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Abstract

The research described in this thesis reveals how the unique combination of properties
that characterize an aqueous lyotropic chromonic liquid crystal (LC) phase can be exploited to
create novel active and anisotropic soft materials. A series of studies aimed at creating and
providing fundamental insight into the design of such novel soft matter systems is presented in
this thesis. The thesis is organized into two parts.

The first part of this thesis aims to unmask how the anisotropic and viscoelastic
environment defined by the nematic lyotropic chromonic LC changes the fundamental dynamic
behaviors of motile bacteria. These studies, which are possible due to the biocompatibility of this
aqueous LC phase, go beyond past studies of the dynamical and equilibrium behaviors of
dispersions of synthetic microparticles in LCs to reveal a range of phenomena that emerge due to
interplay between LC elasticity-mediated forces and bacterial flagella-derived propulsive forces.
The insights developed in these investigations identify new methods for manipulating bacteria in
technological contexts and reveal principles and future opportunities relating to the design of

active and anisotropic soft material systems.



The second part of this thesis relates to the formation of anisotropic soft matter based on
two different classes of emulsions. In the first, emulsions are prepared comprising two
immiscible LC phases: micrometer-sized droplets of thermotropic LCs in a continuous lyotropic
chromonic LC phase. As a result of a coupling between the orientations of the two nematic
phases, these LC-in-LC emulsions are demonstrated to exhibit intriguing properties such as
hierarchical ordering and the ability to respond dynamically to weak applied fields. In the second
emulsion system, elastic stresses are shown to deform giant unilamellar vesicles (GUVs)
prepared in a lyotropic chromonic LC into a range of elongated, non-spherical shapes following
a quench from the isotropic phase to the nematic LC phase of the solution. The possibility to
dynamically tune the curvature of GUVs in this system makes it an attractive experimental
platform to use, for example, in biophysical investigations aimed at elucidating the role of
membrane curvature on the localization of lipids within bacterial membranes.

Overall, these studies reveal fundamental insights that define new opportunities and
provide guidance for the design of active and anisotropic materials based on lyotropic chromonic

LCs.
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Chapter 1: Introduction and Overview

1.1 Introduction

The goals of the research described in this thesis were to design and characterize novel
active and anisotropic soft materials based on liquid crystals (LCs). Specifically, these studies
exploit the unique combination of properties presented by the nematic phase of a lyotropic
chromonic LC. Most importantly to the research described herein, this lyotropic chromonic LC is
water-based (in contrast to more conventional “oily” thermotropic LCs that are commonly used
in liquid crystal displays) and is characterized by long range ordering of columnar molecular
aggregates, which leads the phase to exhibit optical and mechanical anisotropy. The first part of
this thesis reports the impact of the complex anisotropic and viscoelastic environment defined by
this biocompatible LC phase on the fundamental dynamic behaviors of motile, rod-shaped
bacteria. While previous studies have characterized the equilibrium and dynamical behaviors of

micrometer-sized synthetic colloids dispersed in LCs,*™®

investigations of self-propelling
bacteria, which serve as model “active” particles in this thesis, within LCs and at LC interfaces,
reveal a rich range of phenomena reflecting interplay between LC elasticity-mediated forces and
bacterial flagella-derived forces. The fundamental insights developed in these studies suggest
methods and approaches for the manipulation of bacteria in ways that are not possible in
isotropic fluids. The insights also define new opportunities for the design of active and
anisotropic soft material systems. In addition, because bacteria commonly inhabit viscoelastic
environments that exhibit long-lived anisotropic states, the studies reported in this thesis provide

insight regarding the influence of elasticity and mechanical anisotropy on bacteria in these

biological settings.



In the second part of this thesis, the same aqueous lyotropic chromonic LC phase is
utilized for the creation of two novel LC emulsion systems. In the first, micrometer-sized
droplets of thermotropic LCs were dispersed in an immiscible continuous phase defined by the
aqueous lyotropic LC. Investigation of these LC-in-LC emulsions revealed the ordering of the
two LC phases to be coupled through anisotropic van der Waals interactions, leading the droplets
to adopt specific orientations within continuous lyotropic LC films and to respond dynamically
to the application and removal of weak magnetic fields. In the second, giant unilamellar vesicles
(GUVs) were created that both encapsulated and were encompassed by the lyotropic chromonic
LC. While these vesicles exhibit spherical shapes when prepared in the isotropic phase of the
solution, elastic stresses imparted by the nematic LC phase deform the GUVs upon quenching
the solution, forcing them to adopt elongated, non-spherical shapes. The spatial variations in
membrane curvature exhibited by these GUVs may make them particularly well-suited to
function as synthetic model cell membranes in future biophysical studies.

The following section of this first chapter provides the reader with a brief introduction to
LCs. Detailed descriptions of optical methods used to characterize LC films and interfaces in this
thesis and an extensive review of relevant literature are withheld until Chapters 2 and 3,
respectively. The third and final section of this chapter presents an overview of all chapters

comprising the remainder of this thesis.

1.2 Introduction to Liquid Crystals
The liquid crystalline phase of matter is intermediate to a crystalline solid and an
isotropic liquid, as mesogens in the LC phase are free to flow, yet still retain some degree of

orientational order.**® There are two overarching categories of LCs: thermotropic and lyotropic.



Thermotropic LCs consist of small, rod-shaped organic molecules, such as 4’-pentyl-4-
cyanobiphenyl (5CB, Figure 1-1A), that exhibit liquid crystallinity in the absence of a solvent.
As their name suggests, their phase behavior is dictated largely by temperature (Figure 1-1B).
This type of LCs is commonly utilized in liquid crystal display (LCD) technologies. Lyotropic
LCs, on the other hand, are mixtures that exhibit LC phase behavior that is dictated by both
temperature and the concentrations of the components (Figure 1-1D). While conventional
lyotropic LC phases typically are formed by solutions of amphiphilic molecules such as
surfactants, another class of lyotropic LCs (which is frequently employed in the research
reported in this thesis) is the so-called “lyotropic chromonic LCs”. Lyotropic chromonic LC
phases form when non-amphiphilic, polyaromatic molecules, such as disodium cromoglycate
(DSCG, Figure 1-1C) are dispersed in a polar solvent (commonly water).?” Chromonic LC
phases form when the small molecules assemble into columnar aggregates as a result of strong
pi-pi interactions and hydrophobic interactions (Figures 1-1E and 1-1F).!” In contrast to the case
of thermotropic LCs, where individual rod-shaped molecules serve as the constituents of the LC
phase (or “mesogens”), in lyotropic chromonic LC phases, these columnar aggregates are the

mesogens.
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Figure 1-1. Introduction to thermotropic and lyotropic chromonic liquid crystals (LCs).

(A) Molecular structure of 4’-pentyl-4-cyanobiphenyl (5CB). (B) Schematic depiction of the phase

behavior of a molecule that exhibits a thermotropic nematic LC phase. (C) Molecular structure of

disodium cromoglycate (DSCG). (D) Phase diagram depicting the LC mesophases formed by aqueous

dispersions of DSCG. (E) Schematic illustration of the columnar molecular aggregates that comprise the

nematic phase of lyotropic chromonic LCs. (F) Schematic depiction of the organization of molecules in

lyotropic chromonic LC phases. Reproduced with permission.'’*®



The simplest LC phase, which can be formed by both thermotropic and lyotropic
chromonic LCs is the nematic. In the nematic LC phase, mesogens orient along a common
average direction given by the director, n, but exhibit no additional positional order. As will be
described in additional detail in Chapters 2 and 3 of this thesis, the combination of long range
ordering and high mobility of mesogens that characterize nematic LCs give rise to a number of
key properties of this mesophase that differentiate it from, for example, isotropic liquids. These
properties include elasticity, sensitive surface-induced ordering, and the ability to locally melt in
order to form topological defects. In addition, nematic LCs exhibit anisotropic physical
properties such as optical birefringence as well as dielectric and diamagnetic anisotropy. The

research reported in Chapters 4 through 8 is enabled by these important features of nematic LCs.

1.3 Thesis Overview

Chapters 2 through 8 were prepared as separate publications and thus may be read
independently. Chapter 2 describes optical methods used for characterization of LC phases that
are employed in the research reported in this thesis. Chapter 3 is a literature review that details
recent advances in the design of responsive and active soft materials based on LCs. The
remaining chapters report on experimental research investigations and can be grouped into the
two series of studies. Chapters 4 through 6 describe the dynamical behaviors of motile bacteria
dispersed within and at the interfaces of biocompatible lyotropic LCs. Chapters 7 and 8 focus on
the formation of novel LC emulsions incorporating lyotropic chromonic LC phases. Further
descriptions of Chapters 2 through 8 are provided below.

Chapter 2 describes methods and underlying principles that can be used to characterize

both the orientations assumed spontaneously by LCs at interfaces and the strength with which the



LCs are held in those orientations (so-called anchoring energies). The application of these
methods to several different classes of LC interfaces is described, including solid and aqueous
interfaces as well as planar and nonplanar interfaces (such as those that define a LC-in-water
emulsion droplet). These methods, which enable fundamental studies of the ordering of LCs at
polymeric, chemically functionalized, and biomolecular interfaces, are described in this chapter
on a level that can be easily understood by a nonexpert reader such as an undergraduate or
graduate student. We focus on optical methods because they are based on instrumentation that is
found widely in research and teaching laboratories.

In Chapter 3, a review of literature in the area of the design of responsive and active soft
materials using LCs is provided. LCs are widely known for their use in liquid crystal displays
(LCDs). Indeed, LCDs represent one of the most successful technologies developed to date using
a responsive soft material: an electric field is used to induce a change in ordering of the LC and
thus a change in optical appearance. Over the past decade, however, research has revealed the
fundamental underpinnings of potentially far broader and pervasive uses of LCs for the design of
responsive soft material systems. These systems involve a delicate interplay of the effects of
surface-induced ordering, elastic strain of LCs and formation of topological defects, and are
characterized by a chemical complexity and diversity of nano- and micro-meter-scale geometry
that goes well beyond that previously investigated. As a reflection of this evolution, the
community investigating LC-based materials now relies heavily on concepts from colloid and
interface science. In this context, this chapter describes recent advances in colloidal and
interfacial phenomena involving LCs that are enabling the design of new classes of soft matter
that respond to stimuli as broad as light, airborne pollutants, bacterial toxins in water, mechanical

interactions with living cells, molecular chirality and more. Ongoing efforts hint also that the



collective properties of LCs (e.g., LC-dispersed colloids) will, over the coming decade, yield
exciting new classes of driven or active soft material systems in which organization (and useful
properties) emerge during the dissipation of energy.

Chapter 4 reports an investigation of dynamical behaviors of motile rod-shaped bacteria
within anisotropic viscoelastic environments defined by lyotropic LCs. In contrast to passive
microparticles (including non-motile bacteria) that associate irreversibly in LCs via elasticity-
mediated forces, we report that motile Proteus mirabilis bacteria form dynamic and reversible
multi-cellular assemblies when dispersed in a lyotropic LC. By measuring the velocity of the
bacteria through the LC (8.8 + 0.2 um/s) and by characterizing the ordering of the LC about the
rod-shaped bacteria (tangential anchoring), we conclude that the reversibility of the inter-
bacterial interaction emerges from the interplay of forces generated by the flagella of the bacteria
and the elasticity of the LC, both of which are comparable in magnitude (tens of pN) for motile
Proteus mirabilis cells. We also measured the dissociation process, which occurs in a direction
determined by the LC, to bias the size distribution of multi-cellular bacterial complexes in a
population of motile Proteus mirabilis relative to a population of non-motile cells. Overall, these
observations and others reported in this paper provide insight into the fundamental dynamic
behaviors of bacteria in complex anisotropic environments and suggest that motile bacteria in
LCs are an exciting model system for exploration of principles for the design of active materials.

Bacteria often inhabit and exhibit distinct dynamical behaviors at interfaces, but the
physical mechanisms by which interfaces cue bacteria are still poorly understood. In Chapter 5,
we use interfaces formed between coexisting isotropic and LC phases to provide insight into how
mechanical anisotropy and defects in LC ordering influence fundamental bacterial behaviors.

Specifically, we measure the anisotropic elasticity of the LC to change fundamental behaviors of



motile, rod-shaped Proteus mirabilis cells (3 um in length) adsorbed to the LC interface,
including the orientation, speed, and direction of motion of the cells (the cells follow the director
of the LC at the interface), transient multicellular self-association, and dynamical escape from
the interface. In this latter context, we measure motile bacteria to escape from the interfaces
preferentially into the isotropic phase, consistent with the predicted effects of an elastic penalty
associated with strain of the LC about the bacteria when escape occurs into the nematic phase.
We also observe boojums (surface topological defects) present at the interfaces of droplets of
nematic LC (tactoids) to play a central role in mediating the escape of motile bacteria from the
LC interface. Whereas the bacteria escape the interface of nematic droplets via a mechanism that
involved nematic director-guided motion through one of the two boojums, for isotropic droplets
in a continuous nematic phase, the elasticity of the LC generally prevented single bacteria from
escaping. Instead, assemblies of bacteria piled up at boojums and escape occurred through a
cooperative, multicellular phenomenon. Overall, our studies show that the dynamical behaviors
of motile bacteria at anisotropic LC interfaces can be understood within a conceptual framework
that reflects the interplay of LC elasticity, surface-induced order, and topological defects.

In Chapter 6, we report on the organization and dynamics of bacteria (Proteus mirabilis)
dispersed within lyotropic LC films confined by pairs of surfaces that induce homeotropic
(perpendicular) or hybrid (homeotropic and parallel orientations at each surface) anchoring of the
LC. By using motile vegetative bacteria (3 um in length) and homeotropically aligned LC films
with thicknesses that exceed the length of the rod-shaped cells, a key finding reported in this
paper is that elastic torques generated by the LC are sufficiently large to overcome wall-induced
hydrodynamic torques acting on the cells, thus leading to LC-guided bacterial motion near

surfaces that orient LCs. This result extends to bacteria within LC films with hybrid anchoring,



and leads to the observation that asymmetric strain within a hybrid aligned LC rectifies motions
of motile cells. In contrast, when the LC film thickness is sufficiently small that confinement
prevents alignment of the bacteria cells along a homeotropically aligned LC director (achieved
using swarm cells of length 10 — 60 pum), the bacterial cells propel in directions orthogonal to the
director, generating transient distortions in the LC that have striking “comet-like” optical
signatures. In this limit, for hybrid LC films, we find LC elastic stresses deform the bodies of
swarm cells into bent configurations that follow the LC director, thus unmasking a coupling
between bacterial shape and LC strain. Overall, these results provide new insight into the
influence of surface-oriented LCs on dynamical bacterial behaviors and hint at novel ways to
manipulate bacteria using confined LC phases that are not possible in isotropic solutions.

In Chapter 7, we report the formation and characterization of hierarchical ordering in
systems comprised of micrometer-sized droplets of thermotropic nematic LCs dispersed in
continuous nematic phases of a lyotropic chromonic LC (disodium cromoglycate (DSCG)).
Significantly, we find the orientations of the two LC phases to be coupled, with nematic droplets
of 4’-pentyl-4-cyanobiphenyl (5CB) exhibiting a bipolar configuration with an axis of symmetry
aligned orthogonal to the far-field director of the DSCG phase. We determine that this coupling
of orientations does not result from either anisometric LC droplet shape or interfacial ionic
phenomena but rather is consistent with the influence of van der Waals interactions that arise
from the anisotropic polarizabilities of nematic 5CB (An = +0.18) and DSCG (An = —0.02)
phases. We also find that it is possible to rotate and uniformly align the nematic droplets by
using a weak magnetic field (B ~ 0.3 T). An analysis of the dynamics of relaxation of the
orientations of the 5CB droplets following removal of the magnetic field reveals the DSCG and

5CB droplets to be coupled by energies of ~10* kT, consistent with a simple theoretical estimate
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of the influence of anisotropic van der Waals interactions. We also observed the nematic 5CB
droplets to form dimers and larger assemblies mediated by the elasticity of the nematic DSCG.
Overall, these results reveal that LC-in-LC emulsions define a new class of hierarchically
ordered soft matter in which both thermotropic and lyotropic LCs are coupled in their ordering.

In Chapter 8, we explore coupling between deformable objects and a structured fluid by
using giant unilamellar vesicles (GUVSs) prepared in an aqueous lyotropic chromonic LC phase.
We report the GUVs to adopt anisometric shapes with aspect ratios up to 10 as a result of
stresses arising from confinement within the LC. Specifically, we find two distinct populations
of non-spherical GUVs (major axis legnths ranging from 2.5 pum to 50 pum) to form in our
experiments: GUVs that are slightly elongated with approximately rounded poles (characterized
by cusp angles of a > 130°) and GUVs that are highly elongated and possess sharply cusped
poles (a < 130°). Whereas formation of the population of slightly elongated GUVs is consistent
with LC elasticity-induced expansion of lipid membrane surface area up to 3% while GUV
volume is conserved, our results suggest that efflux of LC encapsulated by GUVs, likely from
transient pores in the membranes of strained vesicles, gives rise to the population of highly
elongated GUVs. Moreover, an analysis of the equilibrium shapes of GUVs in our experiments
reveals that the energy associated with stretching the GUV membrane is small relative to a
surface energy due to an interfacial tension and suggests that a coupling between this surface
energy and the LC elastic energy gives rise to the GUV shapes we observe. Overall, these results
reveal that elastic stresses imparted by a nematic LC can dynamically deform the shapes of lipid
membranes, and likely other flexible soft particles. This demonstrated coupling between LC
elastic strain and strain within deformable particles defines new opportunities in the design of

LC-based responsive and reconfigurable materials.
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Chapter 2: Introduction to Optical Methods for Characterizing Liquid

Crystals at Interfaces*

2.1 Introduction

Measurements of the orientational ordering of liquid crystals (LCs) near interfaces enable
fundamental studies of biological materials (e.g., lipid droplets found in certain types of
mammalian cells),*? the design of electro-optical devices (such as liquid crystal displays),
strategies for the hierarchical design of nanoscale materials (e.g., semiconducting nano-rods),*>
and the creation of LC-based materials that respond to specific chemical and biological cues.®®
The intent of this chapter is not to dig deeply into fundamental questions specific to any one of
these contexts, but rather this chapter seeks to enable new researchers to study interfacial
phenomena involving LCs by providing instruction in key experimental methods. We focus in
particular on the use of optical methods because these are accessible in many research and
teaching laboratories, and they can provide broadly useful information on both the average
orientations of LCs and the strengths with which LCs are held in preferred orientations at
interfaces. In this chapter, we also avoid providing extensive details regarding the preparation of
experimental systems because they tend to be specific to a particular line of investigation and are

described elsewhere.®?°



13

2.2 Organization of this Chapter

This chapter covers three classes of LC interfaces (where the LCs are formed from
molecules such as those shown in Figure 2-1A). We briefly describe these LC interfaces below
and refer to them in subsequent sections of this chapter.

The first class of LC interfaces is formed between a LC and a solid (Figure 2-1C). This is
the most widely explored class of LC interfaces because of its use in electro-optical devices.
(The planar solid surface typically comprises an electrode that is used to switch the orientation of
the LC.) Materials that are commonly used to prepare such solid interfaces include polymers
(e.g., sheared mechanically to align the polymer such that it serves as a molecular template that

directs the orientation of the LC)*"%

and inorganic compounds prepared by physical vapor
deposition (such as silicon oxide or gold).?** In the case of gold, the surface can be chemically
functionalized using organosulfur compounds to generate a wide range of intermolecular

interactions between the LC and the solid interface.!*%*?43132 Thijs

latter system is particularly
versatile and suitable for fundamental studies of the ordering of LCs at solid surfaces. At solid
surfaces, the preferred orientation of the LC (easy axis) is defined by an azimuthal angle and a
zenithal angle (Figure 2-1B). Typically, the azimuthal angle, ¢, is defined with respect to a
symmetry axis within the solid surface (e.g., the direction of deposition of an inorganic layer

deposited by physical vapor deposition at an oblique angle of incidence). The zenithal angle, 6, is

reported with respect to the surface normal.
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Figure 2-1. LC mesogens and common LC interfaces.

(A) Molecular structures of three common mesogens or mixtures of mesogens that form room-
temperature nematic LC phases: 4-cyano-4'-pentylbiphenyl (5CB), E7 and TL205. Several physical
properties of these LCs are displayed in Table S1 of the SI. (B) Definition of angles used to characterize
the average orientation of a LC (director, n) near a flat interface. The azimuthal orientation is
characterized by the azimuthal angle (¢#) and the zenithal orientation is characterized by the zenithal angle
(6). (C-E) Schematic illustrations of three classes of LC interfaces that are discussed in this chapter. (C)
LC-solid interface: LC is sandwiched between two chemically functionalized solid surfaces, each of
which anchoring the LC in a preferred orientation. (D) LC-aqueous interface: LC is hosted within the
pores of a grid supported on a chemically functionalized glass-slide and submerged under an aqueous
solution to create a stable LC-aqueous interface. (E) LC-in-water emulsion: LC droplets are dispersed in
an aqueous phase. Dashed lines indicate the director of the LC. Modified and reproduced with

permission.’
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We note that a common occurrence in an experiment involving a film of LC confined
between two solid surfaces is that the easy axes of the LC differ at the two surfaces. In this
situation (often referred to as a “hybrid” LC system), the orientation of the LC between the two
surfaces is determined by the minimization of the anchoring and elastic energies of the film of
LC (Figure 2-1C). The strains experienced by a LC include splay, bend, and twist, and an elastic
constant (K) for each mode of deformation connects the strain to the free- energy density. (See

Equation 2-2 and associated text below for additional detail.*>3*%*

) In this situation, it is common
to consider a so-called extrapolation length, defined as L ~ K/W for the case of planar films,
where W is the orientation- dependent surface energy or anchoring energy per unit area.** In a
planar film of LC, the extent to which the LC departs from the orientation of the easy axis
depends on the ratio of the extrapolation length to the thickness of the LC film (d). For
sufficiently thick films (L/d « 1), the orientation of the LC near an interface is close to the easy
axis. Unless indicated otherwise, the planar films of LC discussed in this chapter satisfy this
criterion.

The second class of planar interfaces involving LCs that can be characterized using the
methods described in this chapter are those formed between LCs and aqueous phases.” As
depicted in Figure 2-1D, the stabilization of this type of LC interface has to date been commonly
achieved by using capillary forces generated by the placement of a grid onto a solid surface.™
Within the pores of the grid, which have a width (typically ~300 um) that is much larger than the
thickness of the LC film (5—50 pum), an approximately planar interface can be formed between
the LC and the aqueous phase. Particular experimental protocols must be followed, however, to

obtain an approximately planar interface. For example, if excess LC is deposited within the pores

of the grid, then the resulting LC interface will be curved due to formation of a meniscus, which
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will impact the optical characterization of the interface (see below). Similar to the case of a
LC—solid interface, the orientation of the LC at the aqueous interface is defined by azimuthal and
zenithal angles (see above).

Finally, we comment that this chapter also addresses the characterization of LC droplets
(Figure 2-1E), including LC droplets dispersed in an aqueous phase. This spherical geometry has
particular relevance to the development of stimuli-responsive LC materials because confinement
can lead to configurations of LC within the droplet that reflect a delicate balance of interfacial
and elastic contributions to the free energy. One additional common feature of the droplet
geometry is the formation of so-called topological defects in the LC. In brief, when LCs are
confined within the approximately spherical volume of a droplet, in many instances it is not
possible for the LC to satisfy the anchoring conditions at the droplet interface through the
continuous strain of the LC (such as by some combination of twist, splay, and bend). In these
situations, localized regions of the LC partially “melt” (i.e., exhibit low levels of orientational
order relative to that of the bulk LC) to generate defects in the LC. The “cores” of the defects,
although nanoscopic in size, possess refractive indices that differ substantially from that of the
surrounding LC and thus can be characterized using optical methods. Common defects
encountered in the droplet geometry include point defects and line defects, where the latter are
frequently referred to as disclination lines. Additional discussion regarding defects in LCs can be
found later in this chapter.

The remainder of this chapter is organized into four sections. First, we briefly outline
procedures that can be used to prepare each of the three classes of experimental systems
mentioned above. For details, we refer the reader to past publications.®?® Second, we describe

the use of polarized light microscopy to provide qualitative information regarding the
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orientations of LCs near interfaces. Third, we report optical methods that permit the quantitation
of optical properties of LCs that in turn provide a quantitative measurement of, for example, the
zenithal angle assumed by a LC at an interface. Fourth, we describe methods that permit the
measurement of the anchoring energies of LCs. Finally, we briefly describe some unresolved
challenges related to the preparation and characterization of LC interfaces. In each of these
sections, we address the characterization of the three classes of experimental systems shown in

Figures 2-1C through 2-1E.

2.3 Preparation of Experimental Systems

2.3.1 LC-Solid Interfaces

To study the orientation of a LC at a solid surface, it is common to form an optical cell
within which the LC is confined between two solid surfaces (as shown in Figure 2-1C). The
preparation of the system typically begins by the placement of thin sheets of a polymer film,
often Mylar, of known thickness (typically 2—100 pm) along two edges of the bottom solid
surface. Next, the top surface is inverted, aligned with the bottom surface, and placed on the
spacers in a manner such that a cavity is defined between the two surfaces of interest. The edges
that have the spacers are then clipped together (using “bulldog” or “binder” clips); alternatively,
the cell can be sealed and held together using epoxy after the introduction of the LC. Next, both
the LC in a glass syringe and the sample cell are heated to above the nematic-to-isotropic
transition temperature (clearing temperature) of the LC, which can be achieved, for example, by
the placement of the sample on a hot plate. The LC is then introduced into the cell by capillary
action. We note that it is generally preferred to introduce the LC into an optical cell after heating

it above the clearing temperature to avoid flow-induced alignment and “surface-memory” effects
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that occur if the material is introduced while in the LC phase. If using labile organic interfaces
(e.g., self-assembled monolayers formed on gold films), however, one also has to be careful that
the heating of the system does not cause thermal degradation. Finally, the sample is moved to an

optical microscope for characterization.

2.3.2 LC-Aqueous Interfaces

The preparation of an interface between an aqueous phase and a LC can be achieved by
first adding a small amount (~0.2 uL) of a nematic LC to the pores of a copper- or gold-coated
transmission electron microscopy (TEM) grid supported on a glass substrate.’® The glass
substrate is usually chemically functionalized to induce a preferential zenithal orientation of the
contacting LC. Common treatments of the glass employ one of two silanes,
octadecyltrichlorosilane (OTS) or dimethyloctadecyl[3- (trimethoxysilyl)propylJammonium
chloride (DMOAP), either of which causes perpendicular (homeotropic) anchoring of most
nematic LCs.” ' % As mentioned above, the grids are used to generate capillary forces that lead
to the formation of stable LC—aqueous interfaces. A typical grid used in such an experiment will
have a lateral pore size of ~300 um and a known thickness ranging from 5 to 50 um. Prior to
use, the grids should be rinsed sequentially with ethanol, methanol, and chloroform and dried
overnight in an oven. After a grid is placed on the glass substrate, it is filled with LC to form a
film with approximately the same thickness as the grid. Excess LC (which will create a curved
interface) can be removed from the grid by touching the LC with an empty capillary tube. The
glass substrate supporting the LC-filled grid is then held at a slight angle from the horizontal and
immersed in an aqueous solution to form the interface between the LC and the aqueous solution.

As noted above, curved LC—aqueous interfaces will be generated if the grid is significantly
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overfilled or underfilled with LC. These situations are easily recognized by rings of interference
colors that are observed upon imaging the sample between crossed polarizers using white light
(described below). Finally, we note that the gold- and copper-coated surfaces of the TEM grids
cause a homeotropic orientation of the LCs. However, the extent of this alignment (~10 um) is
small compared to the lateral size of the grid pores typically used in these experiments (~300

um, Figure 2-3C).

2.3.3 LC-in-Water Emulsions.

The simplest method for preparing a LC-in-water emulsion involves the use of sonication
and vortex mixing to disperse LC added to a bulk aqueous phase (e.g., 2 uL of LC in 1 mL of
water).?>? When using conditions detailed in our past publication, this simple procedure results
in a polydisperse population of LC droplets with diameters ranging from 1 to 20 pm.”> A
measurement of turbidity (using a UV—vis spectrophotometer) is a useful way to assess the end
point of the sonication because, for a given volume of LC added to the bulk aqueous phase,
emulsions with similar turbidities will possess similar size distributions of LC droplets. If precise
control over the size of the LC droplets in the LC-in-water emulsion is desired, then one of
several alternative methods of preparation can be employed. For example, monodisperse LC-in-
water emulsions have been prepared by using polyelectrolyte multilayer capsules as templates®®
or by using microfluidics.”® Finally, for optical characterization of a LC-in-water emulsion, a
small volume of the emulsion (several microliters is usually sufficient) can be dispersed onto a
supporting substrate (e.g., a glass microscope slide) and the sample can be placed onto the stage

of a microscope. We note that glycerol is often added to the aqueous phase of LC-in-water



20

emulsions in order to increase the viscosity of the aqueous phase and thereby slow the diffusion

of the LC droplets (for ease of observation by microscopy).

2.4 Qualitative Optical Characterization of LCs at Interfaces

Most LCs possess anisotropic optical properties, and thus many methods used to
characterize the orientations of LCs revolve around the interaction of polarized light with the
LCs. As detailed below, measurements of the polarization of light transmitted through LCs are
commonly performed by placing a polarizer before and after a LC sample in the optical path of a
microscope (Figure 2-2). To enable a discussion of polarized light microscopy, below we briefly
describe how polarized light interacts with (uniaxial) LCs.

Polarized light propagating through a LC in a uniaxial nematic phase can experience two
distinct refractive indices depending on the polarization of the light relative to the director of the
LC (the direction the molecules of the LC tend to align on average): a refractive index parallel to
the nematic director (ne, extraordinary refractive index) and a refractive index perpendicular to
the director (no, ordinary refractive index) (Figure 2-2A).* The difference between these

direction- dependent refractive indices is known as birefringence (An = n, — n,) and leads to two

possible scenarios when a nematic LC is placed between a polarizer and an analyzer (oriented
90° with respect to the polarizer; crossed polarizers) and viewed in transmission mode using
white light (Figures 2-2B through 2-2E). First, if the LC is oriented perpendicular to the bottom
surface of the sample (Figure 2-2B) or if the azimuthal orientation of the LC is either 90° (Figure
2-2C) or 0° (Figure 2-2D) relative to the plane of polarization of the light passing through the
bottom polarizer, then the light propagating through the LC will experience only one index of

refraction (n, or ng) and the polarization of the light passing through the LC will remain
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unchanged. Thus, upon exiting the LC, light will not pass through the crossed analyzer, resulting
in a dark optical appearance of the material (Figures 2-2B through 2-2D). Second, if the
azimuthal orientation of the LC is neither parallel nor perpendicular to the bottom polarizer
(Figure 2-2E), then the light propagating through the LC will experience two indices of
refraction and split into so-called ordinary and extraordinary rays with electric field vectors
vibrating in different planes. The different refractive indices experienced by the two rays causes
them to travel at different velocities, inducing a phase shift. In general, the rays are phase shifted
such that the light emerges from the LC with an elliptical polarization. Thus, some light will pass
through the analyzer, resulting in a bright optical appearance of the LC (Figure 2-2E). As will be
discussed in detail below, the specific orientations of the LCs in the second scenario can give rise

to a range of optical appearances of the LC samples.
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Figure 2-2. Polarized light microscopy of nematic LCs using orthoscopic illumination.

(A) Schematic illustration of the index ellipsoid of a uniaxial nematic LC. Two distinct refractive indices
are evident - a refractive index parallel to the nematic director (n.) and a refractive index perpendicular to
the director (n,). The difference between these refractive indices is known as birefringence (An = n, —
n,). (B-D) Examples of orientations of LCs that, when viewed between crossed polarizers, exhibit a dark
optical appearance. In B, the director of the LC is oriented parallel to the direction of propagation of the
light through the LC. In C and D, the director of the LC is oriented in the plane of the sample with an
azimuthal alignment that is either perpendicular (C) or parallel (D) to the incident polarizer. (E) When the
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director of the LC is oriented in the plane of the sample but with an azimuthal orientation that lies
between the polarizer and analyzer, the light transmitted through the LC gains an elliptical polarization

leading. This leads to a bright optical appearance of the LC.
2.4.1 Orthoscopic Polarized Light Microscopy of LCs

2.4.1.1 Orthoscopic Polarized Light Microscopy of Planar Films of LC

An important consequence of the above-described birefringence of nematic LCs is that
orthoscopic polarized light microscopy can be employed to characterize the orientational
ordering of nematic LCs at interfaces.®’ This technique probes a LC sample with a beam of near-
parallel rays of polarized light. To illustrate its utility in characterizing the orientational ordering
of nematic LCs at interfaces, we focus on a system in which a thin planar film (slab geometry) of
LC, tens of micrometers in thickness, is confined between a solid substrate and an aqueous phase
(Figure 2-3). At the LC—aqueous interface, the zenithal orientation of the LC can be either
homeotropic (perpendicular to the interface), planar (parallel to the interface), or tilted (at an
acute angle to the interface). The bottom interface in Figure 2-3 is a reference interface, where
the zenithal orientation of the LC is homeotropic (caused by treatment of a glass surface with a
silane, see above). Each of the three zenithal orientations of the LC at the top interface will lead
to distinct optical appearances of the LC film when viewed using polarized light microscopy.
Below, we describe the optical appearance of the film for each of these zenithal orientations. We
also comment that this discussion, although presented in the context of LC—aqueous interfaces,
applies also to analysis of LCs between two solid surfaces.

When the zenithal orientation of the LC is parallel at the aqueous interface (so-called
planar anchoring), the LC confined in the film will undergo splay and bend distortions (Figure 2-

3B) to accommodate the competing anchoring conditions at opposing interfaces. This
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configuration of the LC leads to a bright optical appearance of the film as a result of the in-plane
birefringence of the LC (Figure 2-3A). It is important to note that, although the zenithal
orientation of the LC is well-defined at the LC—aqueous interface in Figure 2-3A, the azimuthal
orientation (preferred orientation of the LC in the plane of the interface) of the LC is influenced
by interactions with the vertical surfaces of the TEM grid. As a result of the anchoring on the
TEM grid, dark brushes that emanate from the edges of the film as well as defects (described in
further detail below) are evident in the optical appearance of the LC film. The LC appears dark
when the azimuthal orientation of the LC is locally parallel to either the polarizer or analyzer and
bright when the LC adopts an intermediate azimuthal orientation. When the azimuthal
orientation of a LC is degenerate, the appearance of the LC is often referred to as having a
Schlieren texture.?**®3" Qutside of the dark brushes, if the sample is illuminated using white
light, the colors of the film of the LC are typically faint yellow, pink, or green (Figure 2-3A).
These colors depend on the optical retardance of the LC film, which in turn is a function of the
thickness of the film of LC as well as the LC orientation (also discussed in more detail below).

In contrast to the case of a planar orientation at the LC— aqueous interface, when the
zenithal orientation of the LC is homeotropic, the orientation of the LC is uniformly
perpendicular except near the vertical surfaces of the grid (Figure 2-3D). The perpendicular
configuration of the majority of the LC leads to a dark optical appearance when the LC film is
viewed between crossed polarizers (Figure 2-3C). The sample appears dark because, as described
above, polarized light transmitted through the LC experiences only one index of refraction of the
LC (the so-called ordinary refractive index). Thus, the polarization of the incident light will be
preserved upon transmission through the sample, and the light will not be able to pass through

the crossed analyzer. As noted above, the bright regions of the LC evident near the surfaces of
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the grid are caused by a homeotropic orientation of the LC on the vertical surfaces of the grid.
The influence of the grid on the LC only extends a distance horizontally from the grid surface

that is comparable to the thickness of the LC film (~10 um in Figure 2-3C).

Planar Homeotropic Tilted

47 7 N 122,
Y 1NRA" G
AN INARNS 24 )
H1OP-B I\ (!

SHN NG
T NR AN
SANEEY

AN

D

B AqueousInterface AqueousInterface F AqueousInterface

Grid
Grid
Grid
Grid

Reference Interface Reference Interface Reference Interface

Figure 2-3. Polarized light micrographs (orthoscopic illumination) of micrometer-thick films of
nematic 5CB anchored in three distinct orientations at LC-aqueous interfaces.

Optical images (crossed polarizers; A, C and E) and schematic illustrations of the director profiles (B, D
and F) are shown. A and B correspond to planar anchoring, C and D correspond to homeotropic
anchoring, and E and F correspond to tilted anchoring of the LC at the LC-aqueous interface. Scale bars

are 300 um. Modified and reproduced with permission.’

Finally, similar to the case of a planar orientation, when the orientation of the LC is tilted
at the LC—aqueous interface, both splay and bend distortions will be present in the LC film
(Figure 2-3F). In the regions of the LC where the azimuthal orientation of the LC is not
influenced by the grid, the LC exhibits an appearance that is similar to a Schlieren texture

(Figure 2-3E). However, as compared to the case of a planar orientation, a tilted orientation at

the top interface leads to a lower optical retardance. This lower retardance leads to intense
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coloration in regions outside of the dark brushes (Figure 2-3E). An analysis of the interference
colors can provide quantitative information regarding the tilt angles of the LC at the interface
(see below).

The experimental situation addressed in Figure 2-3 did not involve a twist deformation of
the thin film of the LC. If a sample, when viewed between crossed polarizers, does not appear
dark at some orientation between crossed polarizers, it is likely that a twist distortion is present
in the sample. This situation can occur if the orientation of the LC is parallel to both the top and
bottom interfaces yet the azimuthal orientation of the LC is different at both interfaces (Figure 2-
9A). In this situation, if the azimuthal orientation of the LC at the bottom surface is aligned with
the plane of polarization of the light passing through the bottom polarizer, then the LC will serve
as a waveguide where the polarization of the light follows the twist of the nematic director. In
later sections, we describe in detail how the rotation of a sample cell with a twist distortion can
be used to quantify the azimuthal orientation of the LC at each interface (and thus also the twist
angle of the LC in the sample).

As briefly mentioned above, the optical texture of a thin film of LC between crossed
polarizers often possesses dark brush-like features (Figures 2-3A and 2-3E). These brushes
typically emanate from defects present in the film. The defects can be either line defects
(disclinations) extending throughout the bulk of the LC film or isolated point defects confined to
the plane of observation. Under conditions that lead to a degenerate azimuthal orientation at the
top interface of a thin film of LC (Figure 2-4A), two dark brushes emanate from the cores of
disclinations whereas four dark brushes will emanate from the cores of isolated point defects.*®
The presence of disclinations in areas where two brushes originate can be confirmed by

displacing either the top or bottom confining surface of the LC film. When either of the surfaces
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is shifted, the centers with two brushes will leave a clear singular trace and the centers with four

brushes will not.*®
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Figure 2-4. Topological defects in LCs.

(A) Polarized light micrograph of a Schlieren texture characteristic of a micrometer-thick film of LC with
a degenerate planar alignment. Arrows indicate the positions of topological defects. (B) Schematic
illustrations of director profiles around topological defects of indicated strength (k). (A) Modified and
reproduced with permission.*

The number of brushes (B) emanating from the core of a defect can be used to assign the
magnitude of the strength of a defect (Jk|) according to the relationship |k| = B/4.% Physically, [k|
defines the number of times the orientation of the nematic director rotates by +2x around the core
of the defect (Figure 2-4B). In addition, the direction that the brushes rotate around a defect
during an in-plane rotation of the film of LC can be used to define the sign of the defect.
Clockwise rotation of the brushes around a defect corresponds to a positive defect, and
counterclockwise rotation of the brushes corresponds to a negative defect. Figure 2-4B shows the
director profiles around defects with different signs and strengths. Finally, we note that the type

of defect can provide insight into the orientation of the LC at an interface. For example, in a film

formed by spreading LC onto a solid substrate in air (with a perpendicular orientation of the LC
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at the LC—air interface), the observation of a disclination line running through the central region
of the film indicates that the zenithal orientation at the LC—solid interface is planar and the
azimuthal orientation is uniform.*® Furthermore, the direction that the disclination traverses the

film is perpendicular to the azimuthal orientation of the LC at the LC—solid interface.

