18 mN/m, blue; 8 mN/m, green; collected using acquisition time of 10 s in
a) ppp b) ssp polarization combinations. Adapted from the publication, Anal. and Bioanal. Chem. 2019,
411, 4861-4871, doi: 10.1007/s00216-019-01690-9.

6.2.1 C-H stretching region: 2800 cm™! to 3000 ¢cm!

The vibrational bands observed in this spectral range were the symmetric stretching, the
asymmetric stretching, and the Fermi resonance features of the methyl and methylene groups.
These vibrational bands were in good agreement with the DPPC spectra obtained using
conventional BB-VSFG spectrometers [5, 198, 221-223]. Additional peaks were also observed

in our spectra where these features are not surprising since extra bands were also observed by
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several groups with the help of the high-resolution BB-VSFG spectrometer operated at 1 kHz
[163, 235-237]. Nevertheless, a consistent assignment of the additional spectral bands to the
vibrational modes has been elusive in the literature so far. The parameters obtained by fitting
Lorentzian line profiles also revealed that there are many spectral features yet to be assigned to

vibrational modes.

Table 6.2 Fitting parameters of DPPC monolayers at different surface pressures in ppp and ssp
polarization combinations are given below. The resonance wavenumber and damping factor values in
each row correspond to the average of the corresponding values obtained at all three surfaces. Adapted
from the publication, Anal. and Bioanal.Chem. 2019, 411, 4861-4871.

4, (30 mN/m) 4, (18 mN/m) 4, (8 mN/m)
-1 -1
@y lem] Ly fem] pPP ssp pPP ssp pPP ssp
2839.912.98  4.38:007 _ 023£005  0.46+:0.09 0.1820.06 0461010 0.09:0.02 __ 0.1120.03
285074222 3.77£0.50 023005  0.45£0.11 0.16+0.06 026£0.12  0.7240.03  0.3240.03

2855.9+£3.10  4.45+0.52 0.55+0.04 0.86+0.12 0.25+0.05 0.52+0.12 1.31+£0.03 3.05+0.03
2867.6£1.80  6.46+0.30 0.66+0.07 0.18+0.08 0.02+0.07 0.30+0.09 1.07+0.03 1.10+£0.04

2879.5£0.84  6.14+0.54 9.08+0.05 23.86+0.04 6.48+0.05 13.33+0.04 4.74+0.02 8.28+0.02

2899.4£1.19  9.65+4.08 3.37+£0.20 0.76+0.18 1.44+0.21 1.35+0.12 4.71+0.07 0.89+0.07
2912.7+1.34  12.22+3.85 10.84+0.21 0.48+0.25 5.69+0.22 0.07+0.26 5.51+0.08 4.63+0.13
2931.9+£2.55  8.60£2.51 9.69+0.16 0.23+0.16 5.92+0.16 2.47+0.19 5.76+0.05 8.87+0.08

2939.5£2.04  5.96+2.05 2.81+0.09 20.06+0.15 2.14+0.08 9.93+0.20 1.64+0.03 1.59+0.05
2957.4+1.52  8.19+£0.89 -23.64+0.05 3.18+0.37 -18.12+0.04 1.06+0.27 -11.30+0.02  -1.50+0.19

2969.2+0.23  7.99+£2.58 22.98+0.03 -9.99+0.57 16.54+0.02 -5.65+0.16 9.17+0.01 -0.29+0.11

I. CH: stretching modes and their Fermi resonances

In the lower wavenumber range, four bands at 2840 cm !, 2851 cm™!, 2856 cm™» and
2868 cm!, were observed in our spectra which were assigned to CH> symmetric stretching
modes of the hydrocarbon alkyl chains. The fitting results were unsatisfactory without including
all four bands in our modeling. The different subsets of these vibrational modes were also

observed and reported [225, 238-240].

The band at 2851 cm™! was assigned to the C-H symmetric stretching mode methylene groups.
The band at 2851 cm™! was previously observed in VSFG spectra [5, 198, 227, 241-243]. In
our experiments, the amplitude of the methylene modes increases with a decrease in surface

pressure, suggesting that they originate from gauche defects in the hydrophobic alkyl chains.
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The symmetric C-H stretching of methylene has been used as a qualitative indicator to
understand the conformational order in hydrocarbon chains of the phospholipids [152, 242,
244]. Even if the number of CHa.s vibrational modes is less, these vibrational modes could also
be resolved using the HRR-BB-VSFG technique [163, 235]. There are three types of methylene
groups in phospholipids. These include the methylene group attached to 1) the choline head
group, ii) the glycerol moieties, and iii) the hydrocarbon chains. Thus, many vibrational
frequencies of these methylene groups are expected in this spectral range. We assign the band
at 2868 cm™! to C-H symmetric stretching of the methyl group of the choline head group. Recent
studies [245], show that the vibrational mode at 2868 cm™!' comes from the head group of the
DPPC molecules.

A broad feature appeared between 2899 cm ™! and 2932 cm ™! in both ppp and ssp polarization
combinations (see Figure 6.3). Three vibrational resonances were fitted between this feature.
These bands are more visible in the ppp polarization combination (see Figure 6.3a). In our
spectra, these broadband features were distinguishable [246], where these vibrational bands
were not resolved by typical-BB-VSFG spectrometers. The mode at 2899 cm ™! was assigned to
the Fermi resonance of methylene groups, where this band is due to the splitting of methylene
symmetric stretching by the overtone of C-H deformation mode at 1450 cm™'. In this work, the
component that has a larger amplitude is designated as the fundamental, and the complementary

component is represented as the subscript FR.

Among these three vibrational resonances, another peak at 2913 cm ™' and 2932 cm™! were
observed and assigned to the methylene FR and asymmetric methylene stretching mode,
respectively [235]. Li et al. [235] assigned the resonance at 2899 cm™! to a stretching mode of
the R3C—H group, and the peak at 2932 cm ™! to CHa-as or CHs.rr. The amplitude of the band at
2932 cm ! was observed to increase with a decrease in surface pressure and was visible in both
ppp and ssp polarization combinations (see Figure 6.3). This band observed at lower surface
pressure suggests that a higher number of gauche defects and contradicts the assignment in ref.
[235]. These results indicate that the spectrometer used in the present study to obtain the VSFG
spectra of the DPPC monolayer has high sensitivity and high spectral resolution.

I1. CH3 stretching modes and their Fermi resonances

The dominant peak at 2880 cm™! was assigned to the methyl symmetric C—H stretching, CH;

of the terminal methyl group. This mode was visible both in ppp and ssp polarization
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combinations (see Figure 6.3a). The vibrational mode at 2880 cm ! was observed and reported

earlier [152, 198, 227].

The shoulder band at 2940 cm™! was assigned to FR of the symmetric methyl stretching and the
overtone of methyl bending modes. In the ssp polarization combination, this mode is one of the
most prominent modes, and its signal strength increases monotonously with the applied surface
pressure (see Figure 6.3b). Our assignment is consistent with the literature [5, 157, 198, 222,
227]. This mode at 2940 cm™! was often misassigned in the VSFG spectroscopy but reassigned
by Wang et al. using polarization-dependent VSFG spectroscopy [222].

The bands at 2969 cm ! and 2957 cm ™! were assigned to the methyl asymmetric C—H stretching,
CHa.as or the glycerol moieties at the interfacial region. The band at 2957 cm ! appeared as a
small shoulder which was included for a consistent fitting of Lorentzian line profiles. The
vibrational modes at 2969 cm™ were only visible in the ppp polarization. In ssp polarization,
the frequency of the asymmetric stretching, CHs.as was blue-shifted to 2964 cm™! compared to
ppp polarization. The band at 2967 cm™! was visible in the sps polarization combination. The
mode at 2957 cm™! was observed to have a negative phase in ppp polarization and showed a
positive phase at ssp and sps polarizations. The band at 2969 cm /2964 cm™! was assigned to
the in-plane component of an asymmetric C-H stretching of the methyl groups. The peak at
2957 cm™' was attributed to the out-of-plane component of methyl stretching CHs.as in
Chapter 5. The band at 2957 cm! was assigned to the methylene symmetric stretching of the
glycerol moieties of the interfacial region probed by different deuterated and non-deuterated
DPPC monolayers [226]. The shoulder at 2957 cm™' was not obtained from a monolayer of
cholesterol by Wang et al. [163] where it was detected on octadecylphosphonic acid and

sphingomyelin monolayers only in ssp polarization [235, 239].

6.2.2 BB-VSFG spectra of low surface coverage saturated and unsaturated

phosphatidylcholine

To study the alkyl chain-chain interactions, both saturated and unsaturated phospholipids were
selected for the comparison. The saturated DPPC and unsaturated DOPC monolayers were
prepared by applying low surface pressures at the LE phase for the VSFG measurements. Figure
6.4 shows the BB-VSFG spectra of DPPC and DOPC monolayers prepared at low surface
pressures (8 mN/m and 5 mN/m). The spectral features of both the PCs were compared at ppp

and ssp polarization combinations and represented below as red and blue curves. The
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experimental spectra were fitted with the sum of eleven Lorentzian line profiles and the

corresponding fitted parameters are listed in Table 6.3.

The BB-VSFG spectra of DPPC and DOPC at low surface pressure showed a high SNR and
were reported for the first time to our knowledge, which was previously challenging to obtain
using typical-VSFG spectrometers (see Figure 6.3). The VSFG spectra of both DPPC (16:0)
and DOPC (18:1) molecules differ as they have different conformations of the alkyl chains, i.e.,
all-trans and A9-cis for DPPC and DOPC, respectively. In both the ppp and ssp polarization
combination of the DOPC monolayer, the intensity of the band at 2899 cm™ was observed to

be the most dominant band and the band at 2969 cm™ almost diminishes from the BB-VSFG

o]

spectra (see Figure 6.4).
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Figure 6.4 Normalized BB-VSFG spectra of a) DPPC monolayer at § mN/m and b) DOPC monolayer
at 5 mN/m. Experimental parameter: 10 s acquisition time. Adapted from the publication, Anal. and
Bioanal.Chem. 2019, 411, 48614871, doi: 10.1007/s00216-019-01690-9.

