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Abstract

This dissertation describes the application of fluorescence microscopy techniques to
investigations of mass transport phenomena in self-assembled nanomaterials. The microscopic
morphologies of the materials and the mass-transport dynamics of probe molecules dispersed
within them were assessed with high temporal and spatial resolution by single molecule imaging
and spectroscopic methods. Three distinct sets of experiments were performed in completing the
work for this dissertation.

In the first study, single molecule imaging was employed to explore the interactions and
field-induced migration of double-stranded DNA (ds-DNA) molecules with nanostructured
Pluronic F127 gels. While DNA interactions with nanostructured gels have been explored in the
past, none had apparently looked at these interactions in gels comprising hexagonally ordered
arrays of cylindrical micelles. Therefore, these studies focused on materials DNA dispersed in
flow aligned hexagonal F127. DNA molecules were found to be strongly confined in the hexagonal
mesophase structures from their elongation, alignment, and exclusively occurred electrophoretic
migration in the direction parallel to the cylinder long axis. These observations will lead to a better
understanding of macromolecular interactions with nanostructured gels like those now being
investigated for use in drug delivery and chemical separations.

In the second study, imaging-fluorescence correlation spectroscopy (imaging-FCS) was used
to study the rate and mechanism of sulforhodamine B (SRB) dye within novel bolaamphiphile-
based self-assembled nanotubes. These nanotubes were only recently developed and their mass
transport properties remain largely unexplored. The nanotubes employed here are unique because
they incorporate amine groups and glucose groups on their inner and outer surfaces, respectively.

Wide-field fluorescence video microscopy was first applied to locate and image dye-doped



nanotubes dispersed on a glass surface. Imaging-FCS was employed as it allows for the dynamics
to be recorded simultaneously from a large sample region, thus the SRB mass transport within
nanotubes can be spatially resolved. The coulombic interactions between cationic ammonium ions
on the inner nanotube surface and the anionic SRB molecules was shown to play a critical role in
governing dye dynamics under varied pH and ionic strength conditions. Mass transport of SRB
within the nanotubes is concluded to occur by a desorption-mediated Fickian diffusion mechanism.

In the third set of experiments, solvatochromic dye molecules were employed in novel
imaging-FCS studies of the role played by partitioning in governing mass transport phenomena
within the same organic nanotubes used above. Two forms of the solvatochromic dye Nile Red
(NR) were employed: the commercial hydrophobic form of NR, and a more polar derivative 2-
hydroxybenzophenoxazinone (named NR-OH). The partitioning of dye molecules within the
nanotubes was investigated assessing the diffusion rate for each dye. The preliminary results
suggested NR and NR-OH preferentially partitioned into the tube walls and the ethanol phase
filling the tubes, respectively. The diffusion coefficient data indicated NR-OH diffused faster than
NR, consistent with the presence of NR-OH in a relatively less viscous environment (e.g., the
ethanol phase filling the tubes). The results of these studies afford information essential to the use

of organic nanotubes in controlled drug release and possibly in catalysis applications.
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Chapter 1 - General Introduction

Materials are what the world is made of. A broad range of materials properties, from fracture
strength to electrical conductivity, depends on the nanometer-scale features of a given material.
Indeed, some materials are designed to incorporate features on nanometer length scales and these
nanoscale features often employed to access certain physical or functional characteristics of the
materials. Nanostructured materials are designed as materials having features (e.g., single units)
smaller than 100 nm. Top-down and bottom-up approaches are two strategies commonly employed
to generate nanostructures. The self-assembly approach allows nanostructures synthesized by
bottom-up methods to self-organize into regular patterns or structures by using local forces to find
the lowest-energy configuration. Self-assembled nanostructures include a wide range of complex
components in life, such as lipid membranes, structured nucleic acids, folded proteins and protein
aggregates. Self-assembly also affords one of the most general and effective strategies to form
regular nanostructures, including liquid crystal mesophases,! molecular crystals,”> and phase-
separated polymers.*

Among the large variety of self-assembled nanomaterials, cylinder-shaped nanostructures
have become the focus of intensive research because of their unique applications in mesoscopic
physics and in the fabrication of nanoscale devices.* Their potential applications include their use
in chemical separations,’ drug delivery,® and heterogeneous catalysis.”* In such applications, the
interactions between the nanostructures and any included guest molecules are especially important.
To reveal the key aspects affecting the interaction and performance of the cylindrical
nanomaterials in their potential applications, a full understanding of their properties is necessary.

This goal can be fulfilled by high-resolution quantitative characterization of their nanostructures.



The morphology and structural characteristics of self-assembled cylindrical nanomaterials
usually can be assessed by electron microscopy (EM),”!* X-ray scattering (XS)* and nuclear
magnetic resonance (NMR) spectroscopy.'> XS affords average information about the orientation
and spacing of ordered nanomaterials within a macroscopic (< 1 mm) sample region. EM provides
nm-scale spatial resolution of the nanostructure properties, and a means for visualizing the local
structures. However, EM can only be used to image microscopic regions of a given sample, making
it time-consuming to study larger areas area (> 10 um) of the sample. Moreover, none of these
methods provide access to both spatial and temporal resolution of mass transport characteristics in
the nanostructures. NMR can detect the dynamics of the molecules within the nanomaterials, but
it can only provide average information over a relatively large sample region.'®
Single molecule tracking (SMT) has recently been employed as an unique method to

overcome the above limitations.!”'8

SMT is used in exploring relatively slow diffusion of
molecules in nanostructures. SMT is used to generate single-molecule trajectories to qualitatively
reveal the local mass transport processes and material nanostructures with nm-scale spatial
precision and millisecond temporal resolution. It is especially valuable in studying dynamic
behaviors and material characteristics in 1D cylindrical nanostructures.!” SMT can provide
specific information on the macroscopic alignment of the 1D structures found within cylindrical
nanomaterials, on their sizes and on their continuity. However, they are limited to relatively slow
molecule motion. For molecules that move too quickly to be tracked by SMT methods, FCS
provides a valuable means to both detect and quantify this motions by autocorrelating the
fluorescence fluctuations derived from molecule motion in the detection region.?’ FCS provides

information about the diffusion rates, dimensionality, and absorption/desorption kinetics of the

molecules, thus revealing the properties of the nanostructures. Imaging-FCS, as a multichannel



variant of the traditional FCS, is able to obtain diffusion information from a relatively broad sample

region (e.g. ~3 um x 3 um) simultaneously, although by sacrificing some time resolution.?!-??

1.1 Objectives and Motivations of the Present Research

In the present dissertation, single molecule imaging, imaging-FCS and spectroscopic
imaging were used to characterize the mass transport dynamics of guest molecules dispersed
within nanostructured materials. Two types of nanostructures were explored: 1) Pluronic F127
micelles assembled into hexagonal mesophases and 2) self-assembled bolaamphiphile-based
organic nanotubes. The primary objective of the studies performed for this dissertation is to explore
the interactions between the nanostructures and guest molecules passing through them. Along the
way, information on the characteristics of the nanomaterials is also obtained. The results obtained
help to define the potential utility of the nanomaterials investigated in certain technological
applications.

Single molecule imaging was employed to study the interactions between DNA molecules
and the microdomains of hexagonal F127 hydrogels. These gels contain DNA, F127 polymer,
water and butanol and were flow aligned by injection into a microfluidic channel. Small angle X-
ray scattering (SAXS) was used to characterize the size and order of the hexagonal mesophase
domains. DNA interactions with the hydrogel are important to their potential applications in drug
delivery and chemical separation. The elongation, alignment and electrophoretic migration of
DNA were investigated within flow aligned hexagonal F127 mesophases. The obtained

information also reveals the flexibility and continuity of the F127 cylindrical domains.



Another cylindrical nanomaterial studied in this dissertation is the self-assembled organic
nanotubes derived from bolaamphiphile surfactants. The fundamentals of the interactions between
the guest molecules and the organic nanotubes must be fully understood prior to their use in
applications such as drug delivery and heterogeneous catalysis. Imaging-FCS studies were
performed in this case using dye molecules of different charges and hydrophobicities. The
molecular diffusion rate and the mechanism of mass transport in the organic nanotubes were both
investigated. Probe partitioning within the organic nanotubes was qualitatively analyzed by two-

color imaging microscopy.

1.2 Outline of the Present Dissertation

This dissertation consists of eight chapters. Chapter 2 describes phase separated block
copolymers. Their properties and mesophase assemblies are elucidated, as well as the flow
alignment of the F127 gel. Self-assembled organic nanotubes are also discussed in this chapter.
Information about the formation mechanisms and applications of organic nanotubes are given. The
nanotubes formed by asymmetrical bolaamphiphiles are highlighted. In Chapter 3, the sample
preparation and characterization techniques applied in this dissertation are introduced. The
methods of characterization include SAXS, wide-field fluorescence microscopy and imaging-FCS.
In Chapter 4, the interactions between DNA molecules and the F127 gel comprising cylindrical
microdomains are investigated. Elongation, alignment, and electrophoretic motion of DNA
molecules are assessed by single molecule imaging. Chapter 5 demonstrates the application of
imaging-FCS in the study of dye molecule diffusion within organic nanotubes. The diffusion

coefficients obtained are reported and a model for the molecule dynamics is established. In Chapter



6, different charged dye probes with varied hydrophobicity are employed to study diffusion within
the same organic nanotubes. Imaging-FCS allows for accesses to the dye transport information,
while spectroscopic imaging provides partitioning information of the dye molecules. Chapter 7
summarizes all the achievements and results of this dissertation. Future directions are also

proposed. Finally, a list of reference cited in this dissertation is given.



Chapter 2 - Self-assembled Nanomaterials

The term ‘nanomaterials’ describes materials that have structured components with at least
one dimension in between 1 and 100 nm. Nanomaterials can be generated by ‘top-down’ or

23 approach uses various lithography methods to pattern

‘bottom-up’ approaches. Top-down
materials. In bottom-up approach, it employs the techniques of molecular synthesis?*, colloid
chemistry,?® polymer science?® to build up structures in nanometer dimensions. As one of the
bottom-up methods, ‘self- assembly’ enables the fabrication of materials with the fine resolution
and the long-range structures.?’ Self-assembly is a process in which individual components
spontaneously organize themselves into ordered patterns. The interactions involved usually are
non-covalent, such as hydrogen bonding, electrostatic interactions, van der Waals’ forces,
coordination interactions and solvophobic effects.?’

This chapter will introduce two types of self-assembled nanomaterials: self-assembled block
copolymers and organic nanotubes. Both of these materials are critical to various scientific

applications, including material templates and drug carriers.?’° Their properties and applications

will be discussed in detail in the text that follows.

2.1 Phase Separated Block Copolymers

One well-known class of self-assembled nanomaterials is derived from block copolymers
(BCP). BCPs are macromolecular amphiphiles consisting of chemically distinct homopolymers
(blocks) that are covalently linked to each other. BCPs have attracted significant research interests
because they often undergo ‘microphase separation’ to form periodic nanostructures, as shown in

Figure 2.1. The various nanostructures formed by BCPs include hexagonal, lamellar



diblock, A-b-B
block A=(a),, block B=(b),

monomer, a -» @
monomer, b =@

Cylinders

Lamellae

Figure 2.1 Microstructures of diblock A-b-B (block A consists of monomers ‘a’ and B is made
of monomers ‘b’) with increasing volume fraction of the B block. f is volume fraction of one
of the blocks.’* Reproduced with permission from Ref (30). Copyright 2014 Royal Society
of Chemistry.

and spherical structures. Therefore, BCPs offer great potential for designing nanostructured
materials and devices. In particular, spherical micelles are known to encapsulate a variety of guest
molecules, which makes them useful as drug carriers in drug delivery systems.?’ Other applications

of BCPs include their use for creating nanoporous materials,?®>!

as templates to incorporate
nanoparticles’* or biomolecules®® and as switchable smart surfaces.>* The nanostructured phases
formed by BCPs in aqueous media (i.e., from micelles to gels) also makes them broadly employed
in industrial applications, where they are often used as detergents, emulsifiers, and lubricants.
Pluronic polymers are an important class of triblock copolymers that have been shown to be
biocompatible and biodegradable. They are nonionic surfactants composed of two polyethylene

oxide (PEO) blocks and one polypropylene oxide (PPO) block with a general formula, PEO«x)—

PPOy)—PEO). Pluronics have been successfully applied in drug and gene delivery systems as



they readily solubilize drugs/genes and form polymer-drug/gene associations.’®>® The
incorporation of target molecules into Pluronic micelles can also increase the solubility and
stability of some physiologically unfavorable drugs, and also improve the in vivo bio-distribution
of drug molecules.

Because of its availability and potential utility, F127 (PEO100PPOgsPEOi00), one of the
Pluronic polymers, was employed in work described in this dissertation (Chapter 4). The molecular
structure of F127 is shown in Figure 3.2. Its thermodynamic and phase separation properties have
been systematically investigated since 1998.37 The next section will describe a few important
characteristics related to the nanostructure of F127, and how these characteristics influence the

interactions between F127 and incorporated guest molecules.

2.1.1 Properties of Block Copolymer F127

Triblock F127 monomers form micelles at certain polymer concentrations and temperatures.
The micellization of F127 in aqueous media is driven by heat-induced dehydration of its
hydrophobic blocks. The temperature needed to induce dehydration is related to the critical
micellization temperature (Tcm). At a temperature below Tem for a particular solution, both the
hydrophobic and hydrophilic blocks are hydrated and dissolved, hence, F127 polymer is in a
solution form. When the temperature is raised above Tcm, dehydration of the hydrophobic blocks
results in a solubility decrease and aggregation of the blocks, while the hydrophilic blocks maintain
their solubility. For F127, this aggregation results in the formation of micelles consisting of a ‘core’
dominated by the hydrophobic PPO blocks and a ‘corona’ formed by the hydrophilic PEO blocks.
Overall, F127 (typically 15%-40% concentration, by weight) is in a liquid state below ~20°C, and

forms a gel under relatively high temperature conditions.*® The polymer concentration also affects



the type of micelles formed. Generally, when the concentration increases, Tem Will decrease, and

large micelles consisting of a larger number of polymers will form.

2.1.2 Mesophase Assemblies of F127

In solutions of high micelle concentrations, the micelles often self-organize into assemblies
of nanostructures. For a copolymer of a given block composition and molecular weight, the type
of assembly obtained depends on the polymer-solvent composition. The assemblies formed are
usually called mesophases, in which the assembled nanostructures have repeat distances falling
between 2 and 50 nm. The formed mesophase assemblies are due to unfavorable interaction
between polymer segments. Generally, the resulting structure maintains the lowest interfacial area
and increased configurational entropy compared to other morphologies, which is an overall
energetically favorable system.*

This phase separation can be attributed to three components of the system free energy: the
degree of stretching of the core blocks, the interfacial tension between the micelle core and the
solvent outside the core, and the repulsive interactions within the corona chains. Thus, the
morphologies can be controlled by factors affecting any of the three contributions, including
copolymer type, copolymer composition and concentration, water content in the solution, nature
of the common solvent and presence of additives.*’ Phase separation depends on three parameters.
First, Flory-Huggins parameter, y, describes the incompatibility between two constituent
immiscible blocks, which is typically inversely proportional to the temperature. Second, phase
separation is affected by the total degree of polymerization N. Finally, the volume fractions f of
the thermodynamically different blocks controls the forming morphologies.*'**> For diblock

copolymers, when polymer concentration is high enough, a lamellar phase can be obtained from



symmetric diblocks (f = 0.5). Increasing the degree of compositional asymmetry leads to
cylindrical, and finally, spherical phases.** Multiblock copolymers have been found to form more
than 30 different morphologies, a much higher level of complexity than is observed for diblock
copolymers.**

In our studies, the F127 mesophase assemblies employed are those that develop in ternary
copolymer-water-oil mixtures. In 1998, Linderman and Alexandridis et al. completed the
comprehensive study of ternary phase diagrams for several Pluronic block copolymers, including
F127, in Pluronic-water-butanol mixtures.>” The microstructures they discovered included cubic,
hexagonal, lamellar mesophases of spherical and cylindrical micelles as well as planar structures.
For the studies described in Chapter 4, the concentration of each component in the ternary phase
diagram was carefully selected to form cylindrical micelles that self-organize into the hexagonal
mesophase. The hexagonal mesophase was of primary interest in this investigation because its

one dimensional structure was believed to afford an efficient route to flow aligned materials.*>*6

2.1.3 Flow-alignment of Block Copolymers in the Hexagonal Mesophase

Cylindrical polymer domains in hexagonal mesophase have been frequently used as templates
in many technology applications, especially in thin films. Thus, it is important the mesophase
structures are relatively defect-free. To obtain hexagonal mesophase, it is usually hard from
spontaneously formed polymer sol-gels, since they most likely do not exhibit long-range order,
and consist of a large number of defects, such as dislocations and disclinations. Due to the inherent
softness of the block copolymers (i.e., high viscosity of polymer liquids), macroscopic pore order
can be achieved by external guiding force, for example using electric fields, surface patterns, or

shear forces.*?
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In 1993, shear flow was shown to be a practical method for inducing macroscopically
anisotropic polymer domains. Albalak and Thomas conducted a ‘roll-casting’ experiment and
obtained long range cylindrical and lamellar microdomains for film thicknesses down to 50 pm.*’
In this study, polymer solutions in toluene were rolled between two co-rotating cylinders;
meanwhile, the solutions were removed at a controlled rate. After solvent evaporation, oriented
macroscopically aligned domains formed by hydrodynamic flow and gradual drying of the
polymer solution between the two cylinders. In 2004, Angelescu et al. successfully prepared
macroscopically oriented block copolymer monolayers by shear flow.* The AFM measurements
revealed arrays of microdomains in the ~30 nm thick polymer film. The shear-induced flow in this
work was imparted by the slow displacement of a poly(dimethylsiloxane) (PDMS) pad on top of
the copolymer ‘melting’ film.

