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ABSTRACT

Complex fluids are a class of liquids whose microscopic heterogeneity has proven
advantageous in several biological and industrial applications. While rheological and structural
characterization studies have been the primary forms of examining complex fluids, the
translational diffusion behavior of small molecules within these systems has been less explored.
Fluorescence correlation spectroscopy (FCS) is a useful technique for measuring translational
diffusion rates of small molecules based on fluorescence intensity fluctuations arising from
fluorophores moving through a small volume of focused laser light. Here, an FCS instrument
utilizing two-photon excitation has been fully constructed and calibrated, and the examination of
small molecule dynamics within two classes of complex fluids, bicontinuous microemulsions
and giant unilamellar vesicles, using FCS will be presented. In the bicontinuous microemulsion
study, specific focus was given to the impact of surfactant structure on small molecule diffusion.
It was concluded that the length of the head group and overall size and bulkiness of the
surfactant in the interfacial layer provided the largest impact on probe diffusion. For the GUV
studies, bacterial cellular membranes contain branched chain fatty acids, contrasting with
mammalian cells that contain unsaturated lipids. FCS results have revealed that GUVs
containing a branched chain fatty acid display higher fluidity than membranes with unsaturated
lipids. While preliminary results have been obtained for the GUVs, further studies incorporating
additional bacterial membrane specific components are still needed to obtain a more cohesive

picture of bacterial membrane dynamics.
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CHAPTER ONE
INTRODUCTION
1.1 Motivation

In both biology and industry, investigating the inherent physical and chemical properties
of small, complicated solutions has been an essential step in medicinal, material, and
technological advancement. Oftentimes, while solutions under examination in these fields seem
homogeneous to the naked eye, their macroscopic behavior deviates from that of a simple,
homogeneous solution because of intricate heterogeneous structures at the microscopic level,
which can be manipulated to serve specific purposes. These include, but are not limited to,
complex fluids being used in food and beverage products as thickeners and stabilizers,* bodily
products for cosmetics,? paints and coatings,® electrochemical applications,*® and oil recovery
and drilling fluids in the oil and gas industry.® Additionally, naturally occurring biological
systems can also fall under the category of complex fluids.” Furthermore, cellular membranes,
the first line of defense for cells against targeted drug delivery, exhibit complex fluid
characteristics due to their multi-component composition of lipids and proteins, which can
impact a drug’s ability to adsorb to and enter the cell.® As such, examining these systems will
offer new capabilities to tune these microenvironments for specific biological and industrial
applications.

The most studied areas in complex liquids involve examining their rheological properties,
phase behavior, and structure. Rheological studies on complex liquids have provided new insight
into properties such as viscosity, elasticity, and other flow parameters in complex liquids, ®*°

while structural characterization studies have provided detailed analysis of the mesoscopic



heterogeneity of complex liquids through various scattering techniques like small angle neutron
and x-ray scattering'! and dynamic light scattering.*** However, the diffusion behavior, or the
translational and rotational movement, of small molecules placed within these systems, has been
less explored in complex fluids. These processes heavily determine the rate of reactions and
efficiency of the performance in many of the abovementioned applications. For example, in
energy storage applications such as redox flow batteries, the ability of a redox active molecule to
transfer from the bulk solution to the electrode surface quickly is vital to these devices’
performances.!*" In another instance, molecular diffusion processes heavily govern the release
mechanisms for drug delivery devices.®2? Thus, being able to understand and control the
motion of small molecules within complex fluids will assist in new product development for both
biological and industrial fields.

Critical to this understanding is an investigation of the microenvironment where diffusion
occurs. Oftentimes, the interfacial boundary between the phases of a complex fluid serves as a
the primary microenvironment for these reactions to occur by providing a confined region of
high affinity for dissolved species, hence increasing the number of actions or reactions towards a
desired pathway.?*>-?> While researchers have published studies examining diffusion in the
interfacial region of complex fluids, 26! many open questions remain in certain systems like
bicontinuous microemulsions (BUE) and mimetic giant unilamellar vesicles (GUVS). In this
thesis, fluorescence correlation spectroscopy (FCS), a technique which measures the translational
diffusion rates of molecules through a defined volume of light, is applied to examine the
molecular motion within BUE and GUVs. FCS is advantageous due to its high sensitivity, small

sample volume, and ability to analyze real-time molecular dynamics non-invasively.*? The



principles and mathematical basis of FCS, as well as the construction of the FCS instrument, are
described in Chapter 2. Next, the investigation of a series of fluorescent probes placed within
various microemulsions using FCS and steady state fluorescence spectroscopy resides in Chapter
3. Then, investigation of probe translational diffusion in GUVs with FCS lies in Chapter 4.
Finally, conclusions and future directions are detailed in Chapter 5.
Complex Fluid Systems Under Investigation
1.2.1 Microemulsions

Microemulsions are solutions of an aqueous medium, usually water, hydrocarbons, and
stabilizing amphiphilic molecules termed surfactants and/or cosurfactants.* While normal
emulsions employ two immiscible solutions that form a kinetically stable solution with a low
interfacial tension due to the presence of surfactants, they are thermodynamically unstable,
leading to phase separation and an opaque appearance. In comparison, by increasing the
surfactant concentration and adding a cosurfactant to further reduce the interfacial tension
between the immiscible phases, microemulsions are thermodynamically stable solutions with a
transparent appearance.® This allows microemulsions to form structures that are approximately
500 times smaller than normal emulsions, and the nature of the emulsifying agent dictates the
type of microemulsion formed.3* Specifically, the hydrophilic-lipophilic balance (HLB) and
critical packing parameter (CPP) of the surfactant, with a smaller contribution stemming from
the ratio of the oil, water, and surfactant phases, drives the formation of the type of
microstructure formed.>® The HLB is a measure of the affinity of a surfactant for the aqueous or

nonagueous phase, while the CPP determines what type of nanostructures will be formed by the



surfactant. The three major phases of microemulsions include oil in water microemulsions
(O/W), water in oil microemulsions

(W/0), and bicontinuous microemulsions (BUE). Figure 1 displays the nanoscopic structures of
each classification. In an O/W, the HLB of the surfactant favors the aqueous phase, and a water
continuous solution with suspended micelles is formed (Fig 1a). Alternatively, when the HLB is
shifted to the non-aqueous phase, a W/O system (Fig 1b) of inverse micelles suspended in an oil
continuous solution is formed. Finally, when the HLB is balanced, a BUE is formed that
produces interconnected channels of the two phases separated by the surfactants (Fig 1c).

As mentioned previously, a central theme to reactions in complex liquids is the reactive
species’ proximity to the interfacial environment and their translational diffusion capabilities in
this region. Some applications, such as electrochemistry,* require fast diffusion rates at the
interface, while others require slower rates, such as in controlled drug release.**3%:3” Among
these three classifications shown in Figure 1, BUEs are of particular interest for examination due
to them having the lowest tension interfaces, which is advantageous for mass transfer processes,
enhanced mixing of phases, and solubilization of molecules in both phases.34! Because of these
advantages, BUES have been examined for applications in several fields, including use as porous
hybrids for polymer materials,*? electrochemical solutions for redox flow batteries,*>
biomembrane mimetic systems,* environmental decontamination,** and controlled drug delivery
systems.* Despite this significant work, specific factors that can impact the diffusion behavior
within BUE, such as the size, structure, and charge of the surfactants, have not been
systematically explored. Two specific classes of surfactants that are interesting are nonionic and

ionic surfactants. Nonionic surfactants contain a neutral hydrophilic head group, while ionic



Figure 1. Example of different microemulsion nanostructures. A) Oil in water microemulsion B)
Water in oil microemulsion C) Bicontinuous microemulsion.

b) W/O




surfactants possess a positively or negatively charged head group. Nonionic surfactants are often
more biocompatible and less toxic than their ionic counterparts,*®*” allowing them to be
implemented in agriculture as wetting agents for herbicides and pesticides,*® in pharmaceuticals
as drug solubility improvers,*® and in cosmetics as emulsifiers and thickeners.>*! The majority
of nonionic surfactants in industrial use today have polyethoxylated head groups (PEO) with
various bulky or linear hydrocarbon tail groups.*®>? These characteristics provide an interesting
opportunity to examine the translational diffusion of small molecules dissolved in BUES using
nonionic surfactants. Cationic and anionic surfactants have also seen tremendous use in
household cleaning products, pharmaceutical formulations, road surface coatings, flow battery
solutions, etc., with new applications in drug delivery and electrochemistry being investigated.>*
% These surfactants typically possess smaller, charged head groups compared to their nonionic
counterparts. The selection of the correct type of surfactant and active molecule is essential for
the successful implementation of this technology in all systems mentioned above. Chapter 3
describes a series of experiments that explore the diffusion of two differently sized and
structured fluorescent molecules and four BUEs of differing surfactants and component
composition, with attention to the role of the surfactant head group being a primary focus.
Furthermore, investigations of the microemulsion structure through microviscosity and
generalized polarization are also performed.
1.2.2 Giant Unilamellar Vesicles

Antibiotic resistance has emerged as a significant health concern in the 21% century. In
2019, an estimated 1.27 million deaths were directly caused by antibiotic resistance.* In

response to this issue, new efforts to combat antibiotic resistance through targeted drug delivery



must be developed. Bacterial cellular membranes are the first line of defense against antibiotic
attack, comprised of various lipid molecules that form a bilayer surrounding the internal
components of the cell. Lipids, like surfactants, are amphiphilic molecules that possess a
hydrophilic head group attached to two hydrophobic tails. In bacterial cells, some lipids can
contain hydrophobic tails that possess a small side chain, which are labeled as branched chain
fatty acids (BCFAs). These BCFAs are responsible for the fluidity of the bacterial membrane,®’
which in turn affects adsorption of drug molecules and lateral diffusion across the membrane
surface. So, understanding the effect on translational diffusion of small, adsorbed molecules
within any region of the bilayer by alteration of the tail region of a specific lipid is an essential
component for successful drug delivery studies.

An effective way of probing this question is to simplify the interface by forming model
membranes with a singular lipid found in bacterial membranes. Giant Unilamellar Vesicles
(GUVs) are spherical vessels that contain a hydrophilic core that is surrounded by a bilayer of
amphiphilic molecules.>® These amphiphiles are commonly in the form of low molecular mass
phospholipids, block copolymers, or synthetic surfactants. An example of a GUV is shown in
Figure 2, with a two-dimensional cross section of the vesicle shown on the left and a three-
dimensional view shown on the right. The constructed bilayer membrane orients the hydrophilic
head groups towards the aqueous medium and the hydrophobic tails oriented towards the inner,
hydrophobic region of the bilayer. The bilayer that is formed serves as a biomimetic system
mimicking natural cellular membranes, and by selecting a particular type of phospholipid to
construct the GUV, these systems can be structured to characterize a particular cellular

membrane domain or its interaction with a certain small molecule. While GUVs have been



Figure 2. Schematic model of a GUV. The light blue ovals represent the polar head groups of the

lipids, and the thin yellow lines represent the hydrophobic lipid tails.



examined for eukaryotic cell studies using FCS,**®* investigations of GUVs containing branched
chain lipids that are more common in bacterial membranes have yet to be performed. In this thesis,
the translational diffusion of small fluorescent molecules placed on the membranes of GUVs

containing a branched chain lipid tail is examined with FCS in Chapter 4.