The DPPC molecules in the LE phase showed higher amplitudes of the C-H stretching modes
of the methylene group than in the LC phase (see Figure 6.3, green curves; Figure 6.4a). This
indicates that the number of gauche defects in the monolayer at the LE phase was higher than
the monolayers in the LC phase. Specifically, the vibrational modes at 2899 cm™' (CHz.rr),
2911 cm™!' (CHz-as), and 2927 cm™! (CHa.kr) are more intense in DOPC than in DPPC (see
Figure 6.4b versus a). Besides, a vibrational band at 2868 cm™! was observed in DPPC where
the mode is observed at 2863 cm ™! in DOPC. This vibrational mode was assigned to the CHa.s
stretching mode of the alkyl chains. The observation is consistent in all the ppp, ssp, and sps
polarization combinations (see Table 6.3). Nonetheless, the intensity of the terminal methyl
group (CHs.s) of the alkyl chain remains high. As the intensity ratio of the methylene and methyl
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modes depends on the number of gauche defects in the alkyl chains [142, 189, 225, 232], the
intensity ratio of the methylene and methyl symmetric stretching modes, at 2851 cm™!' and
2880 cm™' were used to quantify the molecular conformational order and discussed the

following section.

Table 6.3 The sum of eleven Lorentzian fitted VSFG vibrational mode assignments and corresponding
wavenumber of phosphatidylcholine (DPPC and DOPC) in the C-H stretching region between 2800 cm’!
and 3000 cm™!. w,, Ty, and A, represent the central frequency, line width, and amplitude of the vth
vibrational mode, respectively. Adapted from the publication, Anal. and Bioanal. Chem. 2019, 411,
4861-4871.

DPPC (8 mN/m) DOPC (5 mN/m)

w, [em] Iy, [em'] A, ppp A, ssp w, [em™] Iy, [em'] A, ppp A, ssp

2815.0+0.06 4.24+0.20 0.07+0.09 0.05+0.04
2819.4+1.95 4.18+0.18 0.01+0.08 -0.11+£0.04
2839.9+298  4.38+0.07 0.09+0.02 0.11+0.03 2842.87+1.54 3.65+0.02 0.05+0.02 0.08+0.03
2850.7£2.22  3.77+0.50 0.72+0.03 0.32+0.03 2851.99+0.57 5.09£1.07 0.37+0.04 1.26+0.05
2855.9+£3.10  4.45+0.52 1.31+0.03 3.05+0.03 2856.47+0.65 5.56+0.15 0.97+0.06 1.30+0.06
2867.6£1.80  6.46+0.30 1.07+0.03 1.10+0.04 2863.33+0.93 9.62+1.39 3.01+£0.06 1.97+0.09
2879.5+0.84  6.14+0.54 4.74+0.02 8.28+0.02 2880.39+3.77 9.81£1.81 1.91+£0.06 1.38+0.08
2899.4£1.19  9.65+4.08 4.71+0.07 0.89+0.07 2898.8143.52 14.52+1.85  7.78+0.12 0.28+0.10
2912.7+1.34 12.22+3.8 5.51£0.08 4.63+0.13 2911.19+1.20 13.19+2.85  5.54+0.10 4.28+0.08
2931.9+2.55 8.605:2.51 5.76+0.05 8.87+0.08 2926.79+0.73 8.94+1.45 3.00+0.05 3.34+0.06
2939.5£2.04  5.96+2.05 1.64+0.03 1.59+0.05 2934.80+1.63 6.39+£2.54 0.27+0.03 1.35+0.04

2957.4+1.52 8.19+0.89  -11.30+0.02  -1.50+0.19 2054.82+2.31 5.83+1.35 0.38+0.04 -0.68+0.10

2969.2+0.23 7.99+£2.58 9.17+0.01 -0.29+0.11 2962.20+1.36 6.21+2.29 0.31+0.05 0.05+0.1

I. Order of one-component phosphatidylcholine monolayers at air-CakF:

To completely examine the effect of concentration and surface pressure on molecular order, the
intensity ratio of the methylene symmetric stretching to the methyl symmetric stretching is
plotted in Figure 6.5. The intensity ratios, I (CH»-s)/I (CHs.s) of DPPC and DOPC monolayers
are shown at different surface pressures such as 30 mN/m, 18 mN/m 8 mN/m, and 5 mN/m. For
this purpose, the intensity values used were the amplitudes of the methyl and methylene
symmetric C-H stretching modes determined from the fitting. Specifically, vibrational modes

at 2850 cm™ and 2880 cm™! were selected for the order parameter analysis.
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The intensity ratios of DPPC monolayer prepared by applying 30 mN/m and 18 mN/m were
calculated nearly zero whereas the DOPC monolayers prepared by applying 5 mN/m showed
above one. This drastic change is due to the disruption of the monolayer at the interface for
several reasons such as electrostatic interaction of the head group, ion-pair formation, and local
micellar type structure. In VSFG, the intensity depends on the symmetry, orientation, and
conformation of the molecules. A well-ordered alkyl chain shows resonances due to the
terminal methyl group. The resonant signal from the methylene groups vanishes in systems with
a high degree of order within the alkyl chains. The methylene resonances in the spectra indicate
the presence of gauche defects, thus less ordered alkyl chains. The intensity ratios of 2850 cm’!
to 2885 cm’!, are more sensitive to chain conformation [247], than those of the 1100 cm™ C-C
stretching [248] region to determine the relative all-trans to gauche conformation. The relative
intensities of the 2850 cm™' and 2885 cm™! were proved to be sensitive to small structural

changes in systems [247].

Surface pressure [MN/m]
30 18 8 5

Intensity ratio [CH, o/CH; ¢]

DPPC30 DPPC18 DPPC8 DOPC5

Figure 6.5 The intensity ratios of DPPC and DOPC molecules at different surface pressures of
30 mN/m, 18 mN/m, 8 mN/m, and 5 mN/m. The number in the name of each lipid represents the surface
pressure applied during the preparation of monolayers. This figure is adapted from the publication, Anal.
and Bioanal.Chem. 2019, 411, 4861-4871, doi: 10.1007/s00216-019-01690-9.

In the case of DOPC, the high value of intensity ratio I (CHz-s) / I (CH3.s) indicates a large
conformational disorder and/or lower packing density in the monolayers and the presence of
DOPC in DPPC:DOPC disturbed the all-frans conformation of the alkyl chains. This method
was used by Richmond et al. to study the order of phospholipids at the vapor/water interface in
VSFG [224]. Membrane order quantification is often studied using this intensity ratio approach
in both IR and Raman spectroscopy. This method was first proposed by Snyder et al. to probe
hydrocarbon chain conformation in alkanes and later applied to monitor the distribution of

gauche bonds in a variety of solids [228, 249-251]. Snyder et al. showed that the ratios band
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intensities can be used to quantify the trans-gauche isomerization in the polyethylene chains

[252].

In particular, the relative number of gauche defects in the DOPC monolayer is drastically higher
than the DPPC monolayer (see Figure 6.5). From Figure 6.3 and Table 6.2, a correlation
between the vibrational modes and the surface pressure can be obtained. It suggests that the
amplitude of the vibrational modes depends on the number of molecules (surface pressure),
orientation, and packing of the monolayers. The amplitudes of asymmetric methyl (CHj)
stretching modes at 2969 cm™! increased as the surface pressure increases from 8 mN/m to
30 mN/m. In more detail, the overall intensity of the vibrational modes in the BB-VSFG spectra
was observed as highest at 30 mN/m among 18 mN/m and 8 mN/m. At the LC phase of the
DPPC monolayer, the calculated mean molecular area was about 30—40 A%/molecule. Besides,
the DPPC monolayer prepared at 8 mN/m surface pressure where they exist in the LE phase
(see Figure 6.3, green curve) behaved as a 2D liquid with a mean area of 55-60 A%/molecule.
At 8 mN/m, LE phase, the larger amplitudes of the CH> groups in BB-VSFG spectra when
compared to the LC phase (compare Figure 6.3, red and blue with green) suggest that the
molecules are loosely packed with gauche defects in the alkyl tails of the molecules. When
decreasing the surface pressure, the amplitude of the CH3 vibrational mode becomes less intense
(Figure 6.3), indicating that the orientational ordering of the terminal methyl group in the LE
phase (8 mN/m) is different from that in the LC phase (beyond 10 mN/m).

II. O-H stretching region: 3000 cm'-3600 cm™!

The BB-VSFG spectra of DPPC monolayer between 2800 cm ™! and 3550 cm™!, were observed
in both the C—H and the O-H stretching vibrational regions. The DPPC monolayers were
prepared at three surface pressures as 8§ mN/m, 18 mN/m, and 30 mN/m. Figure 6.6shows the
BB-VSFG spectra of the O—H stretching region from 3000 cm ! to 3550 cm™!. The O—H modes
suggest the presence of a water layer between the monolayers and the CaF, substrates. The
thickness of the water layer is approximately 0.5 nm — 1.5 nm. The structural investigation of
this interfacial water layer is experimentally challenging [5, 52]. The structure of water
molecules at the lipid interfaces with distinct hydrogen-bonding sites and their net orientation

can be experimentally observed by employing VSFG spectroscopy.

Two prominent broadband features centered at ~ 3200 cm™ ' and 3420 cm ™! appeared in the
O—H stretching region (see Figure 6.6). This doublet at 3200 cm ' and 3400 cm™! is due to

intra- and intermolecular vibrational couplings [10]. The band at 3200 cm ' and 3400 cm™'
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were assigned to the water molecules near the phosphate groups and broken hydrogen bonding
adjacent to the quaternary ammonium. This band shifted from ~ 3150 to 3200 cm ' with
increasing surface pressure (see Figure 6.6). The bands were attributed to the water molecules
with moiety (choline) of the headgroup. Another prominent feature in the O-H stretching region
is observed in between 3500 and 3800 cm ! often assigned to the water molecules near carbonyl
moiety. The spectra shown below do not have these features, as our MIR beam is only 800 cm ™!
broad at the time of acquisition. Our assignments agree with the assignments in literature [229,

253, 254].
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Figure 6.6 The BB-VSFG spectra of DPPC monolayer prepared at a surface pressure of 8 mN/m,
18 mN/m, and 30 mN/m, on the CaF, window. The spectral range between 3000 cm™' and 3550 cm™!

shows the O—H stretching vibrational modes from the water molecules.