2.4.1.2 Orthoscopic Polarized Light Microscopy of LC-in-Water Emulsions.

The example presented above illustrates how orthoscopic polarized light microscopy can
be used to make qualitative statements regarding the orientational ordering of nematic LCs at the
flat interface of a micrometer-thick film. Although the orientational ordering of LCs at the
interface of micrometer-sized droplets in a LC-in-water emulsion can also be elucidated through
the use of orthoscopic polarized light microscopy,®® 81233 key differences exist between the
approaches typically used to determine the orientations of LCs at the interfaces of droplets as
compared to planar films. In particular, the confinement of LCs to micrometer-sized droplets
generates well-defined patterns of topological defects within the LCs.**® The observation of
these defects can be very useful when determining the orientations of the LC within droplets
with light microscopy. As shown in Figure 2-5, the positions of topological defects in LC
droplets and the organizations of the LC director around these defects (so-called “director
configurations”) result in distinct optical signatures when the LC droplets are viewed between
crossed polarizers.

The positions of topological defects within the bulk or at the interfaces of LC droplets are
governed by a subtle balance of surface anchoring and bulk elastic energies of the LC.>***° The
relative importance of the two contributions to the droplet free energy is size-dependent, with the

anchoring energy scaling with the square of the droplet radius and the elastic energy scaling in
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proportion to the droplet radius. For the purpose of this chapter, we focus on the characterization
of large LC droplets (>1 um) with strong anchoring. The term strong anchoring implies that the
surface chemistry at the droplet interface sets the orientation of the LC at this interface and the
LC within the bulk of the droplet relaxes to a director configuration that minimizes the elastic
energy of the LC. For a discussion of the influence of droplet size and weak anchoring on defect
structures encountered in LC droplets, the reader is directed elsewhere. %3

In contrast to systems containing flat films of LC, LC-in-water emulsions contain LC
droplets that are diffusing (translating and rotating), resulting in the time-varying optical
appearance of LC droplets. When LC droplets are characterized, it is useful to obtain multiple
images of each LC droplet by using video microscopy. By imaging LC droplets in many
different orientations, the full director profile of the LC confined within the droplet can be
determined. In addition to diffusion, when the LC is denser than the confining aqueous medium
(such as in the case of nematic 5CB in water), a second complication is that the LC droplets
undergo sedimentation. Our past studies have established that the sedimentation of LC droplets
onto solid surfaces (e.g., a glass microscope slide) can result in changes in the orientational
ordering of the LC within the droplets.?’ Imaging of LC droplets should, therefore, be performed
before a majority of the LC droplets contained in the emulsion have sedimented onto the
supporting substrate (which often occurs within a few minutes of preparing a sample for
observation). Finally, to ensure that the LC droplets were not perturbed by the supporting
substrate, LC droplets that were at least 50 pum above the surface of the substrate and translating
with velocities greater than 1 um/s were selected for characterization in our past experiments.
This distance (50 um) is a conservative estimate based on our experimental observations and

knowledge of the sizes of the LC droplets in the LC-in-water emulsions used in our studies
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(diameters of 1 to 20 pm).?>?*® Hydrodynamic interactions between diffusing LC droplets and
surfaces have not been studied in detail, although it is likely that the distance over which
interactions occur will depend on the sizes of the droplets. As noted above, glycerol can also be
added to the aqueous phases to increase the viscosity and slow sedimentation.

If the orientation of the LC at a droplet interface is tangential (i.e., locally planar), then
the director may exhibit a so-called bipolar configuration within the droplet (Figures 2-5A
through 2-5C). In a bipolar configuration, the droplet possesses two diametrically opposed point
defects (called boojums; Figures 2-5A and 2-5B).2 These point defects can be identified by their
dark appearance in polarized light images (Figure 2-5B) but are more readily identified when the
droplets are viewed using bright field microcopy because they scatter light, resulting in areas of
high contrast compared to defect-free regions (Figure 2-5A).*® Therefore, bright field
microscopy is a useful and complementary tool to polarized light microscopy when
characterizing the orientational ordering of LCs confined within micrometer-sized droplets. In
brief, bright field microscopy is performed by imaging the sample following the removal of the
analyzer in a polarized light microscope.

In regions of a droplet where the projected orientation of the LC is uniform along the
optical path and either parallel or perpendicular to the polarizer or analyzer (crossed polarizers),
the LC will appear dark. In other regions of the LC droplet, the LC will appear bright. Thus, in
the polarized light micrograph of the bipolar droplet shown in Figure 2-5B the majority of the
LC within the droplet appears bright. However, Figure 2-5B is only one of many appearances
that a bipolar droplet can exhibit between crossed polarizers because the ordering of the LC
within the bipolar configuration is not spherically symmetric. Polarized light micrographs of

bipolar droplets viewed in many different orientations can be found in ref 3.
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When the orientation at a LC droplet interface is homeotropic, one possible director
configuration is a so-called radial configuration (Figures 2-5D through 2-5F). The radial
configuration is characterized by a single point defect (or a very small disclination line in the
shape of a ring) located at the center of the droplet.®> A radial droplet possesses spherical
symmetry, and thus its optical appearance is invariant upon rotation of the droplet. Finally, a
polarized light micrograph of a radial droplet is characterized by a dark crosslike pattern as
generated by the regions of the LC that are oriented either parallel or perpendicular to a polarizer

(Figure 2-5E).
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Figure 2-5. Orthoscopic bright field and polarized light micrographs of 8-um-diameter droplets of
nematic 5CB, shown as a function of the anchoring of the LC at the droplet interface.

Bright field micrographs (A, D, G), polarized light micrographs (crossed polarizer, B, E, H) and
schematic illustrations of the director configurations (C, F, 1) are shown, for tangential (A-C),

homeotropic (D-F), and tilted (G-I) anchoring of the LC at the droplet interface. Reproduced with

permission.?
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When the orientation of the LC at a droplet interface is tilted, one possible director
configuration is the so-called preradial configuration (Figures 2-5G through 2-51). Similar to a
radial configuration, the preradial configuration possesses a single point defect. However, this
defect is located at the surface of the droplet rather than in the core of the droplet. Similar to a
bipolar droplet, a preradial droplet does not possess the spherical symmetry characteristic of a
droplet in a radial configuration, and thus many possible optical appearances are exhibited by
preradial droplets, dependent on the plane of rotation of the droplets. Again, by imaging
preradial droplets oriented in many different planes of rotation, the full director profile within the
droplet can be characterized (Figure 2-51).

Finally, we note that the LC droplet configurations described above represent one of
many possible director configurations induced by a tangential, homeotropic, or tilted orientation
of the LC at a droplet interface. The most stable director configuration for a given preferred
orientation is dictated by the relative magnitudes of the elastic constants that characterize the
different modes of strain within the LC droplets. The elastic constant for twist is typically
smaller than the other elastic constants (for splay and bend), and thus twisted configurations of
LC droplets are not uncommon. For an extensive catalog of possible director configurations for
each anchoring condition, the reader is directed elsewhere.® Finally, in contrast to defects in
planar films of LC, defects present in LC droplets are typically classified by a topological
charge. This classification is somewhat more complex than assigning a strength to a defect in a

planar film.*
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2.4.2 Conoscopic Polarized Light Microscopy of Planar Films of LCs

The above sections describe how orthoscopic polarized light microscopy can be used to
characterize the orientational ordering of nematic LCs at interfaces. Oftentimes, however, a
complementary technique is necessary to provide an unambiguous determination of the
orientation of the LC. For example, in the slab geometry, either a LC film with a uniform
homeotropic orientation between confining interfaces (Figure 2-3D) or a film containing an
isotropic phase of mesogens will appear dark when viewed using orthoscopic polarized light
microscopy (Figures 2-6C and 2-6E). If the LC film is formed within the pores of a TEM grid,
then a simple method to distinguish between these two states of a LC film is to observe the
regions near the grid. As discussed in section 2.4.1.1, the regions of the LC films near the
surfaces of the grids will appear bright (Figure 2-6C). In contrast to LC films with a uniform
homeotropic alignment, an isotropic phase of mesogens will appear dark near the surfaces of the
grids. More generally, however, conoscopic polarized light microscopy can be performed in
conjunction with the orthoscopic examination to distinguish between homeotropic and isotropic
states of a sample.

Figures 2-6A and 2-6B shows schematic illustrations of a polarized light microscope
configured for orthoscopic and conoscopic observations, respectively. In contrast to orthoscopic
examination, conoscopic examination requires, in addition to crossed polarizers, the insertion of
a Bertrand lens and a substage condensing lens.*’ The substage condenser causes the sample to
be illuminated by a cone of light rather than a column of light, and the Bertrand lens brings
interference patterns resulting from the interaction of this cone of light with the LC film into the
focal plane of the ocular lens of the microscope. The conoscopic examination of a thin film of

LC in a uniform homeotropic alignment between confining interfaces will lead to an interference
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pattern consisting of a dark cross overlying concentric rings (Figure 2-6D). In contrast, the
conoscopic examination of an isotropic phase of mesogens will not generate an interference
figure but rather will give rise to a dark optical appearance of the film (Figure 2-6F) because the
polarization of the light transmitted though the isotropic film remains unchanged. If the LC is
tilted slightly away from homeotropic, then the cross shown in Figure 2-6D will be displaced
from the center of the image. Below we return to the analysis of conoscopic figures to provide

quantitative information regarding the tilt of a LC away from the surface normal.
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Figure 2-6. Orthoscopic and conoscopic optical microscopy.

Schematic illustrations (cross-sectional view) of the optical elements in a polarized light microscope
when using (A) orthoscopic and (B) conoscopic illumination. (C) Orthoscopic and (D) conoscopic
polarized light micrographs (crossed polarizers) of a LC film with a uniform homeotropic orientation. (E)
Orthoscopic and (F) conoscopic polarized light micrographs (crossed polarizers) of a film of an isotropic

phase of mesogens. Scale bars are 100 um. Modified and reproduced with permission.*
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We conclude this section by reminding the reader that a film of LC oriented in a uniform
planar alignment between confining interfaces can also give rise to a dark optical appearance
during orthoscopic examination with crossed polarizers. However, conoscopic examination is not
necessary to distinguish between this situation and the previous two scenarios described above.
Instead, if the film of LC is rotated at an angle between 0 and 90° relative to the polarizer, then
the LC will exhibit a bright optical appearance (brightest at 45°). In contrast to a film containing
LC in a uniform planar alignment, both a film with a uniform homeotropic alignment of the LC

and a film of an isotropic material will remain dark at all angles of rotation of the sample.

2.5 Quantitation of the Orientations of LCs at Planar Interfaces

The experimental methods described above lead to qualitative information regarding the
orientations of LCs at interfaces. (For example, they can indicate the presence of a tilt but do not
provide the tilt angle.) In this section, we discuss optical methods that permit the quantitation of
the orientations of LCs at interfaces. Obtaining quantitative information regarding the orientation
of a LC at a surface, in general, requires a consideration of the director profile in a sample (that
is, a description of the variation of the nematic director as a function of position throughout the
sample). In this section, we will discuss the experimental methods that are used to infer both the

zenithal and azimuthal orientations of LCs in thin films.

2.5.1 Quantitation of the Zenithal Orientations of LCs
First we consider the case of a LC film that exhibits a homeotropic orientation at a
bottom (reference) surface. In this situation, as was shown in section 2.4.1.1, the zenithal

orientation of the LC at the opposing top interface (i.e., planar, homeotropic, or tilted)
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determines the optical appearance of the LC film (Figure 2-3). To quantify the orientation of the
LC at the top interface of the LC film (6, zenithal tilt angle), it is first necessary to determine
both the thickness, d, and the optical retardance, Ar, of the LC film. Methods used to measure

these two quantities are described below.

2.5.1.1 Measurement of LC Film Thickness, d

In some circumstances, where a precise measurement of 6y, is not required, it may be
sufficient to approximate the thickness of a LC film by, for example, the thickness of a Mylar
spacer* (slab geometry) or by the thickness of a TEM grid (aqueous—LC interface).'® To obtain
a precise measurement of the tilt angle of the LC, however, a measurement of LC film thickness
will likely be required. As described below, the thickness of the LC film within a LC optical cell
can be obtained through the use of a UV—vis spectrophotometer.

In the situation where a LC film is to be confined between two semireflective solid
surfaces, the thickness can be measured using the interferogram generated when the cell is
inserted into the light path in a UV—vis spectrophotometer (before the cell is filled with the LC
or when the LC is heated to an isotropic phase). Once within the light path, the constructive and
destructive interference of light partially reflected from the internal surfaces of the optical cell
leads to the formation of a pattern of interference fringes. Specifically, the thickness is calculated
by identifying the wavelengths of adjacent peaks (4;) in the interference pattern using the
following equation

=\ T (2-1)
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where n is the index of refraction of the medium in the optical cell (for the case of an air-filled
cell, n=1).

When a LC film has a free interface (e.g., an aqueous—LC interface), measuring the
thickness of the LC film is not as straightforward as in the case of a LC film confined between
two solid surfaces. In the former situation, one approach is to measure the LC film thickness by
decorating the aqueous interface of the LC with a few microparticles and by scratching the
surface of the supporting solid substrate (before contacting the LC with the surface).? By
locating the focal plane of the microscope on the features on both interfaces of the LC and by
calibrating the notches on the fine focus knob of the microscope, the distance between the two
interfaces of the LC can be determined by moving the focus from the bottom surface to the top
interface of the LC film. The theoretical accuracy of this method is limited by the numerical
aperture (NA) of the objective used. (The limit of the out-of-plane resolution of a microscope
objective is proportional to 1/NA2) We estimate, in practice, that this method permits the
determination of the LC film thickness within £1 um when using a 50% objective with NA = 0.5

(on an Olympus BX60 microscope).

2.5.1.2 Measurement of LC Film Optical Retardance, Ar

The optical retardance, Ar, of a LC film is the integrated effect of the LC birefringence
and the optical path length experienced by light transmitted through the film. As described in
section 2.4.1.1, upon entering a LC film with hybrid boundary conditions, light refracts into two
components (ordinary and extraordinary rays) that travel at different velocities through the film.

The relative phase shift between these two rays upon exiting the LC medium is referred to as the
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optical retardance. As described below, this quantity can be measured through the use of a
compensator, a Polscope, or it may also be estimated through the use of a Michel-Levy chart.
Compensators are instruments that shift the phase of light to exactly offset, or
compensate for, the retardance of a birefringent sample. Although many different types of
compensators exist and can be used to determine the retardance of a sample, here we discuss the
Berek U-CTB compensator because it is a commonly used compensator. A Berek compensator
consists of a birefringent calcite plate that can be precisely tilted to generate a desired
(compensating) optical retardance (Figure 2-7). To use this instrument to determine the
retardance of a LC film, one must first place the sample on a circular stage and examine the film
between crossed polarizers using a polarized light microscope. It is then necessary to identify
and focus on a region of the film where the LCs locally exhibit a uniform azimuthal orientation.
The stage is then rotated until the observed region of the film attains extinction (i.e., appears
dark). Note that if the confining interface does not give rise to an overall preferred azimuthal
orientation, as is the case for the interface between a LC and water, then regions of local uniform
azimuthal alignment can be conveniently identified by the location of dark brushes. Next, the
stage is rotated clockwise 45° and clamped into place (Figure 2-7C). The Berek compensator
crystal is then inserted into the optical path above the sample but beneath the analyzer with its
drum initially set to 30°. Subsequently, the angle adjustment dial of the compensator is slowly
rotated in one direction, which leads to the appearance of a number of brightly colored fringes
passing through the sample. The dial should continue to be rotated until a single black fringe
intersects the center of the field of view (Figure 2-7D). This angle (6;) is recorded from the
compensator. The dial is then rotated in the opposite direction, past 30°, until a second black

fringe appears at 6, (Figure 2-7E). If no colored fringes are observed during this process, then
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rotate the stage counterclockwise 90°, reclamp it, and repeat the procedure described above. If a
black fringe is still not observed to intersect the center of the field of view, it is possible that the
retardation of the LC film exceeds that which is measurable by the Berek compensator. After the
measurement of these angles, the angle 8 =|0; — 6,|/2 is calculated and used to determine the
retardance of the LC film (each compensator is accompanied by a reference table that reports the

retardance as a function of this angle, Figure 2-7B).
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Figure 2-7. Measurement of optical retardance using a Berek compensator.

(A) Schematic illustration of a Berek compensator. (B) Illustration of the calcite crystal within a Berek
compensator, and the tilting of the crystal to introduce compensating retardance into the optical path. (C)
Polarized white light micrograph of a birefringent LC sample viewed between crossed polarizers when
rotated by 45° from extinction. (D, E) Optical images following insertion of a Berek compensator into the
optical path and subsequent rotation of the compensator dial, both forward (D) and backward (E), to

locate a black fringe in the middle of the image. Reproduced with permission.>
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An alternative way to measure the optical retardance of a LC film is through the use of a
retardance mapping instrument such as the CRI PolScope.” This instrument operates by
illuminating a sample with circularly polarized light (A = 546.5 nm). After passing through the
sample, the light is collected by a LC compensator and imaged through the use of a CCD
camera. This instrument is capable of mapping the retardance of a sample over a large spatial
area and can determine retardance values of between 0 and 273 nm (i.e., A/2) to a precision of
0.02 nm. A limitation of this technique is that it cannot be used to measure the absolute value of
the retardance of a sample when the retardance exceeds 273 nm. (The Polscope reports
retardances above 273 nm with an ambiguity on the order of the retardation.) The Polscope is
best utilized either for analyzing small spatial variations in the retardance of a sample or for
calculating exact retardance values in cases when the approximate retardance of the sample is

already known.
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Figure 2-8. Michel-Levy color chart.
The chart relates sample thickness, optical retardance and effective birefringence of optically anisotropic
materials to colors observed when using crossed polarizers and white light illumination. Optical

retardance (in nm) is given at the bottom of the chart. Reproduced with permission.>
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Finally, we comment that a comparison of the interference colors observed in a LC
sample (when imaged between crossed polarizers using white light) with those found in a
Michel-Levy chart (Figure 2-8) can be used to estimate the retardance of a thin film of LC.
However, the precision of this method can be low, especially for high optical retardances (>1500
nm), because individual interference colors can correspond to broad ranges (~300 nm) of
retardance values. The interference colors also become increasingly washed out at high orders.
We note that the Michel-Levy chart can also be utilized to estimate the thickness of a LC film

when the orientation of the LC is known.

2.5.1.3 Determination of the Zenithal (Tilt) Angle

As mentioned above, the zenithal orientation of a LC (6p) at the upper interface of a LC
film can be determined from the measurements of the retardance and film thickness. The
evaluation of 6y, is based on a model of the director profile across the thickness of the LC film,
which is typically determined by the minimization of an expression for the elastic free energy of
the thin LC film."**® The elastic free energy density of a LC, as described by the Frank—Oseen
expression, is

1
Felastic = E [Kll(v ) n)z + Ky (n-V X n)z + K33(n X V X Tl)z
(2-2)

—K24V-(nxVxn+n(V-n))]
where n is the director of the LC and K1, Ka,, Kss, and Ky, are the elastic constants for splay,
twist, bend, and saddle-splay deformations, respectively.** An additional term containing K3, the
splay—bend elastic constant, is not included in Equation 2-2 because it contains higher-order

derivatives of n. The term containing K4 is also often neglected, although it clearly plays an
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important role in some geometries, including spherical LC droplets.>***?* Finally, a one elastic
constant approximation (Ki1 = Kg = Kaz = K) of the full Frank—Oseen expression®** is often
used to simplify Equation 2-2 further, although we note that there are instances where this
simplification does not capture the experimental behavior of the LC.***®> The use of the one-

constant approximation reduces the expression for the elastic free energy density of the film to

. 1 .
Felastic(e»e) ZEKQZ (2_3)

Minimization of the elastic free energy of the LC slab geometry leads to the result that the tilt of

the LC varies linearly with position across the film

Z
0(z) = E (Btop - Hbottom) + Bpottom ( 2-4 )

For the situation where the orientation of the LC on the bottom substrate is strong and
homeotropic (Gyotom = 0°), the relationship between the optical retardance of the LC film of

thickness d and the tilt angle at the top interface (6:p, measured from the surface normal) is given

by

fd NN,
> \ s (un) +rkcos (30)

in which n, and n, are the indices of refraction perpendicular and parallel to the optical axis of

Ar = —n, |dz (2-5)

the LC, respectively.”***> The solution of this equation to obtain the experimentally measured
value of Ar yields 6ip. The interested reader is referred elsewhere to a detailed derivation of the
equations for Ar and 6(z).”

To illustrate the relative precision of estimates of 6, obtained using a compensator
versus the Michel-Levy chart, we consider the following example. The retardance of a sample

composed of a 20-um-thick film of nematic 5CB (ne = 1.711 and no = 1.5296)% with strong
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homeotropic orientation on the bottom reference surface was measured using a compensator in
our laboratory to be Ar = 1055 + 14 nm. The solution of Equation 2-5 for 6y, yields yp = 63.0 +
0.5°. For comparison, from the Michel-Levy chart (Figure 2-8), it can be seen that such a film
would possess pink interference colors when imaged between crossed polarizers using white
light. However, the chart also shows that the pink interference color will be observed for all Ar
values between ~1020 and 1100 nm. Therefore, if only the Michel-Levy chart was used to
estimate 6y in this particular sample, then 6, could only be determined to lie between 61.7 and
64.6°.

Finally, we note that conoscopy can also be used to determine 6y, particularly when the
director is tilted only slightly from a homeotropic orientation. As noted above, the conoscopic
examination of a thin LC film with uniform homeotropic alignment yields an interference figure
consisting of a dark extinction cross overlying concentric rings in the center of the field of view.
In the case of a LC film that tilts slightly from the homeotropic orientation, the dark cross will be
shifted from the center of the field of view. The measurement of the position of the cross, when
combined with a knowledge of the refractive indices of the LC, can be used to obtain a,, the
angle between the surface normal and the center of the interference figure through use of

Mallard’s equation

r
ENA=(n)sino¢0 (2-6)

where r is the distance between the center of the field of view and the center of the cross, R is the
radius of the field of view, NA is the numerical aperture of the objective, and (n) is the average
refractive index of the sample.* The tilt angle is then given by

Orop = 90° — 0, (2-7)

We refer the reader to a prior publication for a complete description of this method.*
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2.5.2 Quantitation of Azimuthal Orientations of LCs

In this section, we describe how the azimuthal orientation of a LC can be quantified for
the experimental situation in which the LC film is sandwiched between two contacting solid
surfaces, each of which induces different azimuthal orientations in the LC. The distinct
azimuthal orientation of the nematic LC at each of the two confining surfaces will lead, in
general, to the formation of a twist distortion within the LC (Figure 2-9A). Depending on the
azimuthal anchoring energy (W,) at each of the confining surfaces and the elastic energy stored
in the bulk resulting from the twist deformation, the LC director at one or both surfaces may
depart from the easy axis.'* Figure 2-9A depicts a case in which the easy axes of the LC at the
two confining surfaces are aligned orthogonal to one another and a strong azimuthal orientation
of the LC on the bottom reference surface prevents the LC director from deviating from the easy
axis on the bottom surface.® However, weak anchoring of the director to the top surface allows
the LC director to deviate from the top easy axis, decreasing the twist distortion across the film
(characterized by the twist angle, V).

The twisted nematic LC (TNLC) described above acts as a waveguide. Thus, polarized
light propagating through the LC film follows the twist of the LC director provided the Mauguin
condition, A <« (ne — No)P, is satisfied,® where P, the pitch of the LC, is equivalent to 4d and d is
the thickness of the film for a 90° twist.** This condition is satisfied in LC films that are tens of

micrometers in thickness.
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Figure 2-9. Experimental set-ups and angle diagrams used to determine azimuthal (A and B) and
zenithal (C and D) anchoring energies.

(A) Schematic illustration of a twisted nematic LC (TNLC). (B) Diagram depicting the angles used to
characterize the TNLC between two polarizers. The azimuthal orientation of the easy axis of the LC
(defined by ®.) and the azimuthal orientation of the LC director (defined by ®) are shown for both the top
and bottom surfaces. (C-D) Schematic illustrations and corresponding definitions of angular
displacements of the director in a LC film with planar-homeotropic hybrid anchoring conditions. The
bottom surface is assumed to cause strong homeotropic anchoring and is used as a reference surface. The
orientation of the easy axis of the LC at the top surface is characterized by the zenithal angle 6., and the

orientation of the LC director is characterized by #. Modified and reproduced with permission.*

With reference to Figure 2-9B, to determine P, it is first necessary to determine the angle
between the analyzer and source polarizer corresponding to the minimal transmission of
polarized light (angle y). A determination of y requires that the easy axis of the LC on the bottom
reference surface be aligned parallel to the input polarizer. This can be accomplished by the use

of reference regions within the TNLC cell, corresponding to regions of the upper substrate that
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have been patterned such that the easy axis is parallel to that of the reference surface.?* Within
these regions, the LC film will have a uniform zenithal and azimuthal alignment. However, even
in the absence of these reference regions, the reference surface of a TNLC cell can be properly
aligned because the complete extinction of transmitted light will be observed upon the rotation of
the analyzer only when the easy axis of the reference surface is aligned parallel to the input
polarizer. In this situation, the TNLC cell is placed on a microscope stage between crossed
polarizers with the input polarizer facing the reference surface, and the sample is subsequently
rotated between the stationary polarizers to minimize light transmitted through the sample.
Subsequently, the analyzer is rotated to further minimize the light transmitted through the
sample. Three iterations of this procedure are typically sufficient to obtain extinction.?* This
procedure can be conveniently performed by capturing optical images of the TNLC at regularly
spaced intervals of the sample or analyzer orientation (Figure 2-10A). Image processing is then
used to determine the mean luminosity of the LC in each image, and this data can be plotted as a
function of analyzer position (Figure 2-10B). The magnitude of light transmitted through the

twisted LC film can be fit to a function of the form***

f(x) = Acos?(x — x,) (2-8)
to determine y. The twist angle, ¥, can then be obtained from y using the angle diagram depicted
in Figure 2-9B. For the case of interest, when the easy axes of the two confining substrates are
orthogonal to one another, the relationship is
Y=y —-90° (2-9)
where W is constrained to be between —90 and +90°.*** A generalization of this expression for

TNLC cells in which the easy axes are not orthogonal can be found elsewhere.***°
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Figure 2-10. Measurement and analysis of the intensity of light transmitted through a twisted LC to
determine the angle y (definition in the text).

(A) Optical images (polarized white light) captured for the TNLC cell as a function of analyzer position
(i.e., “crossed polarizers” correspond to 90°). (B) Mean luminosity of a domain within the LC sample,
plotted as a function of analyzer position. The data was fit to a cosine squared function (inset) to provide
an accurate determination of the minimum. The angle at which the minimum occurs corresponds to y.

Reproduced with permission.*

Finally, we note that a pixel-by-pixel quantitation of the twist angle within a TNLC cell
(i.e., azimuthal orientation of LC on the top surface relative to the bottom surface) can also be
performed using methods adapted from those described above.? For example, Figure 2-11 shows
a high-resolution map polarized light micrographs.”® We also note that the quantification of the
orientations of LCs in spherical geometries (i.e., LC-in-water emulsions) is more difficult than in
the slab geometry described above. In general, quantitative information about the orientations of

LCs at the interfaces of LC droplets is obtained by comparing the optical textures of droplets
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calculated from simulations to experimentally obtained polarized light micrographs.®> We caution

that the procedure is laborious and can be ambiguous.

Figure 2-11. Optical map depicting spatial variation of the twist angle within a LC that is anchored
on a chemically patterned surface.

The color chart shown at the right side of the figure indicates the twist angle. Measurement of the
position-dependent twist angle of the LC can be used to image chemical patterns on surfaces (see text for
details). Reproduced with permission.?

2.6. Measurements of Anchoring Energies

The measurement of the anchoring energy of a LC can provide fundamental insight into
the intermolecular interactions responsible for the orientations of a LC at a particular interface,
and it is also a technologically important quantity because it often determines the response of a
LC to a stimulus (e.g., electric field) or adsorbate. In the context of using LCs to report
interfacial phenomena, measurements of changes in the anchoring energy can be substantially
more sensitive than measurements of changes in the easy axis.®**? Below, we describe methods

that permit the measurement of anchoring energies at a variety of LC interfaces.
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2.6.1 Quantification of Anchoring Energies of LCs at Planar Interfaces

A number of methods exist to measure the anchoring energy of a LC at an
interface.>"*42122534 | general, the methods involve the application of a perturbation to the LC
and the measurement of a response that is dictated by the anchoring energy. One common
approach is to design the LC to be elastically strained (deformed in the bulk) such that the torque
generated by the strain in the LC causes the LC to deviate from the easy axis at the surface of
interest. The magnitude of the angular deviation of the LC from the easy axis permits an
evaluation of the anchoring energy. We note that this approach requires a knowledge of the
orientation of the easy axis of the LC. When characterizing LCs in slab geometries, the torque
generated by a thick film will be small, and thus experiments performed with thick LC films (i.e.,
d =~ 50 um) are typically used to determine the orientation of the easy axis of the LC. Conversely,
measurements using thin LC films will yield orientations of the LC at the confining surfaces that
deviate from the easy axes (because of the torque associated with the strain of the LC) and thus

provide access to anchoring energies of LCs.

2.6.1.1 Governing Equations Used to Determine Anchoring Energies.
The orientation-dependent interfacial energy, f s, of a LC is often described by the

Rapini—Papoular expression,”*® namely,

fs=%Wzsin2(0—He)+%Wasin2(¢—¢e) (2-10)

where subscripts z and a denote zenithal and azimuthal quantities, respectively. We consider first
an experiment performed in a thin film geometry that is designed to provide values for W,. We

then generalize the result to allow the determination of W,. For simplicity, we assume that the
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magnitude of the elastic constants for splay, bend, and twist are equal (the so-called one-constant
approximation discussed above). The experimental system comprises a bottom confining surface
(reference surface with strong anchoring) and a top surface at which the anchoring energy is to
be determined. As described below, minimization of the free energy of the system using the one
elastic constant expression for the elastic energy and the Rapini—Papoular expression for the
interfacial energy at the top surface results in a simple expression for W on the top surface. In

brief, Equations 2-3, 2-4, and 2-10 are inserted into the expression for the free energy of the LC

film
d .
F= [ Feaasic(0.6)d7 + for + iz (2-11)
0 FSurface
to yield

d K etop - Hbottom ? 1
F(Htop) = f E( —d ) dZ+§VVZSiI’12(9t0p —He) +fSZ (2'12)
0

where 6ip and Gpoom are the zenithal angles defined by the director at the top and bottom
interfaces, respectively (Figure 2-9), and 6. defines the orientation of the easy axis of the LC at
the top interface. The minimization of this free energy with respect to the orientation of the LC at
the top interface yields the expression

_ 2K(Htop - Hbottom)

Z - .
d sin (Z(He - 9t0p))

(2-13)

For the measurement of the azimuthal anchoring energy, a twisted nematic LC cell is
used. By using the twist elastic constant (i.e., K = Ky) and by redefining the angles in the

system, we reach the commonly used torque balance expression (¢wop — @bottom = ¥ and @e — drop =

o, see Figure 2-9):4%
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2Ky

We = G ints) (2-14)

2.6.1.2 Measurement Technique

To use Equation 2-14 to determine the azimuthal anchoring energy at a LC-—solid
interface, the thickness of the LC film (section 2.5.1.1) and the twist angle of the LC (section
2.5.2) are measured. Figure 2-12 shows the relationship among the LC film thickness, twist
angle, and anchoring energy calculated using Equation 2-14 (using K, ~ 3.8 pN).2**’ From
Figure 2-12, we make a couple of observations. First, the twist angle varies significantly with
anchoring energy for values of W that are less than ~0.5 pJ/m? for thick films (d = 50 pm) and
less than ~2 pJ/m? for thin films (d = 4 pm). For larger values of the anchoring energy, the
torque generated by the elastic energy stored in the LC film is insufficient to cause easily
measured deviations of the LC orientation from the easy axis at the interface. The range of
anchoring energies that can be measured by this method is therefore relatively limited (0.5-2.0
wJ/m?). Outside of this range of anchoring energies, the uncertainty associated with the measured
anchoring energies will be larger because small changes in the twist angle correspond to large
changes in the anchoring energy (Figure 2-12B).** Specifically, for a surface with an anchoring
energy of 5 wJ/m? if characterized with a LC film with a thickness of 50 pm and a LC
orientation measured with a precision of £0.5°, the uncertainty in the anchoring energy would be

approximately +2 pJ/mZ.
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Figure 2-12. Twist angles of LCs calculated from the torque-balance equation (details in the text).
Results shown are for 5CB and assume that the orientations of the easy axes (in plane of surface) at the
confining surfaces are separated by 80°. (A) LC twist angles plotted as a function of anchoring energy
and LC film thickness. (B) Plots of LC twist versus azimuthal anchoring energy for LC films thicknesses
of 50 um (dotted line), 16 um (dashed line), and 4 um (solid line). Reproduced with permission.*

An implementation of Equation 2-13 forms the basis of the measurement of the zenithal
anchoring energy. To illustrate this method, we describe the measurement of the zenithal
anchoring energy at a free interface of a LC film, such as the LC—aqueous interface. Here we
assume that the anchoring of the LC at the bottom reference surface is strong and homeotropic.
As with the example described above, it is first necessary to determine the thickness of the LC

film (details in section 2.5.1.1). Next, the measurement of the retardance of the LC film is

performed using a compensator (section 2.5.1.2). By solving Equation 2-5, it is possible to
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determine the tilt of the LC at the LC—aqueous interface and, using Equation 2-13, to determine
the zenithal anchoring energy. The challenges associated with this method include the
measurement of the thicknesses of LC films with free interfaces (such as a LC—aqueous
interface). For example, a LC film of thickness 7 +£ 1 um and measured retardance of 475 = 10
nm leads to an estimate of W that lies between 2 and 16 pJ/m?® (using K = 6 pN). When
performing measurements of the anchoring energies of LCs at LC—aqueous interfaces, it is also
important to understand that the pH and the ionic content of the aqueous phase play important
roles in determining the anchoring energy.**®

We end this section by commenting that the above analysis assumes that the film
thickness (d) is large compared to the extrapolation length (L/d <« 1, where L is the extrapolation
length, defined in section 2.2, at the top surface). As described earlier, this means that the LC
film thickness is large enough that it leads to relatively small deviations of the director from the
easy axis. In experiments in which the LC film thickness is comparable to the extrapolation
length at the top surface (L/d = 1) and the anchoring of the LC on the bottom surface is strong
and homeotropic, the determination of the film thickness at which the entire film becomes

homeotropic provides the basis of another method to estimate the anchoring energy of the LC at

the top surface.

2.6.2 Anchoring Energies in LC-in-Water Emulsions

The determination of the anchoring energy of a LC at the aqueous interface of a LC
droplet can be achieved by exploiting the elastic energies generated by the confinement of the
LCs to the droplets. As mentioned in section 2.4.1.2, the relative importance of surface and

elastic contributions to the free energy of a LC droplet is dependent on the size of the LC droplet.
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This scaling can be used to determine anchoring energies based on observations of size-
dependent ordering in LC droplets. For large droplets dispersed in an aqueous medium where the
easy axis is tangential to the droplet interface, the surface energy will be dominant and LC
droplets will assume a bipolar configuration. In contrast, for small droplets, the elastic energy of
the LC in the volume of the droplet becomes dominant and causes a transition to a radial
configuration (Figure 2-13).'® By observing the size at which droplets spontaneously transition to
radial ordering, one can estimate the anchoring energy at the LC—aqueous interface for the LC
emulsion system. Specifically, as described elsewhere, the free energies of a bipolar droplet and

a radial droplet (both with an easy axis tangential to the LC interface) can be approximated as®
FBp: 57Z'K11R —277:K24R (2 - 15)
FR: 87Z'K11R— 47rK24R+27tVVR2 (2‘16)

and by setting Equation 2-15 equal to Equation 2-16, we can write the anchoring energy as

(2-17)

where R is the size of the LC droplets at which the transition from radial to bipolar
configurations takes place. Although this method appears to be straightforward to implement, we
make three comments regarding its use. First, Equations 2-15 and 2-16 are approximate, and thus
Equation 2-17 provides only an estimate of the anchoring energy. Second, it relies on a
knowledge of K4, and there is substantial variation in the estimates of this elastic constant in the
literature. Third, for LC—aqueous interfaces, commonly encountered anchoring energies lead to
values of R that can be below the resolution of an optical microscope. For example, we

measured R, to be 400 nm (using a 100x objective) for droplets of nematic 5CB in contact with
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aqueous solutions. By using K13 = 6.4 pN and Ky, = 1.53K3;, we arrived at an estimate of W of

~0.5 wJ/m2.1%% Values of W higher than ~1 pJ/m? will involve even smaller values of R..

d>3um d =~ 1um d ~700nm
Bipolar Preradial Radial

Figure 2-13. Optical micrographs and schematic illustrations of the configurations of LCs within
LC droplets, shown as a function of LC droplet size (with constant surface chemistry).

(A-D) Polarized light micrographs (crossed polarizers) of 5CB droplets hosted within polymer capsules
with diameters of (A) 8.0 £ 0.2 um, (B, C) 1.0 £ 0.2 ym, or (D) 0.70 = 0.08 um. (E-G) Schematic
illustrations of bipolar (E), preradial (F) and radial configurations (G) of LCs, corresponding to the
micrographs in A, B and C, and D, respectively. Scale bars are 2 um in A-C and 1 um in D. Modified and

reproduced with permission.®
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2.7.Unresolved Challenges and Cautions

Before concluding this chapter, we briefly discuss some unresolved challenges and
cautions related to the optical characterization of LC interfaces. We present the challenges with
the hope that they might define topics of research for new researchers entering the field. The
cautions are presented with the goal of alerting new researchers to some of the potential pitfalls
when characterizing LC interfaces.

Our first comments involve the characterization of LC droplets. As discussed above, this
area of research is a fertile one (for example, as the basis of biological sensors), yet the
characterization of the interfaces of LC droplets remains relatively difficult. As noted in section
2.4.1.2, micrometer-sized LC droplets in LC-in-water emulsions typically translate with
velocities greater than 1 um/s both in and out of the focal plane of a microscope. This makes the
imaging of LC droplets a challenge.?®**® Past attempts by us and others to address this issue
include the immobilization of LC droplets on chemically tailored solid surfaces.20 The
immobilization of the LC droplets, however, perturbs the ordering of the LC within the
droplets.?’ An alternative approach (as described above) is to add glycerol to the aqueous phase
to increase the viscosity of the aqueous phase and thus slow the motion of the LC droplets.
Although this approach does decrease the velocity of the droplets, it also has the potential to
change interfacial phenomena occurring in LC-in-water emulsion systems (e.g., adsorbate-
induced ordering transitions involving biological molecules) substantially. In addition, we
emphasize that in general it is particularly difficult to obtain quantitative information about the
orientations of LCs at the interfaces of droplets. Current procedures typically involve
calculations of the optical appearance of droplets from the results of simulations and

comparisons of the calculated optical appearance to experimentally obtained polarized light
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micrographs. These procedures are laborious and can be ambiguous.® Overall, there exists an
unmet need for the development of general and facile optical methods that permit the
quantitative characterization of LC-in-water droplets. Advances in microfluidic technologies and
associated single-particle optical techniques (e.g., flow cytometry) might form the basis of such
techniques.

We also offer a few cautions for new researchers working in this field. The first caution
relates to the purity (and stability) of LCs. LCs, although often provided by manufacturers at
high purity, can degrade if not handled correctly (e.g., exposed to sunlight from a window).* The
degradation of a small fraction of the molecules within a LC sample can quickly change the
interfacial ordering of the LC if the degradation products are surface-active. Therefore, care must
be taken to avoid the degradation of the LC or the introduction of impurities from materials that
contact the LC (e.g., water that forms the basis of a LC—aqueous interface). A second caution
that we offer here relates to the characterization of LC—aqueous interfaces. This is a so-called
buried interface that is relatively difficult to characterize when decorated, for example, by a
biological analyte such as a lipid that triggers an anchoring transition within the LC. A common
approach is to add to the adsorbate a small amount of a fluorescent marker and perform
fluorescence microscopy in parallel with both bright field and polarized light optical
microscopy.®”*%2%2L \We and others have observed that the presence of fluorophores at the LC
interface can substantially change the ordering of the LC.” The development of spectroscopic
methods that do not require the use of labels and can be used to characterize buried interfaces

(e.g., nonlinear optical methods) is a promising area of ongoing research.
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2.8 Conclusions

This chapter presents an introductory-level description of widely accessible optical
methods that can be used to characterize the orientations of LCs at interfaces. These methods can
be used to characterize the orientations of LCs at planar interfaces (LC— solid and LC—aqueous)
as well as the curved interfaces of LC- in-water emulsion droplets. All of the methods described
in this chapter can be performed on a standard polarized light microscope with white-light
illumination and a Bertrand lens. In addition, we describe optical methods that permit the
measurement of the anchoring energies of LCs at interfaces. Such measurements can provide
important insights into interfacial phenomena occurring at LC interfaces that do not give rise to
changes in the easy axes of LCs. Overall, the methods described in this chapter enable studies of
LC interfaces relevant to electro-optical devices, materials synthesis, biological liquid crystals,

and the design of stimuli-responsive LC systems suitable for chemical and biological sensing.
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Property 5CB" E7° TL205¢
K1 (pPN) 6.3 11.7 17.3
K22 (pN) 3.9 8.8 -
Ksz (PN) 8.3 19.5 20.4
Tni (°C) 35 58 87.4
An 0.212 0.2255 0.2175
Ne 1.742 1.7472 1.7445
No 1.530 1.5217 1.527
Ag 20.1 14.1 5

Table 2-S1. Physical properties of the LCs displayed in Figure 2-1A of the main text (4-cyano-4'-

pentylbiphenyl (5CB), E7 and TL205).?