CHAPTER TWO
INSTRUMENTATION AND TECHNIQUE
2.1 One-Photon and Two-Photon Fluorescence

The history of fluorescence can be traced as far back as 1560, when the Aztecs detailed a
wood that possessed medicinal properties while also inflicting a change of color on water that
was placed on it or in a housing made from the wood.®® Intrigued by this, a Spanish scientist
named Nicholas Monardes authored a report of this medicinal wood in 1577, which went on to
inspire numerous scientists to carry out experiments across Europe to understand these peculiar
optical phenomena. A particularly interesting series of results came from experiments performed
by Lucasian Professor at Cambridge University George Gabriel Stokes in 1852, who is regarded
by some as the “Father of Fluorescence”. In his work On the Change of Refrangibility of Light,%
which examined the optical properties of quinine sulfate, Stokes proposed that the “epipolic
dispersion” of the solution arose from the absorption of light and emission of a longer
wavelength light. This principle became known as the Stokes shift, a term that has implanted
itself in the foundation of fluorescence studies and terminology. Since then, the study and use of
fluorescence to examine specific issues in biological and nonbiological systems has increased
immensely.57-69
Fluorescence, as described briefly above, is the subsequent emission of electromagnetic radiation
in the form of light following an absorbance of light.®> Delving deeper into this definition, this
process can be broken down into three main steps: absorption, nonradiative decay, and radiative
decay. Furthermore, to aid in visualizing this behavior, a Jablonski diagram, named after

Aleksander Jablonski who first proposed the diagram in 1933,7° is commonly used. Figure 3
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displays such a diagram. The horizontal black lines represent different energy levels, with Sg
representing the ground electronic singlet state, S representing the first excited singlet state, and
the thinner lines placed above the singlet state lines depicting the various vibrational levels
within the electronic states. To begin, energy in the form of electromagnetic radiation, or light, is
absorbed by the molecule and an electron is promoted from the ground to the first excited state
(blue arrow). Next, the molecule begins to lose energy rapidly by nonradiative methods (NRD),
such as vibrational conversion. Finally, the electron will return to the ground electronic state, and
in doing so will release energy in the form of a photon (green arrow). Due to the loss in energy
from the nonradiative decay processes, the released photon will possess lower energy than the
absorbed photon, which demonstrates the Stokes shift principle.
2.1.1 Two-Photon Fluorescence

The mechanism described in the previous section details the base model of fluorescence
by using a single photon (1PE) of enough energy to promote an electron to an excited state.
However, an alternative method of excitation exists that employs two photons to produce the
required energy for promotion (2PE). In 1PE, the energy of the excitation light must be high
enough to match the required energy to promote an electron from the ground to state to the
excited state’’. In 2PE, excitation occurs through the near simultaneous absorption of two
photons that each possess an energy of half that of the photon used for 1PE. The right side of
Figure 3 demonstrates the principle of 2PE. Photons of a shorter wavelength, or more towards
the blue region of the visible light spectrum, have a much higher energy associated with them,

requiring only a single photon to provide the needed energy for excitation, as detailed on the left
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Figure 3. Jablonski diagram of one vs two photon excitation. This figure is taken from Reference
58."
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side of Figure 3. In contrast, photons with less energy reside on the red to infrared side of the
light spectrum, which necessitates two photons to provide sufficient excitation energy, depicted
by the right side of Figure 3. Compared to 1PE, 2PE offers a few distinct advantages towards
this effort. Firstly, 2PE offers significantly reduced photobleaching of fluorescent molecules
compared to 1PE due to the lower energy photons used, allowing for longer experiments to be
performed with minimal sample or dye damage.’”>’? Secondly, the longer wavelength light used
in 2PE offers reduced scattering when in contact with the sample, allowing for deeper
penetrating measurements to be performed.” This is particularly advantageous for studies
interested in behavior in the bulk solution or on surfaces far away from the coverslip-sample
interface. Our system utilizes a 2PE excitation scheme, and the details of which will be described
in the following sections.
2.1.2 Requirements for 2PE

For each excitation scheme, a light source with a sufficient intensity, selected
wavelength, and emission mode are required to cause fluorescent events. Commonly, this is
achieved with a laser beam, or a light source that is produced through stimulated emission of
radiation. In 1PE, continuous wave lasers, which are pumped consistently by the pump source to
produce a constant beam of light, are commonly used. However, the probability of a molecule
absorbing two photons at the same time and place from a continuous wave laser is extremely
low. Thus, 2PE incorporates an ultrashort pulsed excitation scheme. When light is amplified by a
gain medium through stimulated emission, the emitted light waves are reflected inside a laser
cavity containing two mirrors, one fully reflective and one partially reflective. These light waves

contain many modes, and when these modes constructively interfere with one another through
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their in-phase superposition, a pulse of energy is formed. As the waves travel back and forth
within the cavity, so too does the generated pulse, and this entire process is known as mode
locking. The partially reflective mirror allows the pulses to exit the laser cavity, and the time it
takes for the pulse train to complete one round trip of the cavity sets the repetition rate of the
laser. This modelocking process causes photons to be emitted with pulse lengths on the order of
picoseconds (107?) to femtoseconds (1071°) at a MHz (108 s?) repetition rate.”* This form of laser
generation accounts for the time aspect of 2PE, but in order to have the photons arrive at the
same location simultaneously, a focusing of the laser beam to an nanometer sized spot is
required. This is achieved with a high numerical aperture (NA) objective housed within a
microscope body. The NA of an objective describes the ability of the objective to resolve
specimens and collect light emitted from the sample.” The higher the NA, the larger the
collection cone and the tighter the focus inside the sample. Together, pulsed excitation and a
high NA objective increase the probability of two photon absorption by a factor of 10*2. In
addition, because of the near simultaneous absorption requirement in time and space, the only
location that possesses a high enough photon density to satisfy this requirement is the focal spot
of a converging pulsed laser beam. This then limits the fluorescence emitted from the sample to
only the diffraction limited, eliminating the possibility of fluorescence generated outside of the
focal volume. Our system uses a mode-locked Titanium:Sapphire (Ti:Sa) oscillator producing
femtosecond pulse lengths with an 80 MHz repetition rate. FCS, which will be discussed in
further detail later in this chapter, measures fluorescence intensity fluctuations from molecules
diffusing through a small volume of light created by a high NA objective in a microscope body.

Thus, the instrumentation used for 2PE fluorescence correlates well with the analysis of FCS.
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2.2 Diffusion

Diffusion is described as the movement of small molecules due to thermal fluctuations.’®
It is an integral part of many biological and nonbiological functions, such as transport of
important nutrients through cell membranes and modeling industrial processes such as corrosion
of materials and reactions in complex fluids.?” Diffusion can be broken down into two
categories: translational and rotational. Translational diffusion refers to a molecule’s rate of
translocation in two-dimensional or three-dimensional space. On the microscopic level,
molecules will randomly collide with one another as they move within a medium in a process
termed Brownian motion. Typically, while Brownian motion is occurring, molecules will diffuse
on a path following a concentration gradient from regions of high to low concentration. This
diffusion pathway is labeled as Fickian diffusion, named after Adolf Fick, a German physiologist
who is credited as the first to define the laws of mass transport and diffusion in his 1855 report.”
A representation of Fickian diffusion is shown in Figure 4. In other special cases, such as in
turbid environments, extreme temperature or viscosity conditions, and/or high concentrations of
diffusing species, the diffusion behavior can deviate from normal Fickian diffusion and is labeled
as anomalous diffusion. At first glance, the microscopic structural heterogeneity of complex fluid
environments would lead us to assume anomalous diffusion is the major driving force in
molecular motion. However, because our FCS studies utilize an extremely low concentration of
small fluorescent molecules, the details of which are discussed in later chapters, normal Fickian
diffusion serves as the basis of our translational diffusions. In support of this, previous FCS work
investigating both BUE and GUVs have utilized Fickian diffusion models for fitting FCS

correlation curves.*%%%%7 The second type of diffusion, rotational diffusion, refers to the rotation
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Direction of Translational DiffusSion sy

High concentration Low concentration

Figure 4. Illustration describing Fickian diffusion. Molecules diffuse from areas of higher
concentration to areas of lower concentration when following Fickian diffusion law.
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rate of a molecule about an axis. Rotational diffusion is impact by the size and shape of the
molecule as well as the viscosity and crowdedness of the surrounding environment.® A popular
method of measuring rotational diffusion rates a fluorescence-based technique known as a
fluorescence anisotropy decay. This technique will bediscussed in further detail in Chapter 3.
The scientific questions being asked seek to understand the impact of amphiphile size and
structure, probe size and structure, and complex fluid composition on molecular translational and
rotational diffusion rates.
2.3 Fluorescence Correlation Spectroscopy

Fluorescence Correlation Spectroscopy (FCS) is a single molecule detection technique
that analyzes fluorescence intensity fluctuations that arise from fluorescently active molecules
translationally diffusing within a defined volume over time.®2"® The technique was first
developed in 1972 by Magde et al. to examine the binding of fluorescent dye EtBr to DNA.8°
However, it was not until the early 1990s when the technique was combined with the
components of a confocal microscope that the usage of FCS began to expand.®! The high NA
objective housed in the microscopy body coupled with a laser beam allowed for a significant
reduction in the size of the defined focal volume. Since this breakthrough, FCS has become a
powerful technigue for the determination of translational diffusion coefficients corresponding to
excited state reactions within a variety of systems.8%8!

The most common probe molecules selected for FCS experiments are fluorescent organic
dye molecules, or fluorophores, that possess a high quantum yield, extinction coefficient, and
photostability. The quantum yield of a molecule is defined as the number of emitted photons

relative to the number of absorbed photons,’® and the extinction coefficient refers to the

17



probability that a molecule will absorb a photon of a certain wavelength.®? Furthermore,
molecules with a high photostability are much more resistant to photobleaching effects, thereby
offering accurate dynamic information without the introduction of unwanted photophysical or
photochemical reactions. The maximization of these characteristics is critical to the successful
implementation of FCS. Because this technique measures the fluorescence intensity fluctuations
over time, an extremely small concentration range from picomolar-nanomolar is required to
detect a significant shift in intensity. Thus, the initial amplitude of the autocorrelation function is
inversely proportional to the average number of fluorescent molecules within the observation
volume of the laser beam. Hence, to maximize the signal-to-noise (S/N) ratio without using
excessive incident power amounts, a high quantum yield, extinction coefficient, and
photostability are highly sought after in the FCS probe selection process.

2.3.1 Mathematical Basis and Correlation

As mentioned, FCS is a statistical method that measures fluorescence intensity fluctuations due
to molecules performing translational diffusion through a confocal volume.3?7°8 The confocal
volume refers to the tightly focused region within a sample generated by a laser beam directed
through a high NA objective. Each step in the analysis process is governed by a mathematical
function that is used to extract desired information, such as the sample concentration and
translational diffusion coefficient. Figure 5 demonstrates the analysis pathway of a normal FCS
experiment. The first image displays a fluorophore translationally diffusing through the confocal
volume generated by a high-NA objective. The high-NA objective is essential to FCS to create a
volume on the order of 1 femtoliter, which restricts the region of interest and increases the

collection cone to improve the sensitivity in fluorescence fluctuations due to diffusing
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Figure 5. Flow chart depicting the analysis pathway for FCS experiments.
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fluorophores.8-8 Altering the NA of the objective and/or changing the excitation wavelength
will result in slightly altered dimensions for the focal volume.