Table 6.4 The parameters of Lorentzian line profiles of 30 mN/m, 18 mN/m, and 8 mN/m in the O-H
stretching region. oy, ['y, and A, represent the central frequency, line width, and amplitude of the vth

vibrational mode, respectively.

30 mN/m 18 mN/m 8 mN/m
o, [em!] A, [em!] ®, [em!] A, [em!] ®, [em!] A, [em!]
3058 0.2+0.55 3056 2.4+0.4 3070 2.05+0.3
3112 0.05+0.01 3111 0.04+0.12 3109 0.03+0.1
3205 17.2+0.10 3165 24.4+0.7 3146 26.8+0.6
3277 5.70+0.10 3280 0.94+0.8 3281 -4.1+£0.6
3420 -10.44+0.44 3422 -24.3+0.5 3422 -27.2+0.2

The strength of the two vibrational features at ~3200 cm ' and 3400 cm™! varies with the
surface pressure of the DPPC molecules at the water surface [9, 10, 224, 255-257]. The spectra
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showed higher peaks at 18 mN/m compared to those at 30 mN/m and 8 mN/m. The high
spectral peaks, at a surface pressure of 18 mN/m, suggest that the water molecules were in a
well-ordered state. In this surface pressure, the DPPC monolayer was in the LC phase where
they are in all-trans or near trans conformation. We obtained similar broadband O—H stretching
modes when decreasing the surface pressure, however, the strength of the O-H modes
diminishes. This change may be due to the less-ordered water structure between the head groups
and/or between head groups and the substrate. At the surface pressure of 30 mN/m, the BB-
VSFG spectra showed only one broadband feature. In this case, the peak at 3200 cm™'
disappeared and merged into one peak with a frequency in between the 3200 cm™ and
3400 cm !, closer to 3400 cm™!. Backus et al. reported this merging of O-H mode upon isotopic
dilution [258] due to the removal of the intra- and intermolecular vibrational couplings. This
shift in 3200 cm™ indicates that the compression of the monolayer squeezes out the water
molecules creating a low lateral distance between the DPPC. The result showed that the number
of water molecules decreased as the surface pressure was increased. This phenomenon was also
observed previously with VSFG at the air-water interface [9, 253]. While observing these
spectral features in the O—H stretching region, we can study the two-dimensional fluidity and
hydration of the monolayer. To fully understand the orientational changes of this interfacial
hydration layer, further systematic analysis is required. In addition to the strong water peaks,
two peaks at ~ 3065 cm™ ! and ~ 3110 cm ™! were also needed in the fit in all cases and were
attributed to the methyl asymmetric stretching of the choline headgroup [32]. The origin of the
spectral feature at 3110 cm™'has been debated. The band at ~ 3065 cm™! that appeared in this
region was attributed to the asymmetric stretching of the choline head group, N-(CHs)3. Conboy
et al. assigned this choline headgroup for the first time in VSFG spectroscopy [198], and it is
also often assigned to stretching of NH3" mode. These resonances were previously reported in
VSFG, IR, and Raman studies of phospholipids [198, 241, 259]. The presence of the methyl
signal from the choline head group above a surface pressure of 18 mN/m also suggests that the
choline head groups were well-ordered with enough space between the molecules for water

molecules.

The orientation of water is determined from the sign of the second-order nonlinear
susceptibility, ¥®. Our homodyne BB-VSFG technique cannot obtain the sign of y'® where it
measures the absolute square of ¥ ([y®?). Complex y® can be directly measured by phase-
sensitive VSFG, [9, 260, 261] multiplex heterodyne detected VSFG (HD-VSFG), [10,217, 253,
256, 262] and very recently developed single-channel HD-VSFG [263] spectroscopies. The
22

imaginary part of ¥® (Im ¥®) is far more informative than [y®} for studying the structure and
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the orientation of water molecules at the interface. The positive sign of the Im ¥® sign
represents the net H-up orientation of water, and the negative sign demonstrates the net H-down
orientation of water. Sovago et al. first reported the orientation of the water molecules
zwitterionic and negatively charge lipids [257]. They concluded that the water molecules in the
lipid interfaces always point their hydrogen atoms into the bulk water, irrespective of the
electric charge of the lipid head group based on the maximum entropy phase retrieval analysis
(MEM) of homodyne VSFG spectra [257]. Later, Tahara’s group [256] and Allen’s group [9]
reported that the orientation of water molecules at the lipid interfaces is influenced by the net
charge of the lipid head group. Mondal et al. investigated the phosphatidylcholine (POPC)
monolayer at the water interface by HD-VSFG spectroscopy [253]. They found three distinct
features, a doublet feature was observed at 3200 cm™! and 3400 cm™' which were attributed to
two types of hydrogen-bonded water existing at the interface. They concluded the water
molecules near the negatively charged phosphate group which has net H-up orientation, and the
water near the positively charged choline group has net H-down orientation. Another positive
Im ¥® band around 3600 cm™' and attributed to the presence of weakly interacting water
molecules with net H-up orientation in the hydrophobic region of the lipid monolayer interface.
Ishibashi et al. investigated the orientation of water molecules at a non-ionic surfactant/water
interface [264]. They claimed that water molecules at the non-ionic interface are oriented with
their hydrogen atoms towards the bulk. Nojima et al. reported weakly hydrogen-bonded water
inside anionic and cationic phospholipid monolayer at the water interface [10]. They reported
the water molecules above the head group for the first time. Recently, Cremer et al. reported
that the water structure at positively charged species as well as negatively charged species. They
claimed that the positively charged species decreased the water structure, whereas negatively

charged species enhanced it [229].

6.2.3 HRR-BB-VSFG spectra of alkyl chains of two-component phosphatidylcholine

at different concentration

To mimic realistic lung surfactants, monolayers of DOPC:DPPC (9:1, v:v) and DPPC:DOPC
(9:1, v:v) were prepared at a surface pressure of 30 mN/m and 5 mN/m. The VSFG spectra
were collected as fast as possible after preparing the monolayers. In the case of DOPC:DPPC
(9:1, viv), the surface pressure of 5 mN/m was applied to create monolayers. The monolayer of
DOPC:DPPC (9:1, v:v) was only prepared by applying 5 mN/m for the measurements as it
exists in the LE phase even at higher surface pressures. The surface pressure versus area per

molecule isotherms is shown in Figure 6.2. The BB-VSFG spectra measured in different
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polarization combinations, namely ppp, ssp, and sps are shown in Figure 6.7. The fitted
parameters are shown in Table 6.6. Different polarization combinations of BB-VSFG spectra
were measured as the spectra yield information about different elements/element combinations
of the hyperpolarizability tensor of a particular molecular group in a well-packed molecular

layer [150, 157].
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Figure 6.7 Normalized BB-VSFG spectra of one-and two-component lipid monolayers of DOPC,
magenta; DOPC:DPPC, green; DPPC:DOPC, blue; and DPPC, red at a) ppp b) ssp ¢) sps polarization
combinations. The symbols represent the measured data and the black lines show the fitted Lorentzian
curves, respectively. Adapted from the publication, Anal. and Bioanal. Chem. 2019, 411, 48614871,
doi: 10.1007/s00216-019-01690-9.

The red, blue, green, magenta represent the DPPC, DPPC:DOPC, DOPC:DPPC, and DOPC
BB-VSFG spectra, respectively. The spectra measured in ssp (see Figure 6.7 b) and sps (see
Figure 6.7 c) polarization combinations are related to one tensor element, however, the ppp
polarization combination constitutes different tensor elements, section 3.3.3 equation 3.14, page
29. The one-component DPPC monolayer prepared by applying 30 mN/m surface pressure
showed the most intense spectra in all three polarization combinations. Comparing DPPC to
the DPPC:DOPC (9:1, v:v) spectra, the slight addition of unsaturated DOPC to the saturated
DPPC drastically reduced the spectral intensity of the BB-VSFG spectra.
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Figure 6.8 The intensity ratio, I (CHzs)/ I (CHs.s) of one and two-component monolayers of DOPC and
DPPC prepared at 30 mN/m and 5 mN/m. A volume ratio of 9:1 is used in the two-component
DPPC:DOPC and DOPC: DPPC. Adapted from the publication, Anal. and Bioanal. Chem. 2019, 411,
48614871, doi: 10.1007/s00216-019-01690-9.

The comparison of the intensity ratios of DPPC and DPPC:DOPC (9:1) monolayers prepared
at 30 mN/m surface pressure infer the conformational order of the two-component layers. It
suggests that the spectral features of DPPC:DOPC (9:1, v:v) monolayer are identical to that of
the one-component DPPC layer deposited under a surface pressure of 10—15 mN/m.
Significantly, these observations suggest that the presence of unsaturated DOPCs can act as
fluidizing minor components in the membrane and reduce the actual surface pressure. Previous
studies reported that the addition of DOPC to the monolayer might increase the permeability of
the membrane to molecules indispensable for lung surfactants and respiration [265, 266].
Comparing the methylene CHa-s to methyl CH3.s bands ratio of DOPC and DOPC: DPPC (9:1,
v:v), suggests that the addition of a small amount of saturated DPPC onto unsaturated DOPC
molecules highly improved the conformational order of the monolayer as visualized in Figure
6.8. Specifically, the addition of 10% of the volume of saturated lipids decreased the number
of gauche defects to approximately half of its original value (see DOPC versus DOPC: DPPC
in Figure 6.8). The result obtained here showed that it is possible to discriminate against the
VSFG signals of heterogeneous mixtures at the interface even in low surface coverages. It
should be noted that these results were possible only because of the improved sensitivity of the

BB-VSFG spectrometers.
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6.3 The applicability of the HRR-BB-VSFG spectrometer to studies of
phospholipids at interfaces

6.3.1 Minimal integration time for spectral acquisition

To study the shortest integration time possible for collecting a BB-VSFG spectrum, the
experiments were performed on a DPPC monolayer prepared on a CaF, window applying a
30 mN/m surface pressure. The normalized BB-VSFG spectra were collected with a single-
acquisition time of 500 ms in both ppp and ssp polarization combinations are shown in Figure

6.9.