Techniques such as electron beam lithography (EBL) could also be employed to fabricate
grains for polymer ‘melts’ to obtain ordered block copolymer domains.*->! EBL is limited by its
small working scales (usually in nanometer or micrometer scales). However, industry needs
require the alignment of microdomains over large areas (e.g. centimeter scale). It would be very
time-consuming for preparing large area structures by using EBL. Flow-alignment procedures, on
the other hand, provide a convenient route to achieve long-range ordered polymer domains,

although it contains random detects which limits the order.

2.2 Self-assembled Organic Nanotubes

Organic nanotubes represent another important class of self-assembled, one-dimensional,

52,53

porous nanomaterials. Porous nanomaterials, including metal-organic frameworks,”*”* nano- and
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5 possess different internal

mesoporous cylinder arrays,>* nanotubes, and nanocapsules,’
dimensions and surface properties, which allow them to be used for the capture, storage, and
release of drugs, pollutants, reagents, analytes, etc. Therefore, nanoporous materials have
significant potential applications as matrices for drug delivery, catalysis, bioengineering, and
chemical separations, to name a few. Among these materials, nanotubes including carbon, silicon,
and organic nanotubes have attracted growing attention because of their cylindrical shape and
spacious interior. In 1984, three groups reported pioneering work describing the self-assembly of
lipid nanotubes from synthetic amphiphile molecules.’®>’ Since then, many more types of
nanotubes consisting of organic molecules and macromolecules, named ‘organic nanotubes’, have
been synthesized, and their applications have been actively investigated.

Compared to other nanotube materials, organic nanotubes exhibit better biodegradability and

biocompatibility,**>

making them promising materials for use in bioengineering and medicine. In
addition, the surfaces, morphologies, sizes, and functionalities of organic nanotubes can be easily
and precisely controlled by modification of the nanotube monomers and/or the tube-forming
process. The following discussion in this chapter will explain the organic nanotube formation

process, introduce a special and crucial class of organic nanotubes formed by asymmetrical

bolaamphiphiles, and finally discuss the applications of organic nanotubes in various fields.
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2.2.1 Formation Mechanisms of Organic Nanotubes
Organic nanotubes can be prepared via two types of methods. One is to assemble small
amphiphilic molecules into tube-shaped entities. Assembly processes of this type include chiral
self-assembly, scrolling of sheets and packing-directed self-assembly. Macromolecules can also
form nanotubes by molecular sculpting and templating procedures, which are fulfilled by cross-
linking of polymer segments and applying templates. Figure 2.2 summarizes the mechanisms of

“these formation processes.

(a) Chiral self-assembly

&< =

(b) Scroll of sheets

(d) Molecular sculpting
e, .Mﬂ

(e) Template process

Figure 2.2 Formation mechanisms of organic nanotubes: (a) chiral self- assembly, (b) scroll
of a sheet, (c) packing-directed self-assembly, (d) molecular sculpting, and (e) template
process.® Reproduced with permission from Ref (6). Copyright 2011 Royal Society of
Chemistry.

Chiral Self-assembly

Low-molecular-weight amphiphiles with chiral centers form nanotubes by chiral self-

assembly. When cooling from hot aqueous solution, some amphiphiles form bilayer-membrane
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structures. As the temperature cools below Tgeric (the gel-to-liquid crystalline phase transition
temperature), the self-assemblies grow into one-dimensional tapes. When chiral amphiphiles are
employed, these tapes further assemble into helical ribbons that form tubular structures. This latter
step is directly induced by molecular chirality.

Scrolling Approach

For achiral molecules, no spontaneous twisting of the self-assembled tapes occurs. Rather,
the flat membranes spontaneously scroll into tube shape structures, as shown in Figure 2.2(b), to
reduce the surface area exposed to solution, and hence, their surface energy. However, in relatively
60,61

concentrated solution, flat membranes may stack onto each other.

Packing-directed Self-assembly

Wedge-shape amphiphiles can form tube shapes directly without a helical ribbon
intermediate. When the amphiphiles possess hydrophobic chains in a fluid state, a structural
guideline can be applied to predict the aggregate morphology for diblock copolymers.
Israelachivili proposed a model of self-assembly morphologies depending on the critical packing
parameter P,%

P=v/ayxl, (Eq. 2.1)
where v is the volume of the hydrophobic chain of the amphiphile, ao is the polar head surface area
at the critical micelle concentration, and /. is the amphiphile chain length. When P < 1/3, the
amphiphiles are likely to assemble into spherical micelles; if 1/3 < P < 1/2, they tend to form
cylindrical hollow tubes; when 1/2 < P < 1, bilayers with a spontaneous curvature (vesicles) will
be favored; if P = 1, planar bilayers are produced; and if P > 1, micelle aggregates can be formed
with a reverse curvature.

Molecular Sculpting and Templating
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A triblock copolymer with cross-linkable middle block can be used to produce nanotubes by
molecular sculpting. In this process, the block copolymers first self-assemble into cylindrical
micelles, and the middle block is subsequently cross-linked. Finally, the micelle core is chemically
removed to form open nanotubes. The process is shown in Figure 2.2(d).

Templating is another effective method to prepare nanotube structures.®® Typically, a
nanoporous template, such as an anodic alumina oxide (AAO) membrane, is employed for
nanotube construction. Macromolecules are first absorbed onto the nanopore surfaces, then the
template is removed to release the nanotubes. The templating process allows for precise
dimensional control of the resultant nanotubes. However, removal of the templates requires harsh

conditions, such as exposure to acidic or basic solutions, which may damage the nanotubes.

2.2.2 Organic Nanotubes Formed by Asymmetrical Bolaamphiphiles

Amphiphiles that have two different hydrophilic headgroups and a hydrophobic chain in
between, are often called asymmetrical bolaamphiphiles.®*%> These materials afford an important
route to self-assembled organic nanotubes having tunable diameters and surface chemistries.
Because of these attributes, bolaamphiphile-based nanotubes are employed in the work described
in Chapters 5 and 6 of this dissertation. The nanotubes obtained from bolaamphiphiles have certain
specific and important attributes. First, the use of asymmetrical bolaamphiphiles allows for tubes
having different inner and outer surfaces to be prepared. The resulting differences in tube surface
chemistries allow for selective surface functionalization,® efficient loading of the nanotubes with
reagents, drugs and analytes,®” and controlled release of biomolecules.® Especially, the outer

surfaces can be modified with glucose groups, which lead to in an effective biocompatibility in
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vivo.?? Second, the diameter of the asymmetrical nanotubes can be precisely controlled by
changing the molecular shape.

When applying asymmetrical bolaamphiphiles, the control over molecular packing is
necessary to ensure the resultant nanotubes possess distinct inner and outer surfaces. Among all
the packing possibilities, only parallel packing and head-to-tail stacking of bolaamphiphile
monomers can form asymmetrical nanotubes.® It has been found that hydrogen bonds play a
critical role in molecular packing. Shimizu and coworkers found that the introduction of triglycine
moieties into the bolaamphiphiles with amine and glucose moieties as end groups enables the
regulation of parallel molecular packing via polyglycine-II-type hydrogen bonding, resulting in
the formation of asymmetrical organic nanotubes.®>° Liu et al. reported that an AB-peptide with
a cytosine base dyad, ccQALVFFA-NH>, exclusively formed asymmetrical nanotubes.”! While
nanotubes formed from the same peptide without the cytosine residue resulted in a molecular
packing of antiparallel B-sheets.”’:”> Ordered porous alumina templates can also be employed with
a layer-by-layer deposition method to prepare nanotubes with different inner and outer
surfaces.”’*

Generally, control over the resulting nanotube dimensions (inner diameter, outer diameter
and length) can be achieved by changing the solvent conditions during self-assembly (i.e., pH,
solvent composition, ionic strength),” the structure of the lipids,’® and the composition of the lipid

mixtures for complex assembly systems.”’

OH 0
Hvﬂlﬂ CH r\)LOH 1-(n): n=12, 14, 16, 18, and 20
HO = 1]/\/( 2)n4 - T TR TR

Figure 2.3 Chemical structure of a,m-Bipolar amphiphiles with glucose and carboxylic acid
head groups, with varied carbon chain length.® Reproduced with permission from Ref (6).
Copyright 2011 Royal Society of Chemistry.
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Kameta and coworkers have found that the inner diameter (Din) of nanotubes formed by
packing-directed self-assembly of asymmetrical bolaamphiphiles 1-(n) (n = 14, 16, 18, and 20)
follows the simple model® given in Eq. 2.2. The structure of 1 is depicted in Figure 2.3.

Din = 2Asmaul/(Asman — Ararge) (Eq.2.2)

According to this equation, Di, can be estimated from the cross-sectional areas of the two head
groups (Asmait and Ajage) and the molecular length (L) of the amiphiphile monomer. The inner
diameter can be adjusted by varying the length of the oligomethylene chain (n) in 1—(n). The
Shimizu group also confirmed this model: for the same lipid head groups, when » increased from
14 to 20, Diy enlarged from 17 to 22 nm.** The diameter of the tubes can also be affected by
temperature. In Douliez’s work, an ethanol amine salt of racemic 12-hydroxy stearic acid formed
nanotubes with an outer diameter of 0.6 pm at room temperature.”® At 48°C, the diameter increased
to 4 um. Upon further heating, a flat tape morphology was formed and then tubular structures with
2 um diameters formed again until the structures melted at 65°C.”%” X-ray diffraction (XRD)
measurements were conducted to illustrate the phenomenon. From these studies, it was shown that
heating decreased the molecular packing order of the original chiral self-assemblies and increased
the tube diameter until the tubular structure collapsed into tape shapes. Furthermore, it was
suggested that heating might induce bilayer interdigitation, which could lead to chiral
crystallization and hence, reformation of the nanotube structures. Tube lengths can be regulated

81,82

by changing the solvent composition,*® cooling rate®*#> and addition of metal salts.®
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2.2.3 Applications of Organic Nanotubes
Because of the numerous possible modifications that can be made to the nanotube
dimensions and structure, they have many potential applications, especially in the bioengineering
field. Their possible applications include their use as nanocarriers of anti-cancer drugs in drug
delivery systems, as vectors for nonviral gene transfer, as heterogeneous oxidation catalysts, and

as nanopipettes.3*

(9] H
I NG,
HOW]/\NJJ\/N (CHZ) 4
| j(\/
(0] H 0]
2:n=13
o H 0 |
— -0 |
H?.ID &-‘*_“lk" b ’-'- \_’/ s T e . S =3 S - “'\-‘”‘"N‘-. ™ jDH
on |l { L
o H 0O]n
3:n=4
Ol-c|J : ﬁ 1H 0
HO -0 o - | A
HO —~ fN",.Ir_,-" S N N N P Vg lN “‘-n-:’N o “'r\IJ’ O |, ||
i O H pla H =3
4

Figure 2.4 Molecular structure of amphiphiles 2-4.3 Adapted with permission from Ref (84).
Copyright 2014 Nature Publishing Group.

Nanocarriers in Drug Delivery Systems

Organic nanotubes may serve as nearly ideal carriers in drug delivery systems. The
adjustable inner nanospace can be used to encapsulate molecules with a range of sizes from very
small organic or organometallic molecules to high molecular weight macromolecules, including
proteins and DNA.#>#7 The inner and outer surfaces of the organic nanotubes can be modified to
obtain high bio-compatibility and selectivity by electrostatic interactions,®*° hydrophobic

interactions,” prodrug conjugation®” and chelate formation.”*** One attractive advantage of using
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organic nanotubes as drug vehicles is the shape effect®®

which can be applied in vivo. It has been
found that the high axial: radial ratio of flexible filament micelles enables longer persistence times
in the blood than using spherical polymersomes.” Early work employing this class of organic
nanotubes in drug delivery applications involved the encapsulation of doxorubicin hydrochloride
(an anticancer drug) into the nanotubes.® Drug delivery was tested using individual cells. The
nanotubes employed were assembled from amphiphile 2 (n=13, as shown in Figure 2.4). Later in
vivo studies revealed that these anionic nanotubes specifically accumulated in the lungs of mice.”’
Thus, this type of nanotube might be the most useful as a lung-targeting drug delivery system.
Organic nanotubes derived from mixtures of amphiphiles 3 and 4 introduced the hydrophobic
benzyloxycarbonyl (-Cbz) group into the inner space of the nanotubes.®® This allowed for the
controlled release of doxorubicin hydrochloride. The results demonstrated the released amount of
doxorubicin hydrochloride at 48 h decreased significantly to <10% for the hybrid nanotubes with
the molar ratio of 3/4 = 6:5, while the nanotubes assembled from only 3 released 60% of
doxorubicin hydrochloride.

The inner tube surfaces can be modified to allow for encapsulation and release of specific
drugs. For example, chelate formation has been applied to encapsulate platinum-based anticancer

drugs into organic nanotubes.”* The chloride on the anticancer drug cis-

dichlorodiammineplatinum(II) (CDDP) was replaced by the carboxylate group on the inner surface

2

Figure 2.5 CDDP-assisted assembly of organic nanotubes.”® Reproduced with permission
from Ref (94). Copyright 2012 Royal Society of Chemistry.
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of the nanotubes (Figure 2.5), so that the drug molecules selectively localized on the tube inner
surfaces. Coordination of the cisplatin resulted in its slow release from the nanotubes in HEPES
buffer solution.

Nonviral Gene Transfer Vectors

Organic nanotubes can also be used to transfer genetic drugs in vivo.”® Hsieh and coworkers
prepared cationic peptide nanotubes by assembly of dipeptides (H-Phe-Phe-NH>-HCI) at
physiological pH values.”” Negatively charged nucleic acids were able to strongly bind to the outer
surfaces of the nanotubes and be delivered into cells. The authors demonstrated that the nanotubes
spontaneously converted to vesicles when diluted. The vesicles formed traversed the cell
membrane and effectively delivered their nucleic acid cargo. Later, it has been found that
nanotubes of short lengths were able to act as delivery carriers without inducing changes to their
morphology. Organic nanotubes co-assembled with three different amphiphiles (with the added
ones having arginine and polyethylene glycol (PEG) moieties on the outer surfaces) efficiently
formed complexes with plasmid DNA, and remained of tubular morphology in vivo.”® While long
nanotubes (> 1um) mostly attached on the cell surfaces, shorter ones that were 400—-800 nm in

length successfully entered into the cells and delivered DNA into the cytoplasm.

Heterogeneous Oxidation Catalysts

Heterogeneous catalysts supported on 1D nanostructures such as nanotubes have recently been
prepared.””1%! Nanotubes are promising catalyst supports because they possess large inner and
outer surface areas and the morphology of the structures simultaneously suppresses agglomeration.
Significant interest in heterogeneous catalysts in general has arisen lately because their use allows
for reaction products to be more easily recovered than when homogeneous catalysts are used.

Organic nanotubes have been employed to catalyze Diels-Alder reactions’ and the hydrolysis
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from p-nitrophenyl acetate to p-nitrophenol.!°® Among various organic nanotubes, the carboxylate-
terminated peptide lipids are especially promising, because the terminal carboxylate groups can
coordinate with metal ions that often exhibit catalytic activity in oxidation reactions.'’> For
example, Shimizu and coworkers utilized Cu-tube and Ni-tube complexes to catalyze the oxidation
of primary and secondary alcohols, an a,B-unsaturated alcohol, olefin derivatives, aldehydes and
a variety of other organic compounds.'®*!* The nanotube-metal ion complexes were stable and
remained as tubular structures under the reaction conditions employed. The catalyst showed ~80%
selectivity for both Cu-tube and Ni-tube complexes, and ~60% conversion for Ni-tube complex
and ~20% for Cu-tube complex.
Nanopipettes

In attoliter chemistry, it is of importance in controlling manipulation and delivery of a small
volume of liquid.**!%:1% Organic nanotubes can be applied as a nanopipette to be fixed to the end
of a glass micropipette so that an attoliter-order volume of liquid can be delivered through it.'%’
The interface of the nanotube and micropipette can be sealed with photo-crosslinkable resin. The
release of liquid was controlled by applying voltage from 0-526 V. By using nanotubes as

disposable ‘tips’ instead of fabrication of nanopipettes directly, significant manufacturing time and

effort could be saved.

2.3 Summary

In this chapter, two important types of nanomaterials were introduced. The characteristics of
assembled F127 hexagonal mesophases and the flow-alignment of the F127 hydrogel were

elucidated. This F127 hydrogel is employed in Chapter 4 and incorporates with ds-DNA molecules
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to study the interaction between the two. The organic nanotubes self-assembled from asymmetrical
bolaamphiphiles were described in this chapter as well. The unique properties brought by the
distinct inner and outer tube surfaces make the tubes promising in many technological applications.
Chapters 5 and 6 utilize this type of organic nanotube and investigate probe diffusion and probe

interaction within the tubes.

22



Chapter 3 - Experimental Considerations

This chapter is devoted to describing the specific materials applied in this dissertation,
including the properties of YOYO-1 dye as a stain for DNA molecules, the F127 hydrogel
preparation and the synthesis of the organic nanotubes used in Chapters 5 and 6. It also covers the
instrumentation and specific spectroscopy methods applied in the data acquisition. Chapters 4 and

5 give more specifics on experimental setups and sample preparation conditions.

3.1 YOYO-1 Dye as a Stain for DNA

To visualize DNA and detect its motion in a fluorescence microscope, it is necessary to stain
the DNA with dye molecules. Generally, there are three types of classic nuclei acids stains:
intercalating dyes, minor-groove binders and other base-pair selectively binding stains. The
intercalating dyes involve primarily bis-intercalation. That is, for dye molecules that have two
monomer units, each unit intercalates between the bases of DNA backbone.