In a 2PE-FCS experiment, the dimensions of the focal volume, or intensity point spread
function squared (IPSF?) utilized for FCS analysis are slightly different from the 1PE dimensions
(IPSF) due to the quadratic dependency of excitation intensity for 2PE as opposed to the linear
dependence of 1PE. As such, measurements of the 2PE-FCS volume dimensions are calculated
from the 1/e? intensity value.”®® Theoretical calculations for the 1/e intensity lateral and axial
dimensions of a 2PE volume utilizing a NA > 0.7 are described in Equation 1 and 2,

respectively.®

0.3201 1)
a) =
o J2NA

0.5321 1 ]
w, =
VZ b —vee—naz

Where A is the excitation wavelength, NA is the objective numerical aperture, and n is the

)

refractive index of the immersion liquid. Conversion to the 1/e? dimensions is achieved by
multiplying the
1/e value by V2. Our instrument operates an ultrafast, mode-locked laser beam centered at 800
nm directed through a 1.2 NA water-immersion objective. With these values and a water
refractive index value of 1.333, the 1/e? theoretical lateral, s, and axial, u, radius of the IPSF?is
0.220 um and 0.566 pm, respectively. The testing of the experimental 1/e? dimensions will be
performed through instrument calibration later in this chapter.

When the FCS measurement is initiated, the fluorescence intensity fluctuations are

monitored over the duration of the experiment, as depicted by the second image of Figure 5.
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These fluctuations are tracked as a measure of the difference in intensity from the average value
over the course of the experiment. Throughout the measurement, fluorescence intensity readings
at a starting point t and varying time points after the start time, or lag times t, are correlated
using a simple autocorrelation function, G’(z), denoted by Equation 3 and the third image in
Figure 5.

Essentially, the fluorescence intensity at different time points is being compared to the intensity
at the initial time point for similarity. The more similar they are, the higher the amplitude of the
correlation curve. For examining translational diffusion, a three-dimensional (3D) normal

diffusion model assuming a Gaussian excitation profile fits over the data, which is described in

Equation 4.
1 T\ ! r s2\7V? (4)
G(t) = N(li—;) <1+ g*ﬁ)
(F(OF(t + 1)) 3)

CO= Ty

where G(z) is the autocorrelation function amplitude, N is the number of molecules in the
observation, 7 is the lag time, p is the diffusion time of the molecule through the observation
volume, and s and u represent the 1/e? lateral and axial waists of the observation volume,
respectively. G(z) deviates from G ’(z) in that G(z) represents the autocorrelation function in
terms of translational diffusion, while G ’(z) denotes the autocorrelation function in terms of
fluorescence intensity. For complex fluids, despite the presence of only one active fluorophore
diffusing in the solution, trace amounts of fluorescence intensity from other sources could
contribute slightly to the overall correlation curve.®*8” To account for this a simple modification

was applied to Equation 4 to produce a two-component 3D diffusion model, as shown in

Equation 5.
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As stated previously, the amplitude of the correlation function at time zero, G(0), is inversely
proportional to the average number of fluorophores in the observation volume, shown in
Equation 6. From Figure 5, the time taken for the amplitude of the correlation curve to reach its

half-maximum value corresponds to zp. Longer diffusion times are represented by a correlation

curve

60) ~ — ©)

(N)
pushed to higher orders of magnitude on the lag time axis (blue curve), while shorter diffusion
times display a curve that begins to fall at lower orders of magnitude (red curve). Combining the

extracted zp with the lateral beam waist s, the determination of a diffusion coefficient using 2PE-

FCS is done using Equation 7.

s? 7
b St %)
81

It is worth noting that in the denominator of Equation 5, the constant 8 differs from the 1PE
constant of 4, and this difference is attributed to the squared intensity dependence of 2PE
compared to the linear intensity dependence of 1PE.”®88
2.4 Constructed Instrument

A schematic of the home-built FCS instrument is shown in Figure 6. Our setup utilizes

an ultrafast Ti:sapphire laser that is centered at 800 nm with a repetition rate of 80 MHz. The

emitted beam first travels through a A/2 waveplate and a polarizing beam splitting cube (PBC),
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Figure 6. Schematic of the TPE-FCS instrument. A/2 WP = one half waveplate. PBC = polarizing
beam splitting cube. PO = pickoff mirror. L1 = first telescope lens. L2 = second telescope lens.
DCM = dichroic mirror. NA = numerical aperture. OBJ = objective. nM = nanomolar
concentration. EF = emission filters. TL = tube lens. CL= collimating lens. L3, L4 = focusing
lenses. APD = avalanche photodiodes. TCSPC = time correlated single photon counting module.
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which together serve as a power attenuator for the instrument. The A/2 waveplate rotates the
linear polarization of the beam striking the PBC, and depending on the angle of polarization, a
certain percentage of light will be reflected off the cube or transmitted through, allowing the
intensity of the beam to be controlled. In nonlinear spectroscopy, a shorter pulse length on the
order of femtoseconds is desired to increase the peak power, which is essential for successful and
accurate TPE-FCS measurements. Due to the nature of ultrafast laser operation, the femtosecond
pulses of light possess a large spectral bandwidth. Because of this, the different wavelengths
within this bandwidth will pass through materials and air differently as the beam traverses the
optical table, with longer wavelength light traveling faster than shorter wavelength light. The
result is a lengthening of the pulse width, or a process called positive group delay dispersion
(GDD), and it must be controlled to fully take advantage of ultrafast pulsed laser sources for
nonlinear spectroscopy®®. To counteract positive GDD, the beam is sent through a linear prism
compression line that introduces negative GDD.

Our pulse length has been measured to ~150 fs at the sample position, which is acceptable for
our experiments. After the compression line, the beam is expanded with a telescope comprised of
two plano convex lenses with focal lengths of 150 mm and 75 mm. This expands the beam
diameter to ~20 mm to overfill the 10 mm back aperture of the microscope objective to achieve
the smallest diffraction limited spot. The beam is directed into the back aperture of the objective
by a 650 nm shortpass rectangular dichroic mirror housed within a filter cube. The 1.2 NA water-
immersion objective focuses the beam to ~1 fl sized volume within the sample > 50 um away
from the coverslip-sample interface. The emitted fluorescence from diffusing fluorophores is

collected by the objective and filtered by the dichroic mirror and two bandpass filters to reject
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any incident 800 nm light. The fluorescence is split by a 50/50 beamsplitter before being focused
onto the 100 um diameter active areas of two avalanche photodiodes (APDs), which are
operating in single photon counting mode. The photon counts are cross-correlated by a time
correlated single photon counting module (TCSPC) operating in Time Tagged-Time Resolved
(TTTR) mode. TTTR mode records the timing of events with respect to the beginning of the
measurement, making it ideal for FCS data collection. Furthermore, APDs have a low chance of
producing a second electronic pulse when a single photon strikes the detector. This second pulse
is highly correlated with the first, and thus a large spike in the amplitude of the correlation is
witnessed at lag times lower than 1 ps.*® To counteract this occurrence, a cross-correlation
scheme is implemented to eliminate the effects of afterpulsing present in autocorrelation
detection schemes. Although the translational diffusion information desired from fluorophore
diffusion in complex liquids is on a timescale much longer than the time region of afterpulsing
effects, the cross-correlation curve provides a more accurate reading of initial cross-correlation
curve amplitude, thereby assisting in diffusion model fitting. The raw correlation curve data is
migrated to a custom MATLAB script which contains all the equations for correlation and data
extraction described in the previous section.

2.4.1 Calibration

To complete the construction of the FCS instrument, the focal volume created by the laser beam
and the objective must be precisely determined to ensure confident results and diffusion
coefficient analysis. One of the most common processes for calibration is to obtain a correlation
curve generated from a molecule with a known diffusion coefficient in a certain solvent. For this

purpose, an aqueous solution of 1 nM Alexa 546 NHS ester was chosen due to this molecule’s
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high two-photon absorption coefficient at 800 nm.®* A figure of Alexa 546 NHS ester is shown
in Figure 7. This molecule has a reported diffusion coefficient in water of 341 pm?/s.% A
representative calibration curve from this sample is displayed in Figure 8. By fitting the curve
with the 3D normal diffusion model and locking the diffusion coefficient value, a characteristic
diffusion time, tp, of the probe through the focal volume is extracted, and by utilizing the
relationship of parameters discussed in Equation 8, the lateral waist radius s can be obtained. For
statistical analysis, three measurements of > 15 minutes measurement time were performed, and
the standard deviation and error were determined. From the three measurements, a focal volume
with a 1/e? radius of 530.4 + 17.4 nm was calculated. While the experimental lateral radius is
~2.4 times larger than the theoretical lateral radius, a report using a similar setup for TPE-FCS
produced a similarly sized beam waist.%® Furthermore, the calibration measurements were very
reproducible with minimal error at power levels between 40-60 mW measured directly outside
the microscope body. Therefore, complex fluid measurements were taken as close to these

conditions as possible for each FCS experiment.
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Figure 7. Structure of Alexa 546 NHS ester.
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Figure 8. Representative calibration FCS curve of Alexa 546 NHS ester in MilliQ water.
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CHAPTER THREE
BICONTINUOUS MICROEMULSION STUDIES
3.1 Motivation

As mentioned previously, BUE are thermodynamically stable, optically clear solutions of
oil, water, and surfactants. From the earliest days to more recent studies, the characterization and
phase equilibrium of the bicontinuous structure has been the primary focus of research towards
development of new products.%-% Through these works, it has been accepted that the general
structure of a bicontinuous microemulsion is a series of disordered water and oil channels that
are separated by the surfactant layer, and the self-diffusion of the water and oil channels away
from the surfactant monolayer should remain unrestricted.® Their low interfacial tension, low
viscosity, and ability to solubilize species in both water and oil phases has seen their
incorporation in several fields in both biology and industry.*642-4 One particular aspect of the
applications of BUES is the ability for small molecules to diffuse at the interface between bulk
microemulsion phases. In some situations, a faster diffusion of active materials in BUES is
desired, such as for performing facile electron transfer in electrochemistry* or immediate
treatment of illnesses in drug delivery.®®1% In other instances, a slower diffusion of molecules is
preferable, such as the controlled release of substances over longer periods of time for drug
delivery.1%%192 Therefore, examining the factors that influence these diffusion capabilities is
essential towards new product development. In our lab, work by Hassan et al. examined the
rotational diffusion dynamics of a small nonpolar, polar, and ionic fluorophore in both droplet
and bicontinuous microemulsions containing the nonionic surfactant Tween 20, water, 1-butanol,