> >
2 2
a) é ]o.oos . ggg #:, b) é [o.oozs . g‘s’g :‘P%
0 Z 2 5 2 P
w S o . L 5| £ 5
g e £ 2 Q| Fes TS e o %
NS, : £ g O O o e 5 el
T R o b R % 5
£ i £
(e} a ® o) Q o 2
S d%,g%% Z Proa®, e
Oetp &o ."A,,'_.".‘,,:;.~'-“".~"‘.. }m 90 &% MM :0 MQ’M
2850 2900 2950 3000 2850 2900 2950 3000
Wavenumber [cm™] Wavenumber [cm™]

Figure 6.9 The BB-VSFG spectra of DPPC monolayer obtained at a) 1 s and b) 500 ms integration time
in ppp, black and ssp, red polarization combinations.

The SNR values of BB-VSFG spectra obtained at integration times of 1 s and 500 ms are 54
and 30, respectively. These results show that by employing our spectrometer, it is possible to
track second-scale changes in the C—H stretching region. The spectrum collected at an
acquisition time less than 1 s has the potential to follow fast, < 10 min, catalytically mediated
reactions or biomolecular interactions in real-time at heterogeneous surfaces with interfacial

structural and orientational information.

The VSFG spectra of unsaturated PC monolayers on a solid substrate change over time that
indicating the degradation of alkyl tails in ambient laboratory conditions [218]. Often these
changes were observed in the VSFG spectra as spectral distortions within 20 min [218, 234].
In our case, the 100 kHz BB-VSFG spectrometer provided an opportunity to acquire rapid
(< 5 min) data that ensured the minimum lipid decomposition. These experiments can also state

that the HRR-BB-VSFG spectrometer employed for the measurements is an excellent label-
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free tool that can probe interfacial molecules even at low surface coverage with high sensitivity.
The spectral features of the PC monolayers remain unchanged even after the data collection of

two or three different polarization combinations [221] as shown in Chapter 5.

Table 6.5 The summary of BB-VSFG assignments of DPPC monolayer in the C-H, N-H, and O-H

stretching region.

DPPC

1 Assignments References
W, [em™]

CH> sym. str. of hydrocarbon chains or choline or

2840 . [235]
glycerol moiety

2851 CH; sym. str. of hydrocarbon chain [5, 198, 227, 235, 262]
2856 CHa> sym. str. of choline or glycerol group [198, 235]
2868 CH3s sym. str. of choline head group [245]

2880 CHj3 sym. str. of end group [5, 198, 227]
2899 R3C-H / CH; Fermi resonance [5, 198, 227, 235]
2913 CH: Fermi resonance (C-H str. + H-C-H bend) [5, 198, 227, 262]
2932 CH; asym. str. [228]

2940 CHj3 Fermi resonance (C-H str. + H-C-H bend) [5, 198, 227, 228]
2957 CHj3 sym. str. of choline group [226, 262]
2969 CH3s asym. str. of end group (in-plane component) [5, 198, 227]
3065 CH3s asym. stretching of choline group [S5, 198]
3200 O-H str. of water near phosphate and choline group [229, 253, 254]
3400 O-H str. of water near phosphate and choline group [229, 253, 254]

sym.: symmetric, asym.: asymmetric, str.: stretching
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Table 6.6 The fitted parameters of one-component, DPPC, and DOPC, two-component, 9:1 (v:v) of
DPPC:DOPC and DOPC:DPPC monolayers in ppp, ssp, and sps polarization combinations. DPPC and
DPPC:DOPC monolayers were prepared at 30 mN/m, while DOPC and DOPC:DPPC 9:1, monolayers
at 5 mN/m surface pressures. o, I'y, and A, represent the central frequency, line width, and amplitude
of the vth vibrational mode, respectively. Adapted from the publication, 2019, 411, 4861-4871.

A, (DPPC:
w, [em] r,[em’ A, (DPPC) DOPC) w, [em] r, [em] A, (DOPC) A, DOPC: DPPC
2815.0040.06  4.24+0.20 0.07+0.09 20.25+0.06

2819.40£1.95  4.18+0.18 0.0120.08 0.02+0.07

2839.942.98  4.38+0.07 0.2320.05 0.20£0.09 2842.87+1.54  3.65+0.02 0.05+0.02 0.0420.04
285074222 3.77+0.50 0.2320.05 0.12£0.10  2851.9940.57  5.09+1.07 0.37+0.04 0.6320.07
2855.943.10  4.45+0.52 0.55+0.04 0.16£0.08  2856.47+0.65  5.56+0.15 0.97+0.06 1.9840.10
2867.6+1.80  6.46+0.30 0.6620.07 0.76£0.09 286333093  9.6241.39 3.0120.06 3.2420.13
g 2879.5+0.84  6.14+0.54 9.080.05 346£0.05 2880.3943.77  9.81+1.81 1.9120.06 4.6020.11
P 289944119 9.65:4.08 3.37+0.20 042+0.15 2898.8143.52  14.52+1.85 7.78+0.12 4.3440.17
291274134 12224385 10.84+0.21 3.06£0.18  2911.194120  13.19+2.85 5.5420.10 7.094£0.17
293194255  8.60+2.51 9.69+0.16 2.10£0.18  2926.7940.73  8.94+1.45 3.00£0.05 7.54£0.19
2939.542.04  5.96£2.05 2.8120.09 3.05£0.14  2934.80£1.63  6.3942.54 0.27+0.03 1.960.19
29574+1.52  8.1940.89  -23.64+0.05  -1041£0.06 2954.8242.31  5.83%1.35 0.38+0.04 1.6240.11
296924023 6.01+0.56 22.98+0.03 12.0040.02 2962204136 6.2142.29 0.3120.05 1.26+0.11
2815.0040.06  4.24+0.20 0.05+0.04 -0.24=0.08

2819.4041.95  4.18+0.18 -0.11£0.04 0.08+0.07

2839.942.98  4.38+0.07 0.4620.09 0.32+0.10  2842.87+1.54  3.65+0.02 0.08+0.03 0.06=0.03
285074222 3.77+0.50 0.45£0.11 0.39+0.10  2851.9940.57  5.09+1.07 1.2620.05 2.170.08
2855.943.10  4.45+0.52 0.8620.12 0.01£0.07  2856.47+0.65  5.56+0.15 1.300.06 2.05+0.07

. 286765180 6.46+0.30 0.180.08 0.12+0.07 2863334093  9.62+1.39 1.97£0.09 3.18+0.09
s 287954084  6.14+0.54 23.86+0.04 9.38+0.04 2880394377  9.81+1.81 1.38+0.08 4.70+0.07
P 289944119  9.65+4.08 0.76+0.18 1.61£0.17  2898.81+£3.52  14.52+1.85 0.28+0.1 1.87+0.21
291274134 12.22+3.85 0.48+0.25 0.04£020  2911.19£1.20  13.19£2.85 4.28+0.08 7.95£0.22
2931.942.55  8.60+2.51 0.230.16 1.70£0.19  2926.79+0.73  8.94+1.45 3.34+0.06 5.08+0.08
2939.542.04  5.96£2.05 20.0620.15 790£020 2934.80£1.63  6.3942.54 1.3520.04 2.1420.08
295744152 8.19+0.89 3.18+0.37 2.19+022  2954.824231  5.83+1.35 -0.68+0.1 0.7820.15
2962.3+2.14  7.99+2.58 -9.99+0.57 7555022 2962204136 6.21£2.29 0.05+0.1 -0.19+0.16
2815.0040.06  4.24+0.20 -0.080.02

2819.40+£1.95  4.18+0.18 0.05+0.02

2839.942.98  4.38+0.07 0.6520.05 021£0.25 2842.87+1.54  3.65+0.02 0.03+0.04 0.07+0.01
285074222 3.77+0.50 0.1820.05 0.03£0.44  2851.9940.57  5.09+1.07 0.1120.05 0.1920.02
2855.943.10  4.45+0.52 0.000.05 0.00£0.50  2856.47+0.65  5.56+0.15 0.02+0.09 0.2320.03

S 2867.6+1.80  6.46+0.30 1.0940.06 0.08+0.33  286333+0.93  9.62+1.39 0.74+0.08 1.0240.04
1: 2879.540.84  6.14+0.54 1.730.07 025+0.34 2880394377  9.81+1.81 0.12+0.06 0.30+0.06
2899.4+1.19  9.65+4.08 3.53£0.09 3.00£0.52 2898.8143.52  14.52+1.85 3.840.12 3.92+0.06
291274134 12.22+3.85 0.8120.05 025£0.22  2911.19£1.20  13.19£2.85 2.9120.13 1.000.03
2931.942.55  8.60+2.51 0.50+0.04 037£0.15  2926.79+0.73  8.94+1.45 0.1620.12 0.2020.04
2939.542.04  5.96£2.05 9.7520.09 22240.16  2934.80£1.63  6.3942.54 0.50+0.10 0.030.03
29574152 8.1940.89  -2046+0.03  -10.78+0.04  2954.8242.31  5.83+1.35 0.76+0.06 0.70+0.03
296514233 7.78+0.34 13.870.02 10.91£0.05 2962204136 6.2142.29 0.76+0.06 2.70+0.03
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6.4 Conclusion

In this chapter, the HRR-BB-VSFG spectra of one- and two-component solid-supported lipid
monolayers of saturated DPPC and unsaturated DOPC were studied at different surface
pressures and mixing ratios. The spectra were collected at the C-H and O-H stretching region
as the alkyl chain of the phospholipids plays an important role in maintaining the structure,

stability, and fluidity of the lung surfactants.