YOYO-1, as a well-known bis-intercalator (Figure 3.1b), has been frequently applied in
DNA staining owing to its exceptional sensitivity for nucleic acids. YOYO-1 dyes are symmetric
dimers in the cyanine dye family. The structure is shown in Figure 3.1a. Four positive charges are
present on each molecule, which lends the dye a high affinity for ds-DNA. YOYO-1 is essentially
non-fluorescent in the absence of nucleic acids. Upon intercalating into the DNA double strand,
its fluorescence is enhanced 100- to 1000-fold, giving a high quantum yield (generally between
0.2 and 0.6).'% The fluorescence obtained from intercalated YOYO-1 is sufficient for detecting
single molecules of labeled nucleic acids by optical imaging. Upon intercalating into DNA

molecules, YOYO-1 has a maximum absorption at 489 nm and maximum fluorescence emission
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at 509 nm. In the fluorescence imaging experiments of Chapter 4, a blue diode laser (488 nm) was
used to excite the YOYO-1 dye. Since the association of YOYO-1 and DNA is highly stable,

YOYO-1 is also widely used for doping nucleic acids prior to electrophoresis.
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Figure 3.1 (a) Structure of YOYO-1 dye. (b) Binding states of YOYO-1.!?° Reproduced with
permission from Ref (109). Copyright 2012 WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim.

However, some mechanical properties of DNA are altered by intercalation of YOYO-1, such
as the contour length!'® and the overstretching transition of the DNA.'!! The contour length is
increased with YOYO-1 intercalation. For example, staining at a 13:1 ratio of base pairs to YOYO-
1 increases the contour length of A-DNA from 16.5 um to 19.3 um.!'> Therefore, the effects of
introducing YOYO-1 dyes for staining need to be taken into consideration in experiments,

especially in which the mechanical properties of DNA play an essential role in the results.
3.2 Preparation of F127 Hydrogel

F127 gels applied in Chapter 4 were prepared by mixing F127, 2-amino-2-
hydroxymethylpropane-1,3-diol (tris), HCI, butanol and YOYO-1 doped DNA. The tris and HCl

formed a 0.1 M buffer with pH =7.5. Figure 3.2 shows the ternary phase diagram for F127, water
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and butanol. Two different samples were employed in these studies; these fell within the
hexagonal and cubic regions, labeled Hi and I; on the phase diagram, as designated by the small
black circles. The hexagonal region comprises a hexagonal arrangement of cylindrical micelles.
The cubic region represents a cubic assembly of spherical micelles in which the mesophase has

isotropic characteristics. The specific compositions of the samples are defined in Table 3.1.

7 7 7 7 7 7 7 7 7 7 7 7 77
10 20 30 40 50 60 70 80 90 butanol
Weight Percent

Core

Interstice Corona

Figure 3.2 Chemical structure of Pluronic F127, and phase diagram for ternary F127: water:
butanol mixtures, modified from ref 37. Shown are the normal hexagonal (H1), isotropic (I1),
lamellar (Lo), and normal (L1) and reverse (L2) micellar regions. The filled circles appended
to Hi1 and I1 depict the approximate compositions of samples investigated. The diagrams at
the bottom depict the core, corona and interstitial regions of the F127 micelles and a model
for elongated, aligned ds-DNA incorporated in the aqueous interstitial regions.!!?
Reproduced with permission from Ref (112). Copyright 2014 American Chemical Society.

In preparation of the gels, Pluronic F127 was first weighed into a 5 mL glass vial. Buffer

and butanol were then added. Afterwards, 70 uL of DNA and YOYO-1 stock solution was added
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to the mixture. The stock solution was 500 mg/mL in DNA and 10 uM in YOYO-1. The vial was
then repeatedly inverted and centrifuged for several hours over the course of two days to remove
air bubbles. The gel was stored at 4 °C in the dark for at least two days prior to use. YOYO-1 dye
intercalates into double stranded DNA,'%® allowing for its visualization by fluorescence methods.
The final mixture incorporated DNA at 10 pg/mL, while YOYO-1 was present at a concentration
of 1.2 uM. On average, these concentrations result in labeling of the DNA at a 13:1 ratio of base
pairs to YOYO-1. The gel sample with microstructures in hexagonal region was highlighted in
Chapter 4.

Table 3.1 F127 gel composition (in wt%).!? Reproduced with permission from Ref (112).
Copyright 2014 American Chemical Society.

Hi I
F127 34.8 26.4
Tris-HCI buffer 343 54.5
butanol 16.9 5.1
DNA&YOYO-1 14.0 14.0
soln

3.3 Synthesis of Organic Nanotubes
The synthesis of the organic nanotubes employed in Chapters 5 and 6 involves packing-
directed self-assembly. The fundamentals of packing-directed assembly are described in Section
2.2.1. The monomer of the nanotubes is an asymmetric bolaamphiphile, N-(B-D-glucopyranosyl)-

N’-(2-glycylglycylglycine-amideethyl)-icosane-diamide. Figure 3.3 shows the structure of the
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monomer. Synthesis of the nanotubes employed in this dissertation was performed by Mrs.
Shinobu Ito.

The specific process is as follows: monomer solution (HCI salt, 10 mg, 13 umol) is refluxed
in Milli-Q water (10 mL) for 10 min. The hot solution is then gradually cooled to room
temperature. NaOH standard solution (0.1 M, 200 puL) is added into the above solution. The
resultant solution becomes turbid during nanotube formation. Due to the high pH, the nanotubes
formed are expected to have deprotonated amino groups on the inner surface. The protonation state
of the amino groups can be adjusted by addition of acids such as HCI to achieve protonated amino
groups at pH 6-7. The resultant nanotubes are dried and stored in glass vials for future use. The
final nanotubes applied in Chapters 5 and 6 have glucose groups on the outer surface and neutral
deprotonated amino groups on the inner surface. The inner diameter is 10 nm, and outer diameter

is 17 nm. More details about the nanotube characterization are given in Chapter 5.
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Figure 3.3 Bolaamphiphile monomer structure, and illustration of the molecular packing in
the organic nanotubes.?? Reproduced with permission from Ref (22). Copyright 2016 Royal
Society of Chemistry.
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3.4 Instrumentation

3.4.1 Two-dimensional (2D) Small Angle X-ray Scattering (SAXS)

SAXS is employed in Chapter 4 to characterize the order of the F127 hydrogel. SAXS affords
information about the shape and size of macromolecules, pore sizes, and characteristic distances
of partially ordered materials. In contrast to XRD, SAXS can be used to characterize molecular
organization even in the presence of solvents, such as with micelles in a hydrogel form. Both
methods offer information on average domain spacing and orientation over macroscopic sample
regions and throughout the bulk materials.

In two dimensional (2D) SAXS, the morphology of the nanoscale structure is probed by
irradiating the sample with an X-ray source and by simultaneously detecting the elastic scattering
of the X-rays at very small angles (26 < 10°). From a 2D detector, both the order and orientation
of the ordered structure can be obtained. The typical experimental setup for SAXS measurements
is depicted in Figure 3.4. According to Bragg’s law, the scattering angle (6) is directly governed
by the spacing/distance (d) between the periodic structures (domains or pores):

2dsinf = ni (Eq.3.1)
where / is the wavelength of the X-ray source (0.154 nm in this dissertation) and # is the order of
the scattering peak. For periodically arranged morphologies, the scattered waves add
constructively (n=1, 2, 3, ...). The scattering peaks observed as a function of angle can be used to
determine order/spacing of the included nanostructures, such as domains and pores. Thus, the
scattered intensity offers valuable information on the periodicity and average morphology of the

materials across the entire thickness for a macroscopic sample region.

28



20

sample

2D detector

Figure 3.4 Schematic of a 2D-SAXS instrument with its major components: an X-ray source,
sample and a 2D detector. The anisotropic pattern of scattering intensity indicates an
ordered and aligned meso-structure of the sample.

Organizational information, such as the mesophase structural characteristics can also be
obtained from SAXS. In Figure 3.4, the right image shows strong scattering peaks interpreted as
scattering along the 100 direction of a hexagonal mesophase. Weaker peaks at other angles are
also often observed. Taken together, these provide conclusive evidence of a hexagonal mesophase.

However, because of the broad illumination beam, X-ray data can only reveal averaged
information of materials structure. Details about local heterogeneities cannot be obtained by

SAXS/XRD.

3.4.2 Wide-field Fluorescence Microscopy

This section introduces wide-field fluorescence microscopy technique. Under high spatial
resolution condition, it is possible to detect and image single molecules. By studying the dynamic
behaviors of single molecules, the local heterogeneities of the materials can be revealed. All
fluorescence imaging studies described in this dissertation were performed on a wide-field
fluorescence microscope. A typical setup is shown in Figure 3.5. The system starts with a laser
light source (488 or 514 nm), the light is first passed through appropriate optical components
including optical filters and dichroic mirrors, and is then delivered to a high magnification and

high numerical aperture (NA) objective lens (100X magnification, 1.49 NA) to excite the dye
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molecules in the sample. An objective in high N4 and magnification is very advantageous in
fluorescence microscopy. A high NA objective enables the effective detection of weak
fluorescence signal and provides for higher resolution. Higher resolution offers smaller detection
area on the sample per pixel. This is especially essential in some particular microscopy techniques.
For example, imaging-FCS requires detection of a small enough region on the sample surface to
ensure the low concentration of the probe molecules, as described in Chapters 5 and 6. N4 values
differ from specific objectives. According to the definition of numerical aperture, NA = nsin 0,
where 0 is the convergent angle in the medium light travels, N4 can be large for a medium with
larger n (refractive index of the medium in which the objective is working). For example, n of oil
(1.52) is much larger than that of air (1.0). Thus, the objective that can work in oil medium would
have a higher NA than the ones working in air. High magnification of the objective also facilitates
the diffraction-limited detection of single molecule spots. After the laser excites the fluorophores
in the sample, the fluorescence signal emitted by the sample is directed back through the same
objective and finally detected by a sensitive charge-coupled device (CCD) camera. A beam splitter
cube can be inserted into the detection path prior to the detector to obtain two-image channels. In
Chapter 6, this beam splitter is used to obtain two videos simultaneously in two different emission
wavelength ranges. More details about two-channel imaging are provided in Chapter 6. The CCD
camera employed has built-in electron-multiplying (EM) gain capabilities and this enables
detection of rapidly diffusing molecules. EM gain generates secondary electrons via impact

ionization by applying high voltages between the electrodes, and thus significantly amplifies the
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charge signal. With EM gain, the readout noise is effectively suppressed and the S/N ratio of the

fluorescence images can be greatly increased.
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Figure 3.5 A scheme of an epi-fluorescence microscopy system for fluorescence imaging.

In wide-field microscopy, the sample is illuminated across a relatively large area (e.g. 32 um
x 32 um in Chapter 4), compared to the size of a focused spot in a confocal microscope.!''* Thus,
many fluorescent molecules can be detected simultaneously. Also, when coupled to a new
generation CCD camera, which affords high sensitivity and high temporal resolution in video data,
it allows for the detection of single molecule dynamics almost in real time. Many of the
experiments in this dissertation were performed on optically thick samples for which out-of-focus
sample regions could present challenges by producing high levels of background. As a means to
help eliminate this background, while also simplifying the optical geometry, an epi-illumination
configuration was employed in all studies described in this dissertation. In the epi-illumination
mode, the fluorescence signal emitted from the sample is transmitted through the same objective,
which is used to focus the illuminating light source. Owing to the reduced background and low
excitation light allowed to the detector,'!? this illumination mode is more advantageous than the

transmission microscopy configuration.
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To achieve additional background reduction in thick samples, total internal reflection
fluorescence (TIRF) mode was also employed in all experiments. This mode exploited the
evanescent field produced immediately adjacent to the interface between two media having
different refractive indices. Commonly, TIRF mode is employed at the interface between a glass
slide and the sample, in which the refractive index of sample (7y) is smaller than that of glass (7).
When the incident angle is larger than the critical angle at this interface, light is totally reflected,
as depicted in Figure 3.6. The critical angle (6.) can be derived from Snell’s law:

0, = sin~'(ng/ny) (Eq. 3.2)

The produced standing electromagnetic evanescent field excites the fluorescent molecules in a thin
slab at the interface. The penetration depth (d,) can be estimated by the following equation:'!*

d, = A/4m\[nZsin20 — n2 (Eq. 3.3)

where A is the wavelength of the incident light, and € is the incident angle. The penetration depth

is typically ~200 nm.'""® Thus only the fluorescent molecules near the interface of the glass and

sample are excited. Background fluorescence from the bulk sample can be significantly eliminated

by using TIRF mode.
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Figure 3.6 Schematic of (a) epi-fluorescence and (b) TIRF imaging mode.
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3.5 Imaging-Fluorescence Correlation Spectroscopy (FCS)

3.5.1 Traditional Confocal FCS

FCS is a powerful method to detect molecule motion with high spatial and temporal
resolution. In contrast to other fluorescence techniques, the parameter of interest is not the
fluorescence intensity itself, but rather the spontaneous intensity fluctuations caused by molecule
diffusion behaviors within the detection volume.

In traditional FCS, probe fluorescence is recorded by an avalanche photodiode (APD) from
a single spot on the sample by point illumination. The diffusion of individual dye molecules in and
out of the detection volume (Figure 3.7a) results in the observed fluorescence signal fluctuations.
To ensure detection of individual molecule motions, FCS requires extremely small concentrations
of the molecules present in the detection volume. The fluorescence signal from the small
observation region is recorded over time, giving a time transient trace (Figure 3.7b). The time
transient data is autocorrelated in time (Figure 3.7¢) to extract information on the molecular
diffusion processes underlying the fluctuations. The autocorrelation function basically measures
the self-similarity of a time signal. The equation describing the autocorrelation function, C(7), is

written as follows:

((©i(t+D)
C(r) = la(szT -1 (Eq. 3.4)

where i(?) is the time transient data, i(z + 7) is the time transient shifted by a time lag, 7, and the
brackets, ("), indicate the time averaged value is calculated. The shape of the curve gives a hint of
how fast the molecules diffuse and how many different components contribute to the diffusion

behavior (e.g., one dimensional or a combination of one and two dimensional motion).
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Quantitative information on parameters such as the diffusion coefficient of the molecule motion

can be obtained by fitting of the autocorrelation curve with appropriate models.

(c)

—
(=3
[

Counts

Correlation Function

Time Time lag

Figure 3.7 (a) Fluorescent molecules give emitted signal when diffusing across the detection
volume; (b) Fluorescence fluctuations from the detection volume over time;!'® Adapted with
permission from Ref (116). Copyright 2006 American Chemical Society. (¢) Autocorrelation
function calculated from (b) over time.

FCS provides access to the measurements of fast dynamics that cannot be easily detected by

many other methods such as single molecule tracking!!'”-!!8

and fluorescence recovery after
photobleaching (FRAP).!'? Although it offers high temporal and spatial resolution, it is not well
suited for imaging of the diffusion dynamics in heterogeneous materials. For heterogeneous

sample, time transients need to be recorded at each point in the image area, which would be very

time-consuming.

3.5.2 Imaging-FCS
Imaging-FCS is a combination of fluorescence imaging with an autocorrelation analysis. It
allows for many time transients to be collected simultaneously across a broad image area, greatly
enhancing the data acquisition rate, albeit with some sacrifice in time resolution. A wide-field
microscope is employed in imaging-FCS, while traditional FCS is conducted on a confocal

microscope. EM-CCD cameras are needed for imaging-FCS in order to achieve high temporal
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resolution. Imaging-FCS has also been shown to afford sub-diffraction-limited spatial
resolution.'?” It has been applied in studies of measuring solution diffusion of lipid molecules in a

121,122

planar lipid bilayers, as well as diffusion of fluorescent polystyrene beads and small

fluorescent molecule probes in highly viscous media.'?* The technique can also be adapted to TIRF
mode to obtain lateral diffusion information near the glass-sample interface.'?*

Figure 3.8 depicts a typical data acquisition process in imaging-FCS. By limiting the
acquisition region on the CCD to a subset of pixels (8x8 pixels in Figure 3.8), the readout is more
rapid than reading the entire chip (the full image shown on the left in the figure), allowing fast
rates capable of following fast diffusion. The location of the small interrogated region on the
surface can be selected manually on the area of interest. After the long video is taken on the small
region, one can select a smaller area digitally to obtain a time transient trace, for example, from a
2x2 or 4x4 pixel region, and extract diffusion information from the selected sub-pixels by
autocorrelation of the time transient. However, it must be remembered that the selected pixel

region needs to be small enough to maintain a low concentration of fluorophores in the detection

region so that fluctuations can still be detected.
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Figure 3.8 Imaging of Dil on Cis-modifed surface (30 ms acquisition time, 128 x 128 pixels).
Expansion shows the imaging-FCS acquisition areas, and a surface plot below illustrates the

fluorescence intensity profile for the imaged molecule over the 8 x 8 pixel area.?! Reproduced
with permission from Ref (21). Copyright 2014 American Chemical Society.

Imaging FCS is particularly well suited for investigations of heterogeneous samples, because
many time transients can be acquired simultaneously for neighboring regions of a sample. In
traditional FCS, individual transients would need to be acquired one at a time from neighboring
sample regions to access the same data set. Such experiments would be time-consuming and would
suffer from significant photobleaching of the dye molecules. Imaging FCS provides a more

efficient way to explore fast diffusion with much less photobleaching effect on the sample.
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Chapter 4 - Elongation, Alignment and Guided Electrophoretic

Migration of ds-DNA in Flow-Aligned Hexagonal F127 Gels

Adapted with permission from The American Chemical Society. Published as: Hao Xu,
Christopher J. Minter, Shinobu Nagasaka, Takashi Ito, Daniel A. Higgins, J. Phys. Chem. B, 2014,

118 (15), pp 4151-4159.