*Notation: Ky, splay elastic constant; Ky, twist elastic constant; Ks;, bend elastic constant; Ty,

nematic-to-isotropic clearing temperature; An, birefringence; ne, extraordinary refractive index;

Nno, ordinary refractive index; Ag, dielectric anisotropy.

belastic constants from 3*; Ty, from

41,55

‘elastic constants from ¢ °’; T, from .

%elastic constants courtesy of EMD group, Merck KGaA.; Ty, from %.

®C4An, ne, No, and Ae courtesy of EMD group, Merck KGaA.
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Chapter 3: Design of Responsive and Active (Soft) Materials using Liquid

Crystals*

3.1 Introduction

LCs are condensed fluid phases that, for a given material, are thermodynamically stable
at temperatures intermediate between those that give rise to crystalline solids and isotropic
liquids (Figure 3-1A). LCs are classified as thermotropic when the temperature of the system
alone determines the phase behavior; in contrast, lyotropic systems consist of compositions that
require the addition of solvent to form a LC phase.> LC phases derive many of their unique
properties from the long-range ordering of their constituent molecules, called mesogens.® For
example, rod-like molecules such as pentyl cyanobiphenyl (5CB) (Figure 3-1B) exhibit an
average orientation (termed the “director”) in the nematic LC phase that is preserved over
distances that are several orders of magnitude greater than molecular dimensions. The long-range
ordering of mesogens in LCs imparts the bulk material with anisotropic mechanical properties as
well as optical birefringence, which is commonly associated with crystalline solids. Unlike a
crystalline solid, however, the mesogens are able to diffuse (via translation and rotation) at rates
that are comparable to simple, isotropic liquids. This characteristic mobility allows the material
to rapidly reorganize and communicate information across the bulk of the phase, which as will be
discussed later in this chapter, enables new designs of responsive and potentially active
materials.

The nematic LC described above is one of the simplest and best-studied LC phases.
Many other exotic LC phases have been discovered over the past decade, including the recently

reported “twist-bend” or “heliconical” nematic phase.”* These new phases are formed from
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molecules that have unusual shapes (and names). For example, in the case of bent-core LC
phases, the molecules comprising the LC consist of rigid, banana-shaped mesogens (Figure 3-
1C). For purposes of this chapter, we introduce only the so-called B4 phase, which forms when
banana-shaped mesogens assemble into nanosheets that twist into chiral helical structures
(Figure 3-1D).° In turn, these sheets aggregate into nanorods, which then form porous filaments.”
It is worth noting that these chiral nanosheets arise despite the achiral nature of the constituent
molecules. While this spontaneous breaking of symmetry leads to locally chiral structures, the
material overall comprises a racemic mixture of domains of opposite handedness. Nonetheless,
use of these materials has been proposed for the fabrication of non-linear optical devices and
opto-electric responsive systems.®®

Whereas the nematic and bent-core LCs described above are phases that arise from the
properties and organization of a single type of mesogen, mixtures of mesogens (or mixtures of
mesogens and non-mesogenic molecules) give rise to a wide range of interesting LC phases. For
example, the addition of a chiral molecule (Figure 3-1E) to a nematic LC induces a helical twist
perpendicular to the director (Figure 3-1F).! This chiral phase is referred to as a cholesteric LC.
At a sufficiently high concentration of the chiral additive, and when the temperature of the LC is
close to the nematic-isotropic transition temperature, the twist develops in two directions
perpendicular to the director, giving rise to the formation of cylindrical structures that self-
assemble into three-dimensional periodic lattices (Figures 3-1G and 3-1H).”™ This LC phase is
termed a “blue phase” for historical reasons, but modern materials that form blue phases (BPs)
may exhibit a range of colors depending on the wavelengths scattered by their constitutive lattice
structures.™ Interestingly, the interstitial spaces within blue phases, where three double-twist

cylinders meet, is highly frustrated and the local order is greatly diminished relative to the bulk
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LC.™ These regions, called line defects or disclinations, possess high energy densities and
impact the temperature range over which the BP forms (see below for additional discussion of
defects). Much work has been devoted, therefore, to replacement of the high energy disclinations
by polymers or nanoparticles with the goal of extending the range of temperatures over which
blue phases are stable.***

Lyotropic LCs constitute another type of LC phase that can be formed by small
amphiphilic or polyaromatic molecules upon addition of a solvent.'**® Lyotropic LC phases
formed by dispersing polyaromatic, non-amphiphilic molecules in a solvent are referred to as
“chromonics”. Disodium cromoglycate (DSCG) (Figure 3-11) is an example of a molecule that
can form chromonic LC phases. When dissolved in water (at a given temperature), molecules of
DSCG stack into columns that serve as mesogens, displaying nematic-like orientational order
(Figures 3-1J and 3-1K).™ This aqueous LC phase is particularly attractive for use in biological
contexts. Recently, for example, it has been used as a biocompatible anisotropic medium in

which to study the fundamental behaviors of motile bacteria,**?°

as will be described in Chapters
4-6 of this thesis. Such studies are defining principles for the design of active materials based on

LCs.
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Bent-Core Liquid Crystals
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Figure 3-1. Examples of liquid crystals discussed in this chapter.

(A) Schematic illustration of the temperature-dependent phase behavior of thermotropic LCs. (B)
Molecular structure of pentyl-cyanobiphenyl (5CB), a commonly studied mesogen that forms a nematic
phase at room temperature. (C) Molecular structure of banana-shaped mesogens that form bent-core LC
phases comprised of nanostructures, such as (D) helical nanofilaments. (E) Example of a chiral dopant (S-
811) that forms a (F) cholesteric LC phase when added to a nematic LC. (G) Double-twist cylinders of
cholesteric LCs form at high temperatures and concentrations of the chiral additive. (H) These cylinders,
in turn, self-assemble into cubic lattices characteristic of blue phase LCs. (I) Molecular structure of
disodium cromoglycate (DSCG), which forms a nematic phase in water. The DSCG molecules stack into
columns (J) that exhibit long-range orientational (nematic) order. The resulting phase, called a chromonic
LC, exhibits a phase behavior that depends on both the temperature and concentration of DSCG (K).

Reproduced with permission.>*>*%

The examples described above serve to illustrate the chemical diversity of LCs.
Interestingly, despite these striking differences in chemistry, LC phases exhibit unifying
characteristics and behaviors that emerge from the long-range order and mobility of their

mesogenic constituents. Here we summarize three key concepts relevant to all LCs, which
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underlie the colloidal and interfacial phenomena described in the remainder of this chapter: (i)
the so-called “surface anchoring” of LCs, (ii) the elasticity of LCs, and (iii) the formation of
topological defects in LCs.

The phenomenon of surface anchoring, which refers to the surface-induced ordering of
LCs, results from intermolecular interactions between LCs and a confining medium. In the
absence of external fields, the lowest free energy orientation of the LC director is dubbed the
“casy axis” (denoted as ne in Figure 3-2A).22% A perturbation to the orientation of a LC (e.g.,
application of an external field) that causes the director to deviate from the easy axis leads to an

orientation-dependent increase in the free energy of the interface, which is often described by?*%*

1
Fs = Fy + Ewasinz(@s—@e) (3-1)

where F; is the interfacial free energy, F, is the free energy of the interface corresponding to the
easy axis, W, is the anchoring energy (typically 10° — 102 mJ/m?), and 6, and 6, are the angles
defining the orientations of the surface director and easy axis, respectively (Figure 3-2A).2*%
While Figure 3-2A depicts changes in the orientation of the LC with respect to the surface
normal, it is common also for a surface to define an easy axis in the azimuthal direction.

The long-range orientational ordering of mesogens within LCs underlies the existence of
the elastic properties of LCs. There are three fundamental modes of strain in LCs, twist, bend

and splay (Figure 3-2B), although all modes of strain are not permitted for all LCs. The simplest

description of the strain of LCs is the so-called Frank-Oseen equation for the free energy

density**?’

1 1 1
Ro=sK(Vn) +5K0 v xn) +2K (ax (Vxn)  (3-2)
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where K3, K, and Kj are the splay, twist, and bend elastic constants, respectively (each typically

in the order of 10™* N).%4%

(A) Surface ordering (B) Elasticity of liquid crystals

N (surface director) Fo= LK (Venf - LR eVl + LK (V<)Y
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Figure 3-2. Properties of LC phases.

Schematic illustrations of (A) the director and easy axis of a LC anchored at a surface, (B) the three basic
modes of deformation of a LC (splay, twist and bend) and an expression for Fg4, the elastic free energy
density, that results from these strains, and (C) three types of topological defects that can form in a LC.
The left cartoon shows a point defect located at the center of a radially converging director field, and the
center and right cartoons show cross-sections of line defects (disclinations). The line defects are oriented
orthogonal to the plane containing the figure. The parameter m indicates the so-called strength of the
defect.

The final key concept to introduce is that of a topological defect in a LC. When a LC is
confined within certain geometries (e.g., inside a spherical cavity with perpendicular anchoring

of the LC on the cavity wall), it is not possible to accommodate the surface-induced orientation

(boundary condition) through a continuous strain of the LC. Under these conditions, regions of
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the LC are generated in which the rate of strain of the LC is sufficiently high that the LC locally
“melts”.?"*? Macroscopically, these regions correspond to singularities in the director profile.
Microscopically, the “cores” of singular defects are nanoscopic regions within which the local
orientational order of the LC has been substantially diminished. Some examples of geometries
that give rise to defects are illustrated in Figure 3-2C. According to the above-described origin of

defects, the energy of formation of a defect can be described as:
4 3
Fq = fddVd~§m’d€d (3-3)
Va

where €, is the free energy density associated with local melting of the nematic phase to an
isotropic phase and r,; is the estimate of the radius of the core of a defect. This process of local
melting occurs when the free energy of melting the core is less energetically costly than straining
the LC within the volume of the core. This latter term can be estimated as Kr; where K is the
elastic constant of the LC (assuming all three elastic constants are equal in magnitude; see

Equation 3-2). A comparison of these two free energy terms yields an estimate of the size of the

K
rd~\/;~5nm (3-4)

Significantly, the typical diameter of the core of a defect is approximately 10nm, thus topological

core of the defect?®3

defects within LCs create nanoscopic regions of the material with physical properties that are
distinct from the bulk LC. The magnitude of the free energy of the core of a point defect is
typically around 10™*° J.

Below we describe how the effects of surface anchoring, LC elasticity and topological

defects combine in a range of experimental systems to produce a remarkable diversity of
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colloidal and interfacial phenomena that underlie designs of responsive and active soft matter

systems.

3.2 Interfacial Ordering of LCs

As described in the context of Figure 3-2A, LCs are remarkable for the fine scale of
energetics that control their ordering at interfaces. Specifically, the orientation-dependent part of
the interfacial energy (which effectively controls the orientational ordering of the LC) is
typically around 10%-10" mJ/m?. For comparison, the interfacial energy of an isotropic liquid
ranges from 20 mJ/m? (for a non-polar liquid) to around 70 mJ/m? (for a hydrogen bonded
liquid). The “surface-sensitivity” of LCs thus presents many opportunities for the design of
responsive materials, particularly when combined with the advances in the synthesis of surfaces
with well-defined structures and properties that have emerged over the past couple of decades.®*
% In this section, we focus on the interfacial ordering of LCs at chemically functionalized
interfaces and describe several advances in the design of responsive LC systems that have
leveraged such interfaces. In contrast to interfaces used in LCDs, which possess a narrow range
of chemistries (i.e., polyimides) and are passive, the work presented here demonstrates the
opportunities that result from the design of surfaces that can be chemically or physically

transformed in response to the delivery of a stimulus.

3.2.1 Stimuli-Responsive Surfaces
Chemically functionalized surfaces impose a preferred orientation on the LC through the
interactions of the mesogens with the chemical functional groups displayed at the interface. In

contrast to interfaces widely used in displays, in which anisotropic van der Waals interactions
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dominate the orientation of the LC, the diversity of chemically functionalized interfaces explored
over the past decade introduces a much wider range of interactions®®, including hydrogen

3738 electrical double layers®, and metal ion-ligand coordination interactions®. Due to

bonding
the long-range ordering exhibited by LCs, these surface interactions lead to changes in the
ordering of the bulk of the material and thus can influence, for example, the optical properties of
a micrometer-thick LC film. In this manner, LCs can serve as amplifiers and optical transducers
of a range of intermolecular interactions at interfaces. This remarkable property of LCs also
forms the basis of technological opportunities, including the creation of optical sensors for
physical and chemical stimuli.

We use the term stimuli-responsive surfaces to describe surfaces with physical or
chemical properties that change in response to an external stimulus or trigger, resulting in a
change in the orientation of a contacting LC phase (Figure 3-3A). When the orientation of a LC
changes from perpendicular (or homeotropic) to parallel (or planar) to the surface, or vice-versa,
a dramatic optical response is observed when the film is viewed through crossed-polarizers
(Figure 3-3B). For example, the shift from the “dark” to “bright” optical appearance depicted in
Figure 3-3B accompanies an ordering transition within a LC film from a uniform homeotropic
configuration (homeotropic anchoring at both interfaces confining the film) to a so-called
“hybrid” configuration in which the LC is anchored parallel to one interface and homeotropic to
the other. A bright optical appearance is observed in the latter case because polarized light
experiences both indices of refraction of the nematic LC phase (as opposed to just one in a
uniform homeotropic film), which leads to a change in polarization and the transmission of light

through the analyzer (for additional details, see Chapter 2 of this thesis). Briefly, we discuss two
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types of stimuli-responsive surfaces that can produce these types of ordering transitions within
LC films: light-triggered surfaces and chemically triggered surfaces.

As an example of a light-triggered interface, we describe surfaces decorated with
azobenzene. These light-triggered interfaces exploit the ability of azobenzene to undergo
reversible cis-trans isomerization in response to UV/visible light (Figure 3-3C).***? The resulting
change in dipole that accompanies the change in conformation of azobenzene from trans to cis is
able to trigger a contacting LC phase to switch from a homeotropic to planar orientation, or vice
versa. Ichimura et al. were the first to demonstrate that azobenzene-containing polymers, when
grafted onto glass surfaces to form monolayers, can trigger orientational transitions in LCs upon
illumination with specific wavelengths of light.** They called these systems “command surfaces”
because of the large amplification (~10*, defined as the number of molecules in the bulk LC that
are controlled, on average, by each molecule on the surface) inherent in the response of the
“obeying” LC phase to the “commanding” photoresponsive molecules on the surface.
Subsequently, surfaces coated with azobenzene-functionalized polyimides, when irradiated with
polarized light, were shown to permit control of the in-plane (azimuthal) orientation of LC
films.** Alternatively, Seki et al. reported a method to prepare a layer of a photoresponsive
material at a the free interface of an LC film, permitting LC alignment control without the need
for chemical modification of the supporting substrate.*® Building on these examples we mention
that Takezoe and coworkers recently reported on a system of rod-shaped particles coated with
light-responsive molecules that were dispersed in LCs.*® When illuminated with light, the photo-
induced change in anchoring of the LCs on the surface of the particles triggered a spontaneous
reorientation of the rod-shaped particles. This study hints at novel designs of optically-driven

colloidal materials.
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Whereas the examples above address optically triggered changes in the orientations of
LCs, stimuli-responsive interfaces that can be triggered by specific chemical species have also
been explored. Chemically triggered interfaces bind targeted compounds via the presentation of
chemical functionality from a surface and thereby produce an orientational transition in a
nematic LC film (Figure 3-3D). Abbott et al. were the first to demonstrate the design of such
surfaces, using nitrile-containing nematic LCs (e.g., 5CB) that formed coordination complexes
with surfaces functionalized to present metal cations.** Exposure of the surface-oriented LCs to
gases that contained parts-per-billion concentrations of organoamines or organophosphonates
was observed to trigger ordering transitions in the LCs. It was established that the amine or
phosphonate groups of the gas phase species formed coordination complexes with the metal
cation on the surface, thus displacing the nitrile-containing mesogens from the surface
coordination complexes.** This ligand exchange at the metal ion-decorated interface resulted in
an orientational transition that was readily visualized. In contrast, exposure of the LC films to
other compounds such as ethanol, acetone or water did not produce an optical response of the LC
because these compounds were not able to displace the nitrile-containing mesogens coordinated
with the metal ions.>* These results demonstrated that competitive coordination interactions at
chemically functionalized interfaces can form the basis of LC materials that respond selectively
to specific compounds with high sensitivity. Subsequent work has built on these principles to
demonstrate designs of LC materials that respond to the presence of nitrogen dioxide (NOy),

ammonia (NHs), hydrogen sulfide (H.S), etc.*"*
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Figure 3-3. Stimuli-responsive LC films.

(A) Schematic illustration of a stimuli-responsive interface that triggers a change in the orientation of a
LC. (B) The change in orientation of the LC leads to a distinct change in optical appearance of the LC
when viewed between crossed-polars. (C) Schematic illustration of a surface decorated with azobenzene,
which undergoes a UV light-induced isomerization (trans-to-cis) that triggers an orientational transition
in a LC. (D) Schematic illustration of a chemically functionalized surface that triggers a change in
orientation of a LC when a targeted compound binds to the surface. The surface shown in D presents Cu®*
ions, which orient a nitrile-containing mesogen through a coordination interaction. The targeted
compound, dimethylmethylphosphonate (DMMP) binds to Cu?* more strongly than the mesogen, and
thus triggers an orientational transition in the LC through ligand displacement. Reproduced with

permission.*

3.2.2 Chiral Interfaces

The examples presented in the previous section demonstrate that responsive LC systems
can be designed using chemically functionalized surfaces that either reconfigure in response to
illumination or binding of a targeted chemical species. Here we mention that the chirality of
molecular adsorbates, and interfacial events that result in changes in chirality, also impact the
orientation of LCs at interfaces. This sensitivity to the stereochemistry of adsorbates hints at a
range of possible designs of responsive materials (e.g., materials that respond to the enantiomeric

excess of a mixture of isomers generated in a chemical or biochemical reaction). Specifically, it
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has been shown relatively recently that surfaces functionalized to present organized assemblies
of chiral dipeptides can direct the azimuthal orientation of nematic LC films in a manner that is
dependent on the chirality of the dipeptides.®” In these studies, gold-coated substrates were
prepared by vapor deposition at an oblique angle of incidence. This manner of deposition of the
gold introduced a crystallographic texturing that led to the formation of organized monolayers of
L-cysteine-L-tyrosine (L-Cys-L-Tyr ) or D-cysteine-D-tyrosine (D-Cys-D-Tyr) (Figure 3-4A, B).
Specifically, on L-Cys-L-Tyr-functionalized surfaces, the azimuthal alignment of the LC was
rotated by +53° (in the plane of the surface) from the azimuthal direction of deposition of the
gold during formation of the films. In contrast, for the surfaces presenting D-Cys-D-Tyr, the LC
aligned in an azimuthal direction that defined an angle of -53° from the azimuthal direction of
deposition of the gold. By varying the chemical functionality of the mesogens and immobilized
amino acids, it was demonstrated that the response of the LC anchoring to the chirality of the
adsorbates was caused by networks of hydrogen-bonds (the pattern of hydrogen bonds created by
the network was dependent on the chirality of the amino acids) formed between the tyrosine-

containing dipeptides grafted at the gold-coated substrates and the mesogens.*’
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Figure 3-4. Orientations of LCs at chiral surfaces.

(A) Schematic illustration of the azimuthal orientation of nematic 5CB anchored on surfaces presenting
the chiral dipeptides L-Cys-L-Tyr and D-Cys-D-Tyr. The chiral dipeptides are adsorbed to gold films
deposited by physical vapor deposition at an oblique angle of incidence. The azimuthal direction of
deposition of the gold is shown in the figure. A change in the chirality of the dipeptides results in a
change in the orientation of the LC on the dipeptide-decorated surface. The molecular structures of the
dipeptides are shown in (B). (C-H) Polarized light micrographs of nematic LCs oriented on bare surfaces
or surfaces decorated with ssDNA or dsDNA. (C, F) surfaces dipped in buffer free of DNA, (D,G)
surfaces decorated with ssDNA, imaged with the polarizers at two distinct orientations relative to the
orientation of the ssDNA strands, (E, H) surfaces decorated with dsDNA, imaged with the polarizers at
two distinct orientations relative to the orientation of the dsDNA strands. The white arrows show the
orientation of DNA strands within the samples. Insets in (C-H) indicate the orientations of mesogens.

Reproduced with permission.®**’

Chiral macromolecules with much greater complexity than the dipeptides mentioned
above, such as DNA, can also affect the azimuthal alignment of nematic LCs. For example,

Malone and Schwartz reported that 5CB exhibit distinct azimuthal orientations on surfaces
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decorated with single-stranded (ss) DNA or double-stranded (ds) DNA molecules (Figures 3-4C
through 3-4H).*® Whereas the LC aligned parallel to extended strands of sSDNA, in contrast, the
alignment of the LC was rotated away from the direction of extension of dsDNA molecules.
Further analysis of this system led to the hypothesis that the interactions underlying the observed
alignment of the LCs were steric in nature and dependent on the surface topography defined by
the DNA molecules. Two key observations support this hypothesis, namely (i) the alignment of
mesogens with distinct dipolar properties (5CB with a strong dipole and n-(4-
methoxybenzylidene)-4-butylaniline (MBBA) with a weak dipole) were the same, and (ii) dense
DNA coatings on the surfaces (DNA gels) did not align either 5CB or MBBA.***® While
additional measurements are needed to fully elucidate the mechanism that couples the LCs to the
dsDNA, the chiral double helix formed by the dsDNA does appear to encode intermolecular
interactions that are reported in the orientations of the LCs. Additional measurements performed
with oligomers of DNA have also demonstrated the design of LC systems that respond
dynamically to hybridization of DNA, thus providing principles for the design of responsive LC
materials.>® In particular, because DNA is modular and can be designed to respond to a range of

biochemical targets, DNA-coupled LCs appear a promising area for future investigation.

3.2.3 Aqueous-LC Interfaces

The studies described above predominantly address responsive LC systems that are based
on the ordering of LCs at chemically functionalized interfaces of solids. More recently, a number
of studies of “free interfaces” of LCs have been reported.”*>" Among the various free interfaces
(air-LC; isotropic liquid-LC), one of the most exciting is the aqueous-LC interface. The aqueous-

LC interface possesses several unique characteristics that differentiate it from solid-LC
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interfaces. Specifically, (i) the aqueous-LC interface is soft and deformable, (ii) adsorbates can
be transported to the aqueous-LC interfaces through the aqueous phase, and (iii) molecular
species adsorbed at the aqueous-LC interface are highly mobile as compared to chemical species
adsorbed on a solid surface. The latter point is particularly important because the high interfacial
mobility of molecules at aqueous-LC interfaces permits their rapid reorganization in response to
elastic stresses from within the LC films. This phenomenon is discussed in detail in Section 3.4
below, as it defines an exciting set of opportunities in which LCs can be used to direct the
organization of interfacial adsorbates.*

Figure 3-5 shows an experimental geometry that has been used widely to create interfaces
between LCs and aqueous phases, and to explore the response of the LCs to the presence of
adsorbates at the interface. In brief, a LC film supported on a solid substrate is submerged into
water or into an aqueous solution containing water-soluble adsorbates. In the absence of
adsorbates (e.g., amphiphiles), when contacted by water, the orientation assumed by the nematic
LC (e.g., 5CB, and many other nematic LCs) is typically planar but azimuthally degenerate.
However, as adsorbates, such as surfactant molecules, diffuse from the aqueous solution to the
LC interface, the interactions between the adsorbates and the mesogens (the interactions appear
to be largely mediated by steric interactions that involve the tails of the adsorbates) change the
orientations of the LCs (Figure 3-5A). As discussed above (Figure 3-3B), the resulting ordering
transition can be easily visualized when the LC film is viewed between crossed-polarizers. By
using this versatile system, a number of studies have shown that the orientational response of
LCs can be used to follow the dynamics of adsorption and desorption of amphiphiles from this
interface. For example, Gupta and Abbott showed that the surfactant

dodecyltrimethylammonium bromide (DTAB) triggered a continuous decrease in the optical
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retardance of a LC film exposed to increasing concentrations of surfactant (Figure 3-5B).%* This
change in optical retardance corresponds to a continuous tilting of the LCs at the aqueous-LC
interface from planar to homeotropic orientations (Figure 3-5C).

Biological and synthetic phospholipids, such as L-a-dilauroyl-phosphatidylcholine (L-
DLPC), have also been shown to adsorb from solution onto the LC-aqueous interface and to
cause an ordering transition in the LC.>* Because phospholipids are the primary constituent of
cell membranes and because they are known to reorganize when interacting with proteins and
other biological species, this experimental system has formed the basis of a number of
biomimetic designs of responsive LCs, where the LC responds to the interactions between the
phospholipid (or more generally amphiphile) with a targeted biological species (e.g., enzyme that
processes the phospholipid). Interestingly, and of relevance to the above discussion of the effects
of the chirality of adsorbates on the orientations of LCs, recent work by Takezoe et al. using
bent-core LCs (see Figures 3-1C and 3-1D) has revealed also that the chirality of DLPC
molecules adsorbed at aqueous-LC interfaces can break the symmetry of the racemic mixture of
chiral domains observed in the B4 phase (see Introduction).> Specifically, by using either D-
DLPC or L-DLPC, the twisting of the helical ribbons of the B4 phase could be selected to be

right-handed or left-handed (Figure 3-5D).**
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Figure 3-5. Adsorbate-induced orientations of thermotropic LCs at aqueous interfaces.

(A) Schematic illustration of the orientations of mesogens at the aqueous-LC interface prior to (left) and
after (right) the adsorption of an amphiphilic molecule (surfactant) that triggers a transition from parallel
to perpendicular orientations of the mesogens. (B) Optical images of aqueous-LC interfaces equilibrated
against various aqueous concentrations of the surfactant dodecyltrimethylammonium bromide (DTAB).
The concentrations of DTAB in the bulk aqueous phase are i) 0 mM, ii) 2.1 mM, iii) 2.7 mM and iv) 3.0
mM. (C) Quantification of the continuous, DTAB-triggered change in tilt angle of nematic 5CB at an
aqueous-5CB interface. (D) Influence of the chirality of phospholipids on the ordering of bent-core LC
phases near LC-aqueous interfaces. Circular dichroism measurements confirm that the chirality of the
phospholipids induces an enantiomeric excess of chiral domains formed in a B4 phase. (E) Schematic
illustration of the fusion of liposomes at a DNA-coated LC-interface. The hybridization of DNA strands
in the liposome and those presented at the LC interface facilitates the fusion of the liposome, which leads

to an ordering transition at the LC interface. Modified and reproduced with permission.”°

Amphiphilic molecules that assemble at aqueous-LC interfaces form the basis of a wide
range of opportunities for the design of responsive LCs. For example, Park and Abbott
demonstrated a method for the formation of oligopeptide-decorated LC interfaces by covalently
grafting oligopeptides to carboxylic acids presented by amphiphilic molecules adsorbed at the

aqueous-LC interface.®® Hydrolysis of the oligopeptides by a protease triggered an orientational
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transition of the LC, demonstrating that this system could be used to report protease activity.”®
Similarly, Price and Schwartz demonstrated a method for preparation of aqueous-LC interfaces
functionalized with ssDNA.> These surfaces induced an ordering transition in the LC when the
sSDNA complements of the strands at the interface were introduced into the bulk aqueous
solution.”® Further work by the same group showed that these ssDNA-modified interfaces could
be used to capture and report liposomes decorated with complementary ssDNA strands (Figure
3-5E).%° Overall, these examples serve to illustrate the diversity of designs of LC materials based
on LC-aqueous interfaces that respond to specific biochemical transformations. Related
strategies have been demonstrated for the design of LC materials that respond to glucose, urea,
cholesterol and other biological analytes.>”*°

Whereas the examples provided above address the design of stimuli-responsive LC
systems in the context of planar films of LC that contact aqueous phases, a range of additional
experimental geometries and phenomena have been demonstrated using LC-aqueous interfaces.
We describe two examples of these opportunities in Sections 3.4 and 3.5. In these sections, we
sketch how LCs influence the phase behavior of nano- and micrometer sized species adsorbed at
flat and curved aqueous-LC interfaces. In addition, we describe additional opportunities for the

design of responsive, functional materials that arise due to the confinement of LCs within

spherical droplets dispersed in water.

3.3 Colloidal Phenomena in LCs
As described in the previous section, the ordering of LCs at chemically functionalized
interfaces (solid-LC or aqueous-LC) enables the design of a range of stimuli-responsive LC

systems. In this section, we move to consider LCs at the highly curved surfaces of microparticles
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and solid colloidal species. In these systems, the surface-induced ordering of LCs still plays a
key role in determining the properties of the system. In addition, however, the elastic strain of
the LCs around the particles and the associated formation of topological defects play additional
key roles. We comment also that the particles in the LC are mobile, and thus stimuli (e.g.,
external fields or chemically-induced changes in surface anchoring) can lead to LC-mediated
changes in the organization and dynamical properties of the systems. In this section, after
discussing fundamental equilibrium and dynamical properties of colloidal dispersions in LCs, we
highlight two examples that illustrate how these properties have been leveraged to define new

opportunities for the design of active/driven soft material systems.

3.3.1 Colloidal Interactions in LCs

When microparticles or colloids are introduced into a nematic LC host, LCs in the
vicinity of the particles are typically forced to deviate from the orientation set by the far-field
director in a manner that simultaneously satisfies the anchoring condition at the particle surface
(e.g., planar or homeotropic) and minimizes the resulting elastic strain within the LC phase. LCs
accommodate micrometer-sized particles in this fashion because the energetic penalty associated
with LCs straying from the lowest free energy orientation at the particle surface (which scales as
~W,R?, where R is the radius of the particle) is generally greater than that associated with
introduction of elastic distortions in the LC near the particle (which scales as ~KR).%° However,
as a consequence of topological constraints, it is not possible for the LC, through continuous
elastic strain, to accommodate the particles. This generally leads to the introduction of one (or
more) topological defects. As discussed in the Introduction, topological defects form when the

elastic energy density rises to a magnitude that is greater than the free energy density associated
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with local “melting” of the LC — that is, within the core of a topological defect the orientational
order is substantially lower than in the bulk of a LC. In Figures 3-6A through 3-6C, we present
schematic illustrations that depict three common LC director profiles around microparticles.
Tangential anchoring of LCs produces quadrupolar distortions in the LC with two diametrically
opposed surface defects (so-called “boojums™) (Figure 3-6A).2” Homeotropic surface anchoring,
on the other hand, typically gives rise to LC distortions with a dipolar symmetry (a so-called
hyperbolic hedgehog point defect (Figure 3-6B)), although under specific conditions, distortions

exhibiting quadrupolar symmetry with a “Saturn-ring” defect loop are formed (Figure 3-6C).%
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Figure 3-6. LC-mediated colloidal self-assembly.

(A-C) Schematic illustration of LC director profiles near particles dispersed in nematic LCs with either
(A) tangential surface anchoring on the particles or (B,C) homeotropic anchoring on the particles. For the
latter two cases, the LC exhibits an organization that possesses either dipolar (B) or quadrupolar (C)
symmetry. The small dark circles (two in A and one in B) represent point defects, whereas the dark line in
C represents a Saturn ring defect (line disclination). (D-F) Assemblies of particles that form as a
consequence of interactions mediated by the LC director profiles shown in A-C, respectively. (G) Two-
dimensional colloidal crystal formed by particles with Saturn ring defects. (H-M) Disclinations (line
defects in the LC) can become fused or entangled in arrays of particles embedded within a chiral nematic

LC to form non-trivial topological links and knots, such as the Hopf link in M. (N,O) Photoinduced
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modulation of LC anchoring and defect structures formed around azobenzene-functionalized
microparticles. Polarized light micrographs show a silica colloid with surface-bound azobenzene units

dispersed in a nematic LC (E7) phase prior to (N) and following (O) UV irradiation. Scale bars are 5 um

in H-M and 2.5 pm in N and O. Reproduced with permission.*"**

The range of colloidal phenomena encountered in LCs is particularly rich and diverse, as
the type of LC director distortion that forms around dispersed micrometer-sized particles (as
described above) can significantly influence the dynamics and equilibrium states of the colloids.
For instance, it has been demonstrated that the elastically strained regions of LC in the vicinity of
particles give rise to anisotropic interparticle forces that drive colloidal self-assembly. The
symmetries of these interparticle forces and the resulting self-assembled structures depend on the
type of LC distortion around the particles. For example, microspheres with tangential anchoring
form chains aligned at an angle of 30° from the far-field director (Figure 3-6D),%" whereas
microspheres with homeotropic anchoring assemble into either straight chains aligned parallel to
the far-field director (Figure 3-6E) or kinked chains oriented perpendicular to the far-field
director (Figure 3-6F) when the director distortions exhibit dipolar and quadrupolar symmetry,
respectively.®* Under the influence of cohesive energies that arise from the elasticity of LCs, and
with the assistance of optical tweezers, colloids in LCs can be assembled into stable 2D or 3D
structures, such as the 2D crystal formed by quadrupolar colloids with Saturn ring defects shown
in Figure 3-6G.®* Arrays formed by these particles are particularly interesting, as defects around
individual particles can fuse or entangle in the arrays (Figures 3-6H and 3-6M), particularly
when the colloids are dispersed in chiral LCs.? Moreover, we note that by functionalizing
microspheres with photoresponsive molecules, such as molecules with azobenzene units
described in the previous sections, it is possible to dynamically switch between tangential

(Figure 3-60) and homeotropic (Figure 3-6P) surface anchoring states by irradiating with UV
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and visible light. This capability provides, for example, optical control of elasticity-mediated
interparticle forces.®® Finally, dispersion of colloidal particles with higher geometrical

complexity®®’

or that exhibit non-uniform surface anchoring® presents additional opportunities
for the creation of self-assembled colloidal structures.

We end this section by noting again that the examples of LC-mediated interparticle
interactions described above, and the resulting multiparticle organizations, are strongly
dependent on the surface-induced ordering of the LC. Because reorganization of periodic
structures such as those shown in Figure 3-6 can give rise to pronounced changes in the optical
and electrical properties of materials, the integration of stimuli-responsive chemical functionality
onto the surfaces of colloids that are dispersed in LCs appears a fertile future area of research for

the design of responsive materials. Indeed, as described below in Section 3.4 (see Figure 3-10),

chemoresponsive arrays of particles at LC-aqueous interfaces have been demonstrated.

3.3.2 Dynamics of Colloids in LCs

The diffusion of colloids dispersed in LCs differs from that in simple isotropic phases in
two important ways. First, translational diffusion of colloids in LCs is anisotropic and the
effective viscosity experienced by colloids depends on the direction of particle displacement
relative to the orientation of the director in the far-field. Specifically, the diffusion coefficient of
particles undergoing a displacement in a direction parallel to the LC director is typically higher
than the diffusion coefficients measured for an orthogonal displacement (Figures 3-7A and 3-
7B).*"2 Moreover, for nanometer-sized particles, these diffusion coefficients have been shown
to be influenced by the type of anchoring at the particle surface’* because the local ordering of

the LC changes the viscosities experienced by the colloids. Second, the diffusion of particles in
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LCs measured on time scales less than or comparable to the characteristic relaxation time of
director fluctuations (~0.1 — 10 s) is not only anisotropic but also is anomalous.” When
undergoing anomalous diffusion, the mean squared displacement of the particles no longer scales
linearly with time, but is either slower (subdiffusion) or faster (superdiffusion) (Figure 3-7C).
Anomalous diffusive behavior emerges at these short time scales due to dynamic fluctuations in
the orientational order of nematic LCs away from the average director profiles adopted around
particles (Figures 3-6A and 3-6C). These fluctuations create elastic forces that transiently act on
the particles and give rise to particle motion that can no longer be described by a simple
diffusion process. Because these director fluctuations will be dependent on the LC-particle
surface interactions, measurements of diffusive motions of particles may offer the basis of a
sensitive and straightforward means of reporting chemical and physical events occurring at the

surfaces of the particles.
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Figure 3-7. Anisotropic and anomalous diffusion of colloids in LCs.

(A, B) Anisotropic diffusion of a droplet of an isotropic liquid (about which a Saturn ring defect was
formed) in nematic E7. A representative droplet trajectory is depicted in (A) and histograms of droplet
displacements parallel and perpendicular to the nematic director (with Gaussian fits) are presented in (B).
(C) Anomalous diffusion of a microparticle in a LC. Mean squared displacement of a silica colloid
(homeotropic surface anchoring and dipolar distortions of the director) in a nematic phase of 1S-8200 in
directions parallel (x) and perpendicular (y) to the far-field LC director. Data for the same microsphere in

the isotropic phase of 1S-8200 is also shown. Reproduced with permission.®"
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3.3.3 Active Transport of Colloids in LCs

The dependence of interparticle interactions and colloidal transport processes on local LC
order hints at many opportunities for the design of material that respond dynamically to changes
in that local order. Such changes in order might be, for example, triggered by changes in the
anchoring of the LC on the particle surface or via application of external fields. To illustrate the
general opportunity in this area of research based on colloidal transport phenomena in LCs, we
describe some recent experiments that have characterized changes in particle transport in LCs in
response to externally applied fields. A particularly striking example is the phenomenon of LC-
enabled electrophoresis (LCEEP) (Figure 3-8).”*" When particles are dispersed in isotropic
solutions, the average motion of ionic species in the fluid in response to an applied field occurs
in directions parallel or antiparallel to the polarity of the applied field. However, when a particle
(either charged or neutral) dispersed in a LC generates a dipolar distortion of the director,
application of a DC electric field in a direction orthogonal to the particle’s dipole produces an
electrophoretic motion in a direction parallel or antiparallel to the dipole (depending on the
magnitude of the dielectric anisotropy of the LC) (Figures 3-8A and 3-8B). This LCEEP is
caused by the breaking of the symmetry of the LC director profile in the vicinity of the particle,
which leads to differences in the electroosmotic flows around the particle on either side of the
plane indicated by the dashed line in Figures 3-8A and 3-8B. This explanation is further
supported by the observation that when the distortions of the LC director around a particle
instead are symmetric with respect to this plane, as is the case for a particle with a Saturn ring
defect, no LCEEP occurs (Figure 3-8C). Notably, the direction of motion of dipolar particles due
to LCEEP does not depend on the polarity of the applied electric field (Figures 3-8A and 3-8B).

This allows unidirectional electrophoretic particle transport (in a direction set by the orientation
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of each particle’s dipole) to be achieved by LCEEP with an AC field, both in cases where an AC
field is applied perpendicular (as in Figures 3-8A and 3-8B) or parallel to the orientation of the
dipole (Figure 3-8D). LCEEP thus affords new and exciting possibilities for sensitive
manipulation of the motion of colloids dispersed in LCs, and thus for the design of responsive or

active materials, particularly in LC films designed with spatial variations in the director field.

Figure 3-8. Electrophoresis of colloids in LCs.

(A, B) Schematic illustrations depicting LC-mediated electrophoresis of a colloid with dipolar symmetry
in a nematic LC. The symmetry of electroosmotic flows around the particle is broken when an electric
field is applied along the y axis, which induces electrophoretic motion of the particle in the x direction,
anti-parallel to the orientation of the topological dipole defined by the LC. (C) For a particle with
guadrupolar symmetry, no electrophoretic motion is observed when an electric field is applied in the y-
direction. (D) Sequence of polarized light micrographs that depict LC-enabled electrophoresis of two
silica microspheres that induce dipolar distortions of the director in a LC when an AC electric field is
applied. The direction of the electrophoretic motion of each microsphere depends on the orientation of

each microsphere’s elastic dipole (p). Modified and reproduced with permission.®

Whereas the example above describes a field-driven response of a dispersion of particles
in LC (e.g., electrophoresis), an emerging area of study addresses the situation where dissipative
processes internal to the fluid (e.g., consumption of a fuel) drive transport processes.
Specifically, the active transport of self-propelling particles, represented by rod-shaped motile

bacteria with sizes comparable to the micrometer-sized synthetic particles described above, has

also been shown to be significantly altered in the nematic phase of the biocompatible lyotropic
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chromonic LC formed by aqueous solutions of disodium cromoglycate (DSCG). This particular
active and anisotropic soft material system will be discussed in detail in Chapters 4-6 of this
thesis.