The vibrational spectra were carefully studied to elucidate the interfacial structural information
of alkyl chains of the phospholipid monolayers at the air-CaF» interface. The fitting of the
spectral features was challenging and tedious. In this work, the BB-VSFG spectra of alkyl
chains were fitted using a sum of eleven Lorentzian line profiles. In general, only five to six
vibrational resonances are resolved using conventional spectrometers [6, 7, 198, 224].
Subsequently, the spectral peaks were assigned to vibrational resonances. The results of a
systematic study of phospholipids at different surface pressure revealed that the vibrational
bands near 2850 cm™ are better resolved, and enabled in quantifying the defects in the alkyl
chain of the phospholipids, compared to the standard VSFG spectra. Additionally, the overtones
and combinations of vibrational modes at 2899 cm™, 2913 cm!, and 2932 cm! in the present
work were better resolved than the typical VSFG spectrometer. The band at 2868 cm™!, was
assigned to the symmetric stretching of the methyl group from the head group. The new
vibrational bands of the PC monolayers in the C-H stretching region are observed to have an
unprecedented SNR value of ~2000, which can prove tremendously beneficial in the
investigation of heterogeneous interfaces. We were able to maintain natural lipid structure
without introducing measurement artifacts due to labeling and sample deterioration during
spectral acquisition. The result shows remarkable SNR at low surface coverages. These results
of high SNR from the low surface coverage samples were reported first time in BB-VSFG
spectroscopy, as the sensitivity of the BB-VSFG spectrometer limits the characterization of the
low surface coverage PC monolayers. The spectra of the O-H stretching region were studied to
obtain the structure of the water molecules entrapped within the monolayers and between the

substrate and phospholipid head groups.

In conclusion, the vibrational features acquired in multiple polarization combinations provided
qualitative and quantitative interfacial structural information of both one- and two-component
phospholipid monolayers. The spectral features obtained here showed newly observed
vibrational bands in the C-H stretching region which can offer valuable information on the

packing of the lipid hydrocarbon chains and diffusion properties of lipid bio-membranes. The
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shorter timescale for obtaining VSFG spectra promises to study structural and orientational
information of catalytically mediated reactions or biomolecular interactions at heterogeneous
interfaces. The fast measurements promise the characterizing heterogeneous interfaces over
macroscopic biological timescales. The structure of PC discussed in this chapter may help the
development of new synthetic surfactants and enable to study of changes in lipid structure

during interactions.
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7. Interfacial structure of head groups of
phosphatidylcholines

The head groups including the glycerol moieties of phospholipids have crucial importance in
the hydration of lipids, interaction with solvents and solutes, variations in physiological pH,
and the inter- and intra- molecular interactions. The hydration of the phospholipids leads to the
formation of several lyotropic mesomorphic structures that include monolayers, bilayers,
micelles, and vesicles in the aqueous environment. The formation of these polymorphic
structures depends on several factors such as chemical structure [267], stereoisomerism [268,
269], lipid polarity, the ionic (or zwitterionic) character, or the size of the lipid head groups.
Different phospholipids differ in the inter- and intra-chain interactions [270]. The interaction
of lipids depends on the physical and chemical properties of the interaction partner.
Amphiphilic molecules interact with both the head groups and fatty acid chains. The polar
molecules directly interact with the head groups, and the non-polar molecules mostly show an
affinity for the alkyl chains. Additionally, phospholipids interact with different anions and
cations depending on the surface charge density of the head groups [8, 271-274].

The vibrational information of the phosphate and ester moiety of lipids reveal information about
interactions, for example, hydration, ion-dipole interactions between phospholipids and
interfacial water, Columbic forces between the headgroup, and ions, and/or other biomolecules.
The fingerprint region of the vibrational spectra is rich in vibrational modes therefore many
vibrational modes are observed to overlap one another. Investigating phospholipids using a
high-resolution, highly sensitive spectrometer such as HRR-BB-VSFG in the fingerprint region
provides further information on their interfacial structures. In this section, the head groups of

partially deuterated (DPPC-d62) and non-deuterated saturated (DPPC), and unsaturated
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(DOPC) phosphatidylcholines were probed using the HRR-BB-VSFG spectrometer. The
monolayers of different phosphatidylcholines were prepared using Langmuir-Blodgett (LB)
depositions and the BB- VSFG spectra were obtained in the fingerprint region. The BB-VSFG
spectra of DPPC-d62, DPPC, and DOPC were studied and compared to observe the changes in
the interfacial structure of the head group including the glycerol moieties with different fatty

acid chains.
7.1.1 Sample preparation

Partially deuterated and non-deuterated phospholipid monolayers were prepared for
investigating the interfacial structure in detail. Phospholipids used for the VSFG measurements
were 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (16:0 PC, DPPC), 1,2-dioleoyl-sn-glycero-
3-phosphocholine (18:1 A9-cis PC, DOPC) and 1,2-dipalmitoyl-d62-sn-glycero-3-
phosphocholine (16:0, DPPC-d62). These three PCs have different physicochemical properties
due to their chemical structure. The chemical structures of DPPC, DOPC, and DPPC-d62 are
illustrated in Figure 7.1. The head groups of each molecule are identical, but the alkyl chains
differ. In the case of non-deuterated DPPC, the chains are fully hydrogenated and the majority
of the methylene groups lie in a locally centrosymmetric environment, specifically, all-trans
conformation. The DOPC molecules have a C=C bond in each of their chains, whereas partially
deuterated DPPC-d62 have fully deuterated chains in all-trans conformation. Comparing the
structure of DPPC (16:0) to DOPC(18:1), they have the identical choline head group, and their
alkyl chains differ in length and the conformation, i.e., all-trans and A9-cis for DPPC and
DOPC, respectively.

The monolayers of DPPC, DOPC, and DPPC-d62 were prepared by Langmuir-Blodgett (LB)
deposition technique. Kibron MicroTrough XS apparatus controlled by Filmware X 4.0
software (Kibron, Helsinki, Finland) [64, 65, 233] was used for the deposition. The procedures
were as follows. First, the LB trough and the two barriers were cleaned thoroughly with ethanol
and water. The barriers were placed in the initial position and the LB trough was filled with
water after the cleaning. Then, the calibration of surface pressure was performed in air and
water using a dyne probe. After calibration, the previously cleaned CaF> window was clamped
to the dip coater and gently immersed into the water (see 4.2.2). The CaF; plates used for the
deposition were freshly cleaned to avoid any contamination on the surface. The plates were
initially sonicated for 20 min in ethanol and water. After initial cleaning with organic solvents,

the plates were annealed at 500°C for 2 hours. The plates were lifted and placed to clean both
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sides of the CaF> window in a quartz chamber during the annealing process. A nitrogen flux
was applied for 2 min in three steps to eliminate impurities from the surface of the plates. The
steps were as follows: 1) during the start of the annealing, 1i) after 1 hour, and iii) after 2 hours
until the plate temperature reduced to low enough values to be removed from the quartz
chamber. The CaF> windows were dipped in water to avoid contaminations until the LB

deposition.
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Figure 7.1 The chemical structure of a) partially deuterated and saturated 1,2-dipalmitoyl-d62-sn-
glycero-3-phosphocholine (DPPC-d62), b) non-deuterated and saturated 1,2-dipalmitoyl-sn-glycero-3-
phosphocholine (DPPC, 16:0), and c¢) non-deuterated and unsaturated 1,2-dioleoyl-sn-glycero-3-
phosphocholine (18:1 A9-cis PC, DOPC).

A volume of 20 pl of the stock solution was spread on the water surface using a Hamilton
syringe. The preparation of the stock solution was elaborated in Material and Methods. The
1 mg/ml stock solutions of these PCs were prepared in chloroform: methanol (9:1, v: v) mixture.
The PC solutions were handled with care to prevent contamination, degradation, and to
maintain a stable concentration. The PC stock solutions were kept in the freezer (i.e., -20°C),
as they are sensitive to the ambient conditions. The stock solutions were stored in glass

containers with Teflon sealing as the chloroform can dissolve the plastic vials.
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The monolayer formed at the air-water interface was kept for 15 min to evaporate the organic
solvents. The barriers were moved to apply surface pressure of 30 mN/m on the monolayers. A
constant barrier moving speed of 5 mm/min was applied during the compression processes.
When the surface pressure reached 30 mN/m, the monolayer of PCs at the air-CaF: interface
was transferred to the CaF. window by vertically lifting it at a raising speed of 1 mm/min. The
monolayer formed on the surface of the water was transferred to the CaF, window due to the
amphipathic nature of the phospholipids. The transferred monolayers were measured using the

BB-VSFG spectrometer within <2 min.

7.1.2 Surface pressure-area isotherm of partially deuterated and non-deuterated

phosphatidylcholine

For the VSFG measurements, monolayers were prepared by applying the surface pressures of
30 mN/m. The surface pressure-area per molecule isotherms for each sample were collected
during the sample preparation. The isotherms of deuterated DPPC-d62 and non-deuterated
DPPC and DOPC, monolayers are shown in Figure 7.2. These isotherms were measured at 24°C

on a pure water sub-phase.
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Figure 7.2 The surface pressure-area isotherms of partially deuterated and non-deuterated
phosphatidylcholine monolayers at the air-water interface. The blue, green, and red curves illustrate
DPPC, DPPC-d62, and DOPC.