4.1 Introduction

Rod-shaped biomolecules like ds-DNA are known to exhibit strong interactions with both
thermotropic and lyotropic liquid crystal (LC) mesophases. These interactions are of significant
fundamental interest and also have potential technological applications. For example, in work by
Clark and coworkers,'?® shear-aligned films of calf thymus DNA were used to orient certain
thermotropic LCs. The LC was found to align at oblique angles to the ds-DNA long axis in these
studies. Chiral organization of achiral LC molecules was also found near the ds-DNA-coated
surface. The inherent chirality of the ds-DNA and physical interactions of the LC molecules with
the major and minor grooves were concluded to guide LC alignment. Schwartz et al.'*® also
reported oblique alignment of thermotropic LC molecules in the presence of oriented, elongated
ds-DNA. Interestingly, LC alignment parallel to the extension direction was observed for single
stranded (ss)-DNA in these same studies. It was concluded that DNA-LC interactions might afford
a simple optical means for discriminating between ss- and ds-DNA.

The mesogens in lyotropic LCs usually comprise much larger self-assembled structures (e.g.,

micelles) than in small-molecule thermotropic LCs and are therefore expected to interact
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differently with biopolymers like ds-DNA. Lyotropic LCs may form spherical or cylindrical
micelles or planar structures. Further self-organization leads to the assembly of cubic (isotropic),
hexagonal or lamellar mesophases. As a result of possible unique interactions between DNA
molecules and these organized, nanostructured materials,'?”'?® lyotropic LC mesophases have long
been investigated as alternative gel phases for DNA separations.'?**! LC-DNA interactions in
this case may lead to improved performance over random gel matrixes.!?13! Further advantages
include the ability to optimize a separation by simply changing the composition or temperature of
the gel to alter its structure. Similar advantages have been claimed for lyotropic LC mesophases

36132 and gene therapy.'?

used in drug delivery,

Pluronic F127 is one of many important lyotropic LC materials that have been
investigated for use in the above applications. F127 is a tri-block copolymer comprised of a
central poly(propylene oxide) block sandwiched between two poly(ethylene oxide) blocks, as
described in Section 2.1. Ternary mixtures of water, F127 and an organic cosolvent such as
butanol afford access to a broad range of nanostructures,’’ including cubic, hexagonal, and
lamellar mesophases. A representative phase diagram for these materials is shown in Figure
3.2

Rill and coworkers!?, Baba, et al.!*! and Chu, et al.'3* have all employed F127 gels in
demonstrations of electrophoretic DNA separations. Each notes certain advantages of using
F127 as the gel matrix, compared to more common gel media. However, full optimization of
separations based on F127 will require greater knowledge of the interactions between the DNA
molecules and the gel matrix. For example, it remains uncertain whether DNA becomes

entangled in the micelles or if it is trapped between them, passing through in a linear fashion

under the influence of an applied field. Both the Van Winkle'*> and Baba'*! groups have
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explored these issues for cubic F127 mesophases. These researchers report imaging studies in
which the motions of single dye-labeled DNA molecules migrating through F127 gels were
recorded. While linear motion of the DNA molecules was observed under certain
conditions, 3> there is some disagreement on the extent to which F127-DNA interactions

136,137 In

govern DNA motions and on the mechanism of DNA transport through the gels.
particular, the Akerman group has reported that DNA does not enter the gel structure but rather
migrates along grain boundaries at low fields;'*” while Van Winkle, et al.!** report that the DNA
can pass into and through the cubic F127 mesophase for relatively high gel concentrations at
high field strengths. Although Chu and coworkers'** have studied DNA electrophoresis in
hexagonal F127 mesophases, no images of DNA motions in this mesophase have been
published to date, to our knowledge. As a result, it remains unclear how the cylindrical F127
micelles may interact with the DNA molecules and guide or limit their conformations and
motions. It is well known that these micelles interact strongly with small molecules, confining
their diffusive motions to one dimension, at least on short time scales.'?34!

In this chapter, the interactions between A-DNA molecules and two different F127 gels
prepared in the hexagonal and cubic regions of the ternary F127/butanol/bufter phase diagram
are investigated. DNA-doped F127 gels are prepared and pumped into microfluidic optical
cells for use in these studies. Wide field fluorescence video microscopy is used to obtain images
of gel-entrapped DNA molecules doped with YOYO-1 dye, a well-known DNA intercalator.'%
Images are acquired both in the absence and presence of applied electric fields. The purpose of
these investigations is to explore the extent to which the flow-aligned gel matrix may cause the

alignment and elongation of the DNA, and guide its field-driven motions.'*> Emphasis is given

to studies of the flow aligned hexagonal mesophase, because it is expected to play an important

39



role in defining these behaviors and has not yet been investigated in detail. Conductance
anisotropy within the mesophases is also explored as a means to better understand the
phenomena observed. The structure of the F127 mesophase and the flow alignment of the

micelles are confirmed by SAXS.

4.2 Experimental Considerations

4.2.1 Materials
Pluronic F127 was purchased from Anatrace. The n-butanol (reagent grade) used in F127
gel preparation was obtained from Sigma Aldrich. YOYO-1 dye was purchased from Molecular
Probes, while the A-DNA was obtained from New England BioLabs. All were used as received.

The procedures for preparation of DNA incorporated F127 gel were described in Section 3.2.

4.2.2 Microfluidic Chip Fabrication

The microfluidic device used in the present experiments consisted of a PDMS-based

microfluidic channel affixed to a patterned ITO electrode. The device configuration is shown in

Figure 4.1a. The PDMS monolith was prepared by casting uncured poly(dimethylsiloxane)

(PDMS) onto a prefabricated glass mold. After the PDMS was cured, the monolith was removed

and contacted to an indium-tin-oxide (ITO) coated glass coverslip (SPI Supplies). The PDMS

monoliths were 1.5 mm in thickness, 2.5 cm in length, 1.2 cm in width. The microfluidic channel

dimensions were 0.5 mm X 2.5 mm X 15 mm (depth X width X length) as defined by the glass

mold. A 1 mm diameter biopsy punch was used to fabricate inlet and outlet holes at each end of

the channel. The ITO coated coverslip was photolithographically patterned to allow for
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application of an electric field to the F127 gels. The patterning process is diagrammed in Figure
4.1b. The ITO-coated coverslip was first cleaned with water, acetone and isopropanol and
subsequently dried by heating at 60°C on a hot plate. A layer of primer solution (MCC Primer
80/20) was then spin-coated on the coverslip surface, followed by a layer of positive tone

photoresist (Shipley 1813); both were coated at 1500 rpm. The coated coverslip was next baked
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Figure 4.1 (a) The microfluidic device used in the experiments. (b) Photolithographic process
used to pattern the I'TO electrodes

at 105°C for 15 min to remove residual solvents. The photoresist was patterned by exposure to
UV light through a laser printed photomask. The exposed region was subsequently removed by
rinsing in developer solution (Microposit 351 Developer). To harden and improve adhesion of the
photoresist, the coverslip was next heated at 120°C for 20 min. As a final step, the ITO was etched
by immersing in an acidic solution of 4:2:1 HCI:H,O:HNOs. The resulting ITO pattern consisted

of two rectangular conductive pads separated by a 1.5 mm wide gap. For application of an electric
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field, the ITO electrodes were electrified by attaching copper wires to them using silver epoxy.
The direction of the applied field was changed by simply orienting the microfluidic channel along
different directions relative to the gap between the electrodes. In the configuration shown below,

the flow direction and applied electric field are parallel to each other.

4.2.3 Flow Alignment of Gels
The microfluidic channels were filled with F127 by first drawing the gel into a glass
capillary using a syringe pump. The capillary was then contacted to the channel inlet and the
syringe pump reversed to load the channel. The flow velocity of the hexagonal and cubic gels
were ~8 mm/min and ~6 mm/min, respectively. After filling, the inlet and outlet holes were

immediately sealed using two-part five-minute epoxy.

4.2.4 2D SAXS Measurements
2D SAXS measurements were performed at the Characterization Facility at the University
of Minnesota (Minneapolis, MN) using a SAXS instrument with a Rigaku 18 kW Cu source
(A=1.54 A) and a multiwire area detector. The sample to detector distance was 282.9 cm. SAXS
samples were prepared by loading the F127 gels into 1 mm diameter thin-walled capillaries (10
pum wall thickness; Charles Supper Co.). After loading, the capillaries were sealed to prevent

evaporation of the solvents.

4.2.5 Fluorescence Microscopy

Images of single DNA molecules entrapped in the F127 gels were acquired on an

inverted epi-illumination microscope (Nikon TiE) that has been described previously in
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detail.'*® Light from a blue diode laser (488 nm) was used to excite YOYO-1 fluorescence.
TIRF mode was employed to minimize background fluorescence from deep within the gel and
to facilitate detection of single DNA molecules. The images obtained are therefore limited to
regions within ~200 nm of the gel-glass interface. In the majority of experiments, an oil
immersion objective (Nikon Apo TIRF 100X, 1.49 numerical aperture) was used for sample
illumination and for collection of the emitted fluorescence. The incident laser power was
maintained at 1 mW. Fluorescence collected from the sample was directed through an
appropriate dichroic mirror and bandpass filter to block residual source light. Fluorescence
videos were acquired by detecting YOYO-1 fluorescence with a CCD camera (Andor iXon DU-
897). Videos were acquired with 0.5 s exposure times, with sequential frames separated by a
1.5 s dark period. Each video was 200 frames in length. Measurements of molecule alignment,
length and mobility were performed using the freely available ImageJ software. To induce
migration of the DNA molecules, a square-wave AC voltage (£3.5V, 0.01 Hz) was applied

across the microfluidic channel, using a CH Instruments, Inc. electrochemical analyzer.

4.2.6 Conductance Experiment
Conductance measurements were carried out using an Y SI model 35 Conductance Meter.
Prior to measuring the conductance of F127 gels, the response of the individual microfluidic
cells was first calibrated by measuring the conductance of a series of KCl solutions (0.0005M,
0.001M, 0.003M, and 0.005M) for the different field directions. The conductance values for
the hexagonal gels (0.1 M tris/HCI buffer) loaded into the same cells were subsequently
measured and corrected for differences in exposed electrode area, using the KCl results. All

measurements were made at room temperature (~23 °C).
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4.3 Results and Discussions

4.3.1 SAXS Characterization of F127 Alignment

Micelle organization and alignment in the F127 mesophases was investigated by 2D
SAXS. Figure 4.2a (inset) shows a SAXS pattern from a representative DNA-doped hexagonal
sample contained within a glass capillary. The capillary axis was oriented along the vertical
direction on the figure. In this configuration, the strongest scattering was found in the plane
perpendicular to the capillary axis. This observation is consistent with the presence of
cylindrical micelles aligned parallel to the capillary axis and hence, along the original flow
direction. The scattering intensity is also plotted as a function of 20 in Figure 4.2a. The
characteristic (100) peak of the hexagonal mesophase is located at 26 =~ 0.62°, giving a d-spacing
of 14.2 nm. This indicates that the center-to-center distance between the micelle cores is 16.4
nm, based to the cross sectional structure of the F127 micelles.>’” Weak SAXS precluded similar
measurements on the cubic mesophase. Comparison of SAXS data obtained in the presence
and absence of DNA showed no clear differences, suggesting the dilute DNA employed has
little effect on the average organization of the F127.

As a hydrophilic biopolymer, DNA is expected to preferentially partition to the aqueous
interstices between the micelles. These regions are approximately triangular in shape and ~ 6
nm in height, in the hexagonal mesophase. Since the ds-DNA helix diameter is only 2 nm,'*
it is reasonable to expect that the DNA molecules may be found in the interstitial space, and

that their conformations and motions may be influenced by the cylindrical micelle structure.
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Figure 4.2 (a) X-ray scattering intensity as a function of scattering angle (20) derived from
2D SAXS pattern shown in the inset. (b) Scattering intensity as a function of azimuthal angle
(%), from the hexagonal mesophase. The black curve shows a double Gaussian fit to the data.

Figure 4.2b depicts the (100) scattering intensity for the hexagonal gel as a function of
azimuthal angle, again demonstrating micelle alignment along the capillary axis (i.e., peaks
near £90°). The azimuthal dependence also appears to show two distinct levels of order, as
reflected by the presence of both broad and narrow scattering distributions. To quantitatively
describe the micelle order, these distributions were fit to a two-component Gaussian function.

The Gaussian width, o, in each case was used to determine the 2D order parameter <P> for each

domain,'* where:

(P) = 2cos?c — 1 (Eq. 4.1)
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For the data shown in Figure 4.2b, (P) = 0.99 and 0.52 for the narrow and broad distributions,
respectively. Data acquired from replicate gels reveal variable organizational order and

domaining between samples. However, all depict similarly high levels of organizational order.

4.3.2 DNA Imaging Studies: Zero-Field Experiments

Figure 4.3 shows fluorescence images of YOYO-1 labeled DNA molecules dispersed in
hexagonal and cubic F127 gels in the absence of an electric field. These images were acquired
in both TIRF mode (Figure 4.3a,b) and from deep within the gel, under conventional
illumination (Figure 4.3c). The latter was collected using a water immersion objective. A
predominance of elongated DNA molecules aligned parallel to the flow direction (horizontal
on the images) is found in the hexagonal mesophase, near the gel-glass interface (see Figure
4.3a). In the cubic mesophase (Figure 4.3b) the DNA molecules are not elongated to the same
extent and appear to be randomly aligned or are present as coils. This difference reveals a
strong dependence of DNA conformation and alignment on the structure of the supporting
mesophase. The cylindrical micelles in the hexagonal mesophase likely play a role in both
elongation and alignment of the DNA molecules along the flow direction. In contrast, the cubic
mesophase presents an isotropic medium that interacts very differently with the DNA. The
results in the cubic mesophase are consistent with previous reports in which F127-incorporated
DNA molecules were present as coils or randomly aligned strands.!3>13

In contrast to the clear alignment of elongated DN A molecules near the gel-glass interface,
little evidence of DNA alignment along the flow direction was found in regions far from the

gel-glass interface, as shown in Figure 4.3¢c. This image was acquired using a water immersion

objective and represents observations made at > ~ 10 um distances from the interface. The
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dependence of DNA elongation and alignment on distance from the interface will be addressed

further, below.

Figure 4.3 Representative wide-field fluorescence images of DNA molecules dispersed in the
hexagonal mesophase (a) and the cubic mesophase (b) recorded in TIRF mode, and an image
of DNA molecules in a bulk hexagonal gel (¢) recorded by conventional wide-field
illumination. These images depict the first frame of a 200-frame video and were acquired in
the absence of an electric field. Solid arrows depict the flow direction during filling of the
channel. The false image color depicts the intensity of YOYO-1 fluorescence. These images
have been background subtracted. Scale bar in Fig 4.3(a,b): 4 pm, in Fig 4.3(c): 10 pm.

Elongation lengths and alignment angles for the DNA molecules were determined by
manually selecting the individual molecules and measuring their end-to-end lengths and
orientations on the images. Figure 4.4 plots the distribution of molecular lengths for both the
hexagonal and cubic mesophases, as observed in TIRF mode. The DNA length distribution in the
hexagonal mesophase (Figure 4.4a) is peaked near 5 pm. The A-DNA employed is 48,502 base
pairs in length with a full contour length of 16.5 um.'¢ After staining by YOYO-1 dye, the contour
length increases to ~ 19.3 um.'"*” Some of the DNA molecules approach these lengths (see Figure
4.4a) in the hexagonal mesophase. While some are also found to be longer than the full contour
length (~ 24 um), these are attributed to the overlapping of two DNA molecules in the images. The

presence of butanol in the gels should not significantly alter the DNA conformation as collapse of
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DNA to a globular conformation occurs in a narrow range near 40 wt% butanol in aqueous

solution.'*®
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Figure 4.4 Histogram showing the DNA molecules elongation length (um), in hexagonal (a),
and cubic (b) mesophase, in the absence of an applied field.

Figure 4.4b shows the elongation of DNA molecules in the cubic mesophase. Because
the DNA molecules are mostly bent or coiled in this case, the net length of each molecule along
its longest dimension is reported. The peak in the histogram is located at 1.6 um, which is only

)149,150 in

~ 50% larger than the value expected from the radius of gyration of A-DNA (~ 500 nm
an isotropic matrix and similar to the mean end-to-end distance (1.4 pum) expected for a
wormlike chain.!*? Thus, without the guiding interactions of the cylindrical micelles in the
hexagonal mesophase, the DNA molecules in the cubic mesophase appear to take on a random
coil conformation.

As shown in Figure 4.3a, the DNA molecules near the glass-gel interface align mostly

along the horizontal direction in the hexagonal mesophase. A histogram quantitatively showing
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the alignment angles for DNA molecules in the near-surface region in the absence of field are
given in Figure 4.5. These data were compiled from measurements on ~ 200 molecules
observed in multiple videos of three different samples. It shows strong alignment of the DNA

molecules parallel to the original flow direction (0°), and parallel to the cylindrical micelles.
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Figure 4.5 Histogram of alignment angles of DNA molecules in the hexagonal mesophase, in
the absence of an applied field. The X-axis plots alignment relative to the expected direction

(0°).

4.3.3 Mechanism of Flow-Aligned DNA Behavior in Hexagonal Mesophase

Two phenomena are believed to be important in elongation and alignment of the DNA
found in the interfacial regions of the hexagonal F127 gel. First, as suggested by the
dependence of DNA alignment on distance from the interface (Figure 4.3), shear forces active
during filling of the microfluidic channel likely play a significant role. Photographs of the
leading edge of the gel within the channel are shown in Figure 4.6. These reveal that the flow
profile is not parabolic and very steep near the interface. In fact, F127 gels are known to exhibit
shear thinning.!>! However, it appears the macroscopic flow profile is not the most important
factor, as these photographs suggest a strong velocity gradient exists over distances of ~ 100
pm. In contrast, the data in Figures 4.3a,c suggest elongation and alignment occurs only at
distances <<~ 10 um from the interface. It is known that PEO-based polymers, including F127,

form adsorbed layers a few nanometers in thickness on glass surfaces.'> This adsorbed F127
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comprises a stagnant layer at the interface. Entrapment of one end of a DNA molecule in this
adsorbed, structured layer and the other in the nearby flowing gel may therefore be the cause
of its initial elongation and alignment. Alternatively, one end of each molecule could adsorb to

the underlying glass surface through defects in the stagnant F127 layer.

a)

c)

Parabolic flow
%

Figure 4.6 Flow profile of gels in the hexagonal (a) and cubic (b) mesophases in the
microfluidic channel. A theoretical parabolic flow profile (c) is shown for comparison. The
red arrow depicts the flow direction of the gel. The width of each channel is 2.5 mm.