Overall, dispersion of micrometer-sized particles (ranging from synthetic colloids to
living bacteria) in LCs defines new opportunities for directing and dynamically tuning the spatial
organization and self-assembly of the particles. The diversity of equilibrium and dynamic
phenomena reflect the interplay of the effects of surface anchoring, elasticity, and defects, and
suggests the basis of a multitude of designs of responsive materials based on colloidal
dispersions in LCs. In addition, we note that these same properties of LCs present additional
opportunities to control the transport of particles in LCs by application of external fields as well
as to manipulate the dynamical behaviors of self-propelling “active” particles, including living

cells.

3.4 Interfacial Behavior of Molecular and Colloidal Adsorbates

An earlier section of this chapter focused on how chemically functionalized interfaces of
various types (e.g., photoresponsive or chemically reactive) can direct changes in the ordering of
LCs to create responsive materials. In this section, we highlight the “inverse problem” wherein
the order inherent to LC phases directs the organization of interfacial adsorbates. Because it is
relatively easy to change the order within the bulk of a LC using an external field (such as an
electric field of the type used in a LCD), the use of LC order to direct interfacial organization is a
promising principle for the design of actively controlled and responsive materials. Indeed, the

phenomenon of LC-directed organization of interfacial adsorbates can be viewed as a logistical
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extension of the previous section in which the effects of LC order on the organization of

colloidal species within the bulk of a LC was discussed.
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Figure 3-9. LC-driven phase separation of amphiphilic adsorbates.

(A) Schematic illustration of the phase separation of a monolayer of phospholipids at an aqueous-LC
interface. The elastic energy stored in the strained state of the LC film triggers the phase separation. (B)
Fluorescence micrograph of a phase separated monolayer of fluorescently-labeled phospholipid at the
aqueous interface of a nematic 5CB film (32.0°C). (C) Fluorescence micrograph of the sample in (B) after
heating the 5CB to form an isotropic phase (34.0°C). (D) Plot of dimensionless free energy versus mole
fraction of lipid at aqueous-5CB interface in the presence and absence of elastic energy. The inset shows a
phase diagram for the lipid monolayer, revealing phase separation induced by the elasticity of the LC. See
text for details. (E) Phase diagram showing predictions (based on simulations) of the patterning of
adsorbates on the surfaces of LC nanodroplets. Inset in the plot shows representative sketches of the

adsorbates (green) at different surface concentrations. Reproduced with permission.>*"

The first example that we describe in this section addresses a phospholipid-decorated thin
film of 5CB immersed in water (Figure 3-9A) and the role of the nematic order of the LC in
directing the interfacial organization (phase behavior) of the phospholipids. In the nematic phase

of 5CB, as shown in Figure 3-9B, it is apparent that lipid-lean and lipid-rich regions form at the
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water-LC interface (based on the distribution of a fluorescent lipid probe). In contrast, in the
isotropic phase of 5CB, following an increase in temperature of only a couple of degrees, the
lipids are observed to cover the interface homogenously (Figure 3-9C). This experiment and
others show that the ordering of the nematic LC influenced the assembly and lateral organization
of the molecules adsorbed at these LC interfaces.”>*® Here, the driving force for the phase
separation of the surface adsorbed species, as depicted Figure 3-9A, is the elasticity of the LC
film. In brief, the clustering of lipid on the interface of the LC results in the release of elastic
energy stored in the initially strained state of the LC. A simple thermodynamic model was able
to reproduce the phase behavior.***® Figure 3-9D shows the free energy and the phase diagram of
a monolayer of lipid supported on a film of LC predicted as a function of surface lipid fraction
using the following expression:
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where n; is the number of lipid molecules at the interface, x is the fraction of surface lipid
species relative to saturated monolayer coverage, A is the area per lipid, N is the number of
adsorbed lipids at saturation, 6s is the tilt angle of LC at the interface, ¢ is the easy angle of the
LC, x is a pairwise interaction parameter for adsorbed lipid molecules, K(T) is the temperature-
dependent LC elastic constant (one constant approximation), W is the anchoring strength
coefficient, and D is the LC-film thickness. Examination of Figure 3-9D reveals that only in the
presence of the nematic ordering is a miscibility gap predicted. This coupling between the strain
within the LC and the interfacial phase behavior of adsorbates has been shown also to occur for

soluble amphiphiles (such as cationic surfactants under conditions of high ionic strength®),

indicating that it offers a versatile principle for the formation of patterned materials.
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Significantly, because the interfacial phase behavior is coupled to elastic stresses, which in turn
are dependent on the micrometer-scale geometry of the system, this coupling hints at future
opportunities for the design of active and responsive materials based on control of shape on the
micrometer-scale. Indeed, in complex biological systems such as bacteria, there is increasing
evidence that such coupling between shape and elastic strain in liquid crystalline membranes is
used to pattern molecules within membranes. We also comment that recent molecular-level
simulations also predict that the orientational order and nematic elasticity of confined LC
systems should lead to a rich range of interfacial phases on the surfaces of nanoscopic droplets of

LCs (Figure 3-9E).”
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Figure 3-10. Chemoresponsive assemblies of microparticles at LC interfaces.

(A, B) Schematic illustrations of LC ordering around silica microparticles adsorbed at aqueous-LC
interfaces. The LC is anchored in a homeotropic orientation of the surface of the microparticle, and the
anchoring of the LC at the aqueous interface is either (A) planar or (B) homeotropic. (C) Change in
organization of the microparticles triggered by the addition of a surfactant. The plot shows the center-to-
center spacing of the particles as a function of the concentration of the surfactant sodium dodecylsulfate
(SDS). Inset in (C) shows the bright field micrographs of particles at LC-water interface with the presence

of 0.15, 0.7 and 1.3 mM SDS. Scale bars: 5 um. Reproduced with permission.”’
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A second example of LC-directed interfacial ordering of adsorbates addresses solid
particles adsorbed to LC interfaces. This example is particularly relevant to the design of
responsive materials, as it was demonstrated that the ordering of microparticles could be
manipulated reversibly via adsorption of amphiphiles at the LC interface, thus changing the type
and orientation of the LC defect structure around particles.”” As an example, we describe results
obtained with microparticles with homeotropic LC anchoring. Each particle adsorbed at a LC-
aqueous interface generates a point defect (Figures 3-10A and 3-10B). Depending on the
orientation of LC at the aqueous interface, which was manipulated by varying the concentration
of surfactants in aqueous media (sodium dodecylsulfate (SDS) in this example), the point defects
were located either to the side (Figure 3-10A, planar LC anchoring at water interface) or below
each microparticle (Figure 3-10B, homeotropic LC anchoring at water interface). Upon addition
of SDS to the system, the organization of particles was observed to change reversibly between
linear chains and hexagonal arrays of particles (Figure 3-10C).”" This transition from one-
dimensional to two-dimensional ordering was shown to result from the SDS-induced rotation of
the topological dipole about the microparticles (Figure 3-10C). In addition, by varying the
concentration of surfactant (orientation of the LC at the interface), the spacing of the particles
within the linear assemblies could be varied.”” Overall, this result provides proof of concept for

the design of chemoresponsive arrays of particles at the interfaces of LC materials.

3.5 Emulsions of LCs
The interplay of surface anchoring, LC elasticity and topological defects is strongly
dependent on the micrometer-scale geometry of LC systems. A particularly accessible and

interesting system that reflects this interplay is based on spherical droplets of LCs dispersed in
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aqueous phases. This section focuses on these so-called “nematic emulsions”. We highlight two
new findings to illustrate how confining LCs within droplets enables new opportunities for the
design of responsive materials (in some cases, exquisitely responsive materials that are triggered

by targeted species at picogram-per-milliliter concentrations in water).

3.5.1 Responsive Emulsions

At equilibrium, the ordering of LC within LC microdroplets dispersed in water reflects
minimization of the above-described contributions of surface anchoring, bulk elastic
deformations and topological defects to the free energy of the system.”®” For example, in pure
water, LC droplets exhibit a so-called bipolar configuration, in which the LC aligns tangential to
the droplet interface and two diametrically opposed point defects form at the droplet poles
(Figure 3-11A). Similar to the surface-driven planar-to-homeotropic anchoring transition of
planar LC films described above, adsorption of amphiphiles at the aqueous interfaces of LC
droplets gives rise to a perpendicular orientation of the LC at the droplet interface, resulting in a
so-called radial configuration with a single defect located at the center of the droplet (Figure 3-
11A).2%% The balance of elastic, defect and surface energetics differs substantially in LC
droplets relative to planar films of LCs, presenting opportunities for achieving unprecedented
levels of responsiveness using LC droplets (see below for discussion).

Furthermore, several recent studies have revealed that amphiphiles can self-assemble
within LC droplets to trigger ordering transitions. In this case, the ordering transition is driven by
the formation of amphiphilic assemblies at the sites of topological defects (as opposed to
conventional ‘surface-driven ordering transitions’ that involve changes in surface energetics).®®

Specifically, as shown in Figure 3-11C, bipolar-to-radial ordering transitions have been observed
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in LC droplets dispersed in aqueous solution in the presence of bacterial endotoxin (lipid A
portion displayed in Figure 3-11B) at picogram per milliliter concentrations, which is at least
five orders of magnitude lower in concentration than that required to trigger surface-driven
anchoring transitions in LC droplets. Confocal fluorescence microscopy confirmed that
endotoxin was localized at the defect formed at the center of each LC droplet in a radial
configuration (Figure 3-11D). Overall, these results indicate that the confinement of LCs in
micrometer-sized droplets provides new principles for the design of remarkably responsive LC
systems for targeting biological analytes. In addition, these results have motivated ongoing
investigations of the self-assembly of amphiphiles in LCs, particularly in the nanoscopic

environments defined by LC defects.
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Figure 3-11. Ordering transitions in LC droplets triggered by picogram per milliliter
concentrations of endotoxin.

(A) Schematic illustration of a bipolar configuration (left) and radial configuration (right) of a
micrometer-sized droplet of a nematic LC. The bipolar configuration of the LC possesses two point

defects located at the poles of the droplet. The radial configuration possesses a single point defect located
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at the center of the droplet. (B) Molecular structure of lipid A, the glycolipid tail of endotoxin. (C) A
comparison of the concentrations of endotoxin required to trigger an ordering transition in either (left) a
micrometer-sized droplet of LC, or (right) a micrometer-thick film of a LC. The difference in
concentration is approximately seven orders of magnitude, a reflection of the contrasting energetics of the
two geometries (see text for details). (D) Confocal fluorescence micrograph showing localization of
BODIPY-labeled endotoxin at the center of a 5CB droplet in the radial configuration. Modified and

reproduced with permission.®

3.5.2 Templated Synthesis using LC Emulsion Droplets

It is increasingly recognized that colloids with non-spherical shapes and chemically
heterogenous surfaces (e.g., so-called “patchy” particles) offer many opportunities to tune the
functional properties of colloids (e.g., for drug delivery). Interest in these inhomogeneous
particles is further motivated by their lack of symmetry, which leads to strong coupling (e.g.,
orientational coupling) to external fields. As such, they represent a promising set of building
blocks for the creation of stimuli-responsive materials. The synthesis of such particles, however,
remains a substantial challenge. Recently, LC droplets have been explored as a general and facile
class of templates for the synthesis of spherical and non-spherical polymer particles with
chemical patches, as shown in Figures 3-12A through 3-12F.8"® To synthesize such particles,
micrometer-sized LC droplets (comprised of reactive liquid crystalline crosslinker RM257 and
non-reactive 5CB) were prepared in the presence of colloidal particles (e.g., gold, silica,
polystyrene, etc). After homogenization, the colloids were found to be preferentially positioned
at the topological defects (point defects) that form at the north and south poles of the bipolar
droplets (Figures 3-12B and 3-12C). By localizing at the sites of defects, the particles decrease
the energetic cost associated with both diminished orientational order of molecules in the core of

the defects and elastic deformations of LCs near the defects.®® The surfaces of the colloids
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protrude from the LC droplet, thus defining patches with a chemistry determined by the
composition of the colloid. Subsequently, the positons of the colloids on the surfaces of LC
droplets were preserved by photopolymerization. This procedure results in spherical particles
consisting of a crosslinked polymeric network swollen with 5CB in which colloids remain
attached at the poles. Finally, non-spherical patchy particles were prepared by extraction of 5CB
from the above-described particles. Extraction of 5CB resulted in contraction of the polymerized
particles in a direction perpendicular to the axis connecting the poles of the droplet. It was shown
that colloids with a range of compositions and surface properties can be used in this procedure.
Thus, the colloids can be tailored to introduce desired functional properties to the resulting

patchy particles.®’

The above strategy is, however, made more complex by the existence of multiple local
energetic minima (i.e., two boojums), which can lead to kinetic traps for colloids on the droplet
surfaces and result in heterogeneous populations of patchy particles.®”° For example, bipolar LC
droplets with magnetic colloids adsorbed at both poles were observed to align in a bimodal
distribution of orientations with droplets oriented under a weak external magnetic field (Figure
3-12H). To address this issue, a recent study used reversible switching of the internal
configurations of LC droplets to drive the colloids to a single location on the LC droplet
surfaces. As shown in Figure 3-12G, a transition triggered by adsorption of surfactants induces a
long-range elastic force that sweeps adsorbed colloids to a unique location (the location of the
single defect of the so-called “preradial” LC droplet configuration).*® A subsequent reversal of
this ordering transition results in a homogeneous population of bipolar LC droplets with colloids

remaining at a single location (one of the boojum defects). Following this procedure, the
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population of LC droplets responded in a homogeneous/uniform manner to the application of an

applied magnetic field (Figure 3-12H).
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Figure 3-12. LC droplet-templated synthesis of anisometric and chemically “patchy” particles.

Schematic illustration of the use of LC droplets for the synthesis of spherical and non-spherical particles
with chemical patches: (A) Emulsification of LCs in water to form spherical droplets with bipolar
configurations. In the bipolar configuration, the droplets possess a point defect at the north and south
poles. (B) Formation of bipolar nematic droplets with either one or two fluorescent polystyrene (PS)
colloids positioned at the poles. The colloids protrude from the surface of the LC droplets to create
chemical patches. (C) Formation of spherical polymeric particles after photopolymerization of a
bifunctional crosslinker RM257 dissolved into the LC. (D) Formation of non-spherical particles following
extraction of the unreacted LC from the particles. (E, F) Combined bright field and fluorescent
micrographs of lemon-shape particles presenting either one or two fluorescent PS colloids (chemical
patches) at their poles, respectively. (G) Schematic illustration of synthesis of homogeneous populations
of bipolar patchy LC droplets by reversible switching of LC order (through adsorption and desorption of
SDS). (H) Magnetic-field-induced distribution of orientations of bipolar LC droplets with magnetic
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colloids prior to (black data) or after (red) the treatment by SDS shown in G. Note that the treated

population responded more uniformly to the application of the magnetic field. Reproduced with

permission.®"®

In addition to the above-described studies in which colloids are positioned at defects on
the surfaces of LC droplets, previous studies have revealed that colloids can also localize at
defects in bulk LCs.***"** As described in Section 3.2, double twist cylinders in blue phase LCs
arrange into lattice structures with high densities of defect lines (Figure 3-13A). Computer
simulations have suggested that nanoparticles dispersed in blue phases can be trapped in the
defect lines, and thus eliminate the energetic cost of the defect core as well as regions of high
strain in the LC in the vicinity of the defect core, resulting in stabilization of blue phase (Figure
3-13B)."%% Overall, these studies provide new insight regarding the self-assembly of colloids at
defects formed in LCs. Whereas blue phases are currently being explored as the basis of fast-
switching displays (i.e., response to applied electric field), the rapid response of the blue phase
suggests that this phase may also form the basis of materials that permit fast manipulation of the
organization of colloids.

A Disclination
lines

Figure 3-13. Stabilization of blue phases through localization of nanoparticles at defects.
(A) Schematic illustration of disclination lines formed within blue phases of LCs. (B) Schematic
illustration of the positioning of nanoparticles at the disclinations. The cylinders represent the double-

twist helical structure (see Fig. 1). Reproduced with permission.*
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Finally, we note that formation and characterization of a new class of emulsion in which
droplets of a thermotropic LC such as 5CB are dispersed within a continuous aqueous lyotropic
chromonic LC phase will be described in Chapter 7 of this thesis.®® The interesting properties of
these LC-in-LC emulsions, in particular, their response to weak applied fields, suggest that LC
systems comprised of coexisting LC phases represent a promising class of materials that respond

to subtle perturbations.

3.6 LC Gels

The last topic that we address in this chapter revolves around LC-based gels. In contrast
to particle-based gels formed in isotropic liquids, particle-based gels formed in LCs exhibit a
range of interesting properties that arise from the responsiveness of the LC.%" For example, LCs
within the domains defined by the particle networks of the gel remain responsive to external
stimuli, including biomolecules in aqueous media and gas phase analytes.”®* In addition, the use
of photoactive dyes permits reversible control of the nematic-isotropic phase boundary, thus
providing the basis of principles for actively tunable gels. In this section, we review a series of
studies that have provided insight into the formation of LC gels and the factors that control their
properties.

Past studies have shown that dispersions of colloidal particles in LCs can generate gels
(colloid-in-LC gels or CLC gels) with solid-like properties and elastic moduli in the range of 100
Pa — 100 kPa via three pathways. %% The first of these studies, initiated roughly a decade ago
by Terentiev, Poon and coworkers!®® involved dispersing micrometer-sized poly(methyl
methacrylate) (PMMA) colloids in the isotropic phase of a mesogen and subsequently cooling

the system into the nematic phase. During slow cooling, colloids were expelled from advancing
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nematic fronts following the nucleation and growth of nematic phase domains (expulsion is
driven by the elastic free energy associated with the strain of the LC about the colloids) (Figure
3-14A).1°1% The growth of the nematic domains was arrested upon jamming of colloids
between the domains and the associated formation of a cellular microstructure, as shown in

Figure 3-14B (green colored discontinuous nematic domains surrounded by a continuous

105

particle-rich phase).
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Figure 3-14. LC-based colloidal gels.

(A) Schematic illustration of the gelation pathway (left to right) proposed by Terentjev et al. in which
nematic domains (grey) expel particles to form a jammed network. (B) Optical micrograph of the network
of particles formed through the process shown in (A). (C) Results of a simulation of gelation that results
from the entanglement of defect lines around particles, as reported by Wood et al. (orange spheres
represent particles dispersed in a LC and blue rings represent defect lines) (D) Fluorescence micrograph
showing a continuous network of particles formed by entanglement of disclinations. Scale bar is 20 pm.
(E) Photograph of a LC gel at room temperature showing self-supporting behavior of the material
(prepared as described in C). Scale bar is 1 cm. (F) Mechanical response of gel as a function of applied
strain (28% by vol colloids; prepared as described in C). (G) A schematic illustration of a gelation
pathway involving spinoidal decomposition of a colloidal dispersion in the isotropic phase of a mesogen,
followed by subsequent formation of a nematic phase, as proposed by Bukusoglu et al. (H) Optical
micrograph of the gel formed following the process described in (G). Scale bar is 40 um. Reproduced

with permission, 10310
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A second pathway leading to gelation was described by Wood et al.'® They
demonstrated that mechanical shearing of micrometer-sized PMMA particles (that caused
homeotropic alignment of LCs and so-called Saturn-ring defect lines (Figure 3-14C)) dispersed
in LCs led to gelation at high loadings of particles (>15% vol.)."% By using a combination of
simulations and rheological measurements, they showed that the interparticle interactions leading
to gelation arose from the entanglement of line defects (sharing of defects) generated about the
particles. The composite material exhibited the mechanical properties of a self-standing, solid-
like viscoelastic gel (Figures 3-14C through 3-14F, note that G’>G” at low frequencies).'%

More recently, Bukusoglu et al. reported a third pathway leading to formation of LC gels.
The pathway involved the spinodal decomposition and dynamic arrest of colloids (Figures 3-14G
and 3-14H)." In this approach, the colloids were initially dispersed in the isotropic phase of the
mesogen. Upon cooling, the colloids underwent a spinodal decomposition-type phase separation
in the isotropic phase of the mesogen. The phase separation produced a continuous colloid-rich
phase and a discontinuous colloid-lean phase. Subsequent to the formation of the colloidal
network, a nematic to isotropic phase transition occurred in the colloid-lean regions of the
system. Significantly, and in contrast to the first pathway leading to gel formation (see above),
the LC-rich domains that formed in the gel were determined by the colloid-domain morphology
that developed during the phase transition in the isotropic phase of the mesogens. With the
addition of a third component, particles with diameters of hundreds of nanometers, this pathway
has also provided new routes for ternary composites with hierarchical microstructures.'%

As noted at the start of this section, colloid-based LC gels formed via the above-
described pathways exhibit a range of interesting properties that arise from the responsiveness of

the LC domains.®’ In contrast to the LC films described in Section 3.2 of this chapter, the LC
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gels are self-supporting and for this reason have substantial technological promise. Recent
studies have demonstrated that they can be combined with chemically functionalized interfaces
to create stimuli-responsive gels.”®% In addition, because the stiffness of these materials results
from interparticle forces mediated by the nematic order, and because photoactive dyes permit
reversible control of the nematic-isotropic phase boundary, an exciting frontier of research
involving colloid-based LC gels relates to the creation of materials with optically tunable
mechanical properties. Because, for example, fundamental cell behaviors are dependent on their
mechanical environment, and because the moduli of the LC gels are in a range (1-10 kPa) that is
relevant to some mammalian cell lines®, the possibility exists to make photoactive LC gels that

can be used to dynamically control cell behaviors.

3.7 Concluding Remarks

This chapter describes the remarkable richness in equilibrium and dynamic behaviors of
LCs that emerge from the interplay of the effects of surface-induced ordering, the elasticity of
LCs and the formation of topological defects in LCs confined in complex geometries. This
delicate balance of effects gives rise to a level of responsiveness in LC systems that is without
precedent in other classes of materials, and thus it offers many opportunities to create new
materials that can change their properties in response to subtle physical or chemical stimuli. It is
also evident from this chapter that the design of these LC-based materials rely heavily on
concepts from colloid and interface science and that the complexity of phenomena that result
from the presence of an anisotropic solvent with viscoelastic properties creates many unresolved

questions. Here we summarize a few of these problems:
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lonic phenomena, including electrical double layers. Historically, studies of LCs
conducted in the context of LCDs have generally minimized the presence of ions in
LCs due to their adverse effects on external electrical fields. However, when dealing
with LC systems in contact with water or with interfaces decorated with ionic
adsorbates, ions are present at high concentrations. Furthermore, the relatively high
dielectric constants of many LCs (e.g., relative dielectric constants from 4-16 are
common) promote disassociation of salts within LCs. The presence of ions in the bulk
of LCs and near interfaces can give rise to a range of equilibrium and dynamic
phenomena that are only now beginning to be explored. For example, electric fields
formed within the diffuse part of electrical double layers at aqueous interfaces can
generate torques on LCs that result in orientational transitions.'®” Moreover, the
arrival of ionic surfactants at the interface likely modulates the double layer, a factor
that is not generally considered in explanations of biomolecule- or surfactant-induced
ordering transitions in LCs. In addition, as illustrated by recent measurements
involving electrophoresis in LCs, electrokinetic processes in the anisotropic
environment defined by a LC can give rise to complex colloidal transport phenomena.
Specific ion effects. Whereas the above-described ionic effects can be largely
described within the context of classical colloidal descriptions of electrical double
layers and electrokinetic theory, an additional set of observations reveals that the
specific identity of ions at aqueous-LC interfaces can have pronounced effects on LC
ordering.’®® Based on complementary studies using monolayers of mesogens, the
effects appear to involve ion-specific penetration into the interface, and thus

perturbations to the ordering of LCs through a mechanism that is distinct from double
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layers. No description of the mechanism exists, although it appears closely related to
specific ion effects observed in bulk aqueous solution (which are also not
understood).

Chirality of interfaces. Several recent studies of chiral adsorbates at interfaces —
including solid-LC interfaces and LC-aqueous interfaces - have revealed that the
ordering of achiral LCs can be strongly influenced by the chirality of the
adsorbates.*®*” While the effects of chiral dopants in the bulk of LCs have been
widely explored, the mechanisms through which chiral interfacial adsorbates
influence the ordering of LCs have not been elucidated.

Molecular structure and compositions of defects. As described in this chapter, on the
basis of theory and simulation, it is generally accepted that the local order of
mesogens within the cores of topological defects is low compared to the bulk LC.
However, experimental characterization of the local order is limited. Furthermore,
many LCs are comprised of mixtures of mesogens and it is not known to what extent
the local compositions of defects differ from the bulk LC. These effects are likely to
be pronounced in some mixtures of mesogens.

Spatial organization of adsorbates on LC nanodroplets. Recent experimental studies
have revealed that elastic stresses within confined LC systems can regulate the phase
behavior of adsorbates at the LC interface.”® Specifically, micrometer-scale domains
of lipids and surfactants were induced by the LC. Simulations involving nanodroplets
of LC, however, suggest that a far richer range of interfacial phases of adsorbates are

possible on LC interfaces. Experimental evidence of such phases has not yet been
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found but might be observed through x-ray reflectivity or small angle neutron
scattering measurements.

The majority of studies reported in this paper involve optical measurements of the
ordering of micrometer-sized LC phases. Non-linear optical measurements (second
harmonic generation and infrared-visible sum frequency spectroscopy) at LC-solid
interfaces have established that the order (and orientation) of the first layer of
mesogens at an interface can differ substantially from the bulk LC phase.'®!*° To
date, there are no published studies characterizing spectroscopically the orientational
order at buried LC-aqueous interfaces. Such studies offer the potential to provide
insight into the effects of, for example, specific ions on the orientations of LCs.
Lateral organization of peptides and proteins at aqueous-LC interfaces. As discussed
in this chapter, adsorbates at aqueous-LC interfaces exhibit high mobilities and thus
can reorganize on experimental time-scales to trigger patterned orientational
responses in LCs. In this context, a number of past studies have revealed that
proteins and peptides adsorbed at lipid-decorated LC-aqueous interfaces exhibit
reproducible patterns (e.g., circular domains or fibrillar, fractal-like structures).***
These observations suggest that interactions between peptides and proteins are
forming lateral assemblies at the interface that reflect structural properties inherent to
the adsorbates. The origins of these interactions, and the processes by which they give
rise to lateral assemblies, are not understood.

Influence of LC droplet size on internal ordering of LC. A number of studies have

reported that the ordering of LCs within micrometer-sized droplets is strongly

dependent on the size of the LC droplets.”® In particular, although the easy axis of
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nematic droplets at the LC-aqueous interface is tangential to the interface of the
droplets, it has been observed that small LC droplets (typically around a micrometer
in size) spontaneously exhibit a radial configuration (in the absence of an added
adsorbate). Although it appears that saddle-splay strain in the LC may be able to
provide an account of this change in ordering with the size of the LC droplets, a

definitive explanation remains to be established.
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Chapter 4: Dynamic Self-Assembly of Motile Bacteria in Liquid Crystals*

4.1 Introduction

Bacteria adapt to a broad range of microenvironments with varied physical and chemical
properties. Aspects of these microenvironments can impact the motility and viability of the
microorganisms.® While bacteria most commonly inhabit isotropic microenvironments which
possess direction-independent physical properties, some specialized bacteria including
Staphylococcus aureus, Neisseria gonorrhoeae, B-hemolytic strains of Streptococcus,
Mycobacterium tuberculosis, and Pseudomonas aeruginosa have been previously shown to
colonize microenvironments possessing anisotropic properties (e.g., optical, mechanical, and
diffusional), including those enriched in collagen, cellulose, chitin, synovial fluid, and the matrix
of extracellular polymeric substances associated with bacterial biofilms.>> How the anisotropy
of these environments influences dynamic behaviors of bacteria, and in particular, intercellular
interactions remains poorly understood.

In this paper, we address this topic by studying bacteria in model liquid crystalline
materials. Liquid crystals (LCs) encompass a state of soft matter in which properties are typically
anisotropic.”> Unlike isotropic liquids, LCs exhibit long-range order and elasticity that enables
energy to be stored at rest in strained states, and they form topological defects in confined
systems.>® These properties significantly influence the behavior of micrometer-sized synthetic
particles (e.g., polystyrene or silica) when dispersed within a LC. For example, individual
elongated microparticles are spontaneously oriented within nematic LC to minimize local elastic
distortions that arise due to the preferential alignment of LC mesogens at the particle surface (so

called “surface anchoring”).7'9 The specific orientation assumed by the particles relative to the
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far-field director, which defines the average alignment of LC mesogens in the bulk, depends on
the type of anchoring (e.g., tangential or perpendicular) at the particle surface. In addition, a
series of recent studies have revealed that the elasticity of LCs can generate direction-dependent
interparticle forces that lead to formation of complex, self-assembled structures of micrometer-
sized particles in LCs including linear chains and two-dimensional arrays.”** Such LC-mediated
elastic forces can be very strong, commonly producing pair interaction potentials on the order of
10? to 10° kT and lead to the irreversible association of microparticles. Although interest exists in
harnessing these forces to create self-assembled colloidal structures for use in photonics or in the
design of metamaterials,*? the strength of the anisotropic interparticle interactions often leads to
the irreversible association of particles and kinetic traps (particle configurations which produce
local free energy minima) and thus optical tweezers or other techniques are typically needed to
guide the assembly process.

While the self-organization of ‘passive’ colloids in LCs has been well characterized,

much less is known about the behaviors of ‘active’ particles*>**

that propel themselves within
LCs. Such an investigation is of particular interest because active particles may be able to
generate forces of sufficient magnitude to overcome the irreversibility of many LC-mediated
interparticle interactions (see above). Bacteria can be viewed as a promising class of active
particles for these types of fundamental studies because, as we demonstrate, they can be
genetically engineered to manipulate the magnitude of the propulsive force that they generate in
LCs. Additionally, focusing on bacteria provides an opportunity to gain insight into the influence
of elasticity of LCs on intercellular bacterial organization in anisotropic microenvironments.

Past studies have reported that the elasticity of anisotropic microenvironments can impact

the orientation and motility of bacteria. Smalyukh et al. observed that the long axes of rod-
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shaped P. aeruginosa cells oriented parallel to the direction of DNA alignment in a concentrated
solution of aligned DNA chains.™ They also found that cell motion was biased in this direction.
These phenomena were hypothesized to arise from minimization of energy associated with
elastic deformation of the nematic-like DNA biopolymer matrix. More recently, Kumar et al.
have reported that elastic forces similarly induce Escherichia coli to move anisotropically when
suspended in a nematic LC.'® In this paper, we move beyond these past studies of isolated
bacteria (i.e., single particles) by focusing instead upon the interplay of elasticity-mediated inter-
bacterial forces and flagella-derived dissociative forces on the self-organization of multiple
bacteria dispersed in a LC.

To investigate the above-described fundamental issues, we studied the behavior of
Proteus mirabilis cells suspended in a lyotropic LC that creates an anisotropic viscoelastic
microenvironment. P. mirabilis is a Gram-negative, rod-shaped y-proteobacterium 2-3 pm in
length that is commonly associated with urinary tract infections and the biofouling of catheters.
Guided by environmental cues, P. mirabilis cells differentiate into long (~ 20 pum) swarmer cells
having a characteristically high density of flagella that generate sufficient propulsive forces to
enable movement through high viscosity fluids (1 < 8.34 Pa-s), which is a phenotype that is
thought to play a role in pathogenesis."” We hypothesized that these large propulsive forces
might also permit the emergence of complex inter-bacterial behaviors in viscoelastic media such
as LCs. Rather than working with swarmer cells per se, we studied P. mirabilis cells
overexpressing the flnDC operon, which encodes the master regulator of flagellum biosynthesis,
FIhD,4C,. Overexpressing flnDC produces vegetative P. mirabilis cells (P. mirabilis-flnDC) that
have a high density of flagella that resembles swarmer cells, and enables them to move through

viscous fluids.'” Focusing our studies on P. mirabilis-flhDC enabled us to recapitulate the
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dominant phenotype of swarmers—movement through viscous environments—without the
technical complexities of isolating and working with isogenic populations of these differentiated
cells.

For our studies of P. mirabilis-flnDC in anisotropic environments, we used agqueous
solutions of disodium cromoglycate (DSCG). DSCG (also known as cromolyn) is an example of
a lyotropic LC. Aqueous DSCG solutions exhibit nematic LC phases within a particular range of
compositions and temperatures due to formation of aggregates of stacked DSCG molecules.®**
Our choice of DSCG for these studies was primarily guided by its known biocompatibility with
several types of cells and bacteria.”*! DSCG also has been characterized extensively, including
the determination of its phase diagram,'®*? birefringence,?® and elastic constants.?* In addition,
synthetic LCs are particularly attractive model anisotropic fluids because it is possible to exert
spatiotemporal control of the local LC alignment, e.g. through changes in boundary conditions or

application of external fields.

4.2 Experimental Section

Bacterial strains and cell culture. P. mirabilis strain HI4320 was transformed with plasmid
pflIhDC to create P. mirabilis-flhDC. The plasmid pflhDC contained the flhDC genes from P.
mirabilis inserted into pACYC184 (which contains a gene for chloramphenicol resistance).
Empty vector pACYC184 (without fIhDC) was transformed into HI4320 to obtain wild type
vegetative P. mirabilis. Both strains were grown in chloramphenicol-resistance nutrient medium
consisting of 1% (wt/vol) peptone (Becton, Dickinson, Sparks, MD), 0.5% (wt/vol) yeast extract
(Becton, Dickinson), and 1% (wt/vol) NaCl (Fisher Scientific, Fairlawn, NJ) at 30°C in a

shaking incubator.'” Saturated overnight cultures were diluted 100-fold in 10 mL of fresh
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nutrient medium and grown in 150 mL Erlenmeyer flasks at 30°C in a shaking incubator at 200
rpm. We observed that the highest swimming velocity of P. mirabilis cells occurred during
stationary phase, hence we harvested cells at an absorbance (A = 600 nm) of ~3.2 and
centrifuged. The cells were then washed three times with an aqueous buffer for bacterial motility
(0.01 M KPO,, 0.067 M NaCl, 10* M EDTA, 0.1 M glucose, and 0.001% Brig-35, pH 7.0). To
obtain non-motile P. mirabilis cells, the cells were treated with 4% glutaraldehyde for 3 h at
25°C after harvesting.

E. coli K-12 strain MG1655 (CGSC #8237) was grown in Luria-Bertani media (LB) (1%
tryptone w/v, 0.5% yeast extract w/v, 1% NaCl w/v) at 37°C in a shaker incubator. Saturated
overnight cultures were diluted 100-fold in 10 mL of fresh nutrient medium and grown in 150
mL Erlenmeyer flasks at 37°C in a shaking incubator at 200 rpm for 2 hours. After harvesting,

these cells were washed as described above for P. mirabilis.

Lyotropic LC preparation. Disodium cromoglycate (DSCG) was purchased from Sigma-
Aldrich (Milwaukee, WI) and used as received. Lyotropic LCs containing DSCG were prepared
by mixing 15.3 wt% of DSCG with 84.7 wt% of aqueous motility buffer. The mixture was
shaken for at least 12 h to ensure complete solubility and homogeneity. Prior to experimentation,
the DSCG solution was heated at 65°C for 10 min to avoid possible time dependence of the
properties of the mixture.”>?® After cooling the solution to 25°C, a small volume of motility
buffer containing bacteria was added to the DSCG mixture producing a final concentration of
~10" cells/pL. The final concentration of DSCG was 15.0 wt% in all experiments. At this
concentration, DSCG forms a nematic LC phase below ~27°C and an isotropic phase above

~40°C with two-phase coexistence observed within the range of intermediate temperatures. 3%
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Microscopy. We optically imaged cells using a Nikon Eclipse Ti inverted microscope equipped
with crossed polarizers and a Photometics CoolSNAP HQ2 CCD camera (Tucson, AZ) using a
Nikon Plan Apo A, 100X/1.45 oil objective lens. Videos consisting of 400 frames were collected
with the EM gain off and with a 100 ms exposure time (10 frames/sec). Images of cells were
collected using Nikon NIS Elements software. For non-motile cells, bright field and crossed
polar images were collected for the same field of view. A thermoplate (Tokai Hit, Fujinomiya,
Japan) and 100X objective heater (Bioptechs, Butler, PA) were used to control the temperature
of the samples during experiments. An Olympus BX60 microscope equipped with crossed
polarizers was also used to analyze the imaging chambers. Images were captured using a digital
camera (Olympus C-2040 Zoom) mounted on the microscope and set to an f-stop of 2.8 and a

shutter speed of 1/125 sec.

Bacterial motility data analysis. Microscopy data for motile cells was analyzed using the
MATLAB computing environment (MathWorks, Natick, MA) by identifying the centroid of
each bacterium in successive frames and grouping those points together to create a cell
trajectory. We combined the position of the cell at each interval in a cell track with the CCD
frame rate to determine cell velocity. Using this script, we determined the length and position of
each cell and the average cell velocity over the entire track. Tracks that were shorter than 25
frames were discarded. ImageJ software was used to calculate the angular dispersion of non-
motile cell populations relative to the direction of rubbing, the distance between associated non-

motile cells, and the angle with respect to the far-field director of multi-cellular complexes.
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Rheology. An Advanced Rheometric Expansion System (ARES) (TA Instruments, Rheometric
Scientific, Piscataway, NJ) with cone and plate type geometry (cone diameter 50 mm; cone angle
0.04 rad) was used to measure the effective viscosity of the DSCG solution. Steady shear rate
sweeps were performed at room temperature at shear rates between 10 and 10° s™*. A gap of
0.0508 mm between the plate and the center of the cone was used such that DSCG solution fully

filled the space between the plates, with excess material extended beyond the plates.

Statistical analysis. All experimentally determined values have been reported in the text

and figures with associated standard errors.

4.3 Results

4.3.1 Anisotropic motion and orientation of P. mirabilis-flhDC cells in nematic DSCG
We first sought to confirm that the elasticity of the nematic LC phase of DSCG solutions
(15 wt%) in aqueous motility buffer induced bacteria to move anisotropically, as has been
reported previously for E. coli.®® At this concentration, DSCG forms a nematic LC phase below
~27°C and an isotropic phase above ~40°C with coexistence of two phases at intermediate
temperatures.*®?? All of the experiments described in this manuscript were performed in 15 wt%
DSCG. To prepare optical chambers for imaging bacterial cells suspended in DSCG solutions,
we first rubbed a glass slide and a glass cover slip unidirectionally multiple times with tissue
paper (Kimwipe). A small volume (~1 pL) of DSCG solution containing bacteria was
subsequently confined between the two rubbed glass substrates in a cavity created using 6 pum-
thick Mylar film (Figure 4-S1). Epoxy was used to seal the chamber and prevent water

evaporation. The imaging chamber was prepared so the rubbed surfaces of the glass substrates
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were both in contact with the DSCG solution and oriented such that the rubbing directions on the
two substrates were antiparallel. The sample was briefly (~10 s) heated to 42°C into the isotropic
phase of DSCG to mitigate any flow-induced alignment of the nematic LC before cooling back
to room temperature. Using this technique, large regions (in excess of 100 um x 100 um) of the
LC phase of DSCG (at 25°C) exhibited an orientation that was parallel to the surface with an
azimuthal alignment in the direction of rubbing (Figure 4-S1). We confirmed that the alignment
of the nematic LC in these regions was parallel to the direction of rubbing by inserting a quarter
wave plate into the optical path of a microscope and analyzing the appearance of the sample
between crossed polars.?” Each imaging chamber was used within 3 h of its preparation. Bacteria
were in contact with DSCG solutions for at least ten minutes prior to performing measurements
of motility.