The isotherms were similar as reported before [193, 234]. As discussed in Chapter 6, the non-
deuterated DPPC monolayer experiences all the 2-dimensional liquid phases such as gas-liquid
expanded (G-LE), liquid-expanded (LE), liquid-expanded-liquid-crystalline (LE-LC), liquid
crystalline (LC) where all these phases are visible in Figure 7.2. The rising of surface pressure

was observed at ~60 A*/molecule in the case of DPPC. The mean molecular area of the LC
94



phase ranges from 30 to 37 A%/molecule whereas the collapse point of the DPPC monolayer on
the water surface was observed to be at 65 mN/m (see Figure 6.2). The rising area of the DOPC
and the DPPC-d62 were observed around 87 - 88 A?/molecule. The collapse point of the DPPC-
d62 mixture was reported at about 63 mN/m, slightly lower than the pure DPPC monolayer
[275]. The DOPC exists in the LE phase in water throughout the compression. The collapse
pressure of DOPC was observed at 40 mN/m (see Figure 6.2). Comparing the DPPC and the
DOPC (blue and red curves in Figure 7.2), a vast deviation in isotherm was observed. This
difference is due to the increase in the number of gauche conformers in the alkyl chains of the

DOPC, which increases the mean molecular area between the molecules.
7.1.3 BB-VSFG measurements data pre-processing

Initially, the BB-VSFG spectra of polystyrene and Au (111) were obtained by spatially and
temporally overlapping the MIR and VIS beams for calibration of the sample spectra. The MIR
and VIS beams were focused on the phospholipid monolayers to obtain the BB-VSFG spectra
after collecting the Au (111) spectra and polystyrene spectra. The vibrational spectra of the
phospholipid's head groups were obtained between 1000 cm ' and 1370 cm ™! where the central
frequency of the MIR beam was at 1240 cm™'. After obtaining the raw BB-VSFG spectra of
phospholipids, the pre-processing was performed as follows. First, the wavenumber axis was
calculated from the wavelength axis. Then, the spectra were calibrated with two absorption
bands at 1154 cm ™! and 1181 cm™! of polystyrene on the NIST database. These absorption
bands of polystyrene were obtained by inserting a 50 pum thick film in the path of the MIR beam
while obtaining the BB-VSFG spectra of Au (111) surface. This was followed by removing all
spikes from the spectra. Finally, the background spectra were averaged and subtracted from the
raw BB-VSFG spectra. These background spectra were obtained by keeping the VIS beam
switched ON. Finally, the Au(111) spectrum was used to normalize the spectra. The
normalization of each spectrum with Au (111) spectrum is a mandatory procedure to have a
reliable intensity ratio in the entire spectral range. The spectral features were assigned to
vibrational modes. These spectral assignments presented here are preliminary. All procedures
above were carried out by using home-written MATLAB scripts. More details about the BB-
VSFG experimental setup and data pre-processing are explained in detail in Materials and

Methods (section 4.2).
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7.2 HRR-BB-VSFG spectra of deuterated and non-deuterated
phosphatidylcholines

To compare the interfacial structure of headgroups of phospholipids, the BB-VSFG spectra of
non-deuterated (DPPC) and partially deuterated (DPPC-d62) were obtained. The normalized
BB-VSFG spectra obtained by ppp and ssp polarization combinations in the spectral range

between 1000 cm ! and 1370 cm™! with an acquisition time of 30 s are shown in Figure 7.3.
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Figure 7.3 Normalized BB-VSFG spectra of non-deuterated DPPC (a and ¢), and partially deuterated
DPPC-d62 (b and d) monolayers obtained by ppp and ssp polarization combinations on the surface of
the CaF, window with 30 s integration time. The ¢) and d) are the inserts of the BB-VSFG spectra non-
deuterated DPPC and partially deuterated DPPC-d62 between 1150 cm™! and 1370 cm™!. The asterisk
symbols represent the rotational absorption of water vapor in ambient conditions. The e) and f) are the
insert of the BB-VSFG spectra of non-deuterated DPPC and partially deuterated DPPC-d62 between
1000 cm™" and 1090 cm ™.
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In Figure 7.3, the red and green lines represent the DPPC monolayers where the blue and
magenta denote the DPPC-d62 monolayers obtained at the ppp and ssp polarization
combinations, respectively. The inserts of the BB-VSFG spectra were shown in Figure 7.3 c-f.
The spectra in the fingerprint region are generally rich with vibrational modes. The vibrational
modes observed in this spectral range are symmetric and asymmetric PO>~, CH, wagging, C-C,
and CO-O-C stretching modes. The preliminary spectral assignments of vibrational resonances
of DPPC and DPPC-d62 monolayers measured at the air-CaF» interface in the spectral range of

1000 cm !-1370 cm ™! are summarized in Table 7.1.
7.2.1 Non-deuterated and partially deuterated phosphatidylcholines

PO:" symmetric mode

In our BB-VSFG spectra of the DPPC monolayer, we observed a prominent feature centered at
1110 cm™!, where several vibrational bands overlap. A band that appeared as a shoulder of this
feature at 1096 cm ' was assigned to the PO,  symmetric stretching mode [8, 276]. Our
observation was in accordance with previous results [5, 7, 102, 103] where this region from
1000 cm ™! to 1370 cm ™! was extensively studied using IR and Raman spectroscopy [102, 106,
277, 278]. The vibrational frequencies of the phosphate group were estimated by Shimanouchi
et al. in 1964 [279, 280]. Lippert et al. reported the transition band at 1100 cm™' where this
spectral feature was assigned to the skeletal modes of phospholipids which come from both the
hydrocarbon rotamers and the phosphate group [281]. Later, Brown et al. assigned this feature
around 1100 cm™! to PO,~ symmetric stretching [118]. Spiker and Levin observed a distinct
band that appears at 1081 cm ™! which is assigned to the PO, symmetric stretching mode of
phosphate head group in lysolecithin [119]. They emphasize that the 1100 cm™! region of the
phospholipid is a superposition of the C-C modes of the all-trans hydrocarbon in gel or
crystalline states, C-C modes of the gauche hydrocarbon chains, and the symmetric PO>™
stretching mode [119]. They concluded that the phosphate mode of DPPC is buried within the
1100 cm™! by calculating the band areas and comparing the intensity ratios of lysolecithin and

dipalmitoylphosphatidylcholine [119].

PO:" asymmetric and P=O stretching modes

A broad vibrational band appears around 1254 cm™!

, which showed a positive and negative sign
in ppp and ssp polarization combinations of non-deuterated DPPC spectra and blue-shifted to
1264 cm™! in the case of partially deuterated DPPC-d62 spectra, respectively. We assigned this

vibrational mode to PO, asymmetric stretching [276, 280]. The reason for this blue shift of
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asymmetric PO, stretching to 1264 cm™! can be due to the effect of dehydration of the
DPPC-d62 monolayer, or the absence of CH> wagging propagation in the deuterated chains.
Additionally, any changes in the orientation of the transition moment of the PO, bonds may
also cause this blue shift, which has been proposed to lay in the plane of the monolayer or
bilayer, compared to the DPPC molecule [282]. The VSFG band at 1254 cm™' was first
observed and assigned by Liljeblad et al. in VSFG spectroscopy [5]. The behavior of the
phosphate vibrations changes drastically upon hydration and is reported as the most hydrated
moieties of phospholipid molecules [283]. They solvate in water forming strong hydrogen
bonds [283-286]. Wallach et al. [287] observed that the asymmetric PO~ shifts about 32 cm ™
when hydrating dry films of non-deuterated DPPC and 1,2-dipalmitoyl-sn-glycero-3-
phosphoethanolamine (DPPE). The asymmetric PO;™ stretching modes show a blue shift upon
dehydration [288, 289]. This mode was observed to shift from 1250 cm™ to 1230 cm™ with
increasing hydration levels. Elsaesser and Hynes studied the structural dynamics of asymmetric
POy stretching mode of DNA and/ or phospholipids in an aqueous environment [288, 290]. In
fully hydrating the phosphate head group, the O-P-O™ bond angle changes by approximately 3°
[284]. The phosphate groups are primary hydration sites up to six water molecules building a
local water shell around the PO>™ units [290]. Thus, phosphate groups can be used as reporter
modes of hydration. A vibrational band appeared at 1248 cm ™! in DPPC and at 1238 cm™! in
DPPC-d62, which was assigned to the P=0 stretching band [108]. This vibrational mode was
observed in both polarization combinations. The P=0 stretching mode shows peak splitting due
to the presence of rotational isomers in the solution, [291, 292]. We observed this band at the
same position as reported for monohydrate DPPC studied by Wallach et al. [287]. This band
was not observed in the partially deuterated DPPC-d62. The absence of this band might be due

to the change in the orientation of the phosphate group.
C-C stretching modes

Other features appeared at 1060 cm™!, and 1120 cm™!, in the BB-VSFG spectra of DPPC
monolayers. These bands were assigned to skeletal optical modes of the phospholipid alkyl
chains, namely, C-C stretching of all-frans conformation where we assigned the band at
1082 cm ™! to the C-C stretching associated with different kinds of the gauche structure due to
the bond rotation of the terminal methyl group. The band at 1112 cm™! was assigned to the C-C
stretching coupled with the end group. These skeletal optical vibrational modes in n-paraffin
chains were theoretically modeled by Snyder et al. [293, 294]. These bands were also observed

and assigned in Raman spectroscopy [119]. Gaber et al. studied these vibrational modes and
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used them to quantify the conformational order of alkyl chains in phospholipids at different
temperatures [248]. Liljeblad et al. assigned 1030 cm™! to the C-C vibrational mode. Based on
the information obtained from the literature, the C-C stretching appears at higher frequencies.
More information about the C-C stretching in our spectra can be only discussed after fitting

Lorentzian line profiles and considering the area under the spectral feature around 1100 cm™'.
CH: wagging and twisting modes

New bands were observed further at 1185 cm™!, 1204 cm ™, 1220 cm ™!, 1235 cm™!, 1266 cm ™,
1272 ecm™!, 1290 cm™!, 1295cm™, 1302 cm™!, and 1310 cm™!. We assign the bands at
1170 cm™', 1235 cm ™!, 1266 cm ™!, 1295 cm ™! and 1310 cm™! to the methylene (CH») wagging
propagation along the alkyl chains [108, 277, 295, 296]. These vibrational modes were observed
in DPPC and they were absent in DPPC-d62, suggesting that these modes arise from the C-H
wagging progression of the alkyl chains. The bands at 1185 cm™!, 1204 cm™', 1220 cm ™!,
1290 cm ™!, and 1304 cm ™! were observed in both DPPC and DPPC-d62 suggesting that these
vibrational modes are occurring as a result of the wagging motion of the CH> groups present in

the choline head region.