and toluene.'® The objective was to understand the rotational freedom of these small molecules
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in microemulsions and determine where the molecules tended to reside. The results from this
work revealed that all probes interacted with the surfactant region of the microemulsions, with
the degree of surfactant layer penetration postulated from the partitioning coefficient values and
Forster Resonance Energy Transfer (FRET) results. In particular, the ionic and polar molecules
demonstrated the largest rotational freedom in the bicontinuous phase of the microemulsion,
indicating the enhanced fluidity of the surfactant layer in this composition. Still, two of the main
questions that arose from this study asked how the Tween 20 molecule itself, specifically the
large, bulky head group, was impacting the freedom of the diffusing species, and what is the
translational diffusion behavior in this and other BUES. Tween 20 possesses a large, three-
pronged head group with approximately five polyethylene oxide (PEO) repeating units on each
arm connected to a C11H23 hydrocarbon tail. This bulky hydrophilic head group compared to the
smaller hydrocarbon tail was suspected to heavily influence the diffusion rates of the
fluorophores in the microemulsions tested. As mentioned before, the HLB and CPP are two
popular metrics for the determination of where the surfactant will lie and what nanostructures
will be formed from an aggregation of surfactants.**-® Tween 20 has a HLB value of 16.7,1%
indicating much more solubility in the aqueous phase of the microemulsion compared to the
nonaqueous phase, thus creating a more fluid interface. While a specific CPP is not reported for
Tween 20, the large, bulky head group in comparison to the small hydrocarbon tail is suspected
to decrease the packing parameter, leading to a tendency to form more cylindrical or worm-like
channels.'% In addition, while there have been a few published studies examining translational
diffusion in BUE with FCS,537887.106.107 these studies have focused on the translational diffusion

of nonaqueous probes in ionic surfactant systems and diffusion of aqueous probes in smaller,
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nonionic surfactant systems. Therefore, the translational diffusion of aqueous probes in both
ionic and medium sized, nonionic surfactant systems has yet to be explored. The HLB was
designed to primarily characterize nonionic surfactants,'% and the larger size of the PEO
headgroup will typically lead to a more hydrophobically soluble interface, which could lead to
more restricted hydrophilic head group. Furthermore, surfactants with higher CPP values tend to
form less restricted microstructures.'® As such, examining the impact on diffusion from
surfactants with different HLB and CPP values would be beneficial. To examine this, a series of
FCS and steady state fluorescence anisotropy measurements were conducted to examine the
translational and rotational diffusion of two differently sized hydrophilic dyes, Alexa 546 NHS
ester and Rhodamine 6G, in BUES containing the surfactants sodium dodecyl sulfate (SDS),
cetyltrimethylammonium bromide (CTAB), Brij 010, and Triton X-100. To provide further
support, microviscosity measurements and generalized polarization measurements of Laurdan
were performed to offer insight into the microenvironment of the diffusing fluorophores.
3.2 Sample Preparation

Four different surfactants were used in preparation of the BUEs: SDS, CTAB, Brij 010,
and Triton X-100. CTAB and Brij O10 were purchased from Sigma-Aldrich, while SDS and
Triton X-100 were purchased from Fischer Scientific. The cosurfactant 1-butanol, the
fluorophores Alexa 546 NHS Este, Rhodamine 6G, Laurdan, and the oil phase cyclohexane were
purchased from Fischer Scientific. The oil phase isopropyl palmitate and the fluorophore 1,6-
Diphenyl-1,3,5-hexatriene (DPH) were purchased from Sigma-Aldrich. All surfactants, solvents,
and probe molecules were used as received. MilliQ water was used as the aqueous phase of each

microemulsion. Formulation of each BUE followed procedures outlined in the literature. For the

31



SDS BUE, the component weight percentages were 52% MilliQ water, 26.7% 1-butanol, 13.3%
cyclohexane, and 8% SDS (SBWC).1®° The CTAB BUE contained 35% MilliQ water, 35% 1-
butanol, 12.5% cyclohexane, and 17.5% CTAB (CBWC),® while the Triton X-100 system
contained 60% MilliQ water, 30% 1-butanol: Triton X-100 surfactant mix at a 0.25:0.75 ratio,
and 10% cyclohexane (TXxBWC).° Finally, we examined two different Brij O10 compositions
that form BUEs. The first contained 25% MilliQ water, 40% Brij O10:1-butanol mix at a ratio of
1.5:1, and 35% isopropyl palmitate (IPP), and the second contained 50% water, 40% surfactant
mix, and 10% IPP (BWBI).!! The fluorescent probes Alexa 546 NHS Ester and Rhodamine 6G
were chosen for FCS and steady state anisotropy measurements due to their high photostability,
quantum yield, and two photon cross section at 800 nm excitation.®* These fluorophores were
initially dissolved in MilliQ water to stock solutions of approximately 10 uM and 1 mM,
respectively. The stock solutions were serially diluted to a final concentration ranging between 1-
5 nM for FCS experiments. The stock fluorophore solutions were weighed to the desired amount
for each BUE in a 10 mL falcon tube, followed by the required amounts of surfactant, oil phase,
and cosurfactant. Once all components were added, the tube was capped and vortexed for 30
seconds and left to settle for 1 hour. Finally, 1 mL of BUE solution was pipetted into a glass
chamber with a 1.5 cover glass bottom on a translational xyz stage for analysis.

Solutions for steady state anisotropy measurements of DPH were prepared in the same
fashion by dissolving DPH in the surfactant mix and mixing the microemulsion components to
make solutions with a final DPH concentration of 10 uM. The microemulsions were placed
directly in cuvettes in a Horiba FluoroLog 3. Excitation was set to 353 nm and emission was set

to 425 nm. Steady state fluorescence measurements of Laurdan for generalized polarization were
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performed at room temperature on an Agilent fluorescence spectrophotometer. Laurdan was
dissolved in 1-butanol and diluted to a final concentration of 5 uM in each microemulsion. All
experiments were performed at room temperature.
3.3 FCS Results
3.3.1 FCS Results in Nonionic Surfactant Bicontinuous Microemulsions

In the beginning, the 60% water Tween 20 BUE from Hassan et al.’s*%® work was tested
using the constructed FCS instrument described in Chapter 2. During testing, regardless of the
small molecule placed in the microemulsion, there was too much background signal from the
microemulsion itself to obtain any definable FCS curve. This was attributed to the large
difference in fluorophore concentration between Hassan et al.’s work and the FCS experiments
performed here. The nanomolar concentration of fluorophores required for FCS were unable to
overcome the background signal, which was not an issue for Hassan et al. as they used
concentrations in the micromolar range. Therefore, the diffusion behavior of Alexa 546 and
Rhodamine 6G was examined in two new BES that contained the nonionic surfactants Brij O10
and Triton X-100. The structures of both surfactants, as well as Tween 20, are shown in Figure
9. Figure 10 displays the fluorophore structures. Brij O10 has an 18-carbon hydrocarbon chain
with a large polyethylene oxide (PEO) headgroup with approximately 10 repeating units. Triton
X-100 has the same head group as Brij O10 with a smaller, aromatic tail. Compared to Tween
20, these two surfactants possess straight chained head groups as opposed to Tween 20°s large,
three-pronged branching head group. Furthermore, these surfactants have documented
microemulsion phase diagrams in the literature, 1% and Triton X-100 is the most studied

nonionic surfactant in the literature.*'%1*2-116 Also, the differing tail regions between Triton X-
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Figure 9. Nonionic surfactant structures. Brij O10 and Triton X-100 possess a large PEO chain
head group, which is suspected to penetrate deep into the aqueous layer of the microemulsion.
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Figure 10: Molecular structures of Rhodamine 6G (Top) and Alexa 546 NHS ester (bottom).
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Figure 10: Continued

36



100 and Brij O10 which can provide an additional point of comparison in our results and
discussion. Firstly, representative FCS correlation curves of Rhodamine 6G and Alexa 546 in a
25% water BWBI BUE are shown in Figure 11. Rhodamine 6G was calculated to have a
diffusion coefficient of 28.14 + 4.15 um?/s and Alexa 546’s diffusion coefficient was calculated
to be 14.77 + 0.73 um?/s. These diffusion coefficients can also be found in the bar graph in
Figure 12. Rhodamine 6G possesses the same core structure as Alexa 546, but the former is
smaller than the latter with a hydrodynamic radius of 0.527 nm compared to 0.635 nm for Alexa
546. In addition, the molecular weight of Rhodamine 6G is 479.02 g/mol, while the molecular
weight for Alexa 546 is 1159.6 g/mol. Typically, in diffusion experiments, the lighter weight
molecule will diffuse faster than the heavier molecule, and this behavior is also witnessed here.
What is more eye-catching is the significant decrease in diffusion speed compared to these
molecules reported diffusion rates in water alone (341 um?/s for Alexa 546 and 420 pm?/s for
Rhodamine 6G).°>7 In BUEs, the water and oil are said to have unrestricted diffusion in their
respective channels,®>!® and the diffusion coefficients calculated here signify that both
molecules are interacting with the surfactant head group. However, one of the characteristics of
this microemulsion composition lies in the much smaller percentage of water (25%) compared to
the surfactant mix (40%) and IPP (35%). Since Alexa 546 is soluble in water, this probe can help
to understand if the amount of water in the BUE is impacting the diffusion coefficient results.
Thus, an FCS experiment was performed on a second BWBI BUE that contained 50% water,
40% surfactant mix, and 10% IPP. The representative FCS curve of Alexa 546 in the 50% water
BWBI BUE is shown in Figure 13, and the diffusion coefficient is found to be 19.0901 pum?/s.

This result is slightly faster than the result of the diffusion coefficient of Alexa 546 in the 25%
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Figure 11. Representative FCS Curves of Rhodamine 6G (Top) and Alexa 546 NHS ester (bottom)
in a 25% water BWBI BE.
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Figure 12. Diffusion coefficients of each probe in all bicontinuous microemulsions. Surfactants
with a larger head group restrict the translational diffusion of fluorophores more than smaller head
group surfactants.

39



3J_B\Iexa 546 NHS ester in 50% Water BWBI B E

[
50% D = 19.09 um?/s, 25% D = 14.77 um?/s
025+ ¢ Raw Data
2 Component Model Function
02 ¢ ¢
. i
o o *
o) 0.15¢+ °
o bt ' 4 'o oo ‘
0.1 ° * _ s
®
[ ]
® [ ] ..
0.05+ o
[ ]
0° | '
107® 107 1072

Lag Time (s)

Figure 13. Representative curve of Alexa 546 in a BWBI BUE with 50% water. The diffusion
coefficient obtained here is slightly larger than the diffusion coefficient in a 25% water BWBI BUE
shown in Figure 11.
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water solution, which indicates that more water could be penetrating the interface and creating a
more fluid diffusing region. Laurdan measurements investigating this effect will be examined
later in this chapter. However, in a previous FCS study on a nonionic surfactant BUE, the
diffusion of molecules within a major domain will only be hindered by the domain itself if the
size of the domain shrinks to or below the size of the diffusing molecule.”® The molecules tested
here have a sub 1 nm radii, and based on domain size characterization of this BWBI system,!!
none of the compositions tested reached a domain size close to this, leading us to conclude that
the size of the water channel is not altering the diffusion behavior. As such, the measured
diffusion coefficients are attributed to interactions of the fluorophores with the surfactant head
groups.