Deeper within the gel, the DNA molecules appear to reside in ‘cracks’ that form at domain
boundaries such as has been described in previous reports on cubic F127 materials.!*>!*7 Note
that the 2D SAXS data is consistent with good alignment of the hexagonal mesophase
throughout the gel. Hence, misaligned DNA observed far from the gel-glass interface is

unlikely to be caused by gel disorder. Rather, it is likely alignment does not occur in these
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regions because the different gel domains move at nearly identical velocities during channel
filling.

While shear forces are clearly important in producing aligned, elongated DNA in the
hexagonal F127 gels, these forces dissipate long before the images are acquired. Thus, a second
mechanism must prevent the elongated DNA from subsequently relaxing to random coils. As is
now well-known, DNA molecules confined within cylindrical nanopores become elongated as
the pore diameter approaches the persistence length (~ 50 nm for ds-DNA) of the polymer.!*®
In the present materials, the aqueous interstices in F127 gels are believed to behave as soft
‘pores’. Our SAXS data, along with knowledge of the gel structure, indicate that the interstitial
space between adjacent cylindrical micelles is nominally triangular in shape and ~ 6 nm height.
Thus, this system would appear to fall in the Odijk regime,'>® in which the DNA persistence
length is much larger than the pore diameter. Several groups have confirmed the Odijk theory
for ds-DNA within nanochannels formed in fused silica and PDMS.!>*!5 The nanochannels in
these experiments had widths of 30-400 nm. They found the DNA had elongated to ~ 80% of
its contour length in the 30 nm wide nanochannels. In the present materials, the elongation
length (Figure 4.4a) is ~ 26% of the contour length, suggesting that the confining nanochannels
are actually much wider than the interstitial regions. The elongation lengths observed are
consistent with an effective ‘pore’ diameter of ~ 160 nm, placing this system in the Gauss-de
Gennes regime,'>® where the pore diameter is more than twice the persistence length.'¢ In this
case, the elongated DNA would comprise aligned anisometric blobs.!>® These blobs may be
manifested in the videos obtained as bright spots along the image of each DNA molecule (see
Figure 4.3a). The DNA molecules must distort the F127 mesophase to some extent to achieve

this conformation, as has also been noted by Chu and coworkers.!** While it is possible the full
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length of each DNA could be adsorbed to the surface,!>”!® preventing its relaxation, this
typically requires chemically modified cationic surfaces and is therefore discounted as a
possibility. Furthermore, as shown below, many of the elongated DNA molecules migrate under
the influence of an electric field, which is inconsistent with their attachment to the surface. It
is concluded that the observed extent of elongation represents at least a transient condition
where the energetics of DNA elongation and mesophase distortion are balanced.

Comparison of the data in Figures 4.3a,b, provides additional evidence that the micelle
structure must play a role in at least maintaining DNA elongation and alignment. A strong velocity
gradient is expected at the gel-glass interface for both the hexagonal and cubic mesophases, yet
clear evidence of elongation and alignment is only found in the former. The absence of aligned
DNA in the cubic mesophase suggests that anisotropy in the interfacial F127 layer may be
important in producing DNA alignment in the hexagonal mesophase. Alternatively, any elongated
molecules in the cubic mesophase may have simply relaxed to random coils prior to imaging.
Unfortunately, experimental limitations prevent imaging of these samples during or immediately
after channel filling. It is concluded that flow-induced alignment and elongation of the DNA in
the hexagonal mesophase likely result from both shear forces active at the gel-glass interface
during channel filling, and the anisotropic structure of the F127 mesophase, which prevents

conformational relaxation of the DNA.

4.3.4 DNA Video Studies: Field Dependence of Drift Velocity

Further evidence of strong interactions between the DNA molecules and F127 micelles
was obtained by investigating DNA mobility under the influence of an applied electric field.

Here, the flow aligned F127 gels were exposed to electric fields aligned at 0°, 45° and 90° to
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the flow direction. A square waveform (£ 3.5 V) was applied across the samples such that the
electric field reverses direction every 50 s (i.e., every 25 frames). Wide field fluorescence

videos of the DNA motions were acquired throughout these experiments.
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Figure 4.7 Fluorescence images of YOYO-1 labeled DNA molecules in hexagonal F127 (left
and center columns) and cubic F127 (right column) migrating under the influence of electric
fields applied along different directions (double ended arrows). Images labeled with
uppercase letters depict the first frame of the field cycle while those labeled in lowercase
show images compiled from the whole movies, which were comprised of 4 field cycles. The
images in the center column depict the center-of-mass motions of each marked molecule
(open circles) during the first half field cycle. The dashed vertical lines mark the distance
traveled by each molecule. These images have been background subtracted. Scale bar: 5
pm.
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Figure 4.7 shows representative images depicting the DNA motions. The panels labeled
with uppercase letters show the first frame acquired under the influence of a field. The images
labeled with the lowercase letters show a compilation of all frames acquired along the entire
movie. The latter were obtained using the ‘z-project’ command in the ImageJ software package.
Field driven motions of the DNA molecules in the hexagonal mesophase are best demonstrated
by the center column of images in Figure 4.7. These show a sequence of five video frames for
each of the three field directions. The frames shown were obtained during the first half of the
first field cycle and represent frames 1, 6, 12, 18, 24 of the videos. The appended vertical
dashed lines show the maximum center-of-mass displacements for a representative DNA
molecule in each sequence, as designated by the open circles. Clear evidence of field-driven
motions is seldom observed in the cubic mesophase.

The data shown Figure 4.7, and the associated videos, demonstrate that DNA mobility is
strongly dependent upon mesophase structure (hexagonal vs. cubic). They also reveal a strong
dependence on the direction of the electric field with respect to the flow alignment direction, for
the hexagonal mesophase. In Figure 4.7 (A-a'"), when the field direction is parallel to the flow
direction, the elongated DNA molecules move relatively rapidly along the horizontal direction,
parallel to the cylindrical F127 micelles. In Figure 4.7 (B-b'), where the applied field is at ~ 45°
to the flow alignment direction, the elongated DNA molecules are again observed to move along
the horizontal direction, rather than parallel to the applied field. Importantly, the migration
velocity is also smaller than in Figure 4.7 (A-a"). These data indicate DNA motions are strongly

guided by the mesophase structure. The data shown in Figures 4.7 (C-¢') reveal little or no field-
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driven motion of the DNA molecules in any direction when the field is applied perpendicular to
the flow direction.

Some elongated DNA molecules were also found to show no detectable motions under
the influence of the applied field. These molecules may interact strongly (e.g., through
hydrogen bonding) with either the adsorbed F127 layer at the channel surface, or with the glass

surface itself. Likewise, little or no motion was observed for coiled DNA molecules.
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Figure 4.8 Histograms of DNA alignment angles in the hexagonal mesophase, for applied
fields at 0° (a), 45° (b), and 90° (c) relative to the flow alignment direction.

The alignment angles of the DNA molecules in hexagonal mesophase were quantitatively
measured for three different field directions. Figures 4.8a-c show these data. The peak of each
histogram closely corresponds to the flow alignment direction, regardless of the field direction,

showing that the DNA molecules are predominately aligned by the flow process alone. While the
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Akerman'?” and Chu'** groups have shown that electrophoretic motions of F127-gel encapsulated
DNA lead to its elongation and alignment, the lack of motion observed in directions other than the
original flow direction prevent such effects from being observed in the present studies.

In the cubic mesophase (Figure 4.7 D,d to F,f), the DNA molecules are once again found
to be present as coils or randomly aligned strands. In contrast to the hexagonal mesophase,
little or no field-induced motion of the DNA was observed, regardless of the field direction.

135 and Akerman'?” observed DNA migration through cubic

Previous studies by Van Winkle
F127 mesophases under similar, though not identical, conditions. They did not report
observation of immobile DNA coils, likely because their DNA was electrophoretically loaded
into the gels, rather than being incorporated at the time of preparation, as is the case here. Direct
incorporation of the DNA in the gel may lead to its entrapment in or entanglement with the

micelle structure, limiting its mobility. Alternatively, it may be adsorbed to the substrate surface.

To quantitatively assess the field-driven motions of the DNA molecules, the electrophoretic
drift velocities, vq4, of the individual DNA molecules parallel to micelle alignment were also
determined. Figure 4.9 plots these values. Specifically, for each field direction (0°, 45°, 90°),
6-10 molecules were randomly selected from different movies and sample gels. The center-of-
mass (x) of a DNA molecule was first determined by locating the two ends of the molecule and
finding its center position from the average value. A set of data points (x;, #/), (x2, t2), ..., (Xm,

135 where m is the frame number, and 7 is

tm) at times t,= mt were obtained for each molecule,
the time difference between adjacent frames. Next, the center-of-mass displacement, Ax, was
calculated between pairs of frames separated by At = n7time units, where n =1, 2, 3, .... The

average displacement, Ax, for several molecules was then determined for each n and plotted

vs At. The slope of this plot yields the drift velocity directly. This calculation was performed
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along the flow alignment direction, and obtained from 6, 7, and 6 molecules for 0°, 45° and 90°
fields, respectively. The results (Figure 4.9) show a strong dependence on the field direction,
consistent with confinement of the DNA motions to the micelle alignment direction.

The drift velocity is related to the electrophoretic mobility, up, along the micelle alignment

direction by the following equation:
Vg = ppl|E|cosb (Eq. 4.2)

where |E| is the magnitude of the applied field, and € is the angle between the field and flow
directions. It may initially be assumed that the DNA moves freely along the interstitial space
while experiencing negligible interactions with the confining micelles. In this case, the
electrophoretic mobility along the alignment direction is expected to be constant, regardless of
the field direction. The drift velocity along the micelles should then scale as cos@and its value
for the 45° field should be ~ 71% of that for the parallel (0°) field. Interestingly, the drift
velocity measured for the 45° field is found to be 54% of that for the parallel field, suggesting
that the electrophoretic mobility along the flow direction is not constant. Mobility values of 62
+ 10 pm?/V-s and 47 £+ 8 um?/Vs are obtained for 0° and 45° fields, respectively. One possible
explanation for this observation is that the DNA molecules may interact strongly with the

micelle coronas, leading to increased frictional drag on the DNA as the field angle increases.
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Figure 4.9 Average drift velocity of DNA molecules parallel to the aligned cylindrical micelles
in the hexagonal mesophase as a function of field direction. The error bars represent the
standard error of the mean value in each case.

4.3.5 Conductance Measurements

The above results show that the hexagonal F127 mesophase produces strongly
anisotropic migration of the DNA molecules. This anisotropy may result from a difference in
the electric field strength for different field directions (i.e., dielectric anisotropy). It may also
reflect general anisotropy in ionic mobility within the hexagonal gel. That is, the DNA motions
may be restricted by limitations to the motions of any/all ions in general, rather than by physical
confinement of the DNA itself. To explore such possibilities, the conductivity of the F127 gels
was also measured as a function of field direction.

Prior to making conductivity measurements on the DNA-loaded gels, the conductivities
of standard aqueous KCI solutions were first measured. These measurements allowed for
correction of variations in the data due to changes in the exposed electrode area for the different
cell geometries employed as a function of field direction. Afterwards, the hexagonal F127 gels
were immediately loaded into the same microfluidic channels for measurements of their

conductivities. These latter results are shown in Figure 4.10.
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Figure 4.10 Conductivity of hexagonal F127 gels for 0°, 45°, and 90° fields. The error bars
represent the standard error of the mean value in each case.

According to these data, F127 gel conductivity is almost invariant with field direction.
This demonstrates that the dielectric anisotropy of the gel is very small and also that small ions
can move freely through the organized gel structure, regardless of the direction of their motions.
In contrast, the mobilities of the DNA molecules in the hexagonal mesophase (see Figure 4.9)
were found to be strongly anisotropic, with their average mobility under the influence of a
parallel field ~ 36 fold larger than that for the perpendicular field. These results show that
limitation of the DNA motions is most likely due to physical interactions of the large DNA

molecules with the micelles comprising the hexagonal F127 mesophase.

4.4 Conclusions

In this chapter we have investigated the interactions between A-DNA molecules and the
micelles comprising F127 gels prepared in the hexagonal and cubic regions of the ternary
F127/butanol/buffer phase diagram. Flow injection of the DNA-loaded gels into microfluidic

channels led to elongation and alignment of the DNA near the gel-glass interface in the case of
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hexagonal gels, while the DNA was found to concentrate in ‘cracks’ formed between domain
boundaries in these same gels, far from the interface. In the cubic mesophase, the DNA was
present largely as coils and randomly aligned strands. These observations were attributed to
shear alignment and elongation of the near-surface DNA in the hexagonal mesophase brought
about by the steep flow profile that appears at the gel-glass interface during filling of the
microfluidic channel. Confinement of the DNA within the (expanded) aqueous interstitial
regions formed between the cylindrical F127 micelles very likely contributes to the
conformational stability of the aligned, elongated DNA molecules within the gel. DNA
mobility in the presence of applied electric fields was also investigated. Strongly anisotropic
motions were observed, with the DNA molecules migrating most easily along the flow
alignment direction, parallel to the cylindrical micelles comprising the organized gel. Little or
no motion of the DNA was observed when the field was applied perpendicular to the alignment
direction in the hexagonal gels. The strongly anisotropic and gel-dependent motions of the
DNA molecules demonstrate that they strongly interact with and are guided by the micelle
structures in the F127 gels. These results provide a better understanding of molecular
interactions between DNA and the mesogens comprising lyotropic liquid crystal mesophases.
Enhanced knowledge of these interactions promises to lead to improved applications of these

materials in drug delivery and chemical separations.

4.5 Contributions of Authors

Christopher Minter first explored DNA elongation in F127 gels in our labs during the

summer of 2011. Shinobu Nagasaka helped with preparation of buffer and DNA solutions.
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for publication.
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Chapter 5 - Imaging Fluorescence Correlation Spectroscopy Studies

of Dye Diffusion in Self-Assembled Organic Nanotubes

Adapted with permission from The American Chemical Society. Published as: Hao Xu,
Shinobu Nagasaka, Naohiro Kameta, Mitsutoshi Masuda, Takashi Ito, Daniel A. Higgins, Phys.

Chem. Chem. Phys., 2016,18, 16766-16774.

5.1 Introduction

Self-assembled organic nanotubes have been prepared from a variety of materials, including
proteins, peptides, synthetic and natural lipids, and synthetic organic amphiphiles.”>*!%° Synthetic
nanotubes have attracted particular interest because they afford access to tailor-made materials
with hydrophobic, hydrophilic and/or biocompatible outer surfaces, uniform tubular morphologies
and internal nanospaces of controllable dimensions and surface chemistries. These attributes make
them suitable for use in a wide variety of applications, including as nanopipettes, '®* nanocontainers
for biomacromolecules®’ and as vehicles for drug delivery.”®:161:162

A unique subset of synthetic organic nanotubes is those derived from bolaamphiphile
surfactants.’”  Unlike many surfactant assemblies, bolaamphiphile-based materials afford
nanotubes with differently functionalized (and functionalizable)®® hydrophilic internal and external
surfaces that can be used to encapsulate and transport water-soluble molecules into aqueous

biological environments. Kameta and coworkers have recently synthesized bolaamphiphile-based

nanotubes incorporating amine groups on their internal surfaces and sugars on their external
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surfaces.®’” The sugars improve nanotube biocompatibility, while the amine terminated internal
surfaces provide the means to load and immobilize molecules within the nanotubes, as well as

68163 Release of encapsulated

allowing for them to be released in response to some stimulus.
molecules into the surrounding medium relies upon, among other factors, their diffusion within
the nanotubes.'®*!%> An in-depth understanding of mass transport rates and mechanisms within
organic nanotubes is therefore critical to the development of materials for controlled release
applications.

Molecular diffusion within nanoscale pores and microdomains can be explored by a number
of different optical imaging and spectroscopic methods, including SMT,!”"!8 FRAP,!1%-166.167
fluorescence resonance energy transfer (FRET) imaging,®® confocal FCS'®” and imaging-FCS.!'?°
SMT has been used previously to investigate the effects of surfactant nanostructures on molecular
diffusion within one dimensional (1D) lyotropic liquid crystal mesophases.'*® However, SMT is
difficult to implement in the characterization of single organic nanotubes, because of the low dye
concentrations required. FRAP is a common ensemble method that has recently been used to probe
diffusion in the 1D poly(ethylene oxide) microdomains of phase separated poly(ethylene oxide)-
polystyrene block copolymer films.!"” Unfortunately, FRAP is best suited to investigations of
diffusion over long distances (i.e., > 10 um) and is thus challenging to implement in studies of
single relatively short nanotubes. FCS has provided valuable information on diffusion rates and
adsorption/desorption kinetics in studies of organic nanotubes.'®” However, FCS would require
several long time transients be recorded sequentially at a number of different positions along each

nanotube. Imaging-FCS instead allows for many time transients to be collected simultaneously

across a broad image area, and thus avoids frequent photobleaching to different positions on one
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tube. Autocorrelation of the time transient obtained at each image pixel is then used to determine
the time scale for diffusion.