Initial experiments with E. coli strain MG1655 revealed limited motility in nematic
phases of DSCG (average velocity V~ 1.2 + 0.4 pm/s), which made it challenging to
differentiate between motile and non-motile cells. With few exceptions, past studies have
demonstrated that many types of bacteria are unable to generate sufficient propulsive forces to
move through fluids with p > 0.06 Pa-s (e.g. the motility of Escherichia coli strain KL227 ceases
at | = 0.06 Pa-s).?® Since E. coli MG1665 cells do not generate a large propulsive force in fluids
of high viscosity such as lyotropic liquid crystals (and thus, we expected, would irreversibly
aggregate in LCs), we instead investigated motile strains of P. mirabilis that were engineered to
overexpress flnDC and enable cell motility in isotropic fluids with a dynamic viscosity, u < 8.34
Pa-s.)” The aspect ratio of the engineered cells (k = L/2R) was ~ 3, closely matching vegetative
P. mirabilis cells that did not overexpress flnDC. We measured the P. mirabilis-flnDC cells to

move through DSCG solutions with a much higher velocity (V = 8.8 + 0.2 um/s) than both E.
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coli cells and vegetative P. mirabilis cells that did not overexpress flhDC (V = 0.2 + 0.1 pm/s)
(Figure 4-1A). When we analyzed the motion of P. mirabilis-flnDC cells dispersed in nematic
DSCG solution (see Video S1 in the online Supporting Information), we observed cells moving

preferentially along the direction of LC alignment,*>®

as illustrated by the offset representative
trajectories shown in Figure 4-1B. The mean-square displacement for P. mirabilis-flnDC cells
parallel to the nematic LC director (x-direction) was approximately two orders of magnitude
greater than in the perpendicular direction (Figure 4-1D). In contrast, P. mirabilis-flnDC cells
suspended in an isotropic DSCG solution (achieved by equilibrating the solution at 42°C)

exhibited a comparable velocity of V = 8.1 + 0.3 um/s without a directional bias (Figures 4-1C

and 4-1D; also see Video S2 in the online Supporting Information).
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Figure 4-1. Anisotropic motion of bacteria in nematic LC.

(A) Average velocities of bacteria measured in nematic DSCG solutions (15 wt%) at 25°C. (B)
Superimposed trajectories (offset from one another by 3.3 um) of P. mirabilis-fInDC in nematic DSCG
solutions at 25°C. The LC director was oriented along the x-axis (in the direction of rubbing of the glass
slides). (C) Superimposed representative trajectories of P. mirabilis-flnDC in isotropic phases of DSCG at
42°C. (D) Plot of the mean-square displacement of P. mirabilis-fInDC calculated from analysis of 139
trajectories (25°C) and 75 trajectories (42°C). The velocities of P. mirabilis-flnDC cells in DSCG solution
were comparable in magnitude at 25°C (V = 8.8 + 0.2 um/s) and 42°C (V = 8.1 + 0.3 um/s). Values are

reported with associated standard errors.
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To estimate the flagella-derived forces generated by the motile P. mirabilis-flnDC in
nematic DSCG, we sought to determine the viscous drag force (F; = 6muRV) which balances
the propulsive force. Nematic LCs possess direction-dependent (Miesowicz) shear viscosities
with the direction of lowest viscosity being parallel to the director.?*=! In common thermotropic
LCs, the Miesowicz viscosity corresponding to shear flow with velocity perpendicular to the
director is often ~10x larger than the viscosity parallel to the director.” Because experimental
determination of Miesowicz viscosities of lyotropic LCs is difficult as general and facile
methods to manipulate the surface anchoring of lyotropic LC phases do not exist, we estimated
the apparent viscosity experienced by the motile P. mirabilis-flnDC in nematic DSCG to be p ~
0.7 Pa-s by comparing the average velocity in nematic DSCG to previous measurements of P.
mirabilis-fIhnDC motility in solutions of known viscosity.!” (We note that we also performed
rheological measurements of the DSCG solution at 25°C and measured an effective viscosity of
KU ~ 1 Pa-s.) Employing u = 0.7 Pa-s as an approximation of the Miesowicz viscosity along the
director, we estimate that F4 ~ 60 pN for the rod-shaped P. mirabilis-fIhDC (R = 0.5 um) cells
moving at V = 8.8 um/s in nematic DSCG. Below we compare the magnitude of these flagella-
derived propulsive forces to inter-bacterial forces generated by the elasticity of the LC.

Because the interactions between P. mirabilis-flnDC cells mediated by the elasticity of
the LC are dependent on the anchoring of the LC on the surface of the bacteria and the resulting
strain in the LC, we first characterized the anchoring of the LC on individual cells. To determine
the anchoring of the LC on the bacteria, we characterized the distribution of orientations of non-
motile P. mirabilis-flhDC cells in both the nematic and isotropic phases of DSCG solutions and
characterized the ordering of nematic LC near the cells using polarized light microscopy.

Treating P. mirabilis-flnDC cells with 4% glutaraldehyde rendered them non-motile. Non-motile
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P. mirabilis-fInDC cells suspended in an isotropic DSCG solution exhibited no preferential
orientational alignment (Figure 4-S2). In contrast, we measured the long axes of non-motile P.
mirabilis-flnDC cells to preferentially align parallel to the far-field LC director in nematic DSCG
(Figure 4-2A and 4-2D) and we observed four small regions with a bright optical appearance
near the poles of each bacterium (Figure 4-2B), both which are consistent with tangential
anchoring of the LC at the bacterial surface (Figure 4-2C). We also calculated that shear forces
generated by motile bacteria should not perturb this local ordering of LC because the Ericksen
number (Er = pVR/K) for the motion of P. mirabilis-fIhnDC cells in DSCG is < 1. If the
tangential surface anchoring of the LC on the surface of P. mirabilis-flnDC was strong, the
orientation-dependent energy of interaction of the LC and the rod-shaped bacterium (length L =

3 um, radius R = 0.5 um) would be;®1552:33

Ugiastic = 2mK60?L/In(2L/R), (4-1)
where @ is the angle (in radians) between the director of the LC and long-axis of the bacterium
and K is the elastic constant of the LC (K = 10 pN)?, where for simplicity the elastic constants
for splay, twist, and bend are assumed to be equal in magnitude allowing the strain of the LC to
be described by a single elastic constant. This analysis leads to the prediction that even slight
deviations of the bacterial long axis from the nematic director would be highly unfavorable (e.qg.,
Uerastic ~ 90KT for 6 = 4°). In contrast, we measured a significant number of bacteria to be
oriented away from the far-field director (35% of cells in nematic DSCG were recorded with 6 >
4°), suggesting that the tangential anchoring of the LC on the surface of the bacteria is likely
weak [a conclusion which receives support from additional observations reported below; we note

also that weak, tangential anchoring of DSCG at surfaces has been reported elsewhere®**°].
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Figure 4-2. Configuration of LC around bacteria and resulting bacterial alignment.

(A, B) Bright field and crossed polars images, respectively, of non-motile P. mirabilis-flnDC cells
dispersed in nematic DSCG solution at 25°C. The double-headed solid arrows in (B) indicate the
positions of the polarizers while the double-headed dotted arrows depict the orientation of the LC director
(n). (C) Schematic representation of the LC director profile that results from weak, tangential anchoring
of the LC on the surface of P. mirabilis-flnDC cells. (D) Distribution of angles between the rubbing
direction of the glass slides and the long axis of P. mirabilis-fInDC cells in DSCG solution at 25°C
(nematic) and 42°C (isotropic). The scale bar in (A) is 10 um. Values are reported with associated

standard errors.
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4.3.2 Interactions of bacteria mediated by LC

As noted above, past studies have demonstrated that the elasticity of LCs, and topological
defects that form about passive particles in LCs, mediate particle-particle interactions that result
in self-assembly of the particles.”** For example, it has been demonstrated that spherical and
ellipsoidal colloids with tangential surface anchoring form well-defined chains — for spherical
colloids the vector that joins the particle centers is offset 30° from the far-field director.*® We
observed the above-described strain induced in the LC by non-motile and motile P. mirabilis-
fInDC cells similarly leads to inter-bacterial forces that result in the formation of multi-cellular
complexes. Figure 4-3A provides a sequence of snapshots which demonstrates the formation of a
linear chain of two motile P. mirabilis-flnDC cells (see Video S3 in the online Supporting
Information). At t = 3.7 s, the two bacteria, which had previously been swimming towards one
another, associate together into a chain. This chain-like assembly then continues to move with a
velocity similar to that of the faster individual component cell prior to the association event
(Figure 4-3B). At later time points, the bacteria move within the LC together, retaining this state
of association. We only observed the end-on-end association of P. mirabilis-flhDC cells in the
nematic phase of the DSCG solution (they do not form within the isotropic phase). We also
found that a small space remained between associated motile bacteria indicating the existence of
a short-range repulsion. Limited by the resolution of our optical microscope, we estimate that the
closest approach of the surfaces of the bacteria is approximately 0.3 um. Although the origin of
the repulsive interaction leading to this separation is unknown, it may arise from steric and/or
electrostatic interactions between cells due to the presence of the lipopolysaccharide that

decorates the outer leaflet of the bacterial membrane.
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Figure 4-3. Dynamic association of motile bacteria in nematic LC.

(A) Sequence of images (bright field) showing end-on-end association of two motile P. mirabilis-flInDC
cells in nematic DSCG solution (15 wt%) at 25°C. Dotted arrows indicate the velocity of the bacterial
cells (see calibration in t = 1.5s). (B) Plot of the velocities of the P. mirabilis-flhDC cells shown in (A)
before and after association into the chain. The scale bar in (A) is 5 pm.

The role of the elasticity of the LC in mediating the inter-bacterial interactions was

confirmed by measurement of the relative orientations of the centroids of non-motile bacterial
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cells within chains (Figure 4-4A). An angle of 5.5 + 0.8° with respect to the far-field LC director
was measured for chains of non-motile P. mirabilis-fInDC cells, consistent with theoretical
predictions for elasticity-mediated interactions of ellipsoidal microparticles with tangential
anchoring and aspect ratios matching P. mirabilis-flnDC cells.” We found that linear chains of
motile P. mirabilis-flInDC cells were instead oriented at an angle of 3.3 + 0.5° from the far-field
director, an observation which likely reflects the drag forces generated by the motion of the
swimming bacteria. Crossed-polar images confirm the quadrupolar symmetry of the nematic

director near the surface of the non-motile bacteria within these chains (Figure 4-4B).

Figure 4-4. Multi-cellular assemblies formed in nematic LC.
(A) Bright field and (B) crossed polars images of a non-motile P. mirabilis-flhDC multi-cellular complex
(trimer) in nematic DSCG solution (15 wt%) at 25°C. The scale bar in (A) is 5 um.

Consistent with past studies of assemblies of passive particles, non-motile bacteria
associated irreversibly in nematic DSCG solutions. In contrast, however, we frequently observed
motile bacteria within multi-cellular assemblies to separate from each other with trajectories that
followed the LC director (Figure 4-5A; also see Videos S4 and S5 in the online Supporting
Information). We hypothesized that this dissociation of motile P. mirabilis-flhDC bacteria via

flagella-derived forces would decrease the populations of multi-cellular assemblies (dimers,
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trimers, and tetramers) found in LC suspensions of motile cells relative to non-motile cells. To
test this idea, we prepared dispersions of both motile and non-motile P. mirabilis-flhDC cells in
parallel at equal cell densities. Approximately 30 minutes after the addition of the concentrated
bacteria solutions to DSCG and preparation of imaging chambers, we acquired images of more
than 400 motile and non-motile bacteria. We quantified the number of single cells and cells
within multi-cellular assemblies for each population (motile and non-motile) and scaled the final
numbers to a population of 400 total cells. As seen in Figure 4-5B, we found that the population
of motile monomers is higher by a factor of two relative to non-motile monomers, whereas the
population of non-motile dimers is enriched relative to motile dimers. The role of flagella-
derived forces in biasing the size-distribution of multi-cellular bacterial complexes is evidenced
further in the populations of motile and non-motile trimers and tetramers in Figure 4-5B.

We estimated the magnitude of the LC-mediated attractive force acting between bacteria
with surface anchoring energy W and quadrupolar distortions of the director as

Fetastic < C(W?R?/K)(2R/d)® (4-2)

where d is the distance between the surfaces of the two rod-shaped bacteria (0.3 pum, see above),
and C is a coefficient of order one.’®*"*® The parameter W (so-called “anchoring strength”)
quantifies how strongly LCs are held in a particular orientation at a surface. Guided by
observations reported above indicating weak anchoring (WR/K ~ 1) of LCs on the surfaces of
the bacteria [and reports of weak anchoring of DSCG at other interfaces®**], we used W ~ 105
JIm?to calculate F,;4qc ~ 10 pN at d = 0.3 pm. Our observation that F,;,.c iS comparable to
our estimate of the propulsive forces generated by the flagella of P. mirabilis-flIhDC cells [~60
pN, see above] provides additional support for the conclusion that the population of multi-

cellular assemblies shown in Figure 4-5B (for motile bacteria) belong to non-equilibrium states
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of the system that arise from the interplay of flagella-derived dissociative forces and elasticity-

mediated attractive forces in the LC.
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Figure 4-5. Reversible assembly of motile bacteria within LCs.

(A) Sequence of images (bright field) showing both the association and dissociation of two motile
bacteria in nematic DSCG solution at 25°C. (B) Populations of bacteria in multi-cellular complexes
formed in nematic DSCG solution by non-motile (black) and motile (gray) bacteria. (See text for

experimental details.) The total number of cells in both populations is 400. The scale bar in (A) is 5 um.

4.4 Discussion

Our results suggest that the elasticity of a nematic LC significantly influences both
bacterial dynamics and organization. Not only do elasticity-mediated forces orient and direct the
motion of isolated bacteria parallel to the director, as has been reported previously,™>** but

additionally we find they induce the assembly of P. mirabilis-flnDC cells into linear chains. The
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force (~60 pN) produced by motile P. mirabilis-flnDC cells to move within the viscous LC
solution at V = 8.8 + 0.2 um/s is comparable in order of magnitude to the attractive LC inter-
bacterial force (~10 pN), which facilitates the dissociation of multi-cellular complexes.
Specifically, from our estimates of the magnitudes of these forces, we conclude that a P.
mirabilis-flnDC cell can escape from elasticity-mediated interaction with another cell when a
significant component of its flagella-derived propulsive force is directed opposite to the
attractive elastic force. An unresolved question that emerges from our study is the extent to
which the flagella-derived forces are changed when the bacteria are assembled into multi-
bacterial complexes (as a consequence of the LC-mediated attractions). It is possible that the
close proximity of bacteria within multi-cellular complexes (~0.3 pum spacing) may restrict the
motion of flagella bundles (and propulsive forces) when bacterial motion is directed in
opposition to the attractive elastic force. We note, for example, that following the formation of a
linear chain of bacteria (Figure 4-3A), the cells continue to move at a speed and in a direction
consistent with the fastest individual cell prior to the association event (Figure 4-3B). This
observation may indicate that little propulsive force is generated by the second component cell in
the direction of motion, which is opposite to the elastic attraction force.

We observed that the dissociation of motile P. mirabilis-fInDC cells using flagella-
derived forces significantly influenced the population of individual cells and multi-cellular
assemblies dispersed within LCs (Figure 4-5). Specifically, the reversibility of the elasticity-
mediated inter-bacterial interaction for motile cells enriches monomers and depletes multi-
cellular assemblies with respect to non-motile cells, which irreversibly associate with one
another. We predict that the size distributions measured for motile bacteria suspended within the

LC for longer periods will evolve, likely heightening the differences that we observed between
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the populations of motile and non-motile cells. Alternatively, the relative abundance of multi-
cellular complexes of motile bacteria can likely be tuned by manipulating the magnitude of the
propulsive force they generate or by altering their size and shape (thus influencing the strength of
the elastic attraction forces) using different species of bacteria or genetic engineering.

Finally, the results in this paper suggest several additional directions for research using
motile bacteria suspended in LCs. Future investigations could focus on elastic interactions acting
on bacteria at interfaces of LCs, interactions of bacteria with LC defects, and the use of external
electric and magnetic fields to manipulate LCs and actively control bacterial behavior (e.g., to
dynamically focus bacteria to a specific location in a system for analysis). In additional to
producing fundamental information about the behavior of bacteria in anisotropic viscoelastic
environments, these studies also may generate novel insight into the influence of anisotropy on

bacteria in biological microenvironments.

4.5 Conclusions

In summary, this paper reports that motile P. mirabilis-flnDC cells form dynamic,
reversible multi-cellular assemblies within the nematic phase of a lyotropic LC due to the
interplay of elasticity-mediated forces and flagella-derived forces. While passive
synthetic particles’ ™ as well as non-motile bacteria aggregate irreversibly when dispersed
in a LC, we find the propulsive forces generated by the flagella of the P. mirabilis-fIhDC
cells are comparable in magnitude to LC-mediated attractive inter-bacterial forces (tens of
pN) and can be used to overcome them. We observe that flagella-mediated dissociation
significantly reduces the population of motile bacteria found in multi-cellular complexes

relative to a population of non-motile cells. Overall, our observations provide new insight
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into the manner in which elastic forces may also influence bacteria organization and
dynamics within biological anisotropic viscoelastic microenvironments. In addition, our
studies reveal that motile bacteria in LCs are a versatile system for investigations of self-
organization that result from dissipative processes, for elucidation of general design
principles for active soft matter (including systems containing synthetic particles driven

by catalytic reactions™**

), and potentially for studies of the emergence of cooperative
behaviors of populations of bacteria at high concentrations. In particular, we demonstrate
that bacteria can be genetically engineered to manipulate the magnitude of the propulsive
force that they generate in LCs to control, for example, the frequency with which they can
escape elasticity-mediated inter-bacterial interactions. Based on our results, we envision
that bacteria are well suited to serve as model ‘active’ particles with which to unmask

dynamic phenomena that emerge from the interplay of local propulsive forces and

anisotropic viscoelastic environments in LCs.
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4.6 Supporting Information

Figure 4-S1. Experimental setup.

(A) A schematic illustration depicting imaging chambers used to analyze bacterial cells in LC solutions.
The double-headed arrows indicate the direction of rubbing along the surface of the glass slides. The LC
director profile is indicated by the dotted lines. (B, C) Polarized light micrographs of the experimental cell
aligned (B) parallel and (C) 45° to one of the crossed polarizers. We confirmed that the alignment of the
nematic LC was parallel to the direction of rubbing by inserting a quarter wave plate into the optical path
of a microscope and analyzing the appearance of the sample between crossed polars. The scale bar in (B)
is 200 pm.

Figure 4-S2. Non-motile P. mirabilis-flnDC cells dispersed in an isotropic DSCG phase.
Bright field micrograph showing non-motile P. mirabilis-flnDC cells in an isotropic DSCG solution at
42°C. The scale bar is 10 pm.
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Supplementary Video Captions

Supporting videos are available in the online Sl (see DOI: 10.1039/c3sm52423).

Video S1. Bright field optical microscopy video showing anisotropic motion of P. mirabilis-
flnDC cells in 15 wt% DSCG at 25°C (nematic phase). The LC director is aligned in the x-

direction (horizontal direction of movie). Scale bar = 10 pum.

Video S2. Bright field optical microscopy video depicting isotropic motion of P. mirabilis-flhDC

cells in 15 wt% DSCG at 42°C (isotropic phase). Scale bar =5 pm.

Video S3. Bright field optical microscopy video which demonstrates the formation of a linear
chain of two motile P. mirabilis-flnDC cells in 15 wt% DSCG at 25°C (nematic phase). Scale

bar =5 pum.

Video S4. Bright field optical microscopy video depicting the elasticity-mediated formation and
subsequent dissociation of a linear chain of motile P. mirabilis-flhnDC cells in 15 wt% DSCG at

25°C (nematic phase). Scale bar =5 pum.

Video S5. Bright field optical microscopy video in which a linear chain of motile P. mirabilis-

fInDC cells in 15 wt% DSCG at 25°C dissociates (nematic phase). Scale bar =5 pum.
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Chapter 5: Using Liquid Crystals to Reveal How Mechanical Anisotropy

Changes Interfacial Behaviors of Motile Bacteria*

5.1 Introduction

Many bacteria live at interfaces." " The accumulation of bacteria at liquid-solid and
liquid-air interfaces is an early step in the formation of bacterial communities that have a
staggering impact on ecology,™™ industrial processing,“®’ agriculture,*®° and human health.*”
851011 10 response to the growing significance attributed to bacteria in these niches,
microbiologists have studied the mechanisms that influence cell movement, behavior, and
assembly into multicellular structures at interfaces.’>*” Much of this research has centered
around biofilms on the surfaces of rigid solids due to the impact of these structures on human
health, and the high costs associated with eradicating these microbial communities.’**° The

21-25

extracellular matrix of biofilms and other complex viscoelastic fluids in which bacteria live

(e.g., synovial fluid, mucus, as well as fluids enriched in biopolymers such as collagen, chitin,

and cellulose®™?%3!

) can possess local domains that exhibit long-lived anisotropic physical
properties, particularly when they are exposed to shear or extensional flows. For instance, elastic
relaxation times of bacterial biofilms, which commonly grow in flowing aqueous environments,
have been measured to range from seconds to >10 min.”*® Thus, motile bacteria associated
with biofilms®* come into contact with extracellular polymeric substance domains that exhibit
local alignment. However, virtually nothing is known about how anisotropy of an interfacial
environment impacts fundamental bacterial behaviors. Significantly, the range of bacteria living

in these anisotropic environments includes the biomedically important organisms

Mycobacterium tuberculosis, Neisseria gonorrhoeae, Pseudomonas aeruginosa, Staphylococcus
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aureus, and beta-hemolytic strains of Streptococcus.?*?*3" Although previous investigators have
studied bacteria at interfaces of isotropic liquids,*" developing an understanding of the
behavior and dynamics of bacteria at interfaces of anisotropic complex fluids, such as the liquid
crystals (LCs) described in this work, has the potential to open a new window through which to
view bacteria in environments that are relevant to biofilms, infections, and other fundamental
and technological contexts.

In contrast to our lack of understanding of motile bacteria at the interfaces of complex
fluids such as LCs, much more is known about the behavior at LC interfaces of synthetic micro-
particles that are commensurate in size to bacteria.®* % Three key properties of LCs impact the
equilibrium and dynamic interfacial behaviors of such micrometer-sized particles. First, because
of the long-range ordering of molecules within LC phases, elastic strain of LCs about adsorbed
microparticles gives rise to interparticle forces that have unusual symmetries.*** These LC-
mediated interparticle forces can generate hexagonal and chain-like two-dimensional interfacial
assemblies. Second, LC phases possess anisotropic viscosities that influence the dynamics of
localized particles, as indicated by the anisotropic diffusion of microparticles adsorbed to LC
interfaces.*® Third, topological defects that form at the surfaces of curved LC interfaces, such as
LC droplets, possess high free energy densities and thus attract and localize microparticles.***°
Inspired by these past observations regarding synthetic microparticles at LC interfaces, we
hypothesized that LC elasticity, viscosity, and topological defects would also likely impact
fundamental behaviors of motile bacteria at LC interfaces.

In this work, we report the use of Proteus mirabilis as a model bacterium to study the
dynamics of motile bacteria at interfaces of LCs, as it has been demonstrated previously that

genetically manipulating flagella density on P. mirabilis can create cells that produce sufficient
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flagella-derived propulsive forces to move through viscous fluids.*® Specifically, P. mirabilis
cells overexpressing flagella (that we refer to as P. mirabilis in this work) are rod-shaped with a
length of ~3 pm and move at a velocity, V = 6.9 + 1.6 pm/s through an aqueous polymer
solution that has a kinematic viscosity (0.83 Pa-s)*® comparable to the nematic LCs reported in
this work. The interfaces used in our studies of P. mirabilis are formed between coexisting
isotropic and nematic domains of aqueous solutions of disodium cromoglycate (DSCG) (Figure
5-1A). This use of DSCG interfaces extends previous studies of bacterial motility within the bulk
phase of the LC.*" ™ Of particular relevance to this work, we recently reported that P. mirabilis
cells align nematic DSCG phases parallel to their surfaces.*® Minimization of the associated
elastic strain of the LC resulted in orientations and motions of the rod-shaped cells along the
nematic director.*® We found also that the elasticity of the LC mediates attractive forces that
assemble P. mirabilis cells into linear, multicellular structures. Formation of these structures was
dynamic and reversible due to the interplay of flagella-derived propulsive forces and the
elasticity-mediated attractive forces, both of which were comparable in magnitude for motile P.
mirabilis cells (tens of pN).

The nematic-isotropic (N-I) interfaces used in our current study are defined by tactoids,
which are elongated and cusped domains of either nematic LC in a continuous isotropic solution
or isotropic phase domains dispersed in a continuous LC phase.*®*® Such domains define a
particularly interesting class of LC interfaces because their geometry leads to the generation of
surface-localized topological defects (see below for additional discussion). Using this
experimental system, we sought to determine whether bacteria would insert into the N-I interface
of the tactoids and whether the orientational order (and associated anisotropic mechanical

properties) of the nematic interface would guide the interfacial motility of cells. In addition,
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inspired by observations (see above) of the association of microparticles with defects of LC

droplets,***

we aimed to explore how motile bacteria would be influenced by interfacial defects
in the LC order. As described below, we find that the nematic elasticity of the LC combines with
the presence of defects to define specific pathways by which bacteria can escape from nematic
interfaces. We also show how this phenomenon can be tuned to control the capture and release of
motile bacteria in LCs. We close this Introduction by noting that a recent publication by Zhou et
al. reports an observation regarding the interaction of Bacillus subtilis cells with isotropic

tactoids in nematic LC.*® Below we contrast our findings with P. mirabilis to the observation

with B. subtilis cells.

5.2 Experimental Section

Bacterial strains and cell culture. P. mirabilis strain HI4320 was transformed with plasmid
pflIhDC to create P. mirabilis cells overexpressing flagella. The plasmid pflhDC contained the
flhDC genes from P. mirabilis inserted into pACYC184 (which contains a gene for
chloramphenicol resistance). P. mirabilis cells were grown in chloramphenicol-resistance
nutrient medium consisting of 1% (wt/vol) peptone (Becton, Dickinson, Sparks, MD), 0.5%
(wt/vol) yeast extract (Becton, Dickinson), and 1% (wt/vol) NaCl (Fisher Scientific, Fairlawn,
NJ) at 30°C in a shaking incubator.*® Saturated overnight cultures were diluted 100-fold in 10
mL of fresh nutrient medium and grown in 150 mL Erlenmeyer flasks at 30°C in a shaking
incubator at 200 rpm. We observed that the highest swimming velocity of P. mirabilis cells
occurred during the stationary phase, hence we harvested cells at an absorbance (A = 600 nm) of
~3.2 and concentrated them by centrifugation. The cells were washed three times with an

aqueous buffer for bacterial motility (0.01 M KPO,, 0.067 M NaCl, 10* M EDTA, 0.1 M
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glucose, and 0.001% Brig-35, pH 7.0). To obtain non-motile P. mirabilis cells, the cells were

treated with 4% glutaraldehyde for 3 h at 25°C after harvesting.

Lyotropic LC preparation. DSCG was purchased from Sigma-Aldrich (Milwaukee, WI) and
used as received. Lyotropic LCs containing DSCG were prepared by mixing 15.3 wt% of DSCG
with 84.7 wt% of aqueous motility buffer. The mixture was shaken for at least 12 h to ensure
complete solubility and homogeneity. Before experimentation, the DSCG solution was heated at
65°C for 10 min to avoid possible time dependence of the properties of the mixture.>*>> After
cooling the solution to 25°C, a small volume of motility buffer containing bacteria was added to
the DSCG mixture producing a final concentration of ~10° cells/mL. The final concentration of

DSCG was 15.0 wt% in all experiments.

Preparation of imaging chambers. We created imaging chambers by adding a small volume
(~1 pL) of DSCG solution on top of a glass slide between two sheets of 18 um-thick Mylar film.
A glass coverslip was placed on top of the Mylar and the chamber was sealed with epoxy to
prevent water evaporation (see Figure 5-S1). We confirmed the direction of alignment of the
nematic LC by inserting a quarter wave plate into the optical path of a microscope and analyzing
the appearance of the sample between crossed polars.>® Imaging chambers were used within 3 h

of their preparation.

Microscopy. We imaged cells using a Nikon Eclipse Ti inverted optical microscope equipped
with crossed polarizers and a Photometrics CoolSNAP HQ2 CCD camera (Tucson, AZ) using a

Nikon Plan Apo |, 100X/1.45 oil objective lens. Videos were collected with the electron
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multiplying gain off and with a 90 ms exposure time (11 frames/s). Images of cells were
collected using Nikon NIS Elements software. A thermoplate (Tokai Hit, Fujinomiya, Japan) and
100X objective heater (Bioptechs, Butler, PA) were used to control the temperature of the
samples during experiments. DSCG solutions were equilibrated at a particular temperature for at
least 10 min before making observations and performing measurements of bacteria motility. An
Olympus BX60 microscope equipped with crossed polarizers was also used to analyze the
imaging chambers. Images were captured using a digital camera (Olympus C-2040 Zoom)

mounted on the microscope and set to an f-stop of 2.8 and a shutter speed of 1/125 s.

Bacterial motility data analysis. Microscopy data for motile cells were analyzed using the
MATLAB computing environment (The MathWorks, Natick, MA) by identifying the centroid of
each bacterium in successive frames and grouping those points together to create a cell
trajectory. These data were combined with the charge-coupled device frame rate to determine

cell velocity.

Tactoid triple phase contact line measurement. Individual video frames were opened in
ImageJ and the position of the triple phase contact line was determined using the Find Edges
tool. Three consecutive traces of the triple phase contact line were performed to estimate its

length.

Statistical Analysis. All experimentally determined values have been reported in the text and

figures with associated standard errors unless otherwise noted.
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5.3 Results

5.3.1 Capture and escape of P. mirabilis cells from the interfaces of nematic tactoids

We first sought to determine whether motile P. mirabilis cells would adsorb to interfaces formed
between coexisting aqueous nematic and isotropic phases of 15 wt% DSCG in motility buffer.
To this end, we prepared optical chambers containing 18 um-thick DSCG films (see above) in
which the nematic phase of DSCG was oriented parallel to the glass substrates and exhibited a
degenerate azimuthal alignment. We observed the 15 wt% DSCG solution to form coexisting
nematic and isotropic domains at temperatures between 29°C and 35°C. Specifically, after
quenching samples from 40°C (isotropic phase) to 33°C, spindle-like domains of nematic phase
with positive interface curvature and an elongated and cusped shape (tactoids) formed on the
surface of the glass slides within a continuous isotropic phase (Figure 5-1B).*°>® The prolate
shape of the tactoids arises from a competition between the elasticity of the nematic phase and
the interfacial tension between the nematic and isotropic phases.’”*® As detailed elsewhere,**>?
imaging of the nematic tactoids between crossed polars confirmed that the LC was anchored

tangentially at the N-1 interface and that two topological LC defects (boojums®>°

) were located
at the cusped poles near the triple phase (N-I-glass substrate) contact line. Although the elastic
constant for twist (Kj2) in nematic DSCG is an order of magnitude smaller than the elastic
constants for splay (Ki1) and bend (Kss),”® we did not observe a twisted director profile within
the sessile nematic tactoids, as evidenced by the extinction that occurs in the center of the tactoid
when the major axis of the tactoid is aligned parallel with one of the polarizers (Figure 5-
1B).51:52578162 \wje also formed isotropic phase tactoids (in a continuous nematic phase) in our

studies by heating a 15 wt% DSCG solution from 25°C (nematic phase) to 30°C (Figure 5-1C).

We observed that both nematic and isotropic tactoid domains generally nucleated at and
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remained attached to one of the glass substrates and following equilibration at either 33°C
(nematic tactoids) or 30°C (isotropic tactoids) for several minutes, grew to a structure that was
30-pum in diameter along the major axis (Figure 5-1D). Unless otherwise noted, we restrict our
observations to tactoids that had depth d < 18 pum, which is smaller than the gap between the

glass substrates.

Figure 5-1. Formation of nematic and isotropic tactoids.

(A) Molecular structure of DSCG. (B and C) Crossed polar images of (B) nematic and (C) isotropic
tactoids. The nematic tactoids formed in imaging chambers following cooling of an isotropic phase of 15
wt% DSCG solution from 40°C to 33°C; isotropic tactoids formed in imaging chambers following
heating of a nematic phase DSCG solution from 25°C to 30°C. (D) Three-dimensional depiction of the

shape adopted by sessile tactoids (both isotropic and nematic) in our experiments. Scale bars are 100 pm.
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When P. mirabilis cells were dispersed uniformly in isotropic phases of DSCG at 40°C
and then cooled to 33°C, we observed that the cells were excluded from the growing nematic
domains (Figures 5-1B and 5-2A) and became concentrated in the continuous isotropic phase as
well as proximate to the curved N-I interfaces of the tactoids. The P. mirabilis cells suspended
within the bulk isotropic phase at 33°C moved without a directional bias with an average
velocity of V = 17.6 + 0.7 um/s (N = 34), which is significantly faster than the velocity we
measured previously for P. mirabilis cells in an isotropic phase of 15 wt % DSCG at 42°C (V =
8.1 + 0.3 um/s*) (Table 5-1). This difference in velocity is consistent with an increase in the
viscosity of isotropic DSCG solutions with decreasing temperature®® and an inverse relationship
between P. mirabilis velocity and solution viscosity for @ < 9 mPa's (See Table 5-1 for
viscosities).”® In contrast to the random movement of cells in the bulk isotropic phase, we
observed bacteria near the surface of tactoids propelling themselves with clear directional bias
along the N-I interface and the triple phase contact line with an average velocity of V = 17.1 +
0.4 um/s (N = 40) (Table 5-1). We discuss the magnitude of this interfacial velocity and origin of

the biased motion below.
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prop

Figure 5-2. Guided motility and escape of a cell adsorbed to a nematic tactoid.

(A) Optical micrograph (crossed polars) of a nematic tactoid that formed within a continuous isotropic
phase upon quenching a 15 wt% DSCG sample from 40°C to 33°C and that partially wets one of the glass
surfaces of the imaging chamber. (B) Schematic representation of the LC director profile of the tactoid in
(A). (C) Bright field micrograph of a nematic tactoid on which the trajectory of a motile P. mirabilis cell
(depicted by an arrow) adsorbed to the N-I interface is indicated. (D and E) Bright field micrographs of a
motile cell that escapes from the N-I interface at a boojum (topological defect at the cusped pole) of the
tactoid. In (D), the cell is oriented toward the viewer. (F) Schematic diagram depicting the orientation of
the flagella-derived propulsive force (Fpo,) Of motile bacteria adsorbed at various positions on the

interface of a nematic tactoid. Scale bars are 10 pm.
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Estimated Velocit
Location Temperature Viscosity (um /S)y
(mPa-s) H

Bulk nematic 25°C 700° 8.8 +/-0.2°
Bulk nematic 30°C 650° 9.5+/-0.6
Bulk isotropic 33°C 9° 17.6 +/- 0.7
Bulk isotropic 42°C 2° 8.1+/-0.3°
N-I interface o

(isotropic tactoid) 30°C 16.7+-05
N-I interface o

(nematic tactoid) 33°C 17.1+/-04

Table 5-1. Velocity of P. mirabilis in bulk DSCG phases and N-1 interfaces.

? Estimated based on comparison of velocity of P. mirabilis cells in 15 wt% DSCG to previous
measurements*® of P. mirabilis motility in isotropic solutions of known viscosity.

® Data taken from .

® Estimated based on measurements of the shear viscosity of aqueous solutions of 14 wt% DSCG*.

Limited by the resolution of our optical microscope, we were unable to initially
determine whether the P. mirabilis cells near the N-I interface were inserted into the interface,
such that they contacted both nematic and isotropic phases, or whether they remained suspended
in the isotropic phase. We hypothesized that if they were inserted into the interface, P. mirabilis
cells (which we reported previously anchor LCs tangentially*®) would preferentially orient and
move parallel to the local director at the interface of the tactoid due to the elasticity of the
nematic phase. Figure 5-2C depicts the trajectory of a P. mirabilis cell that we observed to move
along the N-I interface of a nematic tactoid. The cell depicted in Figure 5-2C moves out of the
focal plane—Ilocated at the surface of a glass slide—as it moves along the interface of the sessile
tactoid. A comparison of Figures 5-2B and 5-2C reveals that the trajectory of the cell follows the
interfacial director profile of the tactoid (see Movie S1 in the online Supporting Information).

We also determined the long axis of the motile bacterium to be oriented parallel to the LC
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director. Analysis of additional bacterial trajectories near nematic tactoids yielded similar results
(Figure 5-S2). In particular, we note that due to the quadrupolar symmetry of the tactoids,
bacteria were guided by the LC director towards either of the boojum defects. Based on the
directed motion of P. mirabilis at the interface of the tactoid, we concluded that the motile cells
adsorb and insert into the N-I interface. We also observed non-motile bacteria (P. mirabilis cells
treated with 4% glutaraldehyde) to adopt orientations parallel to the local nematic director when
positioned at the interface of nematic tactoids (Figure 5-S3).

The strong adsorption of micrometer-sized particles to liquid-liquid interfaces is known
to be driven, in part, by the interfacial tension between the two phases. To determine if the
interfacial tension between the isotropic and nematic phases of the DSCG solution (ynp) is
sufficiently large to drive the adsorption of the bacterial cells, we considered that the prolate
shape of tactoids (with characteristic radius, R) arises from a balance between the elasticity of
the bulk nematic phase (which scales as ~KR, where K is a one constant approximation of the
LC elastic constant) and the energy of the N-I interface (which scales as yxiR?).%*"*® For these
bulk and surface energies to be comparable when R ~ 10° m (using K ~ 10 pN®), we estimate
that ynr is ~ 10 J/m?. This agrees with estimates of yx; for other lyotropic LCs including aqueous
sols of vanadium pentoxide®” (yx; ~ 10° J/m?) and aqueous suspensions of cellulose crystallites®
(yn1 ~ 10° — 107 I/m®) although a larger estimate (yn ~ 10 J/m?) has been reported previously
for DSCG.*™® By modeling P. mirabilis cells as rod-shaped particles with a major axis 2a and
minor axis 2b, and by noting the radius of curvature of the interface to be large compared to the

cell, the interfacial area (An;) removed due to the presence of an adsorbed bacterium is given by

4(a/b—1)
sin[cos*(1—h/b)|

A, = ﬂbZSinz[COS_l(l— h/b){1+

}, where h is the depth of immersion of the
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bacterium in the nematic phase.”® From this expression, we calculate the maximum area
occupied by P. mirabilis to be 2.8 pm?, thus leading to an upper bound on the contribution of
vyni to the adsorption energy of 3 x 1078 J/cell (~10° kT). This value is consistent with our
observation of irreversible adsorption of non-motile P. mirabilis cells to the interfaces of nematic
tactoids of DSCG.

Although we calculated P. mirabilis cells to be attached to the N-I interface with an
adsorption energy of ~10% kT, we observed motile cells to be able to escape from the interface of
nematic tactoids and enter the continuous isotropic phase. Figures 5-2C through 5-2E, show a
representative example in which a motile cell adsorbs to a nematic tactoid and follows the
director profile along the interface of the tactoid (Figure 5-2C) to arrive at one of the two cusped
poles of the tactoid, where a boojum is present (Figure 5-2D). At the boojum, the cell escapes
from the N-I interface into the isotropic phase (Figure 5-2E). Overall, we found that two-thirds
(N = 170) of motile bacteria that escaped from the interface of nematic tactoids did so near a
boojum. We hypothesize that this dominant mode of escape reflects the fact that i), motile
bacteria are focused to the boojums by the convergence of the LC director profile (Figure 5-2B);
and ii), a component of the flagella-derived force produced by cells (Fyrop; estimated to be ~60
pN for P. mirabilis moving in bulk nematic DSCG*®) is directed normal to the contact line near
the boojum and thus can overcome forces associated with interfacial tension that hold cells at the
interface (Figure 5-2F). These ideas are supported by additional observations reported below,
which reveal motile bacteria to escape from the N-I interfaces of isotropic tactoids almost

exclusively via boojums.

Whereas bacterial cells were able to escape from the N-I interface into the isotropic

phase, we did not observe detachment of motile bacteria from the N-I interface into the interior
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of the nematic tactoids in our experiments. We hypothesize that an energetic penalty associated
with elastic strain of the nematic director around a cell, which occurs principally near the

48,65

hemispherical poles of the bacteria, is likely responsible for this observation and will tend to

prevent escape of bacteria into the LC phase. We estimate the energy associated with the elastic
strain of the LC around a cell on the interface as Eeasic ~ Kb f(h/b), where f(x) is a
dimensionless function of the location of the cell at the interface.”*® For P. mirabilis and 15
Wt% DSCG, we estimate Kb to be 5 x 1078 J, and conclude that the magnitude of this elastic
energy penalty is comparable to the adsorption energy due to interface tension. We note that we
estimate the energy associated with the extension of the N-I interface around an adsorbed cell

due to capillary deformations to be only on the order of 10 J,%

and thus small compared to the
elastic energy associated with strain of the LC.