As a comparison to the translational diffusion results obtained in the BWBI BEs, it has
been suggested that the structure of the tail region in nonionic surfactants can impact the packing
of the surfactants and the fluidity of the created nanostructures.'®>%® These tail structure
alterations are also suspected to impact the alignment of the surfactants at the interface, which
could induce changes to the diffusion behavior. To examine this, another nonionic surfactant
BUE containing Triton X-100 was formed. Triton X-100 possesses the same 10 repeating units of
the PEO hydrophilic head group, but its tail structure is much bulkier than the long, linear
hydrocarbon tail of Brij O10. Representative FCS correlation curves of Alexa 546 and
Rhodamine 6G in this system are shown in Figure 14. The calculated diffusion coefficient for
Rhodamine 6G is 13.25 + 0.79 um?/s and for Alexa 546 is 11.94 + 2.00 pm?/s, and these values
are also displayed in Figure 12. To begin, the trend of the lighter Rhodamine 6G moving faster

than the heavier Alexa 546 is once again seen here, though the extent of this difference is much
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Figure 14. Representative FCS curves of Rhodamine 6G (top) and Alexa 546 NHS (bottom) in a
TxBWC BE.
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more subdued compared to the results in the BWBI experiments. More apparent is the further
decrease in diffusion rate of the fluorophores in the TXBWC system. Specific work on Triton X-
100 BUESs and complex systems has stated that a network of continuous water channels in an oil
continuous solution comprisesthe bicontinuous structure.*?°121110 This again indicates that if the
fluorophores were diffusing through the middle of the aqueous channel, they would be producing
much higher diffusion coefficients. This supports the notion that the microenvironment of the
diffusing species includes the surfactant interface. A study published by Frank et al. investigated
the impact of tail structure for nonionic alcohol ethoxylates on the fluidity of the interfacial
film.*® Their results indicated that a bulkier tail group would lead to a higher curvature of the
interface towards the water domain and less perfect alignment of the interface. Based on these
conclusions, as the fluorophores are diffusing near the surfactant head groups, they could be
experiencing various pathways around the surfactant heads due to the bulker tail region of Triton
X-100 compared to Brij O10. Also, Triton X-100 has a HLB value of 13.5, which is slightly
more hydrophilic than Brij O10, potentially allowing for more water penetration and further
trapping of the fluorophores. Later studies examining the water penetration of the interface and
the rotational dynamics of a fluorophore in this region hope to tease apart the underlying causes
of the translational diffusion behavior.

The results of these initial FCS experiments have revealed that the structures of the
surfactant used in the formation of a BUE will heavily impact the translational diffusion behavior
of small molecules within these complex fluids. While the size of the diffusing molecule
dissolved in the agueous phase does impact diffusion rate, the impact of the extension of the

surfactant head into the aqueous phase and the allowed water penetration into this layer still
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requires more evidence before a conclusion can be drawn. Furthermore, the structure of the tail
region of nonionic surfactants could further decrease fluorophore translational diffusion rates. To
probe the impact of surfactant structure on translational diffusion further, we shifted focus to
examine ionic surfactants with much smaller hydrophilic head groups.
3.3.2 FCS Results in lonic Surfactant Bicontinuous Microemulsions

Continuing the efforts of examining the impact of surfactant structure on aqueous probe
molecule translational diffusion, BUES containing the cationic surfactant CTAB and the anionic
surfactant SDS were formed. Cationic and anionic surfactants have seen tremendous use in
household cleaning products, pharmaceutical formulations, road surface coatings, flow battery
solutions, etc., with new applications in drug delivery and electrochemistry being investigated.>*
% The two selected surfactants are shown in Figure 15. CTAB possesses a small, positively
charged quaternary ammonium head group followed by a 16-carbon hydrocarbon tail. On the
other hand, SDS contains a negatively charged sulfate head group connected to a 12-carbon
hydrocarbon tail. The small size of these head groups is expected to decrease the steric hindrance
of the fluorophores, thereby increasing diffusion rate. Moreover, slower diffusion rates are still
expected for heavier molecules. However, the interaction between the charged moieties offers an
additional piece to consider. To begin, Figure 16 displays the representative correlation curves
for Rhodamine 6G and Alexa 546 in a CBWC BE. Using the relationship of parameters
outlined in Equation 7, the diffusion coefficient of Rhodamine 6G was calculated to be 45.40 +
0.66 pum?/s, while the diffusion coefficient of Alexa 546 in the CBWC BUE was found to be

26.81+ 0.30 pm?/s.
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Figure 15. Molecular Structure of CTAB (top) and SDS) bottom. CTAB has a positively charged
head group, while SDS has a negatively charged head group.
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Figure 16. FCS correlation curves of Alexa 546 in CBWC (top) and Rhodamine 6G in CBWC
(bottom).
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These diffusion coefficients are also shown in Figure 12. As seen in our previous systems, the
translational diffusion rate of the lighter Rhodamine 6G is faster than the diffusion rate of the
heavier Alexa 546. Also, both diffusion coefficients are well outside of the error ranges of the
diffusion coefficients calculated for the nonionic surfactant systems. This could be an indication
of how a smaller head group surfactant is influencing the translational diffusion of the
fluorophores. Looking at the role of electrostatic interactions, Rhodamine 6G and Alexa 546
possess cationic and anionic charged functional groups, respectively. Because of this, it is
anticipated that the oppositely charged Alexa 546 will be attracted to the quaternary ammonium
compound, resulting in a slower diffusion speed of the fluorophore. In contrast, the repulsion of
like charged species should result in faster diffusion of the like charged fluorophore. Examining
the translational diffusion results, the fluorophores are behaving as expected, with the like
charged Rhodamine 6G moving faster than the oppositely charged Alexa 546. However, this
may also be attributed to the larger size of Alexa 546. To determine which factor may be more
dominating, FCS experiments were performed in a BUE containing the anionic surfactant SDS.
The obtained representative FCS correlation curves for SBWC BE are displayed in Figure 17.
From the fit, the diffusion coefficient of Rhodamine 6G in SBWC was calculated to be 64.59 +
7.10 pm?/s, while Alexa 546 had a diffusion coefficient of 44.18 + 4.52 um?/s, and these are both
displayed in the diffusion coefficient bar graph in Figure 12. Examining Alexa 546, the diffusion
coefficient is faster in the SBWC system than in the CBWC system, which could be due to the
electrostatic repulsion between the fluorophore and the negatively charged sulfate head group.
However, a surprising result occurs when examining the diffusion behavior of Rhodamine 6G.

Compared to the diffusion in the CBWC BUE, the diffusion in SBWC is even faster, which was
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Figure 17. Representative FCS curves of Rhodamine 6G (top) and Alexa 546 (bottom) in SBWC.
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not expected considering the opposite charges of the molecules. Because of this, we questioned
how the surfactant packing and organization itself could influence the probe diffusion.
Comparing the two microemulsion compositions, it was noted that the CBWC system contained
a higher weight percent of surfactant relative to the other constituents. In BUE compositions,
different concentrations of surfactant alter the molecular level dynamics of the interface itself,
which could influence the translational diffusion of molecules in this region. For instance, in a
study examining anionic surfactant interfaces, Ma et al. has reported through molecular dynamic
simulations that an increase in the number of surfactant molecules in the surfactant layer would
induce more interfacial curvature.'?? In addition, CTAB has a bulkier head group than SDS,
which may increase the steric hindrance of the interface and impose a more tortuous diffusion
path for the fluorophores. An often-used parameter for determining the type of nanostructures
formed by surfactants is the CPP. In short, the CPP geometrically compares the volume created
by a surfactant molecule to the base of a cylinder, expressed mathematically as CPP = v/aol,*?®
where v is the volume of the hydrophobic tail, ao is the effective head group area, and | is the
length of the extended hydrophobic tail.*?* SDS has a reported CPP value between 0.27 and
0.34,'2° while CTAB is reported to have a much smaller CPP value of 0.07.1% Typically, CPP
values less than 1/3 will form more globular like structures in solution,'?” and this behavior has
also been verified through electron microscopy images of cationic and anionic surfactant
BUESs.? Furthermore, the dynamics of the components in BUES, including diffusion
coefficients, viscoelastic measurements, and conductivity studies, usually report faster dynamics
in anionic BUES compared to cationic systems.!0%12812% Since FCS approximates how long

molecules are diffusing in the observation volume, a more winding pathway inside the volume
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may simulate slower diffusion rates as opposed to a more aligned interfacial layer, but it is
difficult to isolate this behavior without proper structure characterization methods. Moreover, the
role the electrostatic interactions is still unclear based on the faster diffusion of Rhodamine 6G in
SBWC compared to CBWC. Also, the differing size of the oppositely charged Alexa 546 and
Rhodamine 6G presents another factor to consider when analyzing data, making comparison of
the diffusion results between these two dyes challenging. Future directions of this study could
examine the translational diffusion of a negatively charged probe that has a similar size to one of
these molecules, such as Fluorescein disodium salt compared to Rhodamine 6G. This dye could
be placed in both microemulsions, and the obtained results compared to these two sets of data.
Nevertheless, the FCS results clearly indicate that the SBWC BLUE creates a more fluid
environment for molecular translational diffusion compared to the CBWC BLE.

Thus far, FCS results have suggested that molecular size, surfactant head group size, and
surfactant structure will impact the translational diffusion rate of small molecules in BUES.
Specifically, heavier molecules will diffuse slower than lighter ones, while larger surfactant head
groups tend to inhibit diffusion capabilities even more. From this work, we sought to provide
more context for the various factors that could be influencing the translational diffusion results.
From this, more information regarding the dynamics of the interfacial film itself could also be
inferred. To accomplish this, calculations of the microviscosity and water penetration of the
interfacial layer, as well as rotational anisotropy measurements of a surfactant mix dissolved

probe, were performed and are discussed in the following section.
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3.4 Further Investigation of Interfacial Dynamics and Probe Rotational Diffusion
3.4.1 Microviscosity Calculations and Discussion

It has been established that the heterogenous nature of complex fluids affects the
macroscopic mechanical properties of the mixture. Rheology, or the study of the flow of a
solution, is a commonly studied mechanical property of complex fluids towards the development
of new products.2%241%0 Tynijcally, rheological measurements of complex fluids examine the
average bulk viscosity of the fluids using large sample sizes, making it difficult to examine the
viscosity of small regions in heterogeneous environments.'*! Because of this, a different
methodology, microrheology, is employed to study the viscoelastic properties of complex fluids
at micrometer length scales and smaller sample volumes. FCS, due to its sub-micron sized
detection volume, is one such microrheological technique that has been applied to complex fluids
with a great degree of success.'?%132133 |n a more simplified method compared to these published
works, the calculated diffusion coefficients from FCS curve fitting are related to the viscosity of

the microenvironment through the Stokes-Einstein equation, as shown in Equation 9 below.

kgT )
6mDr
Where 7 is the microviscosity, ks is the Boltzmann constant, T is the temperature of the

n:

surrounding environment, D is the diffusion coefficient of the molecule, and r is the
hydrodynamic radius of the molecule. The temperature was set to 293.15 K, and the
hydrodynamic radius of the Alexa 546 and Rhodamine 6G molecules were calculated to be 0.635
nm and 0.527 nm, respectively. It is important to note that the hydrodynamic radii of the two

molecules were calculated using the known diffusion coefficient values in water at the reported
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temperatures from the literature.®'’ The calculated microviscosities, with error from the three
runs for each system taken into account, are displayed in

Table 1 for Alexa 546 and Error! Reference source not found. for Rhodamine 6G. The table is
arranged in ascending microviscosity value order. For comparison, the viscosity of the individual
components at room temperature in centipoise (cP) is ~1 for water, 2.57 cP for 1-butanol, and
240 cP for Triton X-100. Since SDS and CTAB are solids, their viscosity values depend on the
surrounding environment and materials, and to my knowledge, there is not a reported viscosity
value for Brij O-10, but from qualitative observations in the lab, the material is extremely
viscous, much like Triton X-100. The results indicate that, in each case, the fluorophore is
diffusing through an environment that displays a viscosity that is set between the values of the
water phase and the surfactant phase, which further supports the notion that the molecules are
diffusing within the low-tension region created by the interfacial film of the BUE. It is also
interesting to note that despite the differences in diffusion coefficients between the fluorophores,
particularly in the values obtained in the ionic surfactants, the order of increasing microviscosity
values is the same for both probes, demonstrating that both fluorophores are sensing a similar
microenvironment within the BUE with minor regard for molecular size or charge. A
comprehensive study on aqueous surfactant micelle microviscosities published by Zana has
stated that the microviscosity of the interface is largely independent of surfactant
concentration.'3* Other relevant information from this publication reported that, at headgroup
size, and constant temperature, the microviscosity increased with the size of the surfactant chain
length and the ionic surfactants typically displayed lower microviscosity values than nonionic

surfactants. In addition, Zana postulated that deeper partitioning of the probe in the surfactant
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layer would result in a higher recorded microviscosity value, which supports the claim that the
molecule is penetrating the larger head groups of the nonionic surfactants. However, this paper

Table 1. Calculated microviscosity values for A546 in each microemulsion.