In this chapter, imaging-FCS was employed to investigate both the rate and mechanism of
diffusion for SRB dye molecules doped into bolaamphiphile-based self-assembled organic
nanotubes. The SRB dye served as a model for anionic molecules that might be loaded into and
released from these nanotubes in drug delivery applications. The dye-doped nanotubes were
dispersed on glass substrates so that individual nanotubes could be located and imaged one at a
time, using wide-field fluorescence video microscopy. They were immersed in buffer solution to
mobilize the dye molecules within the nanotubes. Wide-field video data acquired from isolated
nanotubes were collected, autocorrelated on a pixel-by-pixel basis, and the autocorrelation decays
fit to an appropriate model to determine the apparent diffusion coefficient of the dye as a function
of position along each tube. Both the ionic strength and the pH of the buffer solution were varied
as a means to modulate any coulombic interactions between the SRB molecules and the charged
inner surfaces of the nanotubes. The results showed that SRB diffusion was governed by more
than the random thermal motions of Fickian diffusion, with coulombic interactions playing an
integral role in slowing mass transport of the dye. The results of this study will aid in the
development of bolaamphiphile-based nanotubes for use in controlled drug release applications by
providing a better understanding of the factors governing the rates and mechanisms of mass

transport within the nanotubes.
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5.2 Experimental Section

5.2.1 Materials

The organic nanotubes were formed from an asymmetric bolaamphiphile monomer: N-(f-D-
Glucopyranosyl)-N ~(2-glycylglycylglycine-amideethyl)-icosane-diamide. The structure of the
monomer is shown in Figure 3.3. The resultant nanotubes consist of a single layer of
bolaamphiphiles, in which hydrogen bonds strongly hold the polyglycine-II-type network
together.”> The inner and outer surfaces of the nanotubes are terminated with ammonia and glucose
headgroups, respectively (see Figure 3.3). Section 3.3 described the synthesis procedures of this
organic nanotube.

To prepare the tube samples for imaging experiments, the nanotubes were dispersed on glass
coverslips. In this process, an aqueous solution of nanotubes (0.1 mg/mL) was drop cast on a
plasma-cleaned glass coverslip, and the water was allowed to evaporate. The coverslip was
subsequently rinsed with water to remove any loosely adsorbed nanotubes and blown dry with
nitrogen. The nanotubes remaining on the surface were then doped with SRB (Acros Organics)
for fluorescence imaging. The structure of SRB is shown in Figure S.1c. The nanotubes were
dyed by depositing 200 uL of 120 uM SRB in aqueous solution over the coverslip. This solution
was allowed to sit in contact with the nanotubes for a period of 2 h. The coverslip was then rinsed
with 18 MQ-cm water and blown dry with nitrogen. This final rinsing step removed SRB
molecules loosely bound to the exterior of the nanotubes and to the coverslip surface.'®’

Fluorescence videos of the nanotubes were acquired under buffer solution. To maintain
contact between the buffer and nanotube samples, a rectangular PDMS well was fabricated and
placed over the coverslip. The PDMS well was filled with any one of a series of phosphate

buffered saline (PBS) solutions (Aldrich), immediately prior to the imaging experiments. The
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PDMS well was then covered with a PDMS slab to prevent solution evaporation. The PBS
solutions employed were buffers of pH 6.4, 7.4 and 8.4. Each was prepared in four different ionic

strengths (1.73 mM, 17.3 mM, 173 mM and 520 mM).

Figure 5.1 (a) Optical phase contrast image of one nanotube. (b) Wide-field fluorescence
image of sulforhodamine B stained nanotubes. Different nanotubes are shown in panels a
and b. (c) Structure of sulforhodamine B.

5.2.2 Fluorescence Microscopy

Images of individual dye-doped nanotubes were acquired on an inverted epi-illumination
microscope (Nikon TiE) that has been described previously in detail.'** Briefly, light from an
argon ion laser (514 nm) was used to excite SRB fluorescence. TIRF mode was employed to
minimize background fluorescence from bulk solution. An oil immersion objective (Nikon Apo
TIRF 100x, 1.49 numerical aperture) was used for sample illumination and for collection of the
emitted fluorescence. The incident laser power was maintained at 0.8 mW in all experiments. This
power level afforded a sufficient signal-to-noise ratio while also reducing photobleaching of the
dye molecules. Fluorescence collected from the sample was directed through an appropriate
dichroic mirror and bandpass filter (580/40) to block residual source light. Fluorescence videos
were acquired by detecting SRB fluorescence with an EM-CCD camera (Andor iXon DU-897).
Videos were acquired with 2 ms exposure time, and ~ 6 ms cycle time. The EM gain was set to

30, the readout rate to 10 MHz, and 3x3 pixel binning was employed. Each video was 25,000

66



frames in length. The lateral dimension of the detection volume was estimated from a convolution
of the pixel size (0.1875 um) with the Gaussian point spread function width (0.240 pum) of the
microscope.'®® In this case, the largest diffusion coefficients that can be measured by this method
are ~ 5 um?/s. This is significantly smaller than the ~ 470 um?/s expected for SRB diffusion in
bulk solution.'® Therefore, only the relatively slow diffusion of SRB molecules interacting with
the nanotubes can be probed in these studies.

The excitation region in the images covered a relatively large lateral area of 32 um x 32 um.
Images were initially recorded from the full field of view to identify and locate individual
nanotubes. Much smaller regions (~ 2.5 um x 2.5 um) showing individual nanotubes were then
selected and video data acquired. The videos were subsequently loaded into a program written in
the LabVIEW (National Instruments) programming environment. This software subtracted the
image background and calculated the temporal autocorrelation function at each pixel, across the
final 20,000 video frames. The autocorrelation decays were subsequently fit to an appropriate

model that included contributions from dye diffusion and photobleaching (see below).

5.3 Results and Discussions

5.3.1 Wide-Field Fluorescence Images
The nanotubes studied in this chapter are 10 nm in inner diameter, 3.5 nm in wall thickness
and several micrometers in length.”> Figure 5.1a shows an optical phase contrast image obtained
from one nanotube. While this tube appears to be slightly bent at one end, only straight nanotubes
were selected for further investigation. Figure S5.1b shows a wide-field fluorescence image

obtained from a pair of SRB stained nanotubes. As with all fluorescence videos employed below,
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this image was acquired in TIRF mode in order to minimize background fluorescence from bulk
solution. The nanotubes can be clearly distinguished above the background, owing to SRB staining.
These tubes are ~ 2 um in length, close to the average length of the full population of nanotubes

examined in these studies. Videos were typically recorded of individual nanotubes.
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Figure 5.2 Representative wide-field fluorescence video data from an organic nanotube in
PBS buffer solution at pH 7.4 and 0.1mM ionic strength. The video is presented as an image
and was obtained by averaging the fluorescence across 20,000 frames. (b) Image showing
the fitted autocorrelation decay amplitude for each pixel in (a). Scale bars show the
fluorescence counts (in 2 ms, left) and amplitude values (right) for panels (a) and (b),
respectively.

Representative video data from a single nanotube is shown in Figure 5.2. This image was
obtained by averaging the fluorescence across 20,000 video frames at each pixel. The apparent
width of the nanotube shown is ~ 375 nm (full-width-at-half-maximum). Its width is much larger
than the expected value of 17 nm because of the limited spatial resolution (~ 240 nm) of the optical
imaging system. Neither the image shown in Figure 5.2a, nor the original video data show clear
evidence of fluorescent spots produced by individual SRB molecules. This is likely due to the
presence of several dye molecules within the nanotube. Because of their brightness, the individual
nanotubes can be clearly differentiated from much weaker fluorescent spots found in the
surrounding regions. These background spots may reflect the presence of very short nanotubes,

nanotube fragments, or residual unassociated SRB molecules.
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The fluorescence intensity observed along a single nanotube can potentially provide
information on the uniformity of nanotube doping. Indeed, the average fluorescence intensity
(averaged across 20,000 video frames) was found to vary along the length of the nanotube shown
in Figure 5.2. Such spatial variations in average fluorescence were observed in virtually every
nanotube imaged in these studies. This observation suggests that the tubes were not uniformly
doped with SRB. However, no clear trend in the position dependence of the signal levels could be
identified, as discussed later. It is believed the non-uniform fluorescence of the nanotubes may
reflect the relatively low concentration (quasi single molecule levels) of dye found within the
nanotubes. Furthermore, the fluorescence intensity of local regions along the individual tubes was
observed to vary in time. These variations are consistent with time dependent variations in the
local concentration of dye and are attributable to Brownian-like motion of the SRB molecules

within the nanotubes.

5.3.2 Imaging Fluorescence Correlation Spectroscopy

The apparent diffusion coefficients for SRB molecules diffusing within the nanotubes were
determined by autocorrelating the fluorescence video data on a pixel-by-pixel basis and fitting the
autocorrelation decays obtained to an appropriate model. Figure 5.3a plots a representative time
transient obtained from the pixel highlighted by the yellow box in Figure 5.2a. The fluorescence
spikes shown in the time transient depict signal fluctuations attributable to diffusion of individual
SRB molecules in and out of the detection volume along the nanotube. It is the mean time scale
of these signal fluctuations that gives a measure of the apparent diffusion coefficient for the SRB
molecules. However, the signal level also gradually decays in time due to the inevitable

photobleaching of the limited number of dye molecules found within the nanotube. The
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background fluorescence from regions surrounding the nanotube also exhibits a similar bleaching
decay. It should be noted that no dye was added to the buffer solution and hence, the bleaching

was essentially permanent.
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Figure 5.3 (a) Representative time transient from the one pixel in Figure 5.2a (yellow box);
(b) autocorrelation function (red line) derived from the data in (a), using Eq. 3.4 and its fit
to Eq. 5.1 (blue line).

Individual time transients were obtained from each pixel along the tube in each video. The
time transient data were then correlated by autocorrelation function. The function was described
in Section 3.5.1. Figure 5.3b shows the autocorrelation function obtained from the time trace in
Figure 5.3a (red data points). While the autocorrelation function was obtained from the full
20,000 frames, it is only plotted out to 7 = 1200 frames, due to the limited signal averaging that

170-172

occurs at longer lag times. The autocorrelation functions obtained from the nanotubes

commonly incorporate two decay components: one attributable to mass transport of the SRB

70



molecules and the other to SRB bleaching. As is readily apparent from the data shown in Figure
5.3, fluctuations due to diffusion occur on a several second time scale, while the bleaching decay
occurs over several tens of seconds. Because of the approximately 10-fold difference in these two
time scales, the contributions of diffusion and bleaching can readily be distinguished.

In selecting an appropriate model for use in fitting of the autocorrelation functions, it was
noted that the nanotube inner diameter (~ 10 nm)®? is very small compared to its length (> 2 pm).
Therefore, SRB diffusion within the tube is expected to be strongly confined to 1D. Furthermore,
no evidence of long adsorption events, such as have been observed previously for diffusion of
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charged dyes near other charged surfaces, was found in any of the videos acquired in the

present studies. The absence of anomalously long adsorption events suggests that a model for
Fickian diffusion may be appropriate. The equation employed for fitting of the data thus included

components for both 1D diffusion and photobleaching, and is given by:'"*

A (exp[k(T-1)]-1)

1+% k(T-1)
g

C(r) =

(Eq. 5.1)

Here, D represents the apparent diffusion coefficient of the SRB molecules within the tube, 4 is
the amplitude of the autocorrelation decay, ¢° is the squared radius of the detection region (c ~
0.310 pm), k& represents the bleaching decay rate constant, and 7 is the total length of the video in
time. While all parameters could be obtained by fitting the individual autocorrelation decays, the
bleaching time constant was instead obtained by separately fitting the decay of the background
fluorescence in each video. The bleaching decay constant obtained was then employed in Eq. 5.1
as a constant parameter, with the only adjustable parameters being 4 and D.

Figure 5.2b shows the amplitude data obtained by fitting the autocorrelation function from

each image pixel in Figure 5.2a. The zero delay point (7 = 0) was not included in the fitting
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process as its value includes contributions from significant uncorrelated noise. Brighter pixels
indicate larger amplitudes. The amplitude image reveals the tube location and width with improved,
sub-diffraction-limited spatial resolution,'?® which can be observed as a narrowing of the tube
image between Figures 5.2a and 5.2b.

Concentration Dependence. The autocorrelation decay amplitude is often used as a means

to estimate the concentration of diffusing molecules in a sample and is expected to be inversely
dependent upon the concentration of diffusing dye molecules.!” However, as noted in previous
work,'”® a more complicated concentration dependence occurs in the presence of significant
background. In this case, the autocorrelation amplitude actually increases with increasing dye
concentration, passes through a maximum, and subsequently decreases. In order to fully
understand the conditions under which the present data were acquired, autocorrelation results were
obtained as a function of dye concentration in the nanotubes, which was varied by changing the
SRB concentration in the loading solution from 10 pM to 70 mM. It was found that the
autocorrelation amplitude initially rises with dye concentration, peaks at ~ 140 pM and later

decreases, as expected.!’

The decrease in the autocorrelation amplitude at higher dye
concentrations is consistent with assignment of the signal fluctuations to single molecule diffusion
phenomena. Because of this rather complex concentration dependence, no conclusions on the
uniformity of dye loading could be drawn from the autocorrelation amplitude data. However, these
results were used instead to select an optimum dye concentration of 120 pM for loading of the
nanotubes, as it provides relatively high amplitudes while avoiding the possibility for SRB

7

dimerization.!””  All subsequent experiments were performed on nanotubes loaded at this

concentration.
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Apparent Diffusion Coefficients. The autocorrelation fits also provide valuable data on the

apparent diffusion coefficient, D, at each image pixel along each nanotube (see Eq. 5.1). The D
value obtained from the pixel highlighted in Figure 5.2a is 1.9x10 pm?/s, based on the fit shown
in Figure 5.3b. The D values obtained along the full length of this same nanotube are similar and

are best depicted as an image constructed from the D values. While an apparent D

Figure 5.4 3D surface plot showing a composite image of the nanotube in Figure 5.2 with the
normalized autocorrelation amplitude shown as height, and the measured diffusion
coefficient depicted by the color scale.

value is obtained from every image pixel, many of the pixels have little or no signal and so their
D values are often meaningless. The former is found off the tube, over background regions, while
the values obtained from the nanotube itself are useful. To better depict regions where meaningful
D values were obtained, a composite 3D image was prepared, as shown in Figure 5.4. This image
depicts the autocorrelation amplitude as height and the measured D value by the image color. The

amplitudes are very close to zero off the tube, where little or no dye diffusion is detected. Likewise,
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the D values obtained off the tube vary substantially from pixel to pixel because they are dominated
by noise. In contrast, the D values obtained along the tube are largely invariant with position, as

depicted by the uniform image color along the nanotube axis. This image suggests the D values

are qualitatively similar along the tube length.

Figure 5.5 3D surface plots of two additional nanotubes, showing the normalized
autocorrelation amplitude as height, with the measured diffusion coefficient depicted by the
color scale.

Figure 5.5 depicts two additional 3D surface plots showing composite images of the
autocorrelation amplitude and diffusion coefficient data. Similar to Figure 5.4, the amplitudes are
approximately zero off the nanotube and the diffusion coefficients obtained are dominated by noise
in these regions. Meaningful diffusion coefficient data are only obtained from the nanotubes
themselves, for which the uniform color depicts only relatively small variations in these values.

Along with the data shown in Figure 5.4, these three composite images of the nanotubes
reveal the consistency of the diffusion coefficient data obtained from different tubes. These same
data also demonstrate that there is no clear position dependence in the concentration of diffusing

SRB molecules in the nanotubes.
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Figure 5.6 Averaged apparent diffusion coefficients obtained at tube center and ends in
varied pH and ionic strength conditions. Error bars represent the standard deviation on the
mean.

Further analysis of position dependence of SRB diffusion along the nanotubes was conducted
by averaging the SRB diffusion coefficients for the nanotube centers and ends. Each nanotube
was equally divided into three regions (two ends and the center) along the long axis of the tube.
The mean diffusion coefficient for each region was then obtained by averaging the D values of
each pixel in one region. Figure 5.6 plots the diffusion coefficients obtained from center and ends

of the nanotubes under different pH and ionic strength conditions. No clear trends are observed in
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these data. Statistically, only five cases out of twelve show differences in D at > 80% confidence,
while opposite trends are frequently observed between the tube ends and center. It is concluded
that the diffusion dynamics are relatively homogeneous along the full length of the tubes. This
result contrasts with those obtained from lipid nanotubes in which the rate of diffusion was found
to be faster at the tube ends and slower in the nanotube center.'®” In the latter, the observed
differences were attributed to heterogeneous packing of lipids. The results obtained from our
present nanotubes are consistent with a homogeneous nanotube structure and homogeneous filling
of the nanotubes with aqueous solution (at least on resolvable length scales).

Averages of the data obtained along the full length of the aforementioned nanotubes (Figures
5.4, 5.5a and 5.5b) yield D values of 1.6x10% pm?s, 5.6x102 um?%s and 1.9x102 um?/s,
respectively. These values are all substantially smaller than the diffusion coefficient of SRB in
bulk solution, which has been reported to be 470 um?/s.!® It is possible that coulombic interactions
between the anionic dye molecules and the cationic inner surfaces of the nanotubes could lead to
rapid, reversible adsorption of dye to these surfaces, slowing its apparent diffusive motions. The
difference between the bulk and apparent nanotube D values could also be the result of an increase
in the viscosity of the solution inside the nanotubes. The D values should then scale inversely with
the local viscosity, as defined by the Stokes-Einstein relation. However, the 10*-fold reduction in
D is too large to be explained by an increase in the viscosity of the water filling the nanotubes.
Alternatively, the organic phase of the nanotube walls may provide the high viscosity environment
suggested by the small D values. In this case, the SRB molecules would need to partition from the
aqueous phase into the walls of the nanotubes. This possibility may be discounted because the
octanol-water partition coefficient (Kow) for SRB is ~ 0.0095,'” indicating that the dye is very

polar and most likely confined to the aqueous phase inside the nanotubes. While it has been
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demonstrated that water confined within organic nanotubes having glucose moieties on their inner
surfaces exhibits a 20% decrease in polarity compared to bulk water,!” this effect is deemed
insufficient to dramatically enhance partitioning of the SRB into the nanotube walls. As with many
organic dyes, SRB may aggregate in aqueous solution, altering its physical size and reducing its
rate of diffusion. While SRB dimers have been reported to form at cationic surfaces,'®’ such
species would be immobilized inside the nanotubes and would not contribute to the measured D
values. SRB aggregates in aqueous solution have only been found under relatively extreme (i.e.
high salt content) conditions that are far different from those of the present experiments.!”” It is
concluded that coulombic interactions between the dye and nanotube inner surface are the most
likely cause of slow SRB diffusion.