Our results show that the methylene wagging from the head groups of deuterated DPPC-d62
can be discriminated by using HRR-BB-VSFG spectrometers. These observations were
possible because of the applied high laser repetition rate and the resulting high signal-to-noise
ratio of the BB-VSFG spectrometer [3, 4]. This CH, wagging progression was observed in long-
chain fatty acids [297] and predicted in n-paraffin [293, 294] and later, observed in
phospholipids by Chapman et al. [101]. The deuteration of alkyl chains of the phospholipids
leads to a simplification of the BB-VSFG spectra in the fingerprint region as the methylene
wagging progressions and rocking-twisting bands disappear from their normal position in the
1200-1370 cm™! region. A drastic change in the spectral range between 1150 cm™! and
1370 cm™! was observed in the case of DPPC-d62 compared to DPPC. It should be noted that
the relative intensity of the bands was observed to be much less in DPPC-d62 compared to

DPPC.
R-O-P-O-R, C-O-P, and CO-O-C modes

A broad band feature centered around 1072 cm ™!, has many vibrational frequencies, and it is
challenging to assign exact vibrational modes to each of them. From the preliminary
perspective, the bands centered at 1030 cm ™' and 1060 cm ™!, we assigned to C-O-P out-of-

phase and C-O-P in-phase symmetric stretching vibrations of the polar head groups in the
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phosphate, respectively [229]. In our spectra, the vibrational mode around 1030 cm™ was
observed in the BB-VSFG spectra of DPPC, which is less intense in the DPPC-d62 monolayer.
This might be due to the change in orientation of the head groups or the hydration level of
partially deuterated DPPC-d62 compared to the non-deuterated DPPC.

We assigned these vibrational bands by comparing our spectral features with triethyl phosphate
[108]. The band at 1070 cm™ ' was assigned to the C-O symmetric stretching of the CO-O-C
ester group [229]. The feature at 1080 cm ! was assigned to the R-O-P-O-R [229]. In the VSFG
community, contradictions among research groups in assigning these vibrational modes were
noted [5, 8]. Liljeblad et al. assigned 1072 cm ™! to the C-O symmetric stretching of the glycerol
CO-O-C ester group, where Allen et al. assigned the same vibrational mode to R-O-P-O-R.
Arrondo et al. observed the band at 1060 cm™! and assigned to R-O-P-O-R [298]. Casal et al.
observed the band at 1050 cm™! and assigned it to a C-O-P vibrational mode [278]. The C-O
stretching bands of the ester group have generally less characteristic frequencies. As these
vibrational modes are coupled with the C-C stretching vibrations, the band assignments are
generally difficult. Additionally, the longer and the shorter chains in the phospholipids give rise
to vibrational modes of higher and shorter frequencies, respectively [245]. We assigned the
band at 1137 cm™! vibrational modes to asymmetric stretching of C-O single bond stretching of
CO-O-C of the ester groups in the phospholipids [229, 276]. Theoretical modeling of
dimyristoyl phosphatidylcholine predicted that the C-O stretching modes of both the chains are
observed a few frequencies apart. We also assign the band at 1170 cm™! to C-O stretching for
this reason. Fringeli et al. conducted a detailed investigation on the ester linkage groups and
assigned these vibrational bands in phospholipids and observed that these modes may shift in
the range between 1160 cm™' and 1190 cm™! depending on the hydration [106]. The ester
groups are hydrophilic groups after the phosphate moiety in phospholipids [299, 300]. In this
region between 1000-1150 cm™!, we also considered the contributions from the C-C skeletal

optical modes and assigned them to appropriate wavenumbers.
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Table 7.1 The BB-VSFG central wavenumbers and the assignments of DPPC and DPPC-d62 monolayer
at the air-CaF in the fingerprint region between 1000 cm™! and 1370 cm ™.

vorec [em™]  Vpppc.as2 [em!] Assignments References
1032 1030 C-O-P out-of-phase str. [108, 229]
1062 1060 C-O-P in-plane, C-C str. all-trans conformation [293, 301]
1073 1072 C-O sym. str. of CO-O-C [8, 102, 229, 243,
276, 298]
1080 1085 R-O-P-O-R sym. str., C-C str. gauche [204, 229, 245, 276,
conformation 301]
1096 1096 POy sym. str., parallel to the bisector of O-P-O [7, 8,120, 229,
angle 302]
1112 1112 C-H deformations [276, 293, 294]
1120 1120 C-C str. of all-trans conformation [204, 301]
1137 1137 C-0O asym. str. of CO-O-C [229, 245]
1170 C-O str. of CO-O-C [245, 288]
1185 1185 CH, wagging of alkyl chains + head groups [295, 297]
1204 1213 CH, wagging of alkyl chains + head groups [276, 295, 297]
1220 1220 CH, wagging of alkyl chains + head groups [295, 297]
1235 CH; wagging alkyl chains [295, 297]
1248 1238 P=0 str., or CH, wagging alkyl chains [108, 276, 295, 297]
1254 1264 PO asym. str., perpendicular to the bisector of [120, 276]
0O-P-O angle
1266 CH, wagging of lipid alkyl chains [295, 297]
1272 1275 CH; wagging of alkyl chains + head groups [295, 297]
1290 1290 CH; wagging of alkyl chains + head groups [295, 297]
1295 CH; twisting of alkyl chains [302]
1302 1304 CH, wagging of both alkyl chains +head groups [295, 297]
1310 CH, wagging of alkyl chains [295, 297]

str.: stretching, sym. str.: symmetric stretching, asym. str.: asymmetric stretching.
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7.2.2 Comparison of vibrational signatures of saturated and unsaturated

phosphatidylcholine

To understand the effect of different chain groups on the head group moieties, the vibrational
signatures of unsaturated DOPC (18:1), saturated DPPC (16:0), and partially deuterated
DPPC-d62 were investigated and compared. Unsaturated phospholipids have at least one C=C
double bond in their alkyl chains. The chemical structures were discussed in 7.1.1. The BB-
VSFG spectra were measured using ppp and ssp polarization and shown in Figure 7.4 and the

VSFG spectra of DOPC were directly compared with DPPC and DPPC-d62.
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Figure 7.4 Normalized BB-VSFG spectra of DOPC (green), DPPC (red), and DPPC-d62 (blue). The
left and right panels represent the BB-VSFG spectra obtained by using ssp and ppp polarization
combinations, respectively. The insert is the magnification of the BB-VSFG spectra in the spectral range
between 1150 and 1330 cm™.

The prominent feature around 1100 cm™! in the BB-VSFG spectra of DPPC-62 (blue, see Figure
7.4), was blue shifted to the higher frequencies in the case of DOPC (green) and DPPC (red).
The DOPC showed a minimal shift compared to DPPC. The red-shifted DPPC-d62 has a
maximum in ssp at 1103 cm™!, where DOPC and DPPC are blue-shifted by 5 cm™ and 9 cm™,
respectively. The central frequency in ppp differs from ssp: DPPC-d62: 1106 cm™, DOPC:
1114 cm™, and DPPC: 1120 cm’!. This blue shift observed on the vibrational mode around
1100 cm™! is similar to the effect of the surface pressure. That is, the area of molecules at a
surface pressure of 30 mN/m vary and the different chains of phospholipids influences their
membrane order (see in Figure 7.2), which will affect the orientation of the head groups. In our
case, the DPPC, DOPC, and DPPC-d62 were prepared at 30 mN/m where the DPPC and DPPC-
d62 exist in the LC phase and DOPC in the LE phase. This effect was also observed and reported

by Allen et al. Studies show that the number of water molecules in the interfacial region varies
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from ~9 per DPPC in the LC phase to ~4 per DPPC in the gel phase [57]. Their results showed
that complete removal of water molecules from the head group is not likely. The blue shift of
PCs suggests that there is either the orientation or hydration of the phosphate group of each
phospholipid changed at the interface. Since the phospholipids were studied right after the
deposition for each sample, the hydration state of the monolayers should be very similar to each
other. Therefore, in our case, the head group orientations were probably different for the

different lipids.

The PO;™ symmetric stretching modes were observed and assigned by Allen et al. in VSFG
spectroscopy [7]. Allen et al. studied the head group of deuterated and non-deuterated DPPC at
different surface pressures ranging from 12 mN/m to 45 mN/m. They observed that the POy~
symmetric mode shifts from 1094 cm™ to 1104 cm™ as the surface pressure increases. They
concluded that this blue shift is due to the dehydration of the phosphate group by compression
of the monolayer. This phosphate frequency shift upon hydration was theoretically modeled on
an analogous molecule of methylphosphocholine (MePC). The results revealed that hydration
of the phosphate group induces the loss of electron density of the PO, bonds due to strong
hyperconjugation with the O-H antibonding orbital of water and weakens the PO, bonds leads
to weakening of the P-O bond resulting in a redshift [284]. This 10 cm ! to 15 cm™! shift of
POy stretching mode due to hydration was also reported before in IR spectroscopy [102, 303].
To further understand the influence of hydration/dehydration on the phospholipids, an
extension to the O-H stretching region is required by using BB-VSFG spectroscopy. Not only
hydration but ions can also shift the PO2™ symmetric mode. Allen et al. studied the region from
1090 cm ™! to 1100 cm™! and reported that the phosphate symmetric mode shifts by 10 cm ™! to
15 cm™! depending on the monovalent or divalent counterions such as K*, Na*, Ca**, Mg*".
Their results show that the Ca®" strongly affects the lipid headgroup conformations and induces
a tighter packing of lipids, thus promoting the liquid condensed phase, where Na* has a minor
influence [8, 229, 276, 278]. It does so by binding to both the phosphate and carbonyl oxygens
via direct and water-mediated binding modes, the ratios of which depend on the monolayer
packing. They also studied the interaction of cations with dipalmitoyl-phosphatidic acid
(DPPA) at different physiological pH conditions [272]. They reported that the cations are found
to expand and stabilize the DPPA monolayer in the increasing order of Na* > K> Mg?" > Ca?"
at pH 5.6, where they observed this monolayer requires higher pHs than expected to
deprotonate. This is because the negatively charged monolayers attract H' to the surface. Based
on their result, the binding affinity of divalent cations to the DPPA monolayer follows the order

Ca?">Mg?" > Na" > K". Allen et al. also investigated the orientation of the phosphate group at
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silica and water interfaces. They calculated the orientation or tilt angle, referred to as the angle
between the vector connecting the phosphorus atom and the nitrogen atom (P-N vector), of the
headgroup of DPPC monolayers on water and silica surfaces and reported that they are oriented
59°+ 3° and 72°+£5° from the surface normal, respectively [8]. Even though Liljeblad et al.
studied the DPPC monolayer at the air-CaF interface, the orientation of the phosphate
headgroup on the CaF> interface was not reported before [5]. Based on our results, the tilt angle
between the P-N vector at the CaF> window will be extracted by applying the orientational

analysis used by Allen et al.