Surfactant Average MV A546 (cP) Calculated error
SDS 8.305938484 0.31805165
CTAB 11.21952764 0.87380131
Brij O10 (25% W) 22.03478313 1.635813059
Triton X-100 31.49516671 6.295347259

Table 2. Calculated microviscosities in each BUE based on diffusion coefficients from Rhodamine
6G in each system. Larger head group surfactants yielded the highest microviscosity values.

Surfactant Average MV R6G (cP) Calculated error
SDS 5.414829693 0.119268523
CTAB 8.166016775 0.503343872
Brij O10 (25% W) 15.75306193 1.481580187
Triton X-100 26.94798176 2.494896968
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also suggested that an attractive electrostatic interaction between oppositely charged probes and
surfactant head groups would result in higher microviscosity values, a trend not seen for
Rhodamine 6G in SBWC in our results. Further tests are needed to fully understand the
dynamics within this system. It is worth mentioning that while the information provided by the
Stokes-Einstein equation provides a general approximation of the microviscosity of the diffusing
environment, this equation assumes a spherical molecule diffusing through a majority
homogenous environment. More involved measurements incorporating nonspherical molecule
shape and degree of interfacial crowding in complex fluids may be required to more accurately
determine the microviscosity of the diffusing environment using FCS. 121132134135
3.4.2 Generalized Polarization of Laurdan

Another point of interest for providing more context on the inner behavior of the BUES
studied here is how much water can penetrate the interfacial layer, which could be creating a
more fluid microenvironment for the diffusing species. Laurdan is a polar molecule that has been
a popular fluorophore in the study of interfacial dynamics due to its ability to shift its
fluorescence spectrum based on the polarity of its environment.*3%" Simply, if Laurdan is
residing in a more polar environment, the fluorescence emission spectrum displays a red shift,
while the opposite is true for a more nonpolar or neutral environment**8, This characteristic is
advantageous towards the measuring of the degree of water penetration in the interfacial layer of
BUESs. To achieve this, a measurement of the generalized polarization (GP) value is performed in
each microemulsion tested above. GP is a ratio of the emission of a bluer shifted or red shifted

wavelength of Laurdan emission, and this relationship is denoted in Equation 10.
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_ (IB - IR) 10
GP = EYA (10)

Where Ig is the intensity of fluorescence emission at 440 nm and Ir is the fluorescence emission
at 490 nm. The typical range of GP is between -1 and +1. A more negative GP value reveals
increased water penetration and a more disordered interfacial layer, while a more positive GP
value reveals a more ordered interface.!313" In BUEs, a more disordered interface is suspected to
allow for increased water penetration and increased diffusion speed of the molecule in the
interfacial layer. Table 3 summarizes the results of the GP measurements of Laurdan in each
microemulsion.

The water percentage of each microemulsion is also shown in parentheses to provide additional
context. It is worth noting that, in addition to the microemulsions tested above for FCS, GP
measurements on a second BWBI BUE with a 50% water composition was tested to better compare
the water penetration level all systems. In all microemulsions, the negative Laurdan GP values
indicate that the interfacial layer tends to form a more disordered film. However, the degree of this
disorder does vary. lonic surfactants yielded the highest water penetration, and thus the most
disorganized interface, which is expected due to the high-water solubility of these head groups.
Interestingly, the CBWC BpE demonstrated a higher level of water penetration than the SBWC
system, even though the diffusion coefficients of the probes are slower in the former than the latter.
From our FCS work and rotational dynamic studies by Hassan et al.2%, we have shown that an
increase in water content does not necessarily indicate faster diffusion. This effect is also witnessed

in the nonionic systems. The GP value for the TXBWC BE signifies a disordered interface, and
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Table 3. GP values of Laurdan in each bicontinuous microemulsion. The smaller surfactant
structures allow for increased water penetration into the interfacial layer.

Surfactant (Water %) GP Value
Brij O-10 (25%) -0.212761+0.0009
Brij O-10 (50%) -0.47176+0.004

Triton X-100 (60%o) -0.480074+0.0003
SDS (52%o) -0.715014+0.002
CTAB (35%) -0.775649+0.0005
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Yet this system produced the slowest diffusion coefficients out of all systems tested.
Furthermore, 25% water BWBI BUE produced slightly higher diffusion coefficients compared to
Triton X-100, even after increasing the water percentage to 50% and more than doubling the
water penetration, very similar diffusion coefficients were obtained, as shown in the previous
section. Therefore, we interpret these results as stating that while water penetration can induce
more fluidity in the interfacial layer and allow for additional small molecule intercalation in the
surfactant region, the larger contribution to translational probe dynamics stems from the structure
of the surfactant itself. Specifically, bulkier surfactant head groups and larger total length
surfactants inhibit diffusion capabilities through increased steric hindrance, while smaller head
group surfactants allow for freer translational diffusion.
3.4.3 Steady State Anisotropy

The series of experiments presented thus far have revealed valuable insight into the
molecular level dynamics of small molecules diffusing near an amphiphilic interface. In the final
set of experiments examining BUES, we sought to examine the rotational dynamics of a small
molecule placed in the interfacial region to complement the translational diffusion information
obtained. Fluorescence anisotropy is a measure of the rotational dynamics of a fluorophore
through the collection of polarized emission.’ If the fluorophore’s transition moment is oriented
along the electric vector of the excitation source, the molecule’s fluorescence emission is also
polarized along that axis. Through rotation of the transition moment of the molecule,
fluorescence emission is said to be depolarized, and the polarization angle is changed. By

measuring the intensity ratio between the parallel and perpendicular axes of polarized emission,
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the anisotropy value can be calculated to estimate the rate of molecular rotation in an

environment. This relationship is displayed in Equation 11.

(T‘) — Ivv - IVHG (11)
Iy + 2I,4G

Where vy is the fluorescence intensity at vertical excitation and vertical emission, Iy
fluorescence intensity at vertical excitation and horizontal emission, and G is the is the correction
factor to account for detector sensitivity, denoted as Inv/Inn. A commonly used fluorescence probe
for this purpose in cellular membrane lipid bilayers and model membranes is the nonpolar probe
1,6-diphenyl-1,3,5-hexatriene (DPH).*3%1%2 Anisotropy results from DPH in each microemulsion
are shown in Table 4. Measured anisotropy values and standard deviations in each

microemulsion using steady state fluorescence.

. Because of the large standard deviations in these results, a definitive conclusion regarding
the rotational freedom of DPH in each microemulsion could not be determined. When examining

potential issues, it was found that DPH had difficulty dissolving in
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Table 4. Measured anisotropy values and standard deviations in each microemulsion using steady
state fluorescence.

0e 0 A otropy (% Standard Deviatio
SBWC 0.07913 (14.3529 %)
CBWC 0.01713 (128.9185%)
TXBWC 0.01859 (48.8217 %)
BWBI (25% water) 0.01474 (273.6732 %)

the oil phase of each microemulsion. The DPH molecule should partition in the hydrophobic
portion of the surfactant, but low solubility in the bulk oil phase could be causing the low signal
to noise ratio. Alternative methods of dissolving the DPH in either the surfactant mixture or all
four components together were then attempted. Despite normal fluorescence emission
measurements displaying a fluorescence peak in line with the emission peak of DPH at ~420-426
nm, no improvements to the standard deviation measurements were seen when anisotropy
experiments were performed. In future experiments, sonication could be implemented to improve
the solubility of DPH in either the oil phase or complete microemulsion. If these experiments
were to be unsuccessful, alternative common dyes could be used, such as Nile Red'*® or
fluoresceine-isothiocyante.#
3.5 Conclusion

The investigation of molecular level dynamics within a series of BUES has been presented
through FCS experiments, GP studies, and fluorescence anisotropy measurements. The obtained
diffusion coefficients from FCS measurements demonstrate that the fluorophores are diffusing in
the surfactant layer of the microemulsions, and that lighter molecules tend to diffuse faster than
heavier ones. Microviscosity calculations also support this claim, and GP measurements of water
penetration show that smaller surfactants will allow for more water penetration. Therefore, we
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conclude that the primary factor dictating molecular translational diffusion stems from the length
of the surfactant head group penetrating the aqueous phase of the microemulsion and the
bulkiness of both the head and tail regions of the surfactant. Specifically, larger length head
groups are suspected to trap diffusing fluorophores and interfere with their free diffusion
pathway, while bulkier head and tail regions may increase the packing of the surfactant layer and
rigidify the interface. The diffusion coefficients in ionic surfactants were shown to be higher than
those in nonionic surfactants, and while the smaller size of the surfactants is suspected to
increase the diffusion rate, the role of charge interactions between the surfactant head and the
fluorophore is still uncertain. Future studies incorporating a negatively charged probe can
provide further insight into the role of electrostatic interactions on translational diffusion.
Additionally, some applications of BUES depend on their organization at a solid-liquid interface,
and examining the molecular level dynamics in this region using a TIR-FCS instrument can

connect bulk to surface translational diffusion behaviors within these systems.
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CHAPTER FOUR
GUV STUDIES
4.1 Motivation

As stated previously, antibiotic resistance has emerged as a significant health concern in
the 21% century. In 2019, an estimated with 1.27 million deaths were directly caused by antibiotic
resistance.®® In response to this issue, new efforts to combat antibiotic resistance through targeted
drug delivery must be developed. Cellular membranes, which serve as the first line of defense
against potential threats to a cell’s health, are composed of various phospholipids and proteins
that form a bilayer surrounding the interior components of the cell.1*> Phospholipids are
amphiphilic molecules that contain a hydrophilic head group and two hydrocarbon tails. They are
highly mobile along the bilayer membrane, laterally diffusing along the monolayer in which they
reside and exchanging positions with a neighboring lipid molecule approximately 10 times per
second.'*® Furthermore, the composition of the bilayer and the structure of the lipids themselves
influence the fluidity of the membrane.'?3146-148 For example, in mammalian cells, the lipids
usually contain saturated and unsaturated hydrocarbon tails, or those without any double bonds
and those with at least one double bond, respectively. The double bond in the unsaturated chain
of the lipid causes a kink in the direction of the tail, thereby reducing the packing of the lipids
and increasing the fluidity of the membrane. Different ratios of saturated and unsaturated lipids
in the mammalian cell membrane result in different subregions, or rafts, being formed that each
experience different biophysical properties and molecular motion.*"-14° In a similar fashion,
bacterial cell membranes exhibit compartmentalization of cellular processes through the

formation of functional membrane microdomains (FMMSs).14"15° While bacterial cell membranes
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also contain saturated phospholipids in their bilayer, they significantly lack the same number of
unsaturated lipids in their composition. Instead, bacterial membranes more commonly possess
lipids that have a small methyl group at the end of the tail region, also known as branched fatty
acyl chains (BFACs).1*"15! These BFACs are hypothesized to increase membrane fluidity
similarly to how unsaturated lipids do so in mammalian cells.*®>1% A recent 2019 study by
Mostofian et al. used molecular dynamic simulations to examine how BFACs impact the
biophysical properties of lipid bilayers.*>? The authors found that an increase in BFAC
composition led to an increase in leaflet overlap, a thinner hydrophobic region, and a decrease in
lipid packing, all of which indicating the fluidity of the membrane will increase with the
introduction of BFACs. Additionally, the leaflet overlap parameter was compared to a simulation
that utilized a single, unsaturated lipid, and all simulations containing BFACs produced a higher
leaflet overlap percentage than the unsaturated lipid result. Similarly, Kannenberg et al. reported
that BFACs display higher energies and less degrees of order in both monolayers and bilayers
compared to saturated hydrocarbons.*>® While these results are promising, the lateral diffusion
behavior of small probe molecules in a lipid bilayer containing BFACs is still untested, and this
parameter is an essential aspect of new drug development to combat antibiotic resistance.