It should be noted that SRB diffusion is also slower than might be expected from prior
literature results. For example, the diffusion of green fluorescent protein (GFP) has previously
been investigated inside similar organic nanotubes by FRET methods.!8! In this case, the average
diffusion coefficient was found to be 0.36 um?/s at pH 6.8, approximately 7-fold larger than the D
values measured for SRB. This apparent discrepancy may reflect differences in experimental
details: GFP is surrounded by stabilizing agents such as glycerol (20 wt%), and thus its interactions
with the cationic sites on the nanotube inner surface are suppressed, while SRB is expected to
interact more strongly with the nanotube. The possible role played by coulombic interactions in

limiting SRB diffusion is the focus of the remainder of this chapter.

5.3.3 Ionic Strength Dependence of SRB Diffusion

The role played by coulombic interactions in governing mass transport of the SRB molecules

can be explored by altering the ionic strength of the aqueous solution filling the nanotubes. Higher
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ionic strengths will lead to narrower electrical double layers (i.e. shorter Debye lengths) at the
nanotube surfaces. These conditions will better screen any coulombic interactions between the
anionic dye and cationic sites on the nanotube surfaces, and are expected to lead to an increase in

the apparent rate of SRB diffusion.
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Figure 5.7 Average apparent diffusion coefficients for SRB as a function of Debye length (a)
and buffer pH (b). Error bars are standard errors on the mean. The solid lines fitted to the
data in (b) have been added only as a means to better depict the trends in the data.

The average SRB diffusion coefficients obtained from several different nanotubes are plotted
as a function of Debye length in Figure 5.7. These data were acquired by averaging across the
entire length of each tube and then averaging the individual tube data. The data shown are for
ionic strengths of 1.73 mM, 17.3 mM, 173 mM and 520 mM, at three different pH values. The pH
dependence of the data is discussed below. In all cases, the diffusion coefficients showed similar
trends, with D increasing as the Debye length decreased from 7.4 nm to 0.74 nm (i.e., with

increasing ionic strength). The D values subsequently decreased as the Debye length decreased to
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0.4 nm. It is noteworthy that the electric double layers from opposite surfaces inside the nanotubes
overlap when the Debye length is as large as 7.4 nm. Under this condition, relatively little
screening of the dye and nanotube surface charges occurs and relatively strong dye-surface
interactions are expected. As the ionic strength increases and the Debye length becomes shorter,
the apparent SRB diffusion coefficient initially increases, consistent with increased coulombic
screening. The decrease in the apparent SRB diffusion coefficient at the highest ionic strength is
suggestive of a change in the nature of the physical interactions governing SRB motion. This latter
observation might be explained by a ‘salting out’ of SRB at the highest ionic strength, leading to

an abrupt increase in the strength of the relevant dye-surface interactions.

5.3.4 pH Dependence of SRB Diffusion

While the dependence of the apparent SRB diffusion coefficient on solution ionic strength is
consistent with a slowing of dye motion caused by coulombic interactions between the dye and
nanotube surface, it does not necessarily confirm a dependence on surface charge. Such a
dependence is best demonstrated by monitoring SRB diffusion under different surface charge
conditions. The surface charge was readily altered by changing the pH of the buffer solution filling
the nanotubes. The pK. of the ammonium groups on similar nanotubes (having the same
headgroups but thinner hydrophobic walls) has been determined to be 7.27.°® As the solution pH
increases above 7.27, the density of ammonium ions on the inner nanotube surface will decrease,
while lower pH values will lead to an increase in surface charge density. In the present studies,
buffers having pH values of 6.4, 7.4 and 8.4 were employed to explore a range of surface charge

conditions. It is noteworthy that the pKa of the highly acidic sulfonic groups on the SRB dye is <
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1.5.17® Therefore, the SRB molecules will remain negatively charged across the range of pH values
investigated.
Table 5.1 Summary of the mean apparent diffusion coefficients (x10-> pm?/s) with standard

errors on the mean at each solution pH and ionic strength investigated. The number of
nanotubes characterized in each case is given in parentheses.

pH 6.4 pH 7.4 pH 8.4
1.73mM 34+06 (11) 44+09 (9) 53409 (6)
17.3mM 3.8+0.7 (7) 44406 (12) 62+ 1.5 (10)
173mM 40+1.8 (7) 55+1.5 (10) 7.0+ 1.7 (5)
520mM 3.7+0.6 (10) 52+1.0 (10) 6.0+12 (17)

Figure 5.7b plots the average apparent SRB diffusion coefficients as a function of pH for
the four different ionic strengths. The numerical values used in construction of Figure 5.7 are
given in Table 5.1. Each set of data reveals a clear trend towards higher D with increasing buffer
pH. At pH 6.4, the amine groups on the inner nanotube surfaces should be almost fully (~ 90%)
protonated, while at pH 7.4 and 8.4, the expected degree of protonation decreases substantially (~

).68 The results in Figure 5.7b therefore demonstrate a clear surface

43% and ~ 7%, respectively
charge dependence in the apparent D values, consistent with an important role for coulombic
interactions in governing mass transport.

It should be noted that the simple calculations presented above suggest that the surface charge
density varies by more than an order of magnitude for the range of solution pH values investigated,
while the observed D values change by only a factor of two. This apparent discrepancy has several
possible origins. First, coulombic interactions may represent only one of several phenomena
leading to slow dye diffusion, with pH independent phenomena also playing a role. For example,

an increase in solution viscosity inside the nanotubes could also contribute to the slowing of SRB

diffusion. Second, coulombic interactions between the surface and dye might become saturated
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above a certain surface charge density. The density of amine groups on the nanotube surface is
estimated to be ~ 4 x 10'* cm™, suggesting a distance of ~ 0.5 nm between cationic sites at pH =
6.4. At pH = 8.4, the distance between cationic sites is ~ 1.9 nm, a factor of only ~ 4 greater. As
the energy of coulombic interactions scales linearly with distance, this observation is consistent
with a much smaller decrease in role played by these interactions at higher pH. Third, it is well
known from the literature on the acid-base chemistry of amine-modified surfaces that the pK, of

182183 Therefore, a

surface-bound ammonium ions decreases with increasing charge density.
significant fraction of amine groups cannot be protonated, even at very low pH. The charge density

at pH = 6.4 is likely to be far smaller than predicted above, as a result.

5.3.5 Model for SRB Mass Transport in Bolaamphiphile Nanotubes

The results discussed above in this chapter suggest a model for diffusion of negatively
charged SRB molecules within the organic nanotubes. Figure 5.8 provides a pictorial
representation of this model in which the blue circles represent individual SRB molecules.
Diffusion within the tubes clearly does not occur by a Fickian mechanism alone. The results show
a dependence on both the ionic strength and the pH of the aqueous buffer filling the nanotubes,
and no such dependence is expected for Fickian diffusion. It is concluded that coulombic
interactions between the SRB molecules and the inner nanotube surfaces play an important role in
limiting mass transport of the dye. These interactions likely involve adsorption and desorption of
the dye from the nanotube surface. Previous investigations of diffusion by charged dyes in close
proximity to charged surfaces have demonstrated that the dyes can adsorb to the surface for long
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periods of time. Such events appear as anomalously long upward fluctuations in the

fluorescence signal from the detection volume. No evidence of such long adsorption events was
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found in any of the videos obtained for these studies. It is thus concluded that adsorption of the
anionic dye to the (possibly) positively charged inner surfaces of the nanotubes occurs at high
frequency, and that these events are short-lived on the imaging time scale. These adsorption events
retard or briefly interrupt dye motion, while dye diffusion most likely occurs within the aqueous
solution filling the tubes once they desorb. Little or no contribution from SRB molecules that have
partitioned into the tube walls is expected, because the dye partitions too strongly into the aqueous
phase. In this case, the mechanism for mass transport of the anionic SRB molecules within the
tubes may best be described as desorption-mediated Fickian diffusion, in which the dye molecules

may be viewed as ‘hopping’ between adsorption sites along the nanotube surface.

@® sre T~

Figure 5.8 Model for SRB diffusion inside the organic nanotubes. The blue circles carrying
negative charges represent individual SRB molecules. Diffusion involves a fast ‘hopping’ of
the anionic molecules between cationic sites on the inner nanotube surface. The molecules
are not drawn to scale to allow for better visualization.

Desorption-mediated diffusion has been observed for a wide variety of other materials as
well.!34+186 Previous studies primarily employed single molecule tracking as a means to determine
the mass transport mechanism and the dominance of desorption-mediated diffusion was revealed

by a characteristic change in the single molecule step size distribution. In the present studies, we
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show that changes in the apparent rate of diffusion brought about by modulation of the dye-surface
interactions can also be detected in imaging-FCS studies and used to identify contributions from
non-Fickian mass transport mechanisms. The participation of desorption-mediated diffusion
would otherwise be difficult to detect within short nanotubes because of the small distances over

which molecular motions occur.

5.4 Conclusions

The rate and mechanism of diffusion for anionic SRB dye molecules within self-assembled
organic nanotubes was investigated by imaging-FCS. The organic nanotubes were assembled from
unique bolaamphiphile monomers and carry a pH-dependent positive charge on their inner surfaces.
Related nanotubes are being investigated by others as vehicles for use in controlled drug

98161162 The imaging-FCS data revealed that the SRB molecules moved along the

delivery.
nanotube long axis and that their apparent rate of diffusion was dependent upon both the ionic
strength and pH of the aqueous buffer filling the tubes. The apparent rate of SRB diffusion was
found to increase with increasing solution ionic strength at relatively low buffer concentrations
and then to decrease at the highest ionic strengths. The role played by surface charge was revealed
through an observed increase in the apparent rate of SRB diffusion with increasing buffer pH.
These observations demonstrated that coulombic interactions between the cationic ammonium
ions on the nanotube inner surface and the anionic SRB molecules played an integral role in
governing SRB diffusion. It was concluded that mass transport of the dye within the nanotubes
occurred by a desorption-mediated Fickian diffusion mechanism in which the dye molecules

frequently adsorb to the nanotube inner surface and diffuse by Brownian-like motion when

released from the surface into the solution filling the tube.
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The results of these studies provide a better understanding of mass transport phenomena
relevant to the use of these and other organic nanotubes in drug delivery applications. They reveal
how ionic strength and pH may be used to control the rate of mass transport of drug molecules
within the nanotubes and suggest possible means to trigger their release. Enhanced knowledge of
these phenomena promises to lead to improved performance of these materials in drug delivery

applications.

5.5 Contributions of Authors

Shinobu Nagasaka synthesized the organic nanotubes from monomers and helped with
nanotube sample preparation. Naohiro Kameta and Mitsutoshi Masuda provided us with the
nanotube materials and the tube structure figure used in the paper. Daniel Higgins and Takashi Ito
guided the research and provided indispensable advice and suggestions during the experiments

and publication preparation.
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Chapter 6 - Studies of Nile Red and a Derivative Partitioning within
Organic Nanotubes by Spectroscopic Imaging and Imaging

Fluorescence Correlation Spectroscopy

6.1 Introduction

The development of environmentally friendly oxidation technologies is of current interest
for chemical synthesis in both industry and academia.'®” The unsuccessful recovery of solvents
from many existing oxidation processes are harmful to the environment.'®® Homogenous catalysts
provide very high yields but can be difficult to separate from the reaction products. Heterogeneous
catalysts can provide a solution to the issue.'®!*® However, the reactivity is generally lower
because of the low availability of active sites.

Nano-catalysts with high surface area are able to significantly improve the contacts between
reactants and the catalysts. They could also provide better separation from the reaction mixture
due to their insolubility in the reaction media.'! Organic nanotubes are one of the promising nano-
catalysts. They are synthesized from low-cost natural materials under mild conditions,'*® and have
well-defined morphologies and dimensions.”>!”> The carboxylate-terminated peptide lipids are
especially interesting because these groups can coordinate with metal ions, making these
nanotubes potential solid supports for metal ion catalysis.’*!*> Metal ion-coordinated organic
nanotubes have been successfully applied as catalysts for the oxidation of various organic
compounds in the presence of hydrogen peroxide and tert-butyl hydroperoxide.!® The organic

nanotubes have outer diameters of tens to hundreds of nanometers and are micrometers in length.
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The high radial dimension allows for a large surface area for reaction. Multiple metal-coordinating
layers afford even more reaction sites for the reactants. Liu and coworkers applied self-assembled
organic nanotubes with five coordinating layers as catalysts in a Diels—Alder reaction.”” The
higher density of active sites resulted in an enhanced catalytic reaction. Thus, it would be
advantageous for catalysis if the reactants could partition and interact more within the active sites
of the catalysts.

In this chapter, solvatochromic dyes were used to investigate the partitioning of molecules
within organic nanotubes submersed in organic solvent. NR and its derivative, 2-
hydroxybenzophenoxazinone (NR-OH) were selected as models for reactant molecules with
different polarity characteristics. NR molecules are neutral and relatively hydrophobic, while NR-
OH with an extra phenolic hydroxyl group is more hydrophilic than NR. This work may afford
information on the accessibility of reactant molecules to different reactive sties in organic

nanotubes, and thus help to improve the performance of nanotube-based catalysis systems.

6.2 Experimental Section

6.2.1 Materials
The specific organic nanotube applied in this chapter is the same as the one in Chapter 5.
They are formed from monomers of N-(f-D-Glucopyranosyl)-N*=(2-glycylglycylglycine-
amideethyl)-icosane-diamide. The resulting nanotubes have amine groups on their inner surfaces,
glucose headgroups on their outer surfaces, and hydrophobic hydrocarbon chains as the tube wall.

The molecular structure and characterization of the nanotubes was shown in Figures 3.3 and 5.1.
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Detailed properties of the nanotubes were given in Chapter 5. NR dye was purchased from Sigma-
Aldrich, and was used as received. The structures of NR and NR-OH are shown in Figure 6.1.
The nanotubes were first immobilized on the glass coverslip and then doped with NR at 150
uM or NR-OH at 30 uM. The doping procedures were described in Section 5.2.1. The selection of
dye concentration was based on the experimentally determined relationship between
autocorrelation amplitude and the doping concentration. For FCS imaging experiments, a
rectangular PDMS well was fabricated and placed over the coverslip. The PDMS well was filled
with ethanol immediately before the imaging experiments and was then covered with a PDMS slab
with a small opening. Ethanol was added continuously to the PDMS well during the experiment
to prevent evaporation. All fluorescence videos of the nanotubes were acquired under an ethanol

environment.

OH

(a) ‘ (b)
SN 0 A /\/C[
J P

Figure 6.1 Chemical structures of (a) NR and (b) NR-OH.

9

In order to determine the pKa of the phenolic proton in NR-OH, titration of the dye was
conducted in an ethanol/water (1:1) solution mixture. Titration involved adding 0.1% NaOH
aqueous solution to the dye solution. The pH change was measured by a pH meter, while the
fluorescence spectra of the dye were recorded on a fluorimeter. The concentration of NR-OH in

the solution mixture was 10 pM.
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6.2.2 Fluorescence Microscopy

All samples were imaged on a wide-field epi-fluoresence microscope. The microscopy setup
is depicted in Figure 6.2. Individual dye molecules were excited by 514 nm laser light. The source
light was passed through a dichroic beam splitter (Chroma 555, DCLP) and subsequently focused
into an oil immersion objective (1.49 NA, Nikon Apo-TIRF, 100X). The incident power was
maintained at 0.5 mW in all experiments. The excitation region in the images covered a relatively
large lateral area of 32 pm x 32 pm. The fluorescence emission was reflected back through the
same objective, and transmitted through a dichroic mirror and a 550 nm colored-glass long-pass
filter. TIRF mode was employed to minimize background fluorescence from bulk solution. For

spectroscopic imaging studies, two-color imaging was used to achieve the partition information.

i i Objective
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Figure 6.2 Wide field microscopy used for two-color imaging.

In this technique, the fluorescence was subsequently split into two spectral bands using an
image splitter (Cairn Research OptoSplit II). The image splitter incorporated a second dichroic

mirror (Chroma 605, DCLP) and appropriate bandpass filters to divide the fluorescence into
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separate spectral bands spanning 625+20 nm and 580+20 nm. Fluorescence in these two bands
was simultaneously detected using an EM-CCD camera (Andor iXon DU-897). Images were
initially recorded from the full field of view to identify and locate individual nanotubes. A small
region (usually ~10 um x 3 um) covering each chosen nanotube was then manually selected.
Fluorescence videos of the selected regions were then recorded for imaging-FCS analysis. All
fluorescence videos were recorded with 2 ms exposure times and were 25000 frames in length.
The EM gain was set to 30, the readout rate to 10 MHz, and 3 x 3 pixel binning was employed.
The videos were subsequently loaded into a program written in the LabVIEW (National
Instruments) programming environment. This software subtracted the image background and
calculated the autocorrelation function at each pixel, across the final 20,000 video frames. The
autocorrelation decays were then fit in the software to an appropriate model (the model described

in Chapter 5) that included contributions from dye diffusion and photobleaching.