The previous conclusion that the energetic effects associated with elastic deformations
around bacteria are comparable to interfacial tension leads us to also hypothesize that the
nematic elasticity of the LC likely impacts the location of cells at N-I interfaces. Specifically, the
elasticity of the LC should promote contact of the surface of the cells with the isotropic phase at
the interface. Indeed, our measurement of P. mirabilis cells moving along the N-I interface with

an average velocity similar to that in bulk isotropic phase at 33°C (Table 5-1) suggests that the

majority of the surface of each cell is in contact with the isotropic phase.

5.3.2 Dynamics of P. mirabilis cells at the interfaces of isotropic tactoids
Based on the previous observations, we interpret the elasticity of the LC and the presence
of topological defects to play key roles in influencing the interfacial behavior of bacteria. To

further explore how these properties of the N-I interface impact P. mirabilis behaviors, we
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created isotropic domains within a continuous nematic phase by heating 15 wt % DSCG
solutions from 25°C (nematic phase) to 30°C (Figure 5-1C). The lateral size (~30 pm in
diameter) and elongated, tactoidal shape of the isotropic domains resembled the nematic tactoids
at 33°C described previously. However, tangential anchoring of the LC produced boojum defects
just outside the N-I interface of the two cusped poles of the isotropic tactoids (Figures 5-3A and
5-3B). In addition, the morphologies of the isotropic domains that formed—particularly when
they were in close proximity to one another (Figure 5-1C)—displayed considerably greater
complexity than the nematic domains (Figure 5-1B) due to the strain present in the continuous
nematic phase separating the isotropic domains. We found that isotropic domains with either one
or three cusps nucleated from the cores of half-integer disclinations when heating from the
nematic phase (50). Below, we describe experiments with motile bacteria interacting with sessile
isotropic tactoids containing two cusps.

During the heating of DSCG solutions into the biphasic region, we observed motile P.
mirabilis cells adsorb to the interface of the growing isotropic tactoid domains. Consistent with
previous observations for B. subtilis,* the orientation and motion of the adsorbed motile P.
mirabilis cells were constrained to be parallel to the orientation of the local director of the
adjacent nematic phase (Figures 5-3B and 5-3C), similar also to motile bacteria adsorbed to
nematic tactoids (Figure 5-2). Cells moved along the interface of isotropic tactoids with an
average velocity of V = 16.7 & 0.5 um/s (N = 40). This velocity is similar to our measurement of
bacterial motility at the interface of nematic tactoids (Table 5-1) and suggests that the interfacial
environment experienced by P. mirabilis cells at the N-I interface (away from the cusps) is

similar for the two types of tactoids.
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Figure 5-3. Escape mechanisms of motile bacteria from adsorption to an isotropic tactoid.

(A) Optical micrograph (crossed polars) of a sessile isotropic tactoid that forms within a continuous
nematic phase after heating a 15 wt% DSCG sample from 25°C to 30°C. (B) Schematic representation of
the LC director profile in the nematic phase. (C) Sequence of images (bright field) depicting the escape of
a motile P. mirabilis cell (indicated by an arrow) from the interface of an isotropic tactoid into the
continuous nematic phase at the cusped pole of the tactoid (adjacent to a boojum defect in the nematic
phase). (D) Graph and sequence of images (bright field) depicting the accumulation of motile P. mirabilis
cells near the cusped pole of an isotropic tactoid and their collective escape. In the graph, the number of
cells localized at the cusp is given by the blue line, whereas measurements of L,cig, the triple phase (N-I-
glass substrate) contact line of the tactoid are given by the black data points (with a dotted black line to
guide the eyes). The force generated by trapped cells at the pole deforms the interface and extends the
triple phase contact line. Ejection of the trapped cells into the nematic phase allows the interface to relax
to its initial shape. (E) A plot of the frequency with which motile cells escape the N-I interface of
isotropic tactoids near defect points as either single cells (as in (C)) or through a collective mechanism (as
in (D)). Scale bars are 10 um. Error bars represent standard deviations.
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In contrast to our observations with nematic tactoids (motile cells did not detach from the
N-I interface to enter the nematic phase), however, we observed motile P. mirabilis cells to
escape the N-I interface of isotropic tactoids into the surrounding nematic phase. Escape of
motile cells into the nematic phase primarily (~95%, N = 274) occurred at one of the two cusped
poles of the tactoid, where boojums are located in the adjacent nematic phase (Figure 5-3B). We
observed cell detachment to occur by at least two mechanisms. First, as shown by the sequence
of micrographs in Figure 5-3C, we observed individual P. mirabilis cells adsorbed at the N-I
interface to move toward one of the cusps of the isotropic tactoids, where they escaped (see
Movie S2 in the online Supporting Information). Detachment of isolated cells from isotropic
tactoids in this manner closely resembled our previous observations of the method of cell
detachment from nematic tactoids (Figure 5-2) as well as the mechanism of single-cell escape
from the interface of an isotropic tactoid observed for B. subtilis.*

However, we more frequently observed a second mechanism through which groups of
motile P. mirabilis cells collectively escaped the interface of isotropic tactoids (Figure 5-3D, also
see Movie S3 in the online Supporting Information). This event occurred when an adsorbed
motile cell arrived at the cusp of an isotropic tactoid and appeared to get trapped by the boojum
defect. Subsequently, additional cells that were directed toward the same cusp by the interfacial
LC director profile were blocked in their escape by the first cell. This phenomenon led to the
accumulation of an assembly of cells at the boojum. After several cells were trapped near the
boojum, these cells along with additional motile cells that arrived at the cusp exerted a collective
force on the interface of the tactoid that was observed to deform the N-I interface near the
accumulated cells and lead to a growing, measurable extension of the triple phase contact line

with time (Figure 5-3D). Ultimately, after the N-I interface near the cusp had been significantly
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deformed, the arrival of one additional motile cell at the cusp was typically observed to initiate
collective escape of the entire cluster of cells into the nematic phase. We measured the average
colony size to lead to escape to be 4 cells, although as many as 10 or as few as 2 cells can also
lead to escape. Free from the strain generated by the assembly of bacteria, the N-I interface
relaxed back to its initial state and the process could be repeated. Overall, we found that motile
P. mirabilis cells exited the N-1 interface of isotropic tactoids much more frequently through this
cooperative mechanism than as individual cells (Figure 5-3E). We also note that our observation
of the trapping of motile bacteria at boojum defects near the cusps of isotropic tactoids closely
resembles the partitioning of synthetic (e.g., polystyrene) microparticles to surface-associated
defects of LC droplets.**** This latter phenomenon is driven by replacement of the high-energy
defect core and surrounding strained LC by the particle. We hypothesize that this same
mechanism underlies the trapping of motile bacteria at defects described in this work. In support
of this hypothesis, we observed that non-motile P. mirabilis cells, which adsorb irreversibly to
isotropic tactoids, were also frequently localized at the cusps (Figure 5-S4). It is likely that
elastic forces drive the localization of the non-motile cells to the boojum defects near the
cusps.*44°

Although motile cells did not detach into the interior of nematic tactoids, we occasionally
observed the detachment of motile cells into the interior of isotropic tactoids (Figure 5-S5).
Together, these observations reflect the relative ease with which cells can detach from the N-I
interface into the isotropic phase, likely due to several factors including the release of elastic
strain accompanying cells at the interface (as opposed to introduction of additional strain
associated with escape into the nematic phase) and the preferential wetting of adsorbed cells by

the isotropic phase. To confirm this conclusion, we prepared two LC samples in parallel
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containing equal densities of motile cells. One sample was heated from room temperature to
30°C to form isotropic tactoids, whereas the other was cooled from 40°C to 33°C to form
nematic tactoids. After equilibration for 15 min, we imaged many tactoids in both samples and
quantified the number of motile bacteria found adsorbed to the N-I interface. The tactoids that
we analyzed were all of similar size (~30 um in diameter). Inspection of Figure 5-4 reveals that
cells were only concentrated on the interface of the isotropic tactoids (see also Figure 5-S6).
Additional observations confirmed that motile P. mirabilis cells have a much shorter residence
time on the N-I interface of nematic tactoids relative to isotropic tactoids. These differences
provide added support for the conclusion that the elasticity of the nematic phase generates a
barrier for bacterial detachment and that, in the presence of this barrier, bacteria escape is largely
limited to a structured pathway that involves director-guided motion to boojums through which

the cells exit using a force generated by a multicellular assembly.
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Figure 5-4. Temporal accumulation of motile bacteria at the interface of isotropic tactoids.
Average number of cells adsorbed to nematic tactoids (at 33°C) (N = 35) and isotropic tactoids (at 30°C)
(N = 37) following a 15 min equilibration period at the indicated temperature. The tactoids were of

similar size: ~30 pum in diameter. Error bars represent standard errors.
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5.3.3 Capture and release of motile bacteria by using nematic elasticity and
topological defects

Our observations of the infrequency with which bacteria escape from the N-I interface of
isotropic tactoids into the nematic phase—particularly when not proximate to a topological
defect—Iled us to explore if it is possible to corral motile P. mirabilis within large isotropic
domains of a 15 wt% DSCG solution at 30°C by quenching the solution from the isotropic phase
into the biphasic region rather than heating from the nematic (the latter was shown in Figure 5-
3). We also hypothesized that the probability of encountering a topological defect would be
dependent on domain size and thus release of bacteria from isotropic corrals might be tuned via
control of the size of domains. To test this concept, we heated a suspension of cells in DSCG to
40°C and subsequently quenched the sample to 30°C. As the DSCG solution entered the biphasic
region during cooling, motile cells were excluded from nucleating nematic phase tactoids. While
the sample was equilibrated at 30°C, the nematic tactoids grew in size and coalesced, trapping
isotropic phase domains (Figures 5-5A through 5-5C). These isotropic domains were initially
larger (~60 um in diameter) than the sessile tactoid domains described previously (Figures 5-1
and 5-3) and contacted the glass substrates on both sides of the 18-um tall chamber. As these
large isotropic domains formed, the inward-directed motion of the N-I interface pushed high
densities of cells forward and trapped them within or at the domain interface (Figure 5-5A, also
see Movie S4 in the online Supporting Information). For example, we observed that >80 cells
were captured within the 60 pum-wide isotropic domain near the plane of focus depicted in Figure

5-5A, representing an enhancement in the local concentration of the bacteria (Figure 5-5D).
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Figure 5-5. Temperature-controlled capture and release of bacteria from an isotropic domain.

(A) Bright field micrograph of an isotropic domain (diameter ~60 um) that forms upon quenching a 15
wt% DSCG sample from 40°C to 30°C and spans the 18 pum-thick imaging chamber. (B) Corresponding
crossed polars optical micrograph. (C) Schematic representation of the director profile corresponding to a
cross section of the isotropic domain imaged in (A) and (B). (D) Number of cells trapped by the isotropic
domain depicted in A and in the nematic phase encompassing it. Cells both in and out of the focal plane
are counted. The black, horizontal lines indicate the number of cells expected to be in the isotropic and
nematic domains within the field of view as calculated based on the total concentration of cells (~10°
cells/mL) in the suspension. (E-G) Bright field micrographs of the isotropic sample after cooling to
29.5°C, 29.2°C, and 29°C, respectively. Rafts of cells collectively escape into the nematic phase in (E)
and (F), whereas an aggregate of cells forms as the isotropic domain in (G) nearly disappears. Scale bars
are 20 pum.
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Due to the orientation of the director profile in the adjacent nematic phase (see Figure 5-
5C), motile cells were largely constrained to circular trajectories when adsorbed to the interface
of the nearly cylindrical isotropic domains with diameters of 35 um or larger. The large size and
nearly circular cross section of these isotropic domains (such as the one depicted in Figure 5-5A)
prevented most of the cells from escaping into the nematic phase. The cells were, in effect,
corralled by the elasticity of the surrounding nematic phase. The few escape events that did occur
took place proximate to one of the two LC surface defects in the nematic phase near the poles of
the spanning isotropic domains (Figure 5-5C), which are either boojums or cross sections of
disclination lines.

By adjusting the temperature of the sample, we were able to tune the size of the isotropic
corrals in which cells were confined. Specifically, over the course of 20 min, we slowly lowered
the temperature of the sample from 30°C to 29°C and observed the isotropic domain to reduce in
size and transform into a sessile droplet (Figures 5-5E and 5-5F). We found that by decreasing
the area of the interface between the nematic and isotropic phases, P. mirabilis cells more
frequently encountered the topological defects at the cusped regions at the N-I interface and
escaped in greater numbers. For example, in the specific experiment highlighted in Figure 5-5,
when the isotropic domain was ~30 um in diameter (Figure 5-5E), we observed that 20 cells
escaped into the nematic phase over the course of 1 min, representing an increase in escape
frequency of nearly 4 times over when the domain was between 35 and 60 pm in diameter. This
increase in escape frequency may also reflect changes in the morphology of the N-I interface
near the LC surface defects that occur as the isotropic domain becomes smaller and transforms

into a sessile state (with two boojums, similar to Figure 5-3).
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Over the course of the experiment, not all of the cells escaped from the isotropic domain.
We hypothesize that this is the result of the rate of shrinkage of the isotropic domain exceeding
the rate at which bacteria escape via the cusps at the chosen experimental conditions. When the
temperature of our sample reached 29°C, we observed the cells that remained adsorbed to the
interface of the shrinking isotropic domain to ultimately form a small multicellular aggregate
(Figure 5-5G). Individual cells seldom escaped from aggregates formed in this manner, as the
close packing of cells may reduce their ability to generate flagella-derived propulsive forces. Past
studies have reported that cooling DSCG samples from the biphasic region into the
homogeneous nematic phase can shrink isotropic domains to disclination cores that remain stable
even when positioned deep within the nematic phase.”® The disclination cores serve as the sites
of nucleation of isotropic tactoids upon reheating. We also observed an isotropic tactoid to

reform at the site of the bacterial aggregate in Figure 5-5G upon reheating.

5.4 Discussion

The results presented in this work reveal that interfacial environments defined by anisotropic
phases have a profound impact on fundamental behaviors of motile bacteria. Our observations
have broad implications for studies aimed at understanding microbes in a range of ecologically
and pathogenically relevant microenvironments that are known or suspected to be anisotropic.
Specifically, we have found that motile P. mirabilis cells adsorbed at interfaces between
coexisting nematic and isotropic phases of a biocompatible lyotropic LC are oriented by the
elasticity of the LC, resulting in strongly biased motion of motile bacteria along the interfacial
director profile of tactoids. Additional evidence of the influence of the nematic elasticity of the

N-I interface can be found in our observations of multicellular behaviors (Figure 5-6). In
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particular, we observed P. mirabilis cells to assemble into linear chains induced by LC elasticity
at the N-I interface (Figures 5-6B and 5-6C). These chains were observed to be dynamic and
reversible consistent with the interplay between LC elasticity-mediated forces and flagella-
derived propulsive forces®® (Figures 5-6D and 5-6E). These observations suggest that elastic
strain associated with anisotropic interfacial environments can orient rod-shaped bacteria and
lead to new, to our knowledge, classes of interbacterial interactions that are absent in isotropic

interfacial environments.
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Figure 5-6. Reversible formation of multicellular assemblies at the N-I interface.

(A) Estimated minimum separation distance as a function of time between (B and C) two motile P.
mirabilis cells that undergo LC elasticity-mediated end-on-end association and between (D and E) two
motile P. mirabilis cells that dissociate from a chain-like assembly. Scale bars are 5 um.
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Another key influence of the elasticity of the nematic phase on the behavior of the
bacteria at the N-I interface was evident in the statistics of bacterial populations found at the
interfaces of isotropic versus nematic tactoids. Specifically, we observed the elastic energy
penalty associated with strain of the LC about the cells in the nematic phase to substantially
influence the probability of escape from nematic and isotropic domains. Moreover, the barrier
created by the elastic energy penalty resulted in the cells adopting a cooperative mechanism of
escape that involved formation of transient colonies at the poles of isotropic do- mains. This set
of observations suggests that individual bacteria present at an interface between an isotropic and
anisotropic microenvironment in a biofilm, for example, will tend to preferentially exit the
interface into the isotropic domain. However, formation of multicellular assemblies may enable
the bacteria to inhabit the anisotropic domain.

One of the most interesting findings of our study relates to the role that topological
defects play in mediating the escape of bacteria from the N-I interface, particularly escape into
bulk nematic phases. We observed escape from isotropic tactoids to occur most commonly
through a collective mechanism that involved three distinct steps: i), director-guided motion of
motile cells to a boojum; ii), trapping of individual bacteria at the boojum; iii), cooperative
escape of an assembly of bacteria from the boojum once a critical colony size was formed. This
collective phenomenon is in contrast to that observed for escape from the N-I interface into the
isotropic phase of DSCG. Although the predominant mechanism of escape was still via a
boojum, individual bacteria were able to dissociate from the potential well caused by the defect.
In addition, non-motile bacteria were observed to associate irreversibly at the boojums of
tactoids (Figure S4-4), similar to passive synthetic particles. More broadly, these results suggest

that defects present in anisotropic native environments in which bacteria live, whether transient
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or equilibrium in nature, likely play a central role in dictating fundamental behaviors, including
collective dynamic behaviors, of the cells.

In a recent publication, Zhou et al. describe an observation of a single B. subtilis cell
moving along the interface of an isotropic tactoid in a nematic LC before escaping attachment to
the interface into the LC at the cusp of the tactoid.*® We note that this observation contrasts with
our own conclusions obtained with P. mirabilis cells in which we quantified the statistics of
escape and found escape from isotropic tactoids to be most commonly mediated by the
cooperative multicellular mechanism described previously (Figure 5-3E). We also note that Zhou
et al. do not report evidence of elasticity-mediated interactions between B. subtilis cells as we
reported previously in bulk LCs,* suggesting that P. mirabilis and B. subtilis cells differ in
fundamental ways in terms of their behavior in LCs and at LC interfaces. Additionally, although
both P. mirabilis and B. subtilis move at similar velocities through nematic DSCG (8.8 + 0.2

um/s and 8 + 3 um/s, respectively*®*

), B. subtilis cells likely generate greater propulsive forces
because they are approximately twice as long as P. mirabilis. Thus, although we have found that
flagella-derived propulsive forces and elasticity-mediated forces are comparable in magnitude
for P. mirabilis cells in DSCG, the relative magnitude of these forces appears to be different for
B. subtilis.

We end this discussion by noting that the influence of nematic elasticity and topological
defects on dynamic interfacial behaviors of bacteria, as reported in this work, also suggests the
basis of new, to our knowledge, approaches to manipulating bacteria in a technological context.
We show, for example, that it is possible to use nematic elasticity of LCs to corral motile cells

within isotropic domains in a continuous nematic phase and to alter the frequency with which

cells escape through the topological defects of the domains via tuning of the sizes of the domain.
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In future studies, we envision spatially targeted heating of a suspension of cells in DSCG (e.g.,
using Joule heating from an embedded wire or by dispersing dye molecules in the sample and
employing a focused beam of light) to dynamically control the localization and release of

bacteria.

5.5 Conclusion

Overall, our observations provide fundamental insight into how anisotropy, nematic
elastic forces, and topological defects can substantially change the behaviors of motile bacteria at
interfaces between isotropic and anisotropic microenvironments in ways that are not observed at
interfaces between isotropic phases. Not only do we find that the dynamics of individual cells are
altered at anisotropic LC interfaces, as demonstrated by the guided motion of cells along the
nematic director and interactions of cells with boojums, but we also uncover multicellular
phenomena that emerge, including the organization of cells into chains and the formation and
cooperative escape of large assemblies of cells from interfaces of isotropic domains. These
studies open a new window through which to view the behavior of bacteria in conditions that
recapitulate key physical properties of native bacterial environments and also suggest new

opportunities to achieve temporal and spatial control over bacteria.
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5.6 Supporting Information

Glass Cover Slip

Glass Slide

Figure 5-S1. Experimental setup.
A schematic illustration depicting imaging chambers used to analyze bacterial cells in LC solutions. The
LC director profile of nematic DSCG at 25°C (in a region of the sample exhibiting uniform polar and

azimuthal alignment) is indicated by the dotted lines.

Figure 5-S2. Additional examples of LC elasticity-induced guided motility of cells adsorbed to
nematic tactoids.

Two examples (A-C and D—F) of the motility of P. mirabilis cells adsorbed to the interface of nematic
tactoids. (A and D) Bright field micrographs of nematic tactoids on which the trajectories of motile P.
mirabilis cells (indicated by arrows) adsorbed to the N-I interface are indicated. (B and E) Corresponding
crossed polars images. (C and F) Schematic representations of the LC director profiles of the tactoids in

(B) and (E), respectively. Scale bars are 10 pm.
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Figure 5-S3. Orientations of non-motile bacteria adsorbed to nematic tactoids.
(A) Bright field and (B) crossed polars images, respectively, of non-motile P. mirabilis cells adsorbed at
the interface of nematic tactoids that formed on a glass substrate following cooling of an isotropic phase

of DSCG (15 wt%) from 40°C to 33°C. The scale bar is 10 pm.
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Figure 5-S4. Trapping of non-motile cells at the boojum associated with an isotropic tactoid.
(A) Bright field and (B) crossed polars micrographs of non-motile P. mirabilis cells adsorbed at the N-I

interface of an isotropic tactoid. Scale bars are 10 pm.
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Figure 5-S5. Escape of an adsorbed motile cell into the interior of an isotropic tactoid.

Sequence of bright field micrographs that depicts the trajectory of a motile P. mirabilis cell, initially
adsorbed to the interface of an isotropic tactoid, which escapes into the interior of the tactoid. The
trajectory of the cell (indicated by a red dot) is depicted in the images. The random motion of the cell

suggests that it is not adsorbed to the N-1 interface. The scale bar is 10 um.

Figure 5-S6. Temporal accumulation of motile bacteria at the interface of isotropic tactoids.

(A and B) Bright field and crossed polars images, respectively of motile P. mirabilis cells dispersed in
DSCG solution quenched to 33°C that contains nematic tactoids encompassed by isotropic phase solution.
(C and D) Bright field and crossed polars images, respectively of motile P. mirabilis cells dispersed in
DSCG solution heated to 30°C that contains isotropic tactoids surrounded by a continuous nematic phase.
All images were obtained following 15 min of equilibration at the specified temperatures. Scale bars are
20 pm.
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Supplementary Movie Captions
Supporting movies are available in the online Sl (found at

http://lwww.cell.com/biophysj/biophysj/supplemental/S0006-3495%2814%2900466-4).

Movie S1. Bright field optical microscopy movie in which the trajectories of motile P. mirabilis
cells adsorbed to the N-I interface of a nematic tactoid largely map out the interfacial director
profile of the tactoid. Additionally, bacteria can be observed escaping the interface at the cusped

poles of the tactoids where a boojum is present. Scale bar = 10 um.

Movie S2. Bright field optical microscopy movie in which a single motile P. mirabilis cell
adsorbed to the N-I interface of an isotropic tactoid escapes into the continuous nematic phase at
the cusped pole of the tactoid, which is adjacent to a boojum defect in the nematic phase. Scale

bar = 10 pm.

Movie S3. Bright field optical microscopy movie that shows accumulation of motile P. mirabilis
adsorbed to the N-I interface of an isotropic tactoid at the cusp-shaped pole. The large aggregate

of cells collectively escape into the continuous nematic phase. Scale bar = 10 pm.

Movie S4. Bright field optical microscopy movie that shows the accumulation of motile P.
mirabilis within and at the N-I interface of a large isotropic domain that spans the entire
thickness of the experimental cell. This isotropic domain formed by quenching the 15 wt%

DSCG solution from 40°C to 30°C. Scale bar = 20 pm.
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Chapter 6: Effects of Confinement, Surface-Induced Orientations and
Strain on Dynamical Behaviors of Bacteria in Thin Liquid Crystalline

Films*

6.1 Introduction

When dispersed within nematic liquid crystals (LCs), micro- and nanoparticles (e.g.,
polystyrene or silica) exhibit a range of dynamical and equilibrium behaviors that reflect the
long-range orientational order and elasticity of the LC phase. For example, microparticles diffuse
anisotropically and anomalously,*™ anisometric microparticles orient preferentially with respect
to the nematic director,*® and interparticle forces mediated by the elasticity of the LC induce the
self-assembly of particles.®* These phenomena, which have been observed for microparticles

6,9-11

dispersed in both thermotropic®®*! and lyotropic’*%*® LCs, reflect the strain induced in the LC

phase by the presence of the particles.***

Whereas the above-mentioned studies involved synthetic ‘passive’ colloids dispersed in
LCs, a series of recent studies have revealed that LC-mediated torques and stresses also manifest
in the fundamental dynamical behaviors of living bacteria dispersed in LCs. Bacteria, which are
commensurate in size to synthetic microparticles, can be dispersed in a non-toxic nematic
lyotropic chromonic LC phase formed by aqueous solutions of disodium cromogylcate (DSCG)
and generate flagella-derived forces that self-propel the bacteria through the LC.2?
Specifically, by using LC films with planar anchoring, motile, rod-shaped bacteria were

observed to move parallel to the confining surfaces and to follow the nematic director (both in

bulk LCs*** and at isotropic-LC interfaces®*) due to LC elastic forces and anisotropic effective
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viscosities in the LC. Non-motile Proteus mirabilis cells also were found to orient along the
direction of LC alignment as a consequence of tangential LC anchoring at the cell surface.?
Moreover, an interplay between LC-mediated intercellular forces and flagella-derived forces was
shown to give rise to additional dynamic phenomena, including formation of reversible, linear
multicellular assemblies®” and collective phenomena in concentrated dispersions of bacteria®®. In
addition to providing insight into the manner in which bacteria are influenced by anisotropic
viscoelastic microenvironments encountered in biological systems (e.g., aligned mucus or

biopolymer solutions®® %

), these past studies demonstrate that motile bacteria can serve as model
‘active’ particles in fundamental studies of anisotropic soft matter.

The interplay of LC elasticity-mediated forces and flagella-derived forces uncovered in
the above-described studies with planar surface anchoring of LCs hinted to us that a potentially
much broader range of behaviors of motile bacteria might emerge from changes in the alignment
(and non-uniform alignment) of LCs containing bacteria. In this paper, we report an investigation
of how the organization and dynamics of bacteria are altered in thin LC films confined by
surfaces that cause either uniform homeotropic (perpendicular) or so-called “hybrid” anchoring
of the LC (in which there is homeotropic LC anchoring at one substrate and planar anchoring at
the other). Specifically, whereas a surface-induced hydrodynamic torque resulting from bacterial
flagella-derived forces typically reorients and causes the motion of motile bacteria in a direction

parallel to a confining surface of an isotropic solution,**%

we sought to determine if elastic
torques generated by a homeotropically aligned LC would be sufficiently large to align and
direct the motion of bacteria perpendicular to a surface (overcoming hydrodynamic, wall-

induced torques). Our results support the hypothesis that elastic torques generated by surface-

oriented LCs do dominate the dynamical behaviors of bacteria near LC interfaces. Indeed, based
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on this conclusion, we demonstrate that spatially varying profiles of the LC director, induced by
confining LC films between two surfaces that anchor the LC in distinct orientations (hybrid LC
films), can rectify the motion of bacteria.

In the second part of this paper, we confine bacteria in LC systems such that the small
size of the LC domain does not permit the bacteria to assume an orientation that is parallel to the
director. Specifically, we explore the limit where bacteria are long compared to the thickness of a
homeotropic LC film. We show that, in this limit, the cells orient and move in directions
orthogonal to the far-field director. Interestingly, self-propulsion of bacteria in this case creates
transient distortions in the LC in the wake of each cell that have striking “comet-like” optical
appearances. In addition, in this limit, we show that elastic stresses in the strained LC are
sufficiently large to bend the bacteria. Interestingly, these results and others presented in this
paper suggest that lyotropic LCs and bacterial systems can be mechanically matched, thus
revealing a complexity in dynamical coupling (based on changes in shape of the bacteria) that
has not previously been reported.

The studies reported here used motile Proteus mirabilis cells. P. mirabilis is a rod-
shaped, motile, Gram-negative bacterium that can move through viscous fluids (via a “pushing”
mechanism); genetic engineering of the cells has been performed to overexpress flagella and thus
enable P. mirabilis to move rapidly through viscous environments.®> Previously, we
demonstrated that engineered vegetative P. mirabilis cells (~ 3 pum in length) are motile within
nematic DSCG phases.”*** In addition, however, P. mirabilis is a particularly intriguing
bacterium, because in response to certain environmental cues, vegetative P. mirabilis cells

differentiate into long (10 um — 60 pm), multinucleate “swarm cells”.** The density of flagella
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on these swarm cells is comparable to that on engineered vegetative cells overexpressing

flagella, enabling the swarm cells to also move within highly viscous fluids, as well.*

6.2 Experimental Section

Bacterial strains and cell culture. P. mirabilis strain HI14320 was transformed with plasmid
pfIhnDC to create vegetative P. mirabilis cells overexpressing flagella. The plasmid pflhDC
contained the flhDC genes from P. mirabilis inserted into pACYC184 (which contains a gene for
chloramphenicol resistance). P. mirabilis cells were grown in chloramphenicol-resistance
nutrient medium consisting of 1% (wt/vol) peptone (Becton, Dickinson, Sparks, MD), 0.5%
(wt/vol) yeast extract (Becton, Dickinson), and 1% (wt/vol) NaCl (Fisher Scientific, Fairlawn,
NJ) at 30°C in a shaking incubator.®® Saturated overnight cultures were diluted 100-fold in 10
mL of fresh nutrient medium and grown in 150 mL Erlenmeyer flasks at 30°C in a shaking
incubator at 200 rpm. We observed that the highest swimming velocity of P. mirabilis cells
occurred during stationary phase, hence we harvested cells at an absorbance (A=600 nm) of ~3.2
and concentrated them by centrifugation. The cells were washed three times with an aqueous
buffer for bacterial motility (0.01 M KPO,, 0.067 M NaCl, 10* M EDTA, 0.1 M glucose, and

0.001% Brig-35, pH 7.0).

Harvesting P. mirabilis swarm cells. P. mirabilis swarm cells were obtained according to
previously published methods.*® Briefly, we prepared swarm agar plates by pipetting 50 ml of
1.5% (wt/vol) hot swarm agar into 150- by 15-mm petri dishes. After the agar plates solidified,
excess liquid was removed from the surface by storing the plates in the laminar flow hood for 20

min with the covers of the dishes ajar. To differentiate P. mirabilis vegetative cells into swarm
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cells, a swarm agar plate was inoculated with 4 pL of a suspension of 4 x 10° vegetative P.
mirabilis cells/mL. The plate was then incubated at 30°C at 90% relative humidity in a static
incubator for 15 h. Following this incubation period, swarm cells were harvested from the
smooth leading edge of a migrating colony of P. mirabilis cells using a 1 pL-calibrated

inoculation loop.

Lyotropic LC preparation. Disodium cromoglycate (DSCG) was purchased from Sigma-
Aldrich (Milwaukee, WI) and used as received. Lyotropic LCs containing DSCG were prepared
by mixing 15.3 wt% of DSCG with 84.7 wt% of aqueous motility buffer. The mixture was
shaken for at least 12 h to ensure complete solubility and homogeneity. Prior to experimentation,
the DSCG solution was heated at 65°C for 10 min to avoid possible time dependence of the
properties of the mixture.®*** After cooling the solution to 25°C, a small volume of motility
buffer containing bacteria (either vegetative or swarm cells) was added to the DSCG mixture
producing a final concentration of ~10° cells/uL. The final concentration of DSCG was 15.0 wt%

in all experiments.

Growth of graphene monolayers via chemical vapor deposition (CVD). Monolayers of
graphene were grown on Cu foils (Alfa Aesar, Ward Hill, MA) as the growth catalyst. The foils
were pre- cleaned with acetic acid (Fisher) for 15 min to remove contaminants and native oxides
then rinsed in DI water (x3) before being dried with an air-gun. The cleaned Cu foils were then
annealed for 30 min at 1030°C in 95% argon + 5% hydrogen (340 sccm flowrate) to remove
trace surface contaminants and also to reduce the surface roughness of the foil before initiating

the growth process. The growth was conducted at 1030°C with 95% argon + 5% methane (0.300
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sccm) and 95% argon + 5% hydrogen (340 sccm) for 3 h in a 28 mm diameter quartz tube. The
manufactured graphene on Cu foils were stored in a N glovebox to prevent the oxidation of the
graphene and the copper surfaces. All the graphene monolayers used for the experiments were
manufactured from the same batch for consistency and the initial Raman scattering D-band
(1347 cm™) to G-band (1585 cm™) intensity ratio (Figure 6-S1), quantifying the defect density in
the atomic membrane, varied as 0.04 + 0.025 for the entire batch used for this study indicating a

low density of defects.

Transfer of graphene onto HMDS-coated glass substrates. Graphene monolayers grown via
CVD were transferred onto glass substrates coated with hexamethyldisilazane (HMDS) (Alfa
Aesar). The transfer was completed using a commonly employed sacrificial polymer (PMMA —
poly(methyl methacrylate)) method, similar to as previously reported.**3® CVD-graphene on
copper was over-coated with PMMA (M.W. = 950k, 2% in chlorobenzene) by spin-coating at
2,000 rpm. The samples were placed in copper etchant ammonium persulfate (25% Transene
Company, Inc. APS-100 + 75% DI water) and then bath-ultrasonicated for 15 min to remove the
bottom-facing graphene layer. The samples were left overnight (~10 h) in the etchant for the
copper to completely etch. Post-etch, the floating PMMA on graphene was scooped out from the
APS solution and re-floated in DI water (x3) to rinse any residual copper etchant. The samples
were then dispersed in 5% HF in DI water for 60 min to remove trace silica particles that might
have deposited from the CVD system during the growth, following which they were rinsed in DI
water (x3). From the final DI water bath, the samples were scooped onto HMDS-coated glass
substrates and spin-dried at 8,000 rpm for 2 min to remove water trapped between the graphene

sheet and the substrate. To remove the PMMA layer, the samples were placed in room-
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temperature acetone baths (x2) for 20 min after which they were rinsed in isopropanol for 2 min

to wash away any residual acetone. Finally, they were dried using an air-gun.

Characterization and analysis of graphene. Raman spectroscopy was performed with a
MicroRaman DXRxi (Thermo Scientific) to characterize graphene monolayers grown on
HMDS-coated glass substrates. A 532 nm laser with power = 3 mW, raster-scan frequency =
0.025 Hz and scan area = 50 pum x 50 um was used to generate spatially-resolved maps for all
samples. The maps were spatially-averaged and normalized to the G-band intensity to obtain the
final Raman spectra. The laser spot size was focused to ~500 nm, and a mapping pixel size of 1
um x 1 pm was used. Raman spectroscopy confirmed the presence of monolayers of graphene

both before and after contact with a 15 wt% DSCG solution (Figure 6-S1).

Preparation of imaging chambers. We created imaging chambers by adding a small volume
(~1 pL) of 15 wt% DSCG solution on top of a glass slide between two sheets of Mylar film (10
— 18 pm-thick). A glass cover slip was placed on top of the Mylar and the chamber was sealed
with epoxy to prevent water evaporation. To create uniform homeotropic LC films, two
graphene-coated substrates were used to confine the DSCG solution.®’ In contrast, for hybrid LC

films, only one of the two bounding glass substrates was coated with graphene.

Optical characterization of nematic DSCG phases. The orientation of the nematic phase of the
15 wt% DSCG solution in experimental imaging chambers was determined using plane-

polarized light in transmission mode on an Olympus BX60 microscope equipped with crossed
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polarizers. All images were captured using a digital camera (Olympus C-2040 Zoom) mounted

on the microscope and set to an f-stop of 2.8 and a shutter speed of 1/125 sec.

Microscopy. We imaged cells using a Nikon Eclipse Ti inverted optical microscope equipped
with crossed polarizers and a Photometics CoolSNAP HQ2 CCD camera (Tucson, AZ) using a
Nikon Plan Apo A, 100X/1.45 oil objective lens and a Nikon S Plan Fluor ELWD 40X/0.6
objective. Videos were collected with the EM gain off and with a 90 ms exposure time (11

frames/sec). Images of cells were collected using Nikon NIS Elements software.

6.3 Results and Discussion

L~3um L~ 10 pm - 60 pm
LC film Bacteria cell . aieds
orientation type I

————————————————————

NT7
\\\\\\ N Ry
d~ 18 um SSSSSN Y PeL L, vrr07
p N L N N N N
Vivvvvv b i r i r i r it . . . .
) Y Y A A I v

Table 6-1. Experimental conditions investigated in this study.

Small vegetative P. mirabilis cells dispersed in uniform homeotropic films are investigated in Section
6.3.1; long P. mirabilis swarm cells dispersed in homeotropic films in Section 6.3.2; vegetative cells in
LC films with hybrid anchoring conditions in Section 6.3.3; and swarm cells dispersed in hybrid LC films
in Section 6.3.4.
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6.3.1 Homeotropic LC film; Lpacteria < dfilm

We first characterized the manner in which vegetative P. mirabilis cells (Lpacteria ~ 3 UM)
orient and move when dispersed in nematic LC films (dsim ~ 10 pum) confined between two
graphene-coated substrates that give rise to a uniform homeotropic alignment of the LC ( Table
6-1). While we have previously demonstrated that these motile cells orient and move parallel to
the LC director in planar LC films as a result of elastic stresses that orient the cells®, it is well-
established that hydrodynamic stresses significantly influence the behavior of motile bacteria
proximate to a solid substrate. Specifically, in isotropic solutions, bacteria that swim via a
“pushing” mechanism and establish a dipolar flow field (such as P. mirabilis) are attracted to
surfaces by hydrodynamic interactions.***! The bacteria are induced to assume an orientation in
which the swimming cells align parallel to the surface due to velocity gradients in the flow field
that arise in the near-surface region.®**! This reorientation of the cell typically occurs over a time
scale of seconds when cells approach within a few micrometers of a solid substrate.*® Inspired by
these past studies, we hypothesized that vegetative cells in a homeotropic LC film and proximate
to one of the confining substrates might, in contrast, adopt an orientation perpendicular to the
substrate if the torque due to the elasticity of the LC (ejastic) 1S Sufficient in magnitude to

suppress the surface-induced hydrodynamic torque (Iydrodynamic) (Figure 6-1A).
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Figure 6-1. Alignment and motility of vegetative P. mirabilis cells in homeotropic LC films.

(A) Schematic representation of the elastic (Tejastic) and hydrodynamic (Thydrodynamic) torques acting on
a motile bacterium in a homeotropic LC film. (B) Phase contrast micrograph depicting the orientation of
cells within a homeotropic LC film. The nematic director is oriented along the axis orthogonal to the
plane of the page. (C) Sequence of phase contrast micrographs depicting a cell that moves back and forth
across the thickness of the homeotropic film. The plane of focus remains fixed near one of the graphene-
coated substrates in the micrographs. (D) Schematic (side view) depicting the handedness of the rotation
of the cell body (wpody) and flagella (waagena) about the axis defined by the long axis of the cell body as
well as the handedness of the gyration (wgyration) Of the cell observed experimentally about an axis

normal to the graphene-coated substrate. Scale bars =3 pum.
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To explore this hypothesis, we first dispersed motile vegetative P. mirabilis in an
isotropic aqueous solution confined within a ~10 pum-thick experimental imaging chamber. We
observed in this case that the motion of the bacteria was confined predominantly within planes
parallel to the substrates, consistent with previous studies (see Video S1 in the online Supporting
Information). Next, we dispersed vegetative cells within nematic DSCG and confined this
mixture between two graphene-coated substrates separated by ~10 pum. We observed regions of
the LC to adopt a uniform homeotropic orientation over the course of tens of minutes,® as
confirmed by the observation of two crossed isogyres upon insertion of a sub-stage condenser
and a Bertrand lens above the stage (Figure 6-52).%® In contrast to our observations of motile
bacteria in isotropic solutions, we found that motile P. mirabilis cells (in addition to non-motile
cells) oriented approximately parallel to the direction of LC alignment within the homeotropic
regions (i.e., perpendicular to the graphene-coated substrates) (Figure 6-1B).