As demonstrated, FCS is a useful technique designed to examine the lateral diffusion
rates of small molecules in complex fluids. To provide a controlled environment to study this
behavior, GUVs containing a BFAC will be inspected using FCS. As stated previously, GUVs
are spherical, biomimetic models of a lipid bilayer, offering enhanced controllability and
functionality for membrane studies.®®*” Using FCS, an approximation of the membrane fluidity

can be determined through calculation of diffusion coefficients of fluorophores laterally
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diffusing along the membrane of a single GUV. There have been numerous instances of FCS
being applied to the study of probe lateral diffusion in homogeneous and heterogenous GUVs,>*-
62,158-160 ht the GUVs under study in these studies have been binary or ternary mixtures of
typical mammalian cell phospholipids, such as saturated Dipalmitoylphosphatidylcholine
(DPPC) and 1,2-dilauroyl-sn-glycero-3-phosphocholine (DLPC), unsaturated 1,2-dioleoyl-sn-
glycero-3-phosphocholine (DOPC), and cholesterol. Although bacterial membranes do not
contain cholesterol, these previous FCS studies offer a good starting point to begin examining
the role of BFACs on membrane fluidity. A particularly interesting study presented by Scherfeld
et al. found that, in a GUV containing DOPC, DPPC, and cholesterol at an equal phospholipid
ratio, the diffusion coefficient of the fluorescent probe decreased with increasing cholesterol
content.*8! Similarly, Korlach et al. witnessed the same trend in reducing diffusion coefficients
as a result of increasing cholesterol content in a GUV containing 0.5/0.5 DLPC/DPPC and
cholesterol.5! Kahya et al. reports that when the cholesterol content is increased in a vesicle
containing a single, high phase transition temperature lipid, such as the saturated DPPC (T =
41.3°C), the fluidity of the bilayer will increase.®® However, an opposite “condensing” effect is
observed in GUVs containing a lipid with a lower phase transition temperature, such as the
unsaturated DOPC (T = -20°C).%%162 By examining the obtained diffusion coefficients at similar
cholesterol contents, it is found that the probe laterally diffuses faster in the GUVs containing the
unsaturated lipid than in the GUV containing only saturated lipids, which indicates that the
decrease in lipid packing caused by the unsaturated lipid increases membrane fluidity. The
ternary mixture of an unsaturated lipid, a saturated lipid, and cholesterol at a higher cholesterol

content (> 30%) often produces a homogeneous distribution of lipids that could be showcasing a

63



mixture of the dynamic behavior between the two main phases. The homogenous environment
offers a simple and effective system to begin FCS analysis as the curve should indicate one
diffusing species, making model fitting less difficult. Furthermore, cholesterol is reported to
react more readily with saturated PC lipids than unsaturated lipids,*%3-6” which could enhance
the “fluidizing” effect of cholesterol on higher phase transition temperature lipids if the
unsaturated lipid is replaced by a BFAC. As mentioned earlier, BFACs are suspected to increase
the bacterial membrane fluidity like how unsaturated lipids do so in mammalian cellular
membranes. As FCS has not previously been applied to the study of BFACs in a GUV, the
vesicles used here were comprised of the saturated lipid DPPC, cholesterol, and the BFAC
al15:0-i15:0PC at a 1:1 lipid ratio and 40% cholesterol. Furthermore, these GUVs are used to
assist in further characterization of the dimensions of the point spread function for FCS analysis.
Based on the results of previous BFAC molecular dynamic simulations and FCS experiments on
GUVs, we hypothesized that the diffusion coefficients of probes in the GUVs containing BFACs
will be larger than those obtained in GUVs housing a mixture of unsaturated and saturated lipids.
4.2 Sample Preparation

The GUVs used in this study were prepared using an electroformation procedure.*®® The
vesicles contained three main components: cholesterol, dipalmitoyl phosphatidylcholine (DPPC),
and a15:0-i15:0PC. All lipids were purchased from Avanti Polar Lipids. The structure of each of
these components is displayed in Figure 18. Chloroform stock solutions of each lipid are used to
prepare the mixture with a a15:0-i115:0PC:DPPC ratio of 1:1. The final mole percentage of each

component is as follows: 40% cholesterol, 30% DPPC, and 30% a15:0-i15:0PC. This
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Cholesterol

a15:0-i15:0 PC DPPC

Figure 18. Structure of components for GUV Formation. a15:0-i15:0 PC is the BCFA used in
this GUV, DPPC is the saturated lipid, and cholesterol is the sterol molecule.
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Figure 19. Confocal microscopy images of the a15:0-i115:0 PC, DPPC, and cholesterol GUV. The
GUV exhibited no phase separation and a homogenous distribution of dye around the entirety of
the lipid bilayer.
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allowed to rest for at least 30 minutes to allow for GUV adhesion to the surface before placing

the device on the microscope stage for experimentation.
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4.3 Study of GUVs Containing BCFAs
4.3.1 Adhesion Method Tests

To isolate the translational diffusion of the fluorophores across the GUV membrane, the
GUV itself must be locked down on the glass coverslip. Any motion originating from the motion
of the sample as opposed to the motion of fluorophores within the sample will not provide an
accurate measurement of the membrane fluidity. This can be problematic with untreated
coverslips, as contaminants on the surface can cause GUVs to become unsettled from the glass
substrate. In previous FCS measurements on GUVSs, only a few mention procedures for coverslip
cleaning and adhesion methods. Typical methods involve washing the coverslips in a
KOH/ethanol solution,®? plasma cleaning the coverslips,% or applying an albumin from bovine
coating mixed with phosphate buffered saline solution.*%® Our lab has previous experience
adhering live bacterial cells to coverslips, and one of these methods was attempted first. Firstly,
the commercialized product CellTak was purchased from Corning and applied to the No. 1.5
coverslip. CellTak utilizes polyphenolic proteins secreted by Mytilus edulis, which exhibit
adhesive properties to both surfaces and cellular membranes.”® 20 pL of the CellTak solution
was placed on a coverslip, and another coverslip was placed in a cross pattern to allow the
solution to spread across both surfaces. After 30 minutes, the solution was rinsed with water
thricely before a drop of GUV solution was placed over the coating. While this method seemed
promising in the beginning, it was observed that over time, the GUVs adhered to the surface
were still mobile. However, it was noticed that the GUV motion was largely reduced compared
to a device where no adhesive coating was applied to the coverslip. For the next attempt, the

coverslips were plasma cleaned to further reduce contaminants on the surface. In plasma
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cleaning, ions, electrons, and radicals are generated, and when these particles interact with
contaminants on a solid surface, they can dislodge them from the surface through processes
including heating, ablation, sputtering, etching, or cross linking.!™* Our lab owns a Harrick
Plasma High Power Expanded Plasma Cleaner that generates a plasma stream via a radio
frequency (RF) electric field oscillating via magnetic induction through a gas region. The
coverslips were subjected to plasma cleaning for approximately 12 minutes before a 40 puL
aliquot of GUV solution was placed on the slide and covered with a perfusion well chamber. The
GUVs were allowed to settle on the coverslip for 1 hour in the microscope stage. After this, a
simple brightfield microscopy method was used to locate the adhered GUVs. The plasma
cleaning method produced better results with multiple adhered vesicles displaying minimal to no
translational movement. Because of these results, plasma cleaning was used as the standard
coverslip cleaning procedure for the experiments moving forward.
4.3.2 Further Focal Volume Characterization and Positioning for FCS Studies

As stated before, the calibration of the focal volume is an essential component for
performing accurate FCS measurements. Furthermore, FCS studies on GUVs require the focal
volume to be placed at the topmost side of the GUV adhered to the coverslip. From the FCS
calibration measurements, the lateral 1/e? radius of the focal volume was calculated to be 530.4 +
17.4 nm, which was slightly larger than expected. Before performing FCS experiments
examining lateral diffusion in a GUV containing a BCFA, we sought to confirm the accuracy of
the calculated focal volume. The thickness of the lipid bilayer in a GUV is only a few
nanometers wide'’>1" and significantly smaller than the diffraction limited spot of the laser

focus. By performing a lateral and axial scan of the widest and topmost part of the GUV and

69



plotting the fluorescence intensity as a function of position, an estimate of the focal volume can
be calculated. The scan was performed by moving the stage through the focal spot with a Physik
Instrumente (P1) Piezo XYZ stage controlled with a custom LabVIEW code. GUVs that
possessed a high concentration of LR were adhered using plasma cleaned slides and coarsely
positioned using brightfield microscopy. From there, lateral and axial scans of fluorescence
intensity vs. position were performed at the highest and widest part of the GUV. As the
membrane of the GUV passes through the focal spot of the laser, the fluorescence intensity
increases and decreases, and the plot follows a Gaussian distribution. By fitting the plot to a
single component Gaussian model produced from MATLAB’s curve fitting app, the approximate
1/e? width of the Gaussian profile is calculated. The Gaussian equation used for fitting is shown

in Equation 12.

y = ayexp (- (222)) 12)