6.3 Preliminary Results and Discussion
In this section, preliminary results for the NR and NR-OH experiments are given and

discussed. First, the partitioning of NR and NR-OH was studied by spectroscopic imaging,

diffusion behavior of NR and NR-OH was then explored by the imaging-FCS method.

6.3.1 Spectroscopic Imaging Studies
The partitioning information for the dye molecules within the organic nanotubes was
obtained by the analysis of spectroscopic two-color imaging data. Similar methods have been

employed in studies of local polarity in surfactants and micellar solutions.!**!°¢ Before studying
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the dye partitioning behavior, the spectroscopic response of each dye to environments of different
polarity (i.e., dielectric constant) was first explored. The spectral response of the dye molecules
was obtained using a series of bulk ethanol/hexane mixtures. The solution-phase response of the
dye (e.g., fluorescence emission ratio) was recorded on the same microscope used in the two-color
imaging experiments. In these experiments, dye solutions were loaded into a liquid cell (designed
in-house) that was placed on top of the microscope objective. Fluorescence videos were then
acquired from each dye solution. Finally, the background-subtracted average signals in the 580
and 625 nm image channels were measured to determine the emission ratio. The emission ratio, E,

for each solution was then calculated, as given in Eq. 6.1.

_ le25—1Is80 (Eq. 6.1)

Ie25+I580

Three replicate experiments were conducted in three days and average E values were obtained.
Figure 6.3 shows the calibration data for the NR and NR-OH dyes. As shown in the figure, the £
values were found to be linearly dependent on the Clausius-Mossotti factor (CM factor), (g -1)/(2¢
+ 1), of the solvent mixture.!”” The empirical relationship between the E values and CM factor is

given in Eq. 6.2.

-1
2e+1

E=K)+C (Eq. 6.2)
The Onsager reaction field model'** describing the solvent polarity dependence of dye emission
includes a second term that is based on the optical frequency dielectric constant, n?>. Here, this
second term ((n?-1)/(2n%+1)) was included as a constant, because hexane and ethanol have similar
refractive indexes.!”® For NR dye, fitting of the data points in Figure 6.3a to Eq.6.2 yields the
parameters K = 3.6 + 0.20, and C =-0.93 + 0.07. While for NR-OH, the calibration curve is also

in linear dependence. The K and C values generated are 3.1 = 0.17 and -0.74 £ 0.06, respectively.

By this calibration, it is possible to relate the £ values to dielectric constants, and thus the polarity
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of the local environment in which the dye molecules are found. For example, the £ values of NR
range from -0.32 to 0.82, corresponding to dielectric constants ranging from 1.89 (pure hexane) to

24.6 (pure ethanol).
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Figure 6.3 The emission ratios (Is2s - Isso)/(I625 + Isso) of NR (a) and NR-OH (b) as a function
of the CM factor for a series of hexane/ethanol mixtures. From the left, the solution
compositions are 0%, 2%, 3%, 5%, 10%, 15%, 20%, 40%, 60%, 80%, and 100% ethanol
(by volume), with the remainder being hexane. The dye concentration in each case was 2 pM.
The error bars are standard deviations of 3 replicate measurements for NR and 11
measurements for NR-OH.

Figure 6.4a,b shows a typical two-color wide-field image of the NR-doped nanotubes in
emission channels centered at 625 nm (a) and 580 nm (b). Most nanotubes appeared to be brighter
in the 625 nm channel than in the 580 nm channel. This indicates a positive £ value for these
nanotubes. To quantitatively assess the partitioning behavior, analysis of the £ values for each
dye-doped nanotube was carried out. First, a position dependence of the dye partition behavior

along the tubes was studied. Each nanotube was equally divided into three regions (two ends and
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a center) along the tube long axis in ImageJ software. Then, fluorescence intensities for each region
in the two channels were averaged over the first ten frames in the fluorescence videos. Finally,
averaged E values for NR and NR-OH at the ends and the center of each nanotube were obtained.
The averaged E values for NR were 0.24 + 0.12 and 0.23 + 0.12 for tube ends and center,
respectively. The values obtained demonstrate that there is no position dependence in the £ values
along the nanotube length. The data of NR-OH also showed no position dependence in the £ values.
Therefore, in the following data analysis, the £ value was averaged over the whole tube region,
affording one E value for each tube. Figure 6.4c shows the distribution of E values and
corresponding CM factors measured from 19 NR-doped nanotubes. The main population was fitted
with Gaussian function, giving a peak of E value at 0.25 and CM factor at 0.33. The peak value is
very similar to the calculated result (0.24) averaged from the 19 data points. The peak value
corresponds to an environment with polarity similar to that of a ~10% EtOH mixture with hexane.
The dielectric constant for this environment is calculated to be 3.9. The distribution of E values
spread from -0.06 to 0.4. This result indicates that the polarity of the NR environment may vary
from that of a ~3% EtOH solution to that of a ~15% EtOH solution, in the absence of measurement
error. Therefore, these results demonstrate that the NR molecules locate in relatively nonpolar
regions within the nanotubes, possibly in the hydrocarbon region of the tube wall, but near the

triglycine moieties.
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Figure 6.4 (a, b) Fluorescence images showing nanotubes doped with NR in a two-channel
image for emission centered at 625 nm and 580 nm, respectively. (c) Distributions of E values
(bottom) and CM factors (top) for 19 nanotubes doped with NR. Each data point represents
one E value/CM factor averaged from one nanotube. The blue curve shows the fitting of the
main populations to Gaussian functions.

For NR-OH, the averaged E value obtained from 12 nanotubes was 0.20 + 0.06, and this
corresponds to a CM factor of 0.30 £ 0.02. This indicates the NR-OH molecules may have
partitioned into more nonpolar regions than NR. Since NR-OH is expected to be more polar than
NR, this data is somewhat unexpected. However, it is likely that the number of measurements
performed to date is simply too few to draw a concrete conclusion on polarity and partitioning of
these dyes. We also suspect that the amine groups on the tube inner surfaces may deprotonate the
phenolic hydroxyl groups on NR-OH when it interacts with the tube inner surfaces. If this were
true, the calibration curve of NR-OH would be incorrect to apply for the nanotube system.
Therefore, a fluorescence emission spectrum of NR-OH was taken in a concentrated amine
environment to examine the possible deprotonation effect by the amine groups in the nanotubes.
Figure 6.5 shows the emission spectrums of 200 nM NR (red) and NR-OH (blue) in ethanol (solid
curve) and pure 3-methoxylpropylamine (dash curve). NR molecules emitted peak fluorescence at
633 nm in ethanol and 598 nm in pure amine solvent. The slight blue-shift might be due to the

dielectric constant change of the solvent environment. However, the emission peak of NR-OH
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shifted from 622 nm in ethanol to 525 nm in pure 3-methoxylpropylamine with significant change
in peak shape. The reason of this shift is not clear yet. But it is possible that the phenolic hydroxyl
groups on NR-OH dye were deprotonated by the amine groups. Nagy and coworkers found the
absorption spectrum of NR-OH broadened and the maximum shifted from 547 to 523 nm on the
addition of 9.9 mM tetrabutylammonium hydroxide (BusNOH) in methanol.!*® A similar shift was
also observed using NaOH as a base in 5% methanol aqueous solutions. Titration of NR-OH was
conducted in solvent mixtures of ethanol and water (1:1) to examine the pKa, of the hydroxyl groups
on NR-OH. The pK. was determined to be ~ 8.4, which is slightly larger than the pKa. of amine
groups (7.27) on the tube inner surfaces.’® Nevertheless, it is noteworthy that the pK, of amine
groups were measured in a solution of the nanotubes. Thus, the value was averaged over a large
amount of tightly packed amine groups. Aliphatic amines, however, usually have pKa values at
around 10 in dilute solution. For example, the pKa of 0.02 M methylamine was determined to be
10.67 in water.!”” Therefore, some individual sites of the amine groups on the tube inner surfaces
might possess much higher pK. value than 7.27 and be able to deprotonate the hydroxyl group on

NR-OH easily.
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Figure 6.5 Fluorescence emission spectra of 200nM NR (red) and NR-OH (blue) in ethanol
(solid curve) and pure 3-methoxylpropylamine (dash curve), respectively.
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In the next step, we worked on the modification of the NR-OH to remove the acidic proton to
prevent the aforementioned effects. Details of the modification are given in the Section 6.4 of this

chapter.

6.3.2 Imaging-FCS Studies

Imaging-FCS was applied to obtain diffusion information of dye molecules within the
organic nanotubes. The apparent diffusion coefficients were determined by autocorrelating the
fluorescence video data on a pixel-by-pixel basis and fitting the autocorrelation decays obtained
to an appropriate model. The specific procedures of analysis and the fitting model were described
in Section 5.3.2. The resulting apparent diffusion coefficients determined from the 580 nm and
625 nm image channels are respectively abbreviated as Dsgo and De2s hereafter.

Figure 6.6 plots the averaged apparent diffusion coefficients Dsgo and Ds2s for NR and NR-
OH molecules. Each D value was averaged over the entire tube region on a pixel-by-pixel basis.
Overall, the diffusion coefficient for NR-OH was found to be larger than NR in both image
channels. For example, the Dsgy for NR-OH and NR are 1.4 x 10® and 0.72 x 10 cm?s,
respectively. A statistical analysis of these results shows that the two D values differ at 99.9%
confidence. This suggests the NR-OH molecules might be present in the inner space of the
nanotubes, in which the molecules spend a relatively longer time diffusing freely in the ethanol
phase filling the tubes. The NR molecules are thus concluded to spend relatively more time
diffusing in the tube walls. The conclusion that NR-OH may spend more time in solution inside
the nanotubes is consistent with the expectation that it may be deprotonated by interaction with

the amine groups on the tube inner surfaces.
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Figure 6.6 Averaged apparent diffusion coefficients for NR (red) and NR-OH (blue) at 625
nm and 580 nm image channels. The D values at 580 and 625 nm were obtained from the
split-channel videos in two image channels. Error bars are standard errors on the mean.

A statistical analysis of the diffusion coefficient results obtained for the individual imaging
channels indicates that the Dsgo value for NR is larger than the Ds2s value at a 96% confidence
level. This might reflect the slowing of these molecules by H-bonding interactions with the
triglycine moieties near the tube walls, the amine groups on the tube inner surfaces or the glucose
group on the tube outer surfaces. Molecules found in these more polar regions of the tube should
emit more strongly in the 625 nm channel. In contrast, the D values obtained for the NR-OH
molecules were statistically indistinguishable in the two channels. This observation may suggest
efficient partitioning of NR-OH out of the hydrophobic tube wall. But, the different situations for
the D values of NR and NR-OH could be due to the greater experimental error in the latter, as

depicted in the figure. More experiments will be required to draw any clear conclusions.
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6.4 Modification of NR-OH

A two-step reaction was carried out to remove the acidic proton on the NR-OH and modify
its structure. First, to a mixture of triethylene glycol (0.45mL, 3.3 mmol) and toluene (15 mL) was
added concentrated HBr (0.41 mL of 48% aqueous solution, 3.7 mmol). The heterogeneous
mixture was stirred and heated at reflux for 14 hr. The reaction mixture was allowed to cool to

room temperature and the organic phase was separated. The organic layer was washed with
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Figure 6.7 Synthesis route to NR-OH derivative 2.

brine, dried with NaSO4 and concentrated on a rotary evaporator. Column chromatography of the
crude product on a silica gel column with ethyl acetate as the mobile phase provided 94 mg of 1.
'H NMR (CDCl3) & ppm: 1.62 (br s, 1H), 3.48 (t, J=6.44 Hz, 2H), 3.58-3.77 (m, 8H), 3.82 (t,
J=6.44 Hz, 2H). In the second step, a mixture of NR-OH (10 mg, 0.03 mmol), potassium carbonate
(12.5 mg, 0.09 mmol) and 1 (9.6 mg, 0.05 mmol) in distilled THF (4 mL) was heated under reflux
for 15 hr. Excess potassium carbonate was filtered out and the filtrate was extracted and
concentrated on a rotary evaporator. The crude product was purified by column chromatography

(with ethyl acetate as the mobile phase) and yielded a red solid, 2. Unfortunately, the mass of the
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product obtained was too small to conduct further experiments. This synthesis will need to be

repeated to obtain enough of the final product for fluorescence measurements.

Figure 6.8 "H NMR spectrum of 1: 2-(2-(2-Bromoethoxy)ethoxy)ethanol.

6.5 Conclusions

In this chapter, the interaction and diffusion of NR and NR-OH dye molecules within self-
assembled organic nanotubes immersed in ethanol solution were investigated. We sought to
information on the partitioning of the molecules with different polarity characteristics in organic
solvent. The goal was to explore the molecular partitioning and diffusion within the nanotubes,
and to obtain information on the accessibility of reactants to the active sites on the nanotubes in
catalysis, but it is uncertain that there is a good connection at this point. So far, we obtained the
partitioning information for hydrophobic NR molecules. They were found to mostly interact with

the nonpolar tube wall regions of the nanotubes. NR-OH diffuses faster than NR, as it is likely to
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be found more commonly in the ethanol solvated regions inside the nanotubes. To compare NR
with a more hydrophilic dye molecule, NR-OH later would be alkylated to remove the acidic

proton, and thus eliminate the possibility of its deprotonation.

6.6 Contributions

NR-OH dye used in the experiments was synthesized by Saroja Ginagunta and purified by
column chromatography by Shinobu Nagasaka. Shinobu Nagasaka also helped with the organic
nanotube synthesis and sample preparation. Man Zhang conducted the NMR measurements in the
NR-OH derivative synthesis and provided suggestions on synthesis experiments. Daniel Higgins

and Takashi Ito guided the research and advised the experimental trouble-shooting.
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Chapter 7 - General Conclusions and Future Directions

This dissertation presented the characterization of molecular diffusion and interaction within
self-assembled nanomaterials. Single molecule imaging, imaging-FCS and spectroscopic imaging
allow for detection of mass transport and the results obtained reflect the local material
characteristics of the incorporated nanostructures. They are much more advantageous than the
conventional ensemble methods that only provide averaged information across each sample
region. Single molecule imaging allowed for molecule diffusion in local material structures to be
monitored. Imaging-FCS could be used to assess the local probe dynamics with both high spatial
resolution and time resolution on a broad sample region (ca. ~3 pm x 3 um). Spectroscopic imaging,
on the other hand, provided the data necessary to evaluate probe partitioning within the
nanostructures.

In Chapter 4, single molecule imaging was employed to investigate the diffusion of
individual DNA molecules in flow aligned hexagonal F127 mesophase. The results showed that
the ds-DNA molecules were elongated with the long axis of the DNA molecules aligned parallel
to the flow direction. DNA elongation and alignment may involve adsorption of one strand end to
the glass surface, or its capture by an adsorbed, structured surface layer of F127. Electrophoretic
migration was observed to occur exclusively along the local flow alignment direction within
hexagonal mesophase for fields applied parallel to flow alignment, at ~45° and at ~90°. These
results show that ds-DNA was strongly confined by the micelles comprising the gel.

Chapter 5 elucidated the diffusion of SRB dye molecules within organic nanotubes self-
assembled from bolaamphiphile surfactants. The rate and mechanism of diffusion were explored
by imaging-FCS. The technique also enabled the spatial resolution of the SRB transport dynamics.

The results show that coulombic interactions between cationic ammonium ions on the inner
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nanotube surface and the anionic SRB molecules play a critical role in governing mass transport
of the dye. The apparent dye diffusion coefficient was found to generally increase with increasing
ionic strength and pH. A desorption-mediated Fickian diffusion mechanism was proposed to
describe mass transport of the SRB molecules. Molecular motions were slowed by coulombic
interactions with the inner surfaces of the nanotubes.

In Chapter 6, spectroscopic imaging was applied to study the partitioning of NR and a NR-OH
derivative in the organic nanotubes. The spectroscopic response of solvatochromic NR to different
environmental polarities was established on the wide-field microscope. This relationship was
employed to obtain the location of probe molecules, based on CM factors measured for the
environments. The calculated CM factor indicated that NR molecules mostly partition into
nonpolar regions in the nanotubes. These regions may represent the hydrophobic tube walls,
possibly near the triglycine moieties. The partitioning of NR-OH could not be determined because
the phenolic hydroxyl group appeared to be deprotonated in the presence of amine groups such as
those covering the inner surfaces of the nanotubes. Modification of the NR-OH structure has been
conducted but repeated synthesis is needed. The diffusion of NR and NR-OH was investigated by
imaging-FCS. NR-OH were found to diffuse faster than NR, which might reflect the preferential
partitioning of the NR-OH dye into the ethanol-filled tube, while NR spends more time diffusing
in the tube walls.

This dissertation has described the application of fluorescence microscopy techniques in
revealing mass transport of probe molecules in nanomaterials and the material properties. Imaging-
FCS, as one of the important techniques, was proved to be a convenient tool to detect fast molecule
diffusion over a relatively large sample region. However, there are two issues that need to be more

carefully considered and optimized in the future. First, the dye concentration in the detection
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region needs to be low enough owing to the mechanism of imaging-FCS. However, relatively low
dye concentration can decrease the S/N ratio of the fluorescence signal. Laser power can be tuned
high to increase S/N ratio but severe photobleaching could then be induced. The parameters need
to be balanced with some data accuracy lost. It was later found that very small laser power (ca.
~0.01mW) could be sufficient to detect single molecule fluorescence under certain experimental
conditions. Thus the laser power can be further optimized with the dye concentration to obtain
higher level of data accuracy. Also, since the imaging-FCS data was analyzed from each pixel for
each selected tube region, it is important to make sure the pixels selected are precisely from the
tubes. Thus it would be advantageous to establish a model of quantitatively selecting the tube

regions rather than determining the area by the observed fluorescence.
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