To determine whether the motile vegetative P. mirabilis were aligning perpendicular to
the bounding substrates in uniform homeotropic DSCG films as a result of elastic forces, we
calculated the relative magnitudes of Igjastic aNd Thyarodynamic acting on the vegetative cells.
39,40

Specifically, we calculated the elastic torque as

Moocic ~ _AmKOLpacteria
elastic In(2Lpacteria/R) ’

(6-1)
where K is the elastic constant of the LC (K ~ 10 pN for nematic DSCG*), R is the radius of a
bacterium (R = 0.5 um for P. mirabilis), and 6 is the angle between the orientation of the long

axis of the cell and the orientation of the far-field LC director. We estimated the hydrodynamic

torque as

thdrodynamic ~ £ Q, ( 6-2 )
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where Q is the rate (in rad/s) at which surface-induced hydrodynamic stresses cause rod-shaped
bacteria to reorient and f, is the frictional drag coefficient associated with this rotation (see
Supporting Information for details). In the absence of other applied torques, € is estimated by*°

3pcosBsind

O~ —
64mnh3 '

(6-3)

where p is the strength of the hydrodynamic force dipole, 1 is the viscosity, h is the distance of
the bacterium away from the surface, and 6 defines the angle between the cell long axis and the
surface normal. For a swimming bacterium, the dipole strength can be approximated as p ~
VL2, % where V is the linear velocity of the bacterium and Ly is the total length of the
bacterium (including both cell body and flagella). To compare the magnitudes of these two
torques, we employed Lt = 10 um (a quantity that is optically measured using distortions in the
LC induced by the flagella rotating behind motile bacteria®® (see Video S2 in the online
Supporting Information)), n ~ 0.7 Pa-s as an effective viscosity of nematic 15 wt% DSCG?, and
V = 8.8 um/s as a typical velocity of vegetative P. mirabilis in nematic DSCG.? In the limit of
small 8 (in which the ratio Tejastic/Thydrodynamic 1S independent of 8), we calculate that the
elastic torque associated with deviations of the alignment of a vegetative cell away from the far-
field director (6 = 0°) near a graphene-coated substrate (h = 2 um) exceeds the wall-induced
hydrodynamic torque (Tejastic/ Thydrodynamic ~6). Although our estimate of [}ygrodynamic d0€s

not account for the anisotropic viscosities of nematic LCs,*44?

the relative magnitudes of
Thydrodynamic @Nd Tejastic SUPPOrt our interpretation of our experimental observations in terms of
the dominating influence of LC elastic torques (which overcome the influence of surface-induced

hydrodynamic torques). This represents a striking departure from the typical behavior of motile

rod-shaped cells near a solid substrate when dispersed in an isotropic solution.
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Because we concluded that motile vegetative P. mirabilis cells were strongly oriented by
elastic forces in homeotropic LC films, we next investigated their approach and collision with
the substrates. Experimentally, we observed motile cells to remain localized for extended lengths
of time (over the duration of our observations - tens of minutes) adjacent to one of the two
graphene-coated substrates. The cell bodies of the five cells depicted in Figure 6-1B, for
example, are dynamically positioned in a single plane proximate to one of the substrates. We
judged that unidirectional flagella-derived forces were primarily responsible for this
accumulation of bacteria near the bounding substrates. We note, however, that we occasionally
observed vegetative cells to move back and forth along the LC director from one graphene-
coated substrate to the other (Figure 6-1C; also see Video S3 in the online Supporting
Information). We hypothesize that these cells are able to reverse direction due to flagella bundles
that extend from both cell poles, as the elasticity of the nematic LC suppresses “tumbling” that
typically reorients bacterial motion in isotropic solutions.?

Limited by the resolution of our optical microscope, it was difficult to establish whether
the cells contacted the graphene-coated substrates by varying the focal plane, although we
measured cells to regularly approach to within 1 um from the substrates. However, we were able
to conclude that bacteria did not physically adhere to the graphene-coated substrates but instead

were likely dynamically positioned near the surfaces by hydrodynamic flows®"4344

as we
observed the cell bodies of bacteria near a substrate to gyrate around an axis normal to the
substrate (Figure 6-1D; also see Video S4 in the online Supporting Information). The handedness
of the gyration matched that of the rotating flagella bundles (counter-clockwise when viewed

from behind the cell) and proceeded at angular velocities between 1 — 2 rev/s (see Video S5 in

the online Supporting Information). We measured the cell bodies of gyrating cells to deviate up
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to 3° away from the surface normal (see Supporting Information for details). Using Equation 6-1,
we estimate that an elastic torque as large as [ejasic ~ 8 PN-m acts on the gyrating bacteria, a
torque that must be balanced by rotation of the bacterial flagella. We also observed gyrating
bacteria in homeotropic DSCG films with thicknesses of ~ 30 um, suggesting this phenomenon
is not simply an effect of confinement of the bacteria in LC films with dfjjm ~ Lpacteria- VW€ NoOte
that this gyration resembles the “wobbling” of bacterial cell bodies that can occur in an isotropic
solution when the long axis of a cell body and the axis of the helical flagella bundle are not

collinear.**#

6.3.2 Homeotropic LC film; Lyacteria > dfilm

The results of the experiments described above establish that rod-shaped bacteria orient
and move parallel to the LC director in homeotropic LC films when Lpacteria < Ofilm. Next, we
investigated bacteria dispersed in a homeotropic LC film in the limit of Lpacteria > dfiim such that
steric constraints (i.e., thickness of the LC film) prevent the body of the bacterium from orienting
parallel to the LC. Specifically, we dispersed P. mirabilis swarm cells with lengths ranging from
10 — 60 pm within homeotropic LC films approximately 10 pum thick. In contrast to vegetative
cells, we found that swarm cells oriented and moved through homeotropic nematic DSCG films
in directions orthogonal to the nematic director with a velocity of V, = 7.5 + 0.3 pum/s (N = 97;
standard error reported) (Figure 6-2A; also see Video S6 in the online Supporting Information).
This velocity is lower than that measured for swarm cells moving parallel to the director (i.e.,
bacteria in uniform planar DSCG films; V, = 11.1 + 0.5 pm/s (N = 34)) (see Video S7 in the
online Supporting Information), consistent with the motile bacteria experiencing a higher

effective shear viscosity when moving orthogonal to the director. In support of this
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interpretation, we note that the ratio of the diffusion coefficients of micrometer-sized silica
particles in the nematic phase of a 13 wt% DSCG solution is D;/D, ~ 1.5, and that V,/V, for
swarm cells is comparable to this value. In addition, we note that the magnitude of the flagella-
derived forces produced by bacteria may differ when the cells are oriented either parallel or
orthogonal to the far-field director due, for example, to differences in the orientation of the
flagella bundle relative to the cell body caused by interaction with the LC.?

By varying the position of the focal plane of the microscope, we determined that swarm
cells (both motile and non-motile) were localized typically (but not always, see below) at or near
the midplane of the homeotropic LC films (for LC films with dgjjm<Lpacteria). This observation is
consistent with repulsive LC elastic forces (due to homeotropic and tangential anchoring of the
LC on the graphene-coated surface and bacteria, respectively; see Figure 6-2J) preventing swarm
cells from approaching the graphene-coated substrates.**>° This observation also is a particularly
interesting one because attachment to surfaces is the first step in the colonization of surfaces by
bacteria (e.g., in forming biofilms). These results hint that LC materials may be useful in

mediating bacteria-surface interactions to minimize attachment.
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Figure 6-2. Motility of P. mirabilis swarm cells in homeotropic LC films.

(A) Phase contrast micrograph of motile swarm cells within a homeotropic LC film. The nematic director
is oriented along the axis orthogonal to the plane of the page. The swarm cells move in directions
orthogonal to the director, inducing distortions in the alignment of the LC in their wake. (B-G) Pairs of
phase contrast micrographs (B and C, D and E, F and G) of swarm cells in homeotropic LC films taken
either (B, D, F) without or (C, E, G) with crossed polarizers inserted into the optical path. In B, the length
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of the swarm cell body (Lpaceria) and the wake of distorted LCs (Lgistortion) are denoted. (H) Phase contrast
micrograph of a stationary swarm cell in a homeotropic LC film. (I and J) Schematics (I — top view; J —
side view) depicting the distortion in the LC film induced by motion of swarm cells perpendicular to the
director (with velocity V). (K) Plot of Lgisorion @s @ function of V measured for 97 swarm cells in
homeotropic LC films. Horizontal error bars represent intervals over which data are binned while vertical
error bars represent standard deviation. Scale bar in A =20 um; scale bars in B, D, Fand H =5 um.

We also observed that self-propulsion of swarm cells generated “wakes” that had a
striking comet-like optical appearance when visualized using phase contrast microscopy due to
the birefringence of the nematic DSCG (Figure 6-2A, also see Video S6 in the online Supporting
Information). Although previously it was demonstrated that rotation of bacterial flagella
transiently strains uniform planar DSCG films over a length scale of a few micrometers®, the
distortions produced by swarm cells in our experiments appear to have a different origin, as we
commonly measured these distortions to extend tens of micrometers behind the cell body and
flagella of each swarm cell. These distortions in the LC film were long-lived, as the LC was
observed to relax back to its original uniform homeotropic orientation over a time scale of

seconds. By employing n ~ 0.7 Pa:s and K ~ 10 N for nematic 15 wt% DSCG®**! and using a

characteristic length scale of the distortions of dfm/2 ~ 5 um, we estimated that t, the elastic

relaxation time scale (t ~ndgy,>/4K)*" is on the order of seconds (t ~2s), consistent with our
experimental observations.

To obtain additional insight into the origin of the comet-like “tails,” we analyzed the
motions of the swarm cells both with and without crossed polarizers (Figures 6-2B through 6-
2G). With crossed polarizers inserted, we found the brightness of the comet-like tails to depend
on the direction of cell motion relative to the orientation of the polarizers. Specifically, whereas
the wake exhibited a bright optical intensity when cells moved at an angle relative to both

polarizers, appearing to reach a maximum for cells translating at approximately 45° with respect
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to each polarizer (Figure 6-2C), the wakes were scarcely visible when cells moved nearly
parallel to either polarizer (Figures 6-2E and 6-2G). We note that we did not observe comparable
optical signatures extending from the poles of non-motile swarm cells (Figure 6-2H). These
observations suggest that the motion of a swarm cell orthogonal to the homeotropically aligned
nematic DSCG (in the far-field) induces a transient strain (bend and splay) within the LC, as
depicted schematically in Figures 6-21 and 6-2J. We measured a linear relationship to exist
between the length of the LC wake (Lgistortion) and the average velocity (V) of each cell (Figure 6-
2K), consistent with Lgistortion Deing determined by how far a swarm cell travels over the course of
T, the time scale that characterizes the elastic relaxation of the LC (see above).

The orientation of the LC within the wake, which relaxes over time T, likely reflects
either or both the anchoring of the LC at the surface of the cell body, and shear alignment of the
LC due to the motion of the DSCG induced by the bacteria. Even in the absence of motion of the
cells, as noted above and shown in Figure 6-2J, the anchoring of the DSCG on the surface of the
bacterial cell will induce the orientation of the LC observed within the core of the wake. In
addition, however, we note that shear forces produced by the motion of the swarm cells could
also lead to shear alignment of the LC in the absence of the above-described anchoring of the LC
on the surface of the bacteria. This mechanism is supported by an estimate of the ratio of viscous
to elastic torques, characterized by the Ericksen number (Er = ndgmV/2K)>!, which is > 1 in
our experiments.

We hypothesized that transient strain in the LCs induced by a moving swarm cell might
also influence the motion of a second, trailing swarm cell. Consistent with this hypothesis and in
support of our general physical picture proposed above, we found that when two swarm cells

swam in close proximity to one another in a homeotropic LC film (in the same plane relative to
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the graphene-coated substrates), the trajectory of one cell, upon encountering the wake of the
other cell, assumed the trajectory of the first cell (Figure 6-3; also see Video S8 in the online

Supporting Information).

Figure 6-3. Interaction between two P. mirabilis swarm cells in a thin homeotropic LC film.
Sequence of phase contrast micrographs depicting the motion of two P. mirabilis swarm cells within a
homeotropic LC film. The trajectory of one of the cells is altered upon colliding with the wake of
distorted LCs left by the other cell. Scale bars = 20 um.

Although we typically observed P. mirabilis swarm cells were positioned at or near the
midplane of uniform homeotropic LC films, we also occasionally found motile swarm cells
instead located in a plane closer to one of the two bounding graphene-coated substrates. In these
cases, we found the bodies of the swarm cells to be bent along their lengths and observed the

swarm cells to swim in tight, circular trajectories within the plane parallel to the substrates

(Figure 6-4). Moreover, when we analyzed these circular trajectories, we determined that they
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always appeared counterclockwise when the cell was positioned near the graphene-coated
substrate furthest from the objective of our inverted microscope (Figure 6-4A,; also see Video S9
in the online Supporting Information) and clockwise when the cell was instead located near the
substrate closer to the objective (Figure 6-4B; also see Video S10 in the online Supporting
Information). These observations are consistent with previous reports of the emergence of
circular cellular trajectories when bacteria dispersed in an isotropic solution swim near a solid
surface.*** These circular trajectories are caused by a wall-induced torque that arises from the
motion of the cell body and the helical flagella bundle. They exhibit a specific handedness due to
the chiral propulsion mechanism of the bacteria. Interestingly, however, we note that we did not
observe P. mirabilis cells (either vegetative or swarm) to exhibit similar wall-induced circular
trajectories when confined in nematic DSCG films exhibiting a uniform planar alignment. In this
case, it appears that the elastic torque from the nematic LC is sufficient to suppress this wall-
induced torque (analogous to the elastic suppression of vegetative cells from reorienting parallel

to graphene-coated substrates when dispersed in homeotropic LC films, as described above).



196

Figure 6-4. Circular trajectories of swarm cells in a homeotropic LC film.

(A, B) Sequences of micrographs (phase contrast with a single polarizer inserted) showing examples of
the (A) counter-clockwise and (B) clockwise trajectories of motile swarm cells that arise when the cells
are proximate to one of the two graphene-coated substrates in a homeotropic LC film. Scale bars = 20

pm.

6.3.3 Hybrid LC film; Lpacteria < dfilm
A key conclusion that emerges from the above studies is that the LC elastic torques

acting on bacteria near surfaces can be sufficiently large to dominate hydrodynamic interactions
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that commonly govern the dynamics of bacteria in isotropic solvent systems near surfaces. To
explore if the dominant influence of LC elastic stresses on bacterial dynamics near surfaces
extends to situations where the director profile is non-uniform, next, we created nematic DSCG
films with hybrid anchoring conditions by confining the LC between a graphene-coated substrate
and a bare glass slide (Figure 6-S3). In these films, the out-of-plane orientation of the LC rotates
by m/2 while going from one substrate to the other. We verified that nematic DSCG films
adopted this hybrid configuration by confirming (i) the extinction of transmitted light as the
sample was rotated between crossed polarizers and (ii) that interference colors observed at
positions of minimum extinction of the sample corresponded to lower optical retardance values
than for uniform planar films of the same thickness (Figure 6-S3). Consistent with this strained
configuration of the LC director profile, when we dispersed small vegetative P. mirabilis cells
within hybrid LC films, we observed that they aligned perpendicular to the graphene-coated
substrate when proximate to it and parallel to the bare glass substrate when instead close to it
(Figure 6-S4).

Most significantly, as shown in Figure 6-5, we found that when the bacteria were located
in a region of the hybrid DSCG film (dfm ~ 18 pum) with a uniform in-plane orientation, the
overall motion of bacteria was directed parallel to p, a vector defined by the orientation of the
bend and splay distortions in the hybrid film (as shown in Figure 6-5B) (see Video S11 in the
online Supporting Information). Specifically, bacteria near the bare glass substrate within the
hybrid LC film moved along the substrate in the direction parallel to p. In contrast, when a cell
with flagella bundles extending from both poles reversed its direction of motion such that it was
directed anti-parallel to p, the splay in the LC directed the bacterium across the thickness of the

LC film towards the graphene-coated substrate, where the cell assumed an orientation
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approximately perpendicular to the surface. Once held in this orientation, the motion of the cell
ceased until it again reversed direction, moved back towards the bare glass substrate, and then
continued moving parallel to p. The net effect of this coupling between the strain of the LC and
the bacteria was a rectification of the bacterial motion. Whereas rectification of bacterial motion
has been achieved in isotropic solutions using microfluidic channels with special geometric

features,>>*

our results reveal that the elastic strain stored within the hybrid configuration of a
nematic LC film tens of micrometers thick can also be leveraged to guide the overall motion of
bacteria. Our results also demonstrate the elastic torques generated by complex and non-uniform

LC director profiles also dominate hydrodynamic interactions of bacteria near surfaces.
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Figure 6-5. Rectification of vegetative P. mirabilis cell motion in a hybrid LC film.

(A) Sequence of phase contrast micrographs depicting the motion of a vegetative P. mirabilis cell within
a hybrid LC film (11 um thick). The plane of focus remains fixed near the bare glass substrate throughout
the experiment. (B) Schematic representation of the director profile within the LC film along with the
approximate location and direction of motion (indicated by red arrows) of the bacterium in each snapshot
in A. In A and B, p indicates the orientation of the bend and splay distortions within the hybrid LC film.
Scale bars =5 um.
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6.3.4 Hybrid LC film; Lpacteria > dfilm

Past studies by us and others have observed bacteria dispersed in LCs to behave as rigid
entities. However, the results shown in Figure 6-4 clearly demonstrate that hydrodynamic
interactions between the bacteria and surfaces can bend the bodies of swarm cells. To explore
whether elastic stresses associated with strained LCs can also deform the bodies of a swarm
cells, we explored LC films in which bend and splay distortions were present (in the limit Lyacteria
> dfim). Our initial observations focused on swarm cells in hybrid DSCG films in which the
direction of motion of the swarm cells was anti-parallel to p. In this situation, we observed the
leading end of a swarm cell to follow the /2 rotation of the LC director across the thickness of
the film, and upon reaching the graphene-coated substrate, trapped the swarm cell in a deformed
configuration in which the cell body approximately followed the director within the hybrid LC
film (Figure 6-6; also see Video S12 in the online Supporting Information). From this result, we
conclude that the body of a P. mirabilis swarm cell is sufficiently soft that elastic stresses

imparted by the LC phase can deform the cell body.
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Figure 6-6. Deformation of P. mirabilis swarm cells in hybrid LC films.
(A) Phase contrast micrograph of P. mirabilis swarm cells dispersed within an 18 um thick hybrid LC
film (plane of focus near graphene-coated substrate). (B) Schematic representation of the director profile
within the LC film along with the approximate configurations of the swarm cells. In A and B, p indicates
the orientation of the bend and splay distortions within the hybrid LC film. Scale bar = 10 pm.

To examine further this conclusion, we compared the relative energetic cost of bending a
swarm cell in a hybrid LC film (Ec) to that associated with straining LCs locally around a

bacterium not aligned with the far-field director (E.c). We estimate the cell bending energy by

the expression

1
Ecen = EEILbendKzl ( 6-4 )
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where E is the Young’s modulus, I is the second moment of inertia, Lyeng 1S the arc length of and
K is the mean curvature of the deformed segment of the bent swarm cell.>® Employing typical
values for our system, we estimate E.o; ~ 1 x 10" J for a swarm cell with Lyeng = 28 pm in a
hybrid LC film 18 um thick (see Supporting Information for details).

To compare the magnitude of the LC elastic energy to this value of E., we use the
expression™

ELc = 2nLK6?/In(2L/R). (6-5)

Equation 6-5 is the energetic cost associated with realigning a swarm cell of length L and radius
R an angle of 8 away from the far-field director in a uniformly aligned LC film. For a swarm cell
with L = Lpeng = 28 um and R = 0.5 um and using K = 10 pN, we calculate E\ c ~ Ecey When 6 ~
11°. This calculation suggests that LC elastic stresses should be sufficient in magnitude to
deform the body of a swarm cell, consistent with our experimental observations. Moreover, this
preliminary result suggests that hybrid LC films may be useful for measurement of cell
mechanical properties, particularly since the amount of strain stored in the LC films can be
modulated by either changing the thickness of the film or the temperature or composition of the

lyotropic chromonic LC phase (in order to alter the magnitude of the elastic constants)*°.

6.4 Conclusions

In summary, our study reveals new dynamical behaviors of bacteria confined within thin
homeotropic and hybrid nematic LC films, and provides insight into the origins of those
behaviors. A key conclusion of our study is that elastic torques generated by the LC are
sufficiently large to overcome wall-induced hydrodynamic torques, thus leading to LC-guided

bacterial motion near surfaces that orient LCs. The dominating role of the elastic torques on the
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near-surface behaviors of the bacteria are evident in our studies with homeotropically aligned
LCs (the bacteria adopted orientations perpendicular to the surface) and in hybrid aligned films
(the bacteria followed the spatial variation in the director profile, thus exhibiting rectified
motion). In addition, it is evident in comparisons of the behavior of swarm cells in LC films in
the limit Lpacteria > Lsim; as shown in Figure 6-4, when the LC is aligned perpendicular to the
surface, hydrodynamic interactions dominate the circular, in-plane motion of the cells because
the LC exerts no torque (that influences in-plane motion); in contrast, when the LC is aligned in
the plane of the surface, the LC-mediated torque results in trajectories of the cells that following
the orientation of the director.

A second key conclusion of our study is that elastic stresses associated with non-uniform
director profiles are sufficient to cause the deformation of the bacterial cell bodies when using
long swarm cells. While we (Figure 6-4) and others®’ have reported previously that
hydrodynamic interactions can lead to changes in cell shape, the observations in Figure 6-6 are
the first to suggest that LC elastic stresses can deform cells. Indeed, our observations in Figure 6-
6 suggest that the cell body largely follows the director profile in LC films with hybrid
anchoring. This coupling between cell shape and LC director profile suggests that descriptions of
the dynamical behaviors of bacteria in LCs will, in general, need to consider the shape of the
cells as a dependent variable of the system.

Overall, the findings reported in this paper also suggest the basis of new methods and
approaches for manipulation of bacteria in technological contexts. For example, we show that
rectification of bacteria motion is possible in hybrid LC films and that, unlike isotropic solution,
this phenomenon is achieved in nematic LCs without the need for special geometric features

present on the walls confining the fluid. Thus, it may represent a versatile new means to facilitate
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quantification and spatial localization of bacteria. Alternatively, by varying the magnitude of the
elastic stresses acting on elongated bacteria in hybrid films and determining the resulting
configurations adopted by the cells, strained LCs might be used to report the mechanical
properties of bacteria (e.g., bending stiffness). In addition, we end by commenting that the
dynamical response of the LC to the motions of bacteria (e.g., the transient distortions of the LC
produced by swarm cells moving in directions orthogonal to the LC director field) might also be

used to measure physical properties of nematic LCs.
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6.5 Supporting Information

Calculation of the rotational drag coefficient for vegetative P. mirabilis cells

Modeling vegetative P. mirabilis cells as prolate spheroids with semi-major axis a and semi-
minor axis b, we estimated the frictional drag coefficient associated with the rotation of the cell

4(1-p*)

1 p) -~ 58 . )
3p7[asz_pz)—z] Co I this expression,

around one of its minor axes using the expression f. =

2 2N—1/2 [1+(1_p2)1/2] 3.2 . .. .
p=Db/a,S= ;(1 —p?)~2In — and C, = 8ma’p*n is the coefficient for rotational

frictional drag for a sphere with a volume equal to the volume of the ellipsoid. Employing a=1.5
pm, b = 0.5 um, and an effective viscosity of n ~ 0.7 Pa s for the nematic DSCG phase, we

estimate f. ~ 1.5 x 10717 kg m? s™.

Measurement of the angle of alignment adopted by gyrating vegetative bacteria near graphene-

coated substrates

Videos (200 frames long) of vegetative cells gyrating near graphene-coated substrates in uniform
homeotropic and hybrid films were collected at different planes of focus separated by 1 um. The
Mosaic ParticleTracker 2D/3D plugin®® for ImageJ then was used to plot trajectories of the
approximately circular cross-sections of the gyrating cells, as depicted in Figure 6-S5. By
determining the average radius of these trajectories collected for an individual gyrating cell at
different planes of focus, trigonometric relations could be used to estimate the average angle (¢

in Figure 6-S5) formed between the long axis of the vegetative cell and the surface normal.
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Estimation of Ec_for swarm cells dispersed in a hybrid LC film

To estimate the energetic cost (Ecen) of bending a swarm cell of length L in a hybrid LC film of

thickness d in the limit of L > d, we model the cell as a rod-shaped shell that has thickness w and
radius R and use E ¢ = %EILbendKZ.55 In this expression, E is the Young’s modulus, I is the
second moment of inertia, Lyeng IS the arc length of the bent cell, and k is the mean curvature of
the cell.>® For a thin, hollow cylinder of thickness w, I = iﬂ[R‘1 — (R=Db)*] ~ tR3w.®® We
assume that if a swarm cell deforms such that its orientation is always parallel to the local
director in a LC film of thickness d with hybrid anchoring conditions, the mean curvature of the
deformed segment of the swarm cell is given by x ~ %. Given this curvature, the deformed length
of the swarm cell in the hybrid film (in which the out-of-plane orientation of the LC rotates by
n/2 going from the graphene-coated substrate to the bare glass substrate) iS Lyeng ~ gd (see

2R3
Figure 6-S6). Inserting these expressions into the equation for Eey, We arrive at Eqoy = — idWE.

Employing typical values in our system of R~ 0.5 pum and d ~ 18 um, an estimate of the
thickness of the peptidoglycan layer of P. mirabilis (which imparts rigidity to the cell body) of
w ~ 10 nm®!, and an estimate for the Young’s modulus of the highly flagellated P. mirabilis-
flIhnDC swarm cell of E ~ 8.743 x 10* Pa (personal communication from Weibel lab), we

estimate E g ~ 1 x 1077 J.

Gyration of vegetative P. mirabilis cells in hybrid LC films

We found that vegetative P. mirabilis cells dispersed in hybrid films also had a tendency to
become dynamically positioned near the graphene-coated substrate, similar to the case of

homeotropic LC films described in the main text. As a result, we observed that over the course of
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an experiment, cells dispersed in hybrid LC films tended to accumulate near the graphene-coated
substrate. Each cell positioned near the graphene-coated substrate gyrated about an axis normal
to the substrate with a handedness matching that of its rotating flagella bundle (see Video S13 in
the online Supporting Information). However, while we measured the angular velocity of the cell
bodies to be comparable to that measured in homeotropic films (~ 1 — 2 rev/s), we determined
the cell body to commonly deviate at larger angles (up to 6°) away from the surface normal. We
hypothesize that the combined effects of changes in the orientation of the far-field director
profile over the length of the cell body and bending of the bacterial flagella due to the bend and
splay in the LC are likely responsible for the pronounced deviation of the orientation of the cell

body away from the surface normal measured in hybrid films.
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Figure 6-S1. Spatially-averaged Raman spectra (normalized to the G-band intensity) of a graphene-
coated substrate collected both before (blue) and after (red) contact with a 15 wt% DSCG solution
for 30 min.

The DSCG solution was removed from the surface of the graphene-coated substrate before the second
spectrum was collected. A typical Raman spectra for graphene consists of three major bands, namely the
D, G and 2D bands at ~1347 cm™, ~1585 cm™ and 2680 cm™ (for a 532 nm excitation wavelength).® In
our spectra, the ratio of lp/lg > 1 confirms the presence of a monolayer of graphene.®? In addition, the
ratio of Ip/lg is directly proportional to the defect density, with values < 0.1 considered to indicate high
quality graphene monolayers grown via chemical vapor deposition (CVD). In our spectra, taken both
before and after application of the DSCG solution, we calculated Ip/lg to be ~ 0.04. This indicates (i) a
very low defect density in the as-manufactured graphene layer and (ii) that no additional defects were

introduced during the application and removal of the LC.
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Figure 6-S2. Evolution of homeotropic orientation in a nematic phase DSCG film.

(A-C) Polarized light (crossed polars) micrographs of nematic phase DSCG film (~ 18 pm thick)
confined between two graphene-coated substrates taken (A) 20 min, (B) 60 min, and (C) 120 min after
preparation of the optical imaging chamber. Dotted white lines superimposed on the images indicate the
approximate extent of the LC film. The optical imaging chamber was prepared by sandwiching 1.2 pL of
DSCG in the nematic phase between the graphene-coated substrates and sealing with epoxy, using Mylar
spacers to set the film thickness. Regions of the LC film in an outer annulus of the film transition to a
homeotropic orientation over the initial 120 min and retain this homeotropic orientation for days
following. The central region of the film (even after days) was not observed to transition to a homeotropic
orientation. (D) Polarized light (crossed polars) micrograph of the transient stripe texture observed in the
outer annulus of the LC film as the LC transitions to a uniform homeotropic orientation. Image acquired
25 min after preparation of the optical imaging chamber. (E) Polarized light (crossed polars) micrograph
of the transition region observed between the outer annulus exhibiting homeotropic orientation and the
inner region that does not. Image acquired 37 min after preparation of the optical imaging chamber. (F)
Conoscopic image acquired in the outer annulus of DSCG, confirming uniform homeotropic orientation.
Image acquired 70 min after preparation of the optical imaging chamber. Scale bars in A-C = 2 mm; scale

barsin D,E =5 pum.
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Figure 6-S3. Optical characterization of a hybrid LC film.

(A,B) Polarized light (crossed polarizers) micrographs of a region of a hybrid anchored LC film (~ 18 pum
thick) exhibiting approximately uniform azimuthal alignment. The sample is rotated such that the
direction of azimuthal alignment of the LC is oriented either (A) parallel or (B) 45° relative to the
orientation of one of the polarizers. (C) Polarized light (crossed polarizers) micrograph of a uniform
planar LC film (~ 18 um thick) in which the director is oriented 45° relative to the orientation of one of

the polarizers. Scale bars = 200 um.

Figure 6-S4. Orientations of vegetative P. mirabilis cells in a hybrid LC film.
Phase contrast microscopy images of vegetative P. mirabilis cells dispersed within a hybrid LC film (~

18 um thick) in a plane (A) near to the graphene-coated substrate and (B) near to the bare glass substrate.
Scale bars =5 um.
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Figure 6-S5. Measurement of the orientations adopted by gyrating vegetative P. mirabilis cells.

Schematic and representative trajectories (each 200 frames long) collected at different planes of focus
(each separated by 1 um) of a gyrating vegetative cell near a graphene-coated substrate within a hybrid
DSCG film.
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Figure 6-S6. Schematic depicting the configuration adopted by a P. mirabilis swarm cell in a thin
hybrid LC film in the limit of L > d.



212

Supplementary Video Captions

Following the publication of this manuscript, supporting videos will be available in the online SI.

Video S1. Phase contrast microscopy video of the motion of vegetative P. mirabilis cells

dispersed in isotropic aqueous motility buffer between glass substrates in a cavity ~10 um thick.

Video S2. Phase contrast microscopy video of the motion of a vegetative P. mirabilis cell
dispersed in a planar DSCG film created using two bare glass substrates. Due to the
birefringence of the LC, distortions produced by the rotating flagella can be visualized in the

wake of the bacterium.

Video S3. Phase contrast microscopy video of vegetative P. mirabilis cells dispersed in a
uniform homeotropic DSCG film created using two graphene-coated substrates that orient
parallel to the LC director (perpendicular to the graphene substrates). One cell is observed to

move back and forth through the thickness of the LC film.

Video S4. Phase contrast microscopy video in which vegetative P. mirabilis cells in a uniform
homeotropic DSCG film near one of the graphene substrates align approximately parallel to the
far-field LC director and gyrate in tight circular trajectories (in a counterclockwise fashion when

viewed from above the substrate) around an axis normal to the substrate.
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Video S5. Phase contrast microscopy video in which a vegetative P. mirabilis cell in a uniform
homeotropic DSCG film near one of the graphene substrates orients at a small angle with respect
to the far-field LC director and gyrates in tight circular trajectories (in a counterclockwise
fashion when viewed from above the substrate) around an axis normal to the substrate.

Distortions in the LC induced by the rotating flagella bundle of the cell also can be observed.

Video S6. Phase contrast microscopy video of P. mirabilis swarm cells moving within a

homeotropic DSCG film in directions orthogonal to the far-field director.

Video S7. Phase contrast microscopy video in which P. mirabilis swarm cells align and move
parallel to the nematic director when dispersed in uniform planar DSCG films confined between

bare glass slides.

Video S8. Phase contrast microscopy video of two motile P. mirabilis swarm cells moving
within a homeotropic LC film. The transient strain in the LCs produced in the wake of one of the

motile swarm cells leads to a change in the direction of motion of the second swarm cell.

Video S9. Phase contrast microscopy video (taken with a single polarizer inserted into the light
path oriented in the vertical direction) of the motility of a P. mirabilis swarm cell within a
homeotropic LC film and near to the graphene substrate farther from the objective. Viewed from

above the graphene substrate, the cell appears to move in counterclockwise circles.
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Video S10. Phase contrast microscopy video (taken with a single polarizer inserted into the light
path oriented in the vertical direction) of the motility of a P. mirabilis swarm cell within a
homeotropic LC film and near to the graphene substrate closer to the objective. Viewed from in

front of the graphene substrate, the cell appears to move in clockwise circles.

Video S11. Phase contrast microscopy video showing rectification of the motion of a vegetative

P. mirabilis cell in a hybrid LC film.

Video S12. Z-stack of images (phase contrast) of P. mirabilis swarm cells that have cell bodies

that are extended through the thickness of a hybrid LC film.

Video S13. Phase contrast microscopy video of a vegetative P. mirabilis cell in a hybrid DSCG
film positioned near the graphene substrate. The cell aligns approximately parallel to the local
LC director and moves in tight circular trajectories (in a clockwise fashion when viewed from in
front of the substrate) around an axis perpendicular to the substrate. Distortions in the LC
induced by the rotating flagella bundle of the cell, which bends through the thickness of the LC

film, also can be observed.
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Chapter 7: Hierarchical Organization in Liquid Crystal-in-Liquid Crystal

Emulsions*

7.1 Introduction

Over the past several decades, liquid crystals (LCs) confined within either direct or
inverted emulsions have been widely explored as a new class of anisotropic soft matter.*” In
direct emulsions, the LCs are confined within micrometer-sized droplets dispersed within a
continuous isotropic phase. The ordering of thermotropic LCs within droplets of direct emulsions
has been shown to be influenced by the anisotropic elasticity of the LCs, the presence of
topological defects, and interfacial interactions that can arise from hydrogen bonding, van der
Waals forces, and electrical double layers.**"® More recently, lyotropic chromonic LCs
(LCLCs), which form nematic or hexagonal columnar phases through face-to-face stacking of
plank-like, polyaromatic molecules into columnar aggregates in aqueous solutions,'®** have also
been characterized within emulsion droplets dispersed in immiscible isotropic oils.”*™ These
emulsions are, in some cases, distinguished from their thermotropic droplet-based counterparts
by the formation of faceted LC droplets.”® Alternatively, in the case of inverted LC emulsions,
droplets of an isotropic phase (e.g., oil or aqueous solution) have been dispersed within a
continuous LC phase.>>®® In these studies, the elasticity and topological defects of LCs have
been shown to generate interdroplet forces that drive the isotropic droplets into complex
structures including linear chains and hexagonal arrays.>'®*®!° While initial studies largely
focused on characterization of isotropic droplets in thermotropic LCs, recently it has been
demonstrated that LCLC elasticity-mediated forces also induce self-assembly of micrometer-

sized colloids® and living bacteria®*
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In this paper, we move beyond these past studies involving a single LC phase (dispersed
or continuous) to investigate dispersions comprised of two immiscible LC phases. Specifically,
we focus on droplets of nematic thermotropic LCs dispersed in an immiscible nematic LCLC (15
wt% disodium cromoglycate — DSCG) phase. Our investigation of these “LC-in-LC emulsions”
was motivated by a number of fundamental questions, particularly the question of whether the
ordering of the LCs in the two phases would be coupled through interactions mediated by, for
example, anisometric droplet shapes, or alternatively interfacial interactions (surface anchoring).
In addition, we sought to explore how nematic LC droplets would interact and self-assemble

when dispersed within the LCLC.

7.2 Experimental Section

Materials. 4’-pentyl-4-cyanobiphenyl (5CB) was obtained from EM Sciences (New
York, NY). N-(4-methoxybenzylidene)-4-butylaniline (MBBA), disodium cromoglycate
(DSCGQG), glycerol, and phosphate-buffered saline (PBS) (0.01 M phosphate, 0.138 M
NaCl, 0.0027 M KCI, pH 7.4) were purchased from Sigma-Aldrich (St. Louis, MO).
Polyimide was obtained from HD Microsystems (Parlin, NJ). 1-methyl-2-pyrrolidinone,
silicone oil, Fisher’s Finest Premium Grade glass slides and cover glass were purchased
from Fisher Scientific (Pittsburgh, PA). Deionization of a distilled water source was
performed with a Milli-Q system (Millipore, Bedford, MA) to give water with a

resistivity of 18.2 MQ cm.

Lyotropic LC preparation. Lyotropic LCs containing DSCG were prepared by mixing 15 wt%

of DSCG with 85 wt% of PBS. The mixture was shaken for at least 12h to ensure complete
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solubility and homogeneity. Prior to the preparation of emulsions, the DSCG solution was heated
at 65°C for 10 min as described elsewhere.?>* At this concentration, DSCG forms a nematic LC
phase below ~32°C and an isotropic phase above ~40°C. Two-phase coexistence is observed

within the range of intermediate temperatures.

Preparation of LC-in-LC emulsions. LC-in-LC emulsions were formed by sequential
sonication and vortexing of mixtures of ~1 puL of 5CB (or MBBA) and ~100 pL of 15 wt%
DSCG (in PBS). Five cycles consisting of 10s of vortexing followed by 10s of sonication in a
bath held at 55°C were performed. Emulsions containing isotropic silicone oil droplets were

prepared in the same manner. Emulsions were analyzed within 4h of their preparation.

Assembly of experimental imaging chambers. To create imaging chambers that
induced a uniform azimuthal alignment of the nematic DSCG, we first rubbed a
polyimide-coated glass slide and glass cover slip unidirectionally 30 times with a velvet
cloth. A small volume (~4.5 pL) of LC-in-LC emulsion was then drawn between the two
polyimide-coated glass substrates in a cavity created using two sheets of Mylar film (~60
pum in thickness). The two polyimide-coated glass substrates were oriented such that the
rubbing directions of the two substrates were antiparallel. Following assembly, the
chamber was immediately sealed with epoxy to prevent water evaporation. The imaging
chamber was then heated into the isotropic phase of DSCG for 30s. Approximately 10 —
20 min after cooling the sample back to room temperature, the nematic DSCG film
exhibited a planar orientation with largely uniform azimuthal alignment in the direction of

rubbing of the polyimide-coated substrates.
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Optical characterization of LC-in-LC emulsions. The configurations adopted by dispersed
thermotropic LC droplets within continuous nematic lyotropic LCs were investigated using an
Olympus IX71 inverted microscope (Center Valley, PA) equipped with a 100X oil-immersion
objective and crossed polarizers. Bright field and polarized light micrographs of the LC-in-LC
emulsions were collected with a Hamamatsu 1394 ORCAER CCD camera (Bridgewater, NJ)
connected to a computer and controlled through SimplePCI imaging software (Compix, Inc.,
Cranberry Twp., NJ). Slow translational diffusion of LC droplets within the viscous nematic
DSCG solution (i ~ 0.7 Pa-s)* enabled us to easily capture both bright field and crossed polars
micrographs of individual droplets. Only droplets that were freely translating within the nematic
DSCG and not adsorbed to one of the polyimide-coated glass substrates were imaged and
analyzed, as contact with surfaces has been previously demonstrated to influence the

configurations adopted by LC droplets.?

7.3 Results and Discussion

As detailed in the Experimental Section, we prepared emulsions comprised of
droplets of nematic thermotropic LCs in continuous phases of aqueous nematic DSCG
phase (15 wt%) by the sequential vortexing and sonication of mixtures of these two LCs.
Subsequently, we confined a thin film (~60 pm in thickness) of the emulsion between
rubbed polyimide surfaces that caused a planar orientation and uniform azimuthal
alignment of the continuous nematic DSCG (Figure 7-S1). Our initial experiments were
performed using 4’-pentyl-4-cyanobiphenyl (5CB) as the thermotropic LC (at room

temperature). After emulsification, we optically characterized the orientations assumed by
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both the continuous (DSCG) and dispersed (5CB) LCs within the thin films of the
emulsions. The emulsions were polydisperse, and our observations below are made with
reference to the size of the emulsion droplets within the dispersion.