¢
In this model, a; represents the height of the curve peak, by represents the position of the center
of the peak, and c; is the standard deviation, which controls the width of the bell curve. A
representative intensity vs. position profile of the axial and lateral scans of an adhered GUV are
shown in Figure 20. Examining the axial scan, ten scans were obtained and fit individually.
From there, the FHWM and 1/e? radius values for each fit were determined, and the standard
errors were calculated. The ten scans produced a FWHM average of 2.7010 + 0.139 um.
Multiplying this number by 0.8495, which produces the approximate 1/e? radius of the PSF, we
obtain a 1/e? axial radius of value of 2.294 + 0.118 pm. For the lateral scan, six plots were
obtained and fitted using the same Gaussian function as the axial scan. It is worth noting that the
shoulder in both the lateral and the axial scan arose from the average intensity values at positions
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Figure 20. Axial (top) and lateral (bottom) intensity vs. position results obtained from stage
scanning through a fluorescently labeled GUV. The results matched the dimensions calculated
form FCS calibration methods.
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calculated inside the GUV. Oftentimes, the fluorescence intensity in this region did not fully
decay to zero, but the fits were not improved or worsened if more points were used in the
FWHM calculations. From the six plots,an average FWHM of 706.4 £ 72.8 nm is obtained, and
multiplying this number by 0.8495, we obtain a 1/e? radius of 598.0 + 61.8 nm, and three of the
scans produced 1/e? values within a few nanometers 530 nm. This value matches very well with
the FCS calibrated value of 530.4 + 17.4 nm. In addition, the ratio of the axial to lateral radius, or
the structure parameter in FCS, is found to be 3.8:1, which is within the range of other published
works.}417 Also, it has been noted that higher laser intensity values in TPE-FCS can enlarge the
focal volume of the PSF.8% Since FCS experiments were performed using average intensity
values measured directly outside the microscopy body of 40-50 mW, it is possible that this
higher power is the cause of the slightly enlarged dimensions calculated through both FCS and
position scanning techniques. Nevertheless, the results of the stage scanning experiment worked
to confirm the dimensions of the PSF calculated through FCS calibration methods. Furthermore,
the stage scanning system allowed us to accurately position the stage at the top of the GUV for
FCS measurements.
4.3.3 FCS Experiments on a GUV Containing a Branched Chain Lipid

With the dimensions of the focal volume confirmed and the positioning system in place,
FCS trials on GUVs were ready to be performed. As mentioned, the GUV selected for study
contained a composition of 40 mole percent cholesterol, 30 mole percent DPPC, and 30 mole
percent 15:0-i15:0PC. We hypothesized that the BFAC will increase the fluidity of the
membrane and cause the tracer fluorophore to diffuse faster through the membrane than in

systems containing only saturated lipids or a combination of saturated and unsaturated
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molecules. Furthermore, based on previous FCS measurements on GUVs, a membrane that
displays no phase separation will produce a curve that can be satisfactorily fit with a single

component 2D Gaussian model function.>*%1176 This model function is shown in Equation 13.

1 T\ ! 13
G(o) = N(”E) (13)
The 2D diffusion model takes the same form as the 3D diffusion model shown in Equation 4
except for the third term that accounts for the axial axis contribution. To start, a preliminary FCS
curve of FM1-43, a molecule that has a high affinity for lipid membranes®’” and a common probe
used in our lab,*"®17 in a BFAC was obtained. The calculated diffusion coefficient of FM1-43
was 217.27 + 37.02 um?/s. Lipids within cellular membranes and vesicles have a typical
diffusion rate of 0.1-10 um?/s,146189.181 5q while the faster diffusion rate compared to GUVs with
unsaturated lipids supports our hypothesis, the significantly higher value compared to the normal
range of diffusion rates in lipid bilayers led us to believe that this curve was obtained in the bulk
region of the solution. Furthermore, when testing this solution, it was noticed that there was a
steady count rate on the APDs of 1000-2000 counts per second in the bulk solution and within
the interior of the membrane, making it difficult to determine the correct position needed for
proper FCS measurements. To fix these issues, the FM1-43 solution was vortexed lightly to
improve mixing and given more time for the dye to interact with the vesicle’s bilayer. Both
actions resulted in the background fluorescence in this solution significantly reducing, so this
procedure was implemented moving forward. Before FCS attempts were made on new samples
prepared with this method, GUVs were visualized on the camera to ensure the sample being

measured did not contain any internal structures. A representative figure displaying an FCS

result on this solution is shown in Figure 21. From the 2D model fits, a diffusion coefficient for
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FM1-43 in GUV containing a BCFA

08
® D= 5.09 + 0.94 yum?/s
® ¢ Raw Data
07T o 2D Model Fit

G(7)

107 1073 1072 107"
Lag Time (s)

Figure 21. FCS result from FM1-43 in a GUV containing a BCFA. The diffusion rate extracted
here is faster than those witnessed in unsaturated lipid systems.
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FM1-43 of 5.09 + 0.94 um?/s was calculated. The standard error of this value is £18.5%, which
matches well with reported diffusion coefficients of dyes in GUVs from the literature, which are
often reported with £20% error. Furthermore, a previous FCS study on GUVs reported that
diffusion coefficients of a dye placedin a homogenous GUV composed of
DOPC/DPPC/cholesterol at cholesterol percentages of 33% and 50% reported diffusion
coefficient values of 2.5 + 0.2 um?/s and 1.85 + 0.13 pm?/s, respectively.'®* Based on these
results, the diffusion coefficient obtained in a GUV containing a BCFA is twice as fast as those
obtained in a ternary mixture of a saturated lipid, an unsaturated lipid, and cholesterol at a similar
composition. This result supports our hypothesis that branched chains housed on BCFAs would
increase membrane fluidity more than unsaturated lipids. Probing this result deeper, the a15:0-
i15:0PC lipid contains two branched methyl groups. Poger et al. have witnessed that lipid
structures with more than one branched chain will increase the surface area per lipid and
decrease the bilayer thickness, both effects producing a more fluid bilayer.*>* The presence of
two branched chains on the a15:0-i15:0PC lipid tails could be increasing the surface area per
lipid and reducing the Van der Waals forces between lipids, thereby enhancing the fluidity of the
membrane even more compared to what molecular dynamic studies have shown for single
branched chain molecules.'®?%3 |t is important to note, however, that for the raw data to be
properly fitted with the model, the correlation offset needed to be adjusted from its normal
position at zero. An FCS correlation curve may not decay to zero when either a large aggregate
passes through the focal volume or a high number of background fluorophores are consistently

present in the volume.*®? Given the high number of background counts in the sample before more
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sufficient insertion of the dye into the membrane was achieved, it is possible that some residual
background
fluorescence from FM-143 in the bulk solution was still present. Additionally, slight movements
of the vesicle itself may introduce an additional diffusion component in the correlation curve and
resist the curve decaying fully to zero. Ideally, the FCS curve would include information at lag
times as far as one second, but no further information after 0.1 s was obtained due to limitation
of our instrument. Future experiments should look to mitigate these issues by either
incorporating the FM1-43 dye into the vesicles at an earlier time point in the vesicle preparation
process or ensuring that the GUV being used for study is fully adhered to the glass coverslip.
Nevertheless, initial FCS results suggest that BFACs will increase membrane fluidity more than
saturated and unsaturated lipids.
4.4 Conclusion

The confirmation of the dimensions of the focal volume and the investigation of the
impact BFACs have on membrane fluidity have been presented. The focal volume
characterization results matched well with results obtained from FCS calibration methods, and
the larger measurements compared to the theoretically calculated values are attributed to the
higher power level utilized in our experiments. In the FCS experiments on GUVSs, preliminary
results indicated that the membrane fluidity was increased with the addition of a BFAC. This
result, to the best of our knowledge, is the first instance of FCS being applied to a GUV
containing a BFAC. Because of this, future directions will look to confirm the results seen with
additional measurements while also incorporating other components specific to bacterial cell

membranes. One such direction is to examine the impact of hopanoids, or sterol molecules

76



present in bacterial cells that are suspected to impact bacterial membrane fluidity much like
cholesterol does in mammalian cells. Another direction will determine how lipids with the same
head groups as those in bacterial cells impact membrane fluidity. These studies will allow for a
more complete understanding of the behavior of bacterial membranes to combat antibiotic

resistance mechanisms.
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CHAPTER FIVE
CONCLUSIONS AND FUTURE DIRECTIONS

A fluorescence correlation spectroscopy instrument for detecting molecular translational
diffusion in complex fluids was constructed. The FCS instrument incorporated a TPE scheme,
which offered restricted fluorescence emission from a spot within the sample and eliminated out
of focus fluorescence. From a detection standpoint, the fluorescence emission arising from
fluorophore diffusion was collected with a cross-correlation detection setup to eliminate
afterpulsing effects and offer more accurate correlation curve results. After calibration of the
focal volume was performed using an aqueous solution of Alexa 546 NHS ester, the FCS
instrument was successfully applied to study the impact of surfactant structure on small molecule
translational diffusion in BUES. Also, the instrument provided preliminary results on translational
diffusion information in a GUV containing a BFAC.

The bicontinuous microemulsion experiments revealed interesting findings regarding the
role of the surfactant monolayer on translational diffusion behavior. From FCS measurements,
the fluorophores experienced the longest diffusion times in microemulsions containing large,
nonionic surfactants. Furthermore, the heavier Alexa 546 molecule displayed a slower diffusion
rate in all systems compared to the lighter Rhodamine 6G. Diffusion in ionic surfactants, which
contained much smaller head groups and overall structures, displayed significantly faster
diffusion rates for both fluorophores. Additionally, microviscosity calculations revealed that each
fluorophore was experiencing similar diffusion microenvironments in each microemulsion, and
generalized polarization measurements revealed that ionic surfactant BUE displayed the highest

level of water penetration into the surfactant layer. This higher water penetration is suspected to
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increase the fluidity of the interfacial layer and allow for faster fluorophores diffusion. However,
the role of ionic charge on fluorophore diffusion is still unknown, as no definable trend between
the charge on the fluorophores and the charge on the surfactant heads was found. Also, despite
multiple attempts to understand the rotational freedom of molecules in the surfactant layer,
unreliable results from DPH steady state anisotropy measurements persisted. Future experiments
can look to observe the translational diffusion trends with a small, anionic probe that is a similar
size to other tested fluorophores. For rotational anisotropy measurements, alternative solvation
methods for DPH or an alternative probe can be attempted to provide more reliable results.

After examining BUES with FCS, focus was shifted to determine the impact of BCFASs on
membrane fluidity. These model systems were also utilized to confirm the dimensions of the
focal volume used in FCS experiments. Firstly, by obtaining fluorescence intensity vs position
scans from an adhered GUV, we were able to obtain axial and lateral dimensions that closely
resembled the values obtained through FCS calibration. The result provided further support for
the diffusion coefficient values calculated in the BUE study while also strengthening our
confidence in the instrument’s parameters as we moved into FCS studies of a new system.
BCFAs are suspected to increase membrane fluidity much like unsaturated lipids do in
mammalian cells, but the extent of how much the fluidity is increased is still unknown in the
literature. We have obtained a preliminary FCS measurement of a styryl dye moving through a
GUV containing a BCFA, and the resulting diffusion coefficient was twice as fast as those
obtained in GUVs contained unsaturated lipids at a similar composition ratio. We concluded that
the double branched chain lipid tails decreased the lipid packing of the bilayer to a larger extent

than unsaturated lipids do. Despite this promising preliminary result, artifacts in the FCS curves
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were still present, leading us to conclude that more tests are needed to confirm these results by
mitigating potential causes to the artifacts. Future FCS studies on GUVs will examine the impact
of hopanoids and bacterial lipid headgroups on membrane fluidity. Overall, we have constructed
and calibrated a fluorescence correlation spectroscopy instrument and successfully applied it to
study the small molecule dynamics within two- and three-dimensional complex fluids. The
results presented here can provide valuable insight into the development of new industrial

products and drugs designed to combat antibiotic resistance.
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