The spectral range between the 1150 cm ™! and 1300 cm ™! in DPPC-d62 and DOPC molecules
are similar. The spectral features of unsaturated DOPC are entirely different in this range
compared to the DPPC molecules. This drastic change can be due to the influence of the C=C
double bond on the alkyl chains of the phospholipid. Comparing the BB-VSFG spectra of all
the three phospholipids, such as DOPC, DPPC, and DPPC-d62, one can see that the width of
the spectral feature centered at 1110 cm™! is narrow in the case of DPPC-d62. This narrow
linewidth of the spectral feature can be due to the absence of C-H deformation modes in
DPPC-d62, where the chains contain only CD2 groups. Recently, the VSFG spectra of DPPC
were reported [276], an additional feature at 1112 cm ! as a result of Lorentzian fitting, and
assigned it to COH and CH deformations modes [276]. The fitting of Lorentzian line profiles

on our BB-VSFG spectra allows us to further discuss this feature at the air-CaF» interface.
7.3 Conclusions

This chapter discussed the vibrational features of different phospholipids in the fingerprint
region obtained by HRR-BB-VSFG spectroscopy. The spectra of the head group including the
glycerol moieties of three different phosphatidylcholines were obtained and the spectral
features were assigned to vibrational modes. We observed many vibrational modes, which have
not been reported in conventional VSFG studies as they have weak Raman depolarization ratios,
which require high measurement sensitivity with good spectral resolution (< 4 cm™'). The use
of a partially deuterated lipid enables us to eliminate the CH, wagging progression from the
alkyl chains and discriminate the wagging from the phospholipid head groups. The detailed
spectrum analysis allowed us to observe vibrational modes, which were previously lost beneath
the stronger bands. The spectra obtained in our case are about 400 cm™! broad while using a
traditional broadband spectrometer based on Ti: Sapphire oscillator, the spectral bandwidth is

generally only 150 cm™ — 200 cm™' [8, 229]. The background-free, label-free vibrational
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spectra obtained here will shine a light on the structure-related properties and enable to study
of the effect of hydration on phospholipids’ head groups. The band assignments performed here
can be useful to understand the vibrational energy redistribution in the phospholipids and help

to follow the interaction of different head group moieties with other important molecules, and/or

ions.
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8. Summary and outlook

Phospholipids are one of the main components of the cellular membranes and biological
barriers, they have widespread interest in physics, chemistry, biology, material science,
nanotechnology, and biotechnology. This thesis focused on the applicability of a newly
developed 100 kHz laser-driven BB-VSFG spectrometer. Specifically, it discusses the
optimization of experimental conditions, and the stability of phospholipids as a function of
important laser parameters at ambient conditions. Moreover, the influence of acquisition time,
surface coverage, and a varied heterogeneity of the mixtures were investigated. As was shown
in the discussion, the spectra revealed detailed information on the structure and conformational
order of the alkyl chains of saturated, unsaturated phospholipids and their mixtures, the
structure of interfacial water molecules at different surface pressures around the phospholipids,

and the structure of the head groups including the glycerol moieties.

In Chapter 5, the applicability of the high repetition rate BB-VSFG spectrometer was studied
for the case of phosphatidylcholine. The experimental conditions were optimized for the studies
of planar-supported lipid bilayers that were prepared by the vesicle fusion approach. Different
from the majority of VSFG studies reported before, the samples were prepared on a CaF»
window. The spectral intensity of the BB-VSFG spectra of phospholipids at four different
repetition rates and different illumination conditions suggests that the phospholipids were stable
during the measurements. It indicated that there was no photo-induced damage on the
phospholipids when applying laser repetition rates from 5 kHz to 100 kHz. Due to the higher
resolution of the spectrometer, the BB-VSFG spectra obtained here showed several vibrational
features that cannot be observed using other spectrometers of this type. The measurements
conducted here validate that the high-repetition-rate BB-VSFG spectrometer is a promising

approach to study more complex biomolecules in a non-destructive manner with high spectral
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resolution and high sensitivity in the future. The heterogeneous Egg-PC bilayers discussed in
Chapter 5 provided high-intensity BB-VSFG spectra where the high amplitudes of the spectra
indicated that the upper and lower leaflets of the bilayers were not symmetric otherwise leading

to destructive interference of the signals.

The high quality of the BB-VSFG spectra allowed further discussion of the structure of
phospholipids in Chapters 6 and 7. The structural variations of saturated DPPC and unsaturated
DOPC and their heterogeneous mixtures as well as the interfacial water molecules were
discussed in Chapter 6 for different surface coverages. Specifically, the interfacial structure of
phospholipid monolayers at low surface coverage is largely unexplored. For this purpose,
monolayers of phospholipids were prepared by Langmuir-Blodgett deposition. The BB-VSFG
of spectra of saturated and unsaturated phospholipids at low surface coverage obtained showed
remarkable spectral features and was reported here for the first time. The results revealed that
the structure of a few molecules at the interface can be studied by employing an HRR-BB-

VSFG spectrometer.

A systematic investigation of mixtures of saturated, and unsaturated, respectively, and their
heterogeneous mixtures was conducted, and the intensity ratios of their methyl and methylene
symmetric modes were obtained. These values changed when adding unsaturated DOPC to the
saturated DPPC. This suggested changes in the order/disorder of the lipids at the interface, and
therefore could be correlated to the fluidity of the monolayers. Although this result is not
surprising, the change of the spectral features was found here to respond to even to small
variations in the concentrations. This was visible even from the raw BB-VSFG spectra. While
fitting with Lorentzian line profiles usually lead to five to six vibrational resonances, in this
thesis eleven spectral features could be assigned to appropriate vibrational modes, including
overtones and combinations. The vibrational modes around 2800 cm ™! and the overtones and
combinations, as well as the spectral features at 2889 cm™!, 2913 cm ™!, and 2932 cm ™!, were
distinguishable and assigned to the components of CH stretching modes and their Fermi
resonances. The BB-VSFG spectra revealed the structure varies as the surface pressure changed
from 5 mN/m to 30 mN/m. The intensity ratio of vibrational modes was used to quantify the
conformational disorder in the alkyl chains. The interfacial structure of a small amount of water
between the headgroup and the substrate was investigated for different surface pressures. The
result showed that the change in surface pressure from high to low modified the interfacial

structure of water molecules. The spectra at 18 mN/m showed strong amplitudes of bounded
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O-H stretching modes suggests that the water molecules are well ordered between the phosphate

and choline headgroups.

Another interesting point is the comparably short integration time for collecting a single BB-
VSFG spectrum with the spectrometer that was available for the study. As was discussed in
section 6.3, the integration time of a single spectrum of the phospholipids can be reduced from
20 min to 500 ms. This short integration time enables the multifaceted application of VSFG in
biochemistry. Especially in the case of unsaturated phospholipids such fast acquisition reduces
the chance of oxidation in ambient conditions and enables studies of the dynamics in the range

of milliseconds-hours.

As discussed in Chapter 7, a comparison of the BB-VSFG spectra of deuterated DPPC-d62 and
non-deuterated DPPC, and DOPC phospholipid monolayers showed that the effects of the
hydrocarbon chains on the head group moieties can be easily discriminated. The so-called
fingerprint spectral region shown here to be very rich in vibrational features and the BB-VSFG
spectra of PCs between 1200 cm™ and 1370 cm™ were reported. The spectra of different
phospholipids showed a frequency shift of the vibrational mode around 1100 cm™ similar to
the effect that was obtained by applying different surface pressure/compression. Therefore, this
obtained frequency shift can be originated from the differently oriented phosphate groups
(different angle of incidence to the surface normal) for the different lipids. The preliminary
assignments provided here in this thesis suggest that further work must be conducted in the

future to fit the individual spectral features.

In summary, this thesis demonstrated that the HRR-BB-VSFG spectrometer, used here to
characterize lipids, is a promising tool that can be employed in bio-analytical chemistry to study
the structure of biomolecules at interfaces. This thesis contributes to both the methodological
advancement in vibrational bio-spectroscopy in general and provides new findings on the
interfacial structure of the phospholipids. A further extension of this work is possible in several
directions. First, the effect of hydration and solvation dynamics on phospholipids is an active
field of research with many open questions. This can be studied by observing the vibrational
modes of hydrophilic groups of phospholipids and the water molecules [274]. The second is to
study the interaction between phospholipids and other biomolecules and/or biomimetic
membranes. Recently, many research was conducted to study the interaction of phospholipids
with small molecules such as drug molecules [304], surfactants [305], phenylalanine [230], to
large proteins [306-308], peptides [309, 310], and glycosaminoglycans [276]. VSFG has also
tremendous potential to understand protein folding and unfolding at various conditions. Third,
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VSFG spectroscopy currently gained popularity in studying the interaction of biomolecules in
situ and in real-time with membrane proteins. This was feasible by using isotope labeling of
molecules to monitor the structures of interfacial biological molecules [311, 312]. Finally, this
technique can be employed to study the orientation of interfacial molecules [156], as VSFG is
a surface-specific technique the orientation can be determined through the hyperpolarizability
tensor elements of a given interfacial molecule, which we can obtain from the measurements
and analysis. As was revealed by the complexity of the data revealed especially in the
fingerprint region, the interpretation of the VSFG data needs a more accessible technique to
draw conclusions. In the future, studies on the orientation of different biomolecules will help a
wide range of applications such as antiviral, antifungal, bio-coatings, polymer surfaces to

optimize the molecular properties at interfaces.
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