In general, we observed that nematic 5CB droplets with diameters greater than ~6
pm exhibited bipolar configurations and thus planar anchoring at the interface of the
droplet with the continuous nematic DSCG phase. Our observations of the optical textures
of the 5CB droplets between crossed polars (Figures 7-1A through 7-1C) as well as the
positions of the boojums of the droplets evident in bright field images (Figures 7-1D
through 7-1F) confirmed the bipolar configuration. Both boojums of bipolar 5CB droplets
were observed in some bright field images (Figure 7-S2). For droplets with diameters
smaller than ~6 um, we found it difficult to determine the configuration of the LC within
the droplets due to the birefringence of the encompassing nematic DSCG (Figure 7-S3;
see Supporting Information for details). All of the 5CB droplets characterized in our
experiments (diameters ranging from 6 um to 35 um) exhibited very slow translational
and rotational diffusion within the nematic DSCG. For example, we measured a 5CB
droplet with diameter ~20 um to move at less than 0.5 um/min and to rotate at less than
1°/min in the absence of convective flows within the DSCG phase (Figure 7-S4). This
observation is consistent with our theoretical estimates of the root mean square
displacement and root mean square angular deviation of a 20 pum-diameter spherical

particle within nematic 15 wt% DSCG (see Supporting Information).
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Figure 7-1. Orientations of nematic 5CB emulsion droplets in aligned nematic 15 wt% DSCG.
(A-C) Crossed polars and (D-F) bright field micrographs of 5CB droplets with diameters of (A, D) 14.0
pm, (B, E) 24.4 um, and (C, F) 33.2 um. (G-I) Corresponding schematics illustrating the director profiles
within the 5CB droplets as well as in the encompassing nematic DSCG. The handedness of the twist at
the poles of all droplets is arbitrarily depicted to be the same (see text for details). Scale bars = 10 um.
Within the continuous DSCG phase, distortion of the nematic director around the 5CB
droplets generated brightly birefringent “tails” that extended away from the surface of the 5CB
droplets parallel to the far-field DSCG director (Figures 7-1A through 7-1C). In addition, we

observed four small bright lobes near the surface of the droplets when viewed between crossed

polars. Nych et al. recently observed similar optical patterns around isotropic water droplets and
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synthetic microparticles (planar anchoring) dispersed within nematic 15 wt% DSCG and
demonstrated that they are a signature of a twisted DSCG director configuration near the boojum
defects located at the poles of the colloids.?’ The twisted director profile is a consequence of the
small twist elastic constant (K,) of this chromonic LC,% as K5 (~1 pN) is approximately an order
of magnitude smaller than the elastic constants for splay (K1) or bend (Ks) (~10 pN).® Our
observations lead us to conclude that nematic DSCG also forms twisted director configurations
around both nematic 5CB droplets (Figures 7-1G through 7-11) and isotropic silicone oil droplets
(Figure 7-S5). This result also leads us to conclude that nematic DSCG exhibits a planar
orientation at the interfaces of the 5CB droplets. Similar to the observations of Nych et al., we
found (i) the brightness and the length of the birefringent tails in the DSCG to increase with
increasing LC droplet size, and (ii) there to be no optical signature indicative of a twisted
director configuration around droplets with diameters smaller than ~6 pm (Figure 7-S3).%
Finally, we note that while our schematic illustrations in Figure 1 all arbitrarily depict the
handedness of the twist deformations to be the same at the poles of each LC droplet, the actual
twist directions were observed to vary.?® While the absolute handedness of the twist influences
interactions between pairs of 5CB droplets (see below), it does not significantly impact the
conclusions that we draw in the remainder of this paper regarding isolated 5CB droplets.

Next, we characterized the orientations of the bipolar 5CB droplets with diameters
between 6 and 35 um within the nematic DSCG phase in order to determine if the droplets
aligned in a preferred direction relative to the far-field DSCG director (npscc). By measuring the
positions of the boojums of a droplet apparent in bright field micrographs (Figures 7-1D through
7-1F), we were able to determine the orientation of the axis of symmetry of the bipolar

configuration, as depicted schematically in Figures 7-1G through 7-11. Significantly, by
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quantifying the angle (8) formed between the symmetry axis of the bipolar 5CB droplets relative
to npsce (See Supporting Information for details), we found that the nematic 5CB droplets were
oriented in directions that were largely orthogonal to npscs (6 ~ 80-90°) (Figure 7-2A). We note
that the bipolar 5CB droplets, while maintaining that orthogonal orientation, were observed to
slowly rotate about an axis defined by the far-field orientation of the DSCG phase in our

experiments (See arrow in Figure 7-2A; Figure 7-S4).
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Figure 7-2. Bipolar nematic 5CB droplets align orthogonal to the far-field director of an
encompassing nematic DSCG phase.

(A) Quantification of the angle formed between the symmetry axis of bipolar 5CB (N = 50) and MBBA
(N = 45) droplets relative to the far-field director of nematic DSCG. (B) Schematic illustrating the
preferred orthogonal orientations of the local directors at the interface of the nematic thermotropic LCs
and nematic DSCG.
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We explored several hypotheses regarding the possible origin of this preferential relative
orientation of the bipolar 5CB droplets and nematic DSCG phase. First, we considered the
possibility that a slight elongation in the shape of the 5CB droplets might impact their orientation
in the nematic DSCG. Elongation of the LC droplets is predicted when the elastic energy within
the 5CB droplet and encompassing nematic DSCG (both which scale as ~KR) is similar to or
greater in magnitude than the interfacial energy of the droplets (which scales as ~yR?). For 5CB
droplets of R ~ 10 um, with K ~ 10** N for DSCG® and 5CB? and y of 10 — 102 N/m
(measured for interfaces between 5CB and either pure water®’ or an aqueous polymer solution®
(see Supporting Information)), however, the surface energy (~10™2 J) is much greater than the
bulk elastic energies (~107° J). Consistent with this prediction, we did not find the 5CB droplets
observed in our experiments to measurably depart from a spherical shape. Finally, we note also
that ellipsoidal droplets (5CB tactoids) with planar anchoring would be predicted to align with
their major axis parallel to the far-field DSCG director in order to minimize the elastic energy of
the DSCG.'? Because our measurements show that the preferred orientation of the symmetry axis
of the bipolar 5CB droplets is orthogonal rather than parallel to npsce (see Figure 7-2), we
conclude that the orientations of the nematic 5CB droplets and DSCG are not coupled through
the elasticity of the nematic DSCG and the anisometric shape of the 5CB droplets.

Second, we considered the possibility that the coupling between the nematic directors of
the 5CB and 15 wt% DSCG phases arises from the presence of interfacial electric fields
associated with electrical double layers.?**° Here we note that electric fields within double layers
can generate torques on LCs due to the anisotropic dielectric properties (Ae) of the LC

phases.®* In particular, past studies have demonstrated that, due to the positive Ae of 5CB

(Ae = +13)%, formation of an electrical double layer at an interface of 5CB can cause the
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anchoring of 5CB to change from planar to homeotropic.***? We tested the possible role of
electrical double layers in the observed coupling of the orientations of the 5CB droplets and
DSCG by creating dispersions of nematic N-(4-methoxybenzylidene)-4-butylaniline (MBBA)
droplets within nematic DSCG. Since MBBA possesses a nhegative Ae (Ae = —0.7)%, if
interfacial electric fields played a key role in the coupling of the orientation of thermotropic LC
droplets to the nematic DSCG phase, we would expect the orientation of the MBBA droplets to
differ from 5CB droplets. Our measurements of the orientations adopted by bipolar MBBA
droplets within aligned DSCG phases (Figure 7-S6), however, revealed that the MBBA droplets
also oriented with the axis of symmetry of the bipolar configuration orthogonal to npsce (Figure
7-2A). The result of this experiment leads us to conclude that interfacial ionic phenomena (and
the electric fields associated with interfacial adsorption of ions) do not play a dominant role in
coupling the orientations of bipolar thermotropic LC droplets and continuous nematic phases of
DSCG.

Third, we hypothesized that van der Waals interactions (which arise from anisotropic
polarizabilities or refractive indices) between 5CB and nematic DSCG phases may couple their
orientations. Past studies have established that van der Waals forces play a central role in

determining the orientations adopted by LCs near interfaces, including 5CB near alignment

33,34 35,36 In

layers such as rubbed polymer films and self-assembled alkanethiol monolayers.
addition, theoretical studies suggest that anisotropic van der Waals interactions can act over long
distances, for example causing the orientation of LCs to be influenced by an anisotropic substrate
even when separated from the substrate by a thin (1 — 100 nm) isotropic film.>*° In our

experiments, on the basis of observations of the LC droplets through crossed polars, we

concluded above that both nematic 5CB and DSCG are oriented tangential (or close to
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tangential) to the nematic-nematic interface. However, since individual DSCG molecules stack
face-to-face into columnar aggregates to form the nematic phase, the polyaromatic cores of the
molecules are on average orthogonal to npscg and nematic DSCG exhibits negative optical
birefringence (An = —0.02).°*%° Thus, as illustrated in the schematic in Figure 7-2B, although
the local director of the DSCG phase (npscg) is oriented in a direction tangential to the
5CB/DSCG interface (along the y axis in Figure 7-2B), the orientations of the optical axis with
the highest refractive index lie within the plane normal to npsce. In contrast, the optical
birefringence of nematic 5CB is positive (An = +0.18)% and the optical axis with the highest
refractive index is tangential to the 5CB/DSCG interface, coinciding with the local director nscg.
Consequently, when nscg adopts an in-plane orientation orthogonal to npsce (i.e. Nscg oriented
along the x axis in Figure 7-2B), the optical axes of the two phases with the highest refractive
indices are aligned, a mutual orientation that generates the strongest van der Waals coupling
between the phases.

At the interface of a LC droplet in a LC-in-LC emulsion, the mutual orientations of the
two directors of the LC phases will vary with position across the droplet interface. However,
when the symmetry axis of a bipolar 5CB droplet is orthogonal to the far-field director of the
nematic DSCG phase, over a significant fraction of the droplet interface, the local directors of
the nematic 5CB and DSCG phases are orthogonal (or nearly orthogonal) to one another. In
contrast, when the symmetry axis of a bipolar LC droplet is aligned parallel to the far-field
director of the DSCG phase, the directors of the two LC phases are largely parallel at the droplet
interface. Our observation that the symmetry axis of both bipolar 5CB and MBBA (An =
+0.21)% droplets aligns orthogonal to the far-field director of nematic DSCG is thus consistent

with the hypothesis that the orientations of the nematic thermotropic and lyotropic LCs are
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coupled to one another through anisotropic van der Waals interactions in our experiments. We
comment also that the twisted DSCG director field®® around a 5CB droplet will also influence the
relative orientations of the nematic phases at the droplet interface and thus the strength of
coupling of the two LC phases.

To obtain an estimate of the strength of the orientational coupling between the 5CB
droplets and nematic DSCG continuum, we applied a magnetic field parallel to the orientation of
the far-field director of the DSCG phase (Figures 7-3A through 7-3C). We found that a magnetic
field strength of ~0.3 T was sufficient to rotate the axis of the bipolar 5CB droplets towards the
direction of the applied magnetic field (Figures 7-3D through 7-3F), a result that is consistent
with the positive diamagnetic anisotropy of 5CB (Ax = +1.7 x 107 (cgs))®. Upon removal of
the magnetic field, we observed the 5CB droplets to relax back towards their initial orientation
over the course of minutes (Figures 7-3D through 7-3P; see Figure 7-S7 for additional
examples). We did not observe the nematic DSCG to realign during the application of the
magnetic field in our experiments (a result consistent with a small magnitude of the diamagnetic
anisotropy of DSCG), nor did we observe 5CB droplets dispersed in an isotropic phase to relax
to a preferred orientation following removal of an applied magnetic field (Figure 7-S8; see
Supporting Information for details). The driving force for the relaxation of the orientation of the
5CB droplet following the removal of the magnetic field in the experiment described above,
according to our hypothesis, is a torque due to anisotropic dispersion forces (I'yq.) acting across
the 5CB-DSCG interface. During the relaxation process, I, 4. IS balanced by a torque that arises

from rotational drag on the SCB droplet of radius R, which can be evaluated as I'45g = 8mR3w,

where w is the rotational velocity of the droplet. We estimate w ~ 0.36°/s (0.006 rad/s) from the

slope of the approximately linear portion of the plot in Figure 7-3P (between 0 and 60s) as the
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droplet relaxes from 6; ~ 52° to 6, ~ 74°. Using n ~ 0.7 Pa-s for the viscosity of the nematic
DSCG phase®, we calculate Ty, ~ 2 x 10™° J/rad for the droplet in Figure 7-3 (the diameter of
the droplet was ~24 pm). The energy dissipated during the rotation of the droplet is estimated as
Erotation = larag(62 — 61), which we calculate to be ~ 8 x 10" J (~ 2 x 10* kT). We conclude,
therefore, that the orientations of the nematic 5CB droplets and DSCG are coupled through an
energy of ~ 8 x 107" J.

To determine whether the above-described estimate of the energy that couples the
orientations of the 5CB and DSCG phases is consistent with the presence of anisotropic van der
Waals interactions, we performed a simple theoretical estimate of the orientation-dependent van
der Waals interaction between two semi-infinite planar slabs of uniformly aligned nematic 5CB
and nematic DSCG using the expression*":

KT
Eaniso = ;- YscBYDscg €0s” 6. (7-1)

In this expression, y; is evaluated as y; = M , Where s}l and €| are the dielectric
28;|< sﬂ_s}'+sm>
response functions parallel and perpendicular to each LC director, respectively, and ¢, is the
dielectric response of an isotropic medium that separates the two LC slabs at a distance d. When
the relative orientations of the nematic directors of 5CB and DSCG (with surface area equal to
the interfacial area of the droplet in the experiment described above) changes from 6 ~ 52°
to @ ~ 74°, we estimate that the free energy of the system is lowered by ~ 1 x 10™° J (see
Supporting Information for details). Although this value is obtained using a geometry that is
simplified relative to our experiment, its close agreement to the estimate obtained from our

experiment (~ 8 x 10" J) provides support for our hypothesis that a torque due to anisotropic

dispersion forces couples the orientations of the 5CB and DSCG phases.
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Figure 7-3. Rotation of 5CB droplets following application and removal of a magnetic field.

(A, D, G, J, M) Crossed polars, (B, E, H, K, N) bright field (with arrows indicating the locations of
boojums), and (C, F, I, L, O) schematic illustrations of a bipolar 5CB droplet in an aligned region of
nematic DSCG. (A-C) Initial configuration of the droplet. (D-O) Configuration of the droplet after
application of a magnetic field (B ~ 0.3 T) in the x direction (see coordinate system in B) and removal at t
= 0s. (D-F) Configuration of droplet at t = 0s, (G-1) t = 20s, (J-L) t = 40s, and (M-O) t = 120s. (P) Plot of
the angle formed between the symmetry axis of the 5CB droplet depicted in (D-O) relative to the far-field
director of nematic DSCG (8) as a function of time following removal of the applied magnetic field.
Error bars represent uncertainty in the calculation of @ associated with estimating the positions of the

5CB droplet center and one of the boojums of the droplet. Scale bars = 10 pm.
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We note that the magnitude of the energy arising from anisotropic van der Waals
Interactions that couples the orientations of the nematic 5CB and nematic DSCG phases is
large compared to KT and thus it leads us to predict that 5CB droplets, if at equilibrium,
should not be observed to deviate from an orientation that is orthogonal to Npsce. We
speculate that our experimental observation of several 5CB and MBBA droplets oriented
at 6 < 80° (Figure 7-2A) may be the result of (i) the slow relaxation of droplets to an
equilibrium orientation (Figure 7-3P), (ii) proximity of other droplets altering the near-
field alignment of DSCG, or (iii) interactions between the droplets and the polyimide
alignment layer.

We also performed experiments using an applied external field to demonstrate that
it was possible to use the field to select a unique droplet orientation from the family of
degenerate orientations defined by rotation of the symmetry axis of the bipolar 5CB
droplet about the axis defined by npsce in the nematic DSCG (Figure 7-4). By applying a
magnetic field in a direction orthogonal to both npscg and the initial axis of symmetry of
a 5CB droplet (Figures 7-4A through 7-4C), we found that we could orient the symmetry
axis of the bipolar 5CB droplet parallel to the direction of the applied field. Due to slow
rotational diffusion in DSCG (< 1°/min, see above), the droplet retained this orientation
for the duration of our observations (5 min) following removal of the field (Figures 7-4D
through 7-41). By repeating this sequence but with the magnetic field rotated to the initial
orientation of the LC droplet, the droplet returned to its initial orientation (Figures 7-4J
through 7-40). In this manner, we were able to rotate bipolar 5CB droplets between

energetically degenerate orientations orthogonal to npscs. These results demonstrate the
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ability to direct the orientations of 5CB droplets in aligned nematic DSCG through the

transient application of an external field.
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Figure 7-4. Selection of unique orientations of a 5CB droplet dispersed in nematic DSCG using a
transient magnetic field.

(A, D, G, J, M) Crossed polars, (B, E, H, K, N) bright field, and (C, F, I, L, O) schematic illustrations of a
5CB droplet in an aligned region of nematic DSCG. (A-C) Initial configuration of the droplet. (D-I)
Configuration of the droplet after the application and removal of a magnetic field (B ~0.3 T) in the z
direction (see coordinate system in B). (D-F) Configuration of the droplet 30s and (G-I) 300s after the
field was removed. (J-O) Configuration of the droplet after the application and removal of a magnetic

field (B ~ 0.3 T) in the y direction. (J-L) Configuration of the droplet 30s and (M-O) 300s after the field
was removed. Scale bars = 10 pm.
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We end our paper by making some observations regarding interactions between the 5CB
droplets that are mediated by the DSCG phase. Similar to the inverted LC emulsions studied
previously (i.e., isotropic water droplets dispersed in nematic 5CB*'*!"), we observed pairs of
nematic 5CB droplets dispersed in nematic DSCG to exhibit attractive interactions. In particular,
we found that droplets adhered upon approaching one another (Figure 7-5), consistent with the
effects of the elasticity of the nematic DSCG phase on inter-droplet interactions.®>***"?° we
occasionally observed adhered nematic droplets to coalesce (Figure 7-S9), but more often we
found that droplets remained adhered to one another for long times. Although the elasticity of
nematic droplets has been reported to create a barrier that inhibits coalescence of nematic
droplets in an isotropic continuous phase,** we also found that isotropic silicone oil droplets
dispersed in DSCG adhered to one another without coalescing (Figure 7-S10). This leads us to
conclude that the barrier to coalescence arises from either elastic forces mediated by the DSCG
or potentially other colloidal forces such as electrical double layer forces arising from charging
of the interface of the 5CB in the DSCG.*

We found that the alignment of pairs of 5CB droplets relative to the far field director of
the DSCG phase depended upon the diameters (d; and d;) of the two interacting 5CB droplets.
When the difference in size was large (d; > 3d,), we found that the droplets aligned parallel to
Npsce, With the smaller droplet positioned at the site of one of the boojums in the nematic DSCG
near the large droplet. We observed this arrangement when the smaller droplet (d; < 3 um) did
not noticeably deform the DSCG (Figure 7-5A) and when it was large enough (d, > 6 um) to
induce observable twist in the DSCG (Figures 7-5B and 7-S11). However, when d; < 3d,, we
found the 5CB droplets instead to align at a small angle from npscg, with the angle approaching

a maximum value of ~30° for the case of d; ~d, (Figure 7-5C), consistent with recent
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observations of isotropic droplets in nematic DSCG?° as well as spherical colloids that induced
strain with a quadrupolar symmetry in LCs'®. We note that whenever both d; and d, were > 6
pm, attraction between the droplets only occurred when the chirality of the twisted distortions in
adjacent “tails” was the same, while repulsion was observed in cases when the chirality was

opposite.?

Figure 7-5. Organization of pairs of 5CB droplets in nematic DSCG.

Micrographs of adhered 5CB droplets (crossed polars) (A) with diameters of 15.3 um and 3.7 um, (B)
26.9 um and 7.9 um, and (C) 18.5 um and 16.0 um within aligned regions of nematic DSCG. The far-
field orientation of the nematic DSCG is indicated by a double headed red arrow. Scale bars = 10 um.

7.4 Conclusions
In conclusion, this paper reports the formation and characterization of hierarchical

ordering present in LC-in-LC emulsions, specifically with nematic thermotropic LC droplets
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dispersed within a nematic LCLC. Most interestingly, we demonstrate that the orientations of the
LCs in the dispersed and continuous phases are coupled, and report a series of experiments that
support our hypothesis that the coupling reflects anisotropic van der Waals interactions (and not,
for example, anisometric LC droplet shapes). This coupling of the local directors of the LC
phases leads to a hierarchy of organization in the system. For example, the coupling induces the
symmetry axis of micrometer-sized bipolar nematic thermotropic LC droplets to align orthogonal
to the far-field director of the nematic LCLC phase, which itself is aligned by the rubbed
polyimide substrates in our experiments. In addition, we show that the LCLC phase can mediate
interactions that lead to clustering of the aligned, thermotropic LC droplets. By analyzing the
dynamics of the response of the orientations of the LC droplets to an applied magnetic field, we
conclude that the orientations of the 5CB and DSCG phases are coupled through interaction
energies of order ~10* kT for 5CB droplets with R ~ 10 pm. These results and others reported in
this paper involving assemblies of multiple droplets suggest that the hierarchical organization of
LC-in-LC emulsions and their responsiveness to weak external perturbations (e.g., magnetic
fields) makes them fertile territory for fundamental soft matter research as well as
technologically promising (e.g., for the creation of novel photonic devices that can be driven by
weak fields). We envision that these studies could be extended to include investigations of the
coupling of LC orientations within LC-in-LC emulsions in which the dispersed LC phase is
confined within droplets having higher geometrical complexity, such as handlebody-shaped

C* or faceted

thermotropic LC droplets of non-zero genus (e.g., toroids) within a nematic LCL
columnar phase LCLC droplets™ dispersed in a thermotropic LC. The results also suggest that
interfaces defined by thermotropic LC materials may offer the basis of a general and facile

approach to control of the surface anchoring of chromonic LC phases.
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7.5 Supporting Information

Configurations of small 5CB droplets (diameters less than ~6 um) dispersed in nematic DSCG

The internal configurations of 5CB droplets with diameters smaller than ~6 pm are
difficult to determine when dispersed within the DSCG films (~60 pm in thickness) because the
optical retardance of the DSCG (An = —0.02) film is comparable to or exceeds the optical
retardance of the 5CB (An = +0.18) droplets with diameters less than ~6 pm. That is, the
birefringence of the encompassing DSCG phase obscures the optical appearance of the small
5CB droplets (Figure 7-S3). We also note that nematic DSCG does not appear to adopt a twisted
configuration around 5CB droplets less than ~6 pm in diameter (in agreement with the
observations of Nych et al. of the alignment of nematic DSCG around isotropic droplets of this

size?).

Theoretical estimates of root mean square displacement and angular deviation

kgT
6mnR

We estimated diffusion coefficients for translational (D, = ~0.002 pm?/min) and

rotational (D, = 8:‘;—; ~ 0.05 deg®/min)*® motion of a spherical particle with R = 10 um within

nematic 15 wt% DSCG. In making these estimates, we note that we have neglected the
anisotropy of the viscosity of the DSCG phase, and approximated it as an isotropic medium with

an effective viscosity (n~ 0.7 Pa s)*. Using these diffusion coefficients, we arrived at
theoretical estimates for the root mean square displacement in two dimensions (y/(x?) =
4Dt~ 0.1 um) and the root mean square angular deviation about a single axis (y/{(¢p?) =

/2Dt ~ 0.3°) expected over one minute. These values are consistent with our experimental
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measurements that a 5CB droplet with radius R ~ 10 um translated at < 0.5 um/min and rotated

at < 1°/min in the absence of convective flows within the nematic DSCG phase (Figure 7-S4).

Experimental measurement of

To determine the angle formed between the symmetry axis of 5CB/MBBA droplets in
bipolar configurations and the far-field nematic DSCG director (6), we imaged the bipolar
droplets (in crossed polar and bright field modes) with the focal plane adjusted to the midplane
of the droplet. ImageJ software was used to determine the radius of the droplet, the position of
the center of the droplet, as well as the position of the projection of one of the boojums of the
bipolar droplet on the droplet’s midplane in the bright field micrograph. Using trigonometry, the
locations of the boojums of the 5SCB/MBBA droplet were determined from this information. The
orientation of the far-field director of the nematic DSCG phase was determined using the images
obtained through crossed polars and used to determine the locations of the boojums in the DSCG
phase at the surface of the droplets. Through knowledge of the positions of both the DSCG and

5CB/MBBA boojums, trigonometric relations could be employed to calculate 6.

Estimation of interfacial tension between 5CB and nematic DSCG phases

Our estimate of the interfacial tension between 5CB and the aqueous DSCG phase is
based on prior measurements of water-5CB interfacial tensions. We believe this estimate is
reasonable because DSCG is not amphiphilic. Specifically, at room temperature, an interfacial
tension of 2.6 x 102 N/m was measured between 5CB and pure water?’ and an interfacial
tension of 6 x 10 N/m was reported between 5CB and an agueous solution containing 30 wt%

CaCl, and 1 wt% polyvinyl alcohol®®. By approximating the interfacial energy of a 5CB droplet
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in nematic DSCG (which scales as ~yR?) as y ~ 10 N/m, and for 5CB droplets of R ~ 10 pm,
we estimate the interfacial energy (~107%J) to be much larger than the bulk elastic energies
(~10™° J). We note that if we instead used y ~ 10 N/m in our scaling argument, it would only
serve to strengthen our conclusion that the interfacial energy of droplets of R ~ 10 um exceeds

the bulk elastic energies.

Experimental test to determine if interactions with the polyimide alignment layer influence

droplet relaxation

To determine if interactions involving the rubbed polyimide alignment layer contributed
to the observed relaxation of the droplet orientations in our experiment, we applied a magnetic
field parallel to the direction of rubbing to a dispersion of 5CB droplets in isotropic 98 wt%
glycerol, which has a viscosity similar to nematic DSCG. The 5CB droplets were observed to
reorient in the magnetic field, however, we did not observe the droplets to relax to an orientation
orthogonal to the direction of rubbing (as was observed when the continuous phase was nematic

DSCG (Figure 7-3)) when the magnetic field was removed (Figure 7-S8).

Theoretical estimation of Eaniso

We calculated the orientation-dependent van der Waal’s interaction between two semi-
infinite planar slabs of uniformly aligned nematic 5CB and nematic DSCG. When the directors
of both LCs are oriented parallel to the interface and at an angle @ relative to one another, and
when the planar LC slabs are separated from one another at a distance d across an isotropic

medium, the anisotropic part of the van der Waal’s interaction can be evaluated as: E piso =
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—— VscpYpsce €os2 0.4 In this expression, y; =

i i
Py where € and €} are the

are related to the refractive indices of the LCs by ¢, ~ nf and €, ~ n3. The dielectric response of
the isotropic medium, €, is also related to the refractive index of the medium by g, ~ nZ.
Employing n, = 1.71 and n, = 1.53 for 5CB*® and n, = 1.35 and n, = 1.37 for DSCG (private
communication from O. Lavrentovich), we calculate E,,is, ~ 2 X 107 cos? 6 J/m? for nematic
5CB and DSCG slabs separated by a thin layer (d = 0.2 nm) of water (n,, = 1.33). We note that
we chose d = 0.2 nm in our calculation. However, the conclusions arising from our calculation
are not changed by using other values of d (e.g., d = 0.5 nm). If the two slabs each have a surface
area equal to the interfacial area of the droplet in Figure 7-3 (the diameter of the droplet was ~
24 um), this estimate of E, s, leads to the prediction that a change in the relative orientation of
the nematic directors of 5CB and DSCG from 6 ~ 52° to 6 ~ 74° results in a lowering of the free
energy of the system by ~ 1 x 10™® J. This value is in close agreement with the value obtained
(~ 8 x 10" J) via analysis of the dynamics of relaxation of the orientations of a 5CB droplet

following removal of an applied magnetic field (Figure 7-3).
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Figure 7-S1. Experimental setup.

Schematic illustration of the imaging chamber used to characterize LC-in-LC emulsions. The double
headed arrows indicate the direction of rubbing of the polyimide (PI) substrates.
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Figure 7-S2. Additional examples of bipolar 5CB droplets dispersed in nematic 15 wt% DSCG.
Optical micrographs (A, B, bright field) and (C, D, crossed polars) of 5CB droplets with diameters of (A,
C) 12.4 um and (B, D) 12.0 um. Both boojums (indicated by arrows) of the bipolar droplet configurations
can be observed in (A) and (B). (E, F) Corresponding schematic illustrations of the director profiles
within the 5CB droplets as well as in the encompassing nematic DSCG. Scale bars = 5 pm.
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Figure 7-S3. Small (diameter < 6 um) 5CB droplets dispersed in nematic 15 wt% DSCG.

Optical micrographs (A-C, crossed polars) and (D-F, bright field) of 5CB droplets with diameters of (A,
D) 4.9 uym, (B, E) 5.1 um, and (C, F) 5.4 um dispersed within aligned regions of nematic DSCG. The far-
field orientation of the DSCG is indicated in (A-C). Scale bars = 5 um.

Figure 7-S4. Rotational diffusion of a 5CB droplet in nematic 15 wt% DSCG.

Optical micrographs (A, C, E, G, 1, K, crossed polars; B, D, F, H, J, L, bright field) of a 21.7 pum diameter
nematic 5CB droplet suspended in nematic 15 wt% DSCG. Images acquired after (A, B) 0 min, (C, D) 3
min, (E, F) 6 min, (G, H) 9 min, (1, J) 12 min, and (K, L) 15 min. The far-field orientation of the DSCG is
indicated in (A). Scale bars = 10 um.



245

Figure 7-S5. Orientation of nematic 15 wt% DSCG near silicone oil droplets.

(A-C) Optical micrographs (crossed polars) of silicone oil droplets with diameters of (A) 15.9 um, (B)

21.3 ym, and (C) 33.5 um. (D

F) Corresponding schematic illustrations of the director profiles in the

nematic DSCG. Scale bars = 10 um.

Figure 7-S6. Orientations of nematic MBBA emulsion droplets in nematic 15 wt% DSCG films.

(A-F) Optical micrographs (A-C, crossed polars) and (D-F, bright field) of MBBA droplets with

diameters of (A, D) 14.9 um,

F) 21.2 pum. (G-I) Corresponding schematic

(B, E) 15.6 um, and (C,

illustrations of the director profiles within the MBBA droplets as well as in the encompassing nematic

DSCG. Scale bars = 10 pm.
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Figure 7-S7. Additional examples of the rotation of bipolar 5CB droplets following application and
removal of a magnetic field.

Plot of the angle formed between the axis of symmetry of bipolar 5CB droplets (with diameters of 27.3
um (@) and 23.6 um (A)) and to the far-field director of nematic DSCG (@) as a function of time
following removal of a magnetic field (B ~ 0.3 T) applied parallel to npsce for 60s. Error bars represent
uncertainty in the calculation of 8 associated with estimating the positions of the 5CB droplet center and

one of the boojums of the droplet.
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Figure 7-S8. Dynamics of a bipolar 5CB droplet in an isotropic 98 wt% glycerol solution following
application and removal of a magnetic field.

Optical micrographs (crossed polars (A, C, E and G) and bright field (B, D, F and H)) of a nematic 5CB
droplet dispersed within an isotropic 98 wt% glycerol solution between polyimide substrates both (A, B)
before and (C-H) after application of a magnetic field (B ~ 0.3 T). The magnetic field was applied in the
¥ direction (see coordinate system in (B)), parallel to the direction of rubbing of the polyimide substrate.

The 5CB droplet is 11.2 pm in diameter. Scale bars = 10 pm.
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Figure 7-S9. Coalescence of nematic 5CB droplets in nematic 15 wt% DSCG.
Optical micrographs (crossed polars) showing the coalescence of two nematic 5CB droplets dispersed in a

region of nematic DSCG that does not exhibit uniform azimuthal alignment. Scale bars = 20 um.

Figure 7-S10. Interaction between two isotropic silicone oil droplets dispersed in nematic 15 wt%
DSCG.

(A, B) Optical micrographs (crossed polars, A and bright field, B) of two silicone oil droplets that adhered
to one another within an aligned region of nematic DSCG. The far-field orientation of the nematic DSCG
is indicated in (A). Scale bars = 20 um.
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Figure 7-S11. Migration of a small 5CB droplet to the boojum in the nematic 15 wt% DSCG phase
located near the surface of a large 5CB droplet .

Sequence of optical micrographs (crossed polars (A-E) and bright field (F)) showing the migration of a
7.9 um diameter 5CB droplet within an aligned region of nematic DSCG to the DSCG boojum located
near the surface of a 26.9 um diameter 5CB droplet. The far-field orientation of the nematic DSCG is
indicated in )A). The micrographs were taken at (A) 0 min, (B) 5 min, (C) 10 min, (D) 13 min, (E) 16
min, and (F) 17 min. Scale bars = 10 pm.
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Chapter 8: Elastically Strained Giant Unilamellar Vesicles in Liquid

Crystals*

8.1 Introduction

Dispersions of micro- and nanometer-sized colloidal particles in nematic liquid crystals
(LCs) have been demonstrated to hold great promise for the creation of self-assembled structures
for applications including photonic crystals and metamaterials."® These opportunities largely
arise because the long range ordering and elasticity of the nematic LC phase lead to direction-
dependent interparticle forces that depend sensitively on the director distortions and topological
defects that form around particles. By varying the physical properties of particles including their
sizes and shapes,” ™! in addition to manipulating the chemistry of the particles to modify the

31213 3 diverse

preferential alignment of LCs at the particle surfaces (i.e. “surface anchoring”),
range of self-assembled structures and colloidal crystals can be created.

Whereas the studies described above address colloids dispersed in LCs that are rigid and
preserve their shape in LCs, in this paper we move to consider the more complex situation in
which flexible colloids are dispersed in LCs and a coupling emerges between the colloid shape
and LC strain. Specifically, we report on highly flexible, micrometer-sized synthetic giant
unilamellar vesicles (GUVSs) prepared in LCs. We hypothesize that elastic stresses arising due to
the confinement of the LC will deform the GUVs, possibly giving rise to anisometric GUV
shapes, expansion of the surface area of GUV membranes, or even inducing the rupture of the
vesicles. To perform these experiments, we employ the lyotropic chromonic LC phase formed by

aqueous solutions of disodium cromoglygate (DSCG), since DSCG is non-amphiphilic and thus

will not disrupt the lipid bilayers of GUVs. We note here that the configurations adopted by



253

nematic DSCG and other chromonic LCs have been explored in confined spherical®® and
cylindrical geometries'® as well as when encompassing spherical inclusions™.

In support of our hypothesis that elastic LC-mediated stresses might induce GUVs to
adopt non-spherical shapes, we note that previous studies have demonstrated that at temperatures
in lyotropic LCs at which nematic and isotropic phases coexist, the dispersed phase domains

adopt elongated and cusped shapes.’”

These anisometric domains, called “tactoids”, form as a
result of interplay between the energy associated with the nematic-isotropic interface and LC
elastic energy. Also, a recent study has shown that elastic stresses imparted by an LC phase can
bend the bodies of rod-shaped bacteria that are tens of micrometers in length.?

In addition to providing fundamental insight, investigating how elastic stresses couple to
particle shape in synthetic systems also may reveal opportunities for the design of novel LC-
based responsive, reconfigurable materials or active systems driven either by application of

2824 or dissipation of energy.®2° In addition, because recent experiments suggest

external fields
curvature strain within the membranes of rod-shaped bacteria induce localization of certain lipids
to the regions of highest membrane curvature at the cell poles, we envision that elastically
strained GUVs might be a useful experimental platform to further investigate biophysical

questions relating to membrane curvature strain. %!

8.2 Experimental Section

Materials. 1,2-dioleoyl-sn-glycero-3-phosphocholine  (DOPC), 1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000] (ammonium salt) (DOPE-
PEG2000), and 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[poly(ethylene glycol)2000

-N'-carboxyfluorescein] (ammonium salt) (DSPE-PEG2000-CF) were purchased from Avanti
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Polar Lipids, Inc. (Alabaster, AL). N-(4,4-difluoro-5,7-dimethyl-4-bora-3a,4a-diaza-s-indacene-
3-propionyl)-1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine  triethylammonium  salt
(BODIPY-DHPE) was obtained from Molecular Probes (Eugene, OR). Disodium cromoglycate
(DSCG) was purchased from Sigma-Aldrich (Milwaukee, WI) and used as received. Chloroform
was obtained from Sigma-Aldrich (St. Louis, MO). Fisher’s Finest Premium grade glass slides
and cover glass and amber glass vials (O.D. = 15 mm) were purchased from Fisher Scientific
(Pittsburgh, PA). Deionization of a distilled water source was performed with a Milli-Q system

(Millipore, Bedford, MA) to give water with a resistivity of 18.2 MQ cm.

Lyotropic LC preparation. Lyotropic LCs containing DSCG were prepared by mixing 15 wt%
of DSCG with 85 wt% water. The mixture was shaken for at least 12 h to ensure complete
solubility and homogeneity. Prior to experimentation, the DSCG solution was heated at 65°C for

10 min to avoid possible time dependence of the properties of the mixture.*?33

GUV preparation. GUVs were prepared via the gentle hydration of a dried DOPC lipid film
based on previously published procedures.®*** Briefly, 100 uL of a phoshpolipid mixture (1 mM
total lipid concentration) in chloroform was added to the bottom of a small glass vial. In our
experiments, we employed lipid mixtures containing a small amount (0.2 — 2 mol%) of DOPE-
PEG2000 (or DSPE-PEG2000-CF) and up to 0.5 mol% of a fluorescent probe (BODIPY-
DHPE). The solvent was subsequently evaporated using a stream of nitrogen prior to the vial
being placed under vacuum for at least 2 h, leaving dried lipid films on the vial walls. The vial
was then immersed in a water bath at 48°C. To promote GUV formation, we next performed a

pre-incubation step in which 2 uL of water was added to the vial and incubated for 5 minutes.
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Then 200 pL of 15 wt% DSCG solution (heated into its isotropic phase) was added to the glass
vial in the hot water bath. GUVs formed over the course of an incubation period of at least 1.5 h.
Care was taken to minimize agitation of the vial during this incubation step to maximize GUV
yield. Consistent with a previous report, we found that our GUV yield was significantly
improved when PEG-lipids, which facilitate GUV formation by promoting steric repulsions

between lipid layers deposited on the glass vial, were included in the lipid mixture.

Preparation of experimental chambers. To investigate GUVs prepared in 15 wt% DSCG, we
added a small volume (~ 4.5 uL) of the GUV mixture to a cavity created using sheets of Mylar
film (~ 60 pm in thickness) between two glass substrates. Following assembly, the chamber was
immediately sealed with epoxy to prevent water evaporation. Generally as we performed these
steps, the temperature of the GUV mixture was rapidly quenched from 48°C (in which 15 wt%
DSCG is in the isotropic phase) to room temperature (25°C) (in which 15 wt% DSCG is in the
nematic phase). In order to investigate the dynamical shape changes of GUVs that accompany
this phase transition, some experimental chambers were prepared on a hot plate (INSTEC, Inc.,
Boulder, CO) set at ~ 48°C such that the DSCG remained in the isotropic phase. In this way, we
could image the GUV mixture as the temperature of the sample was subsequently quenched to

25°C.

Microscopy. GUVs prepared in 15 wt% DSCG were investigated using an Olympus IX71
inverted microscope (Center Valley, PA) equipped with a 100x oil-immersion objective, a 60x
objective, crossed polarizers, and a 100W mercury lamp. Bright field, polarized light, and

fluorescence micrographs of the GUVs were collected with a Hamamatsu 1394 ORCAER CCD
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camera (Bridgewater, NJ) connected to a computer and controlled through SimplePCI imaging
software (Compix, Inc., Cranberry Twp., NJ). BODIPY and carboxyfluorescein fluorescence
were both imaged using a fluorescence filter cube with an excitation filter of 480 nm and an
emission filter of 535 nm. An Olympus BX60 microscope equipped with crossed polarizers was
also used to analyze GUVs. Images were captured using a digital camera (Olympus C-2040

Zoom) mounted on the microscope and set to an f-stop of 2.8 and a shutter speed of 1/25 s.

8.3 Results

First, we sought to characterize the shapes of GUVs that formed upon hydrating a dried
lipid film (consisting of a ternary mixture of DOPC/DOPE-PEG2000/BODIPY-DHPE) within a
15 wt% DSCG solution in its isotropic phase at 48°C (as detailed in the Experimental section).
At this concentration, we measured DSCG to form a nematic phase below ~30°C and an
isotropic phase above ~42°C, with two phase coexistence at intermediate temperatures. A small
amount (< 2 mol%) of PEG-lipids was included in the lipid mixtures to increase steric repulsions
between lipid layers within the film upon hydration and facilitate the formation of GUVs.* Upon
inspecting the distribution of the fluorescent probe (BODIPY-DHPE) in samples at 48°C
(prepared such that the DSCG remained in its isotropic phase at all times), we found many
approximately spherical domains encapsulated by lipids (Figure 8-1A), consistent with the
formation of GUVs. We confirmed the DSCG solutions both inside and outside of the GUVs
were in the isotropic phase at this temperature by characterizing the samples between crossed
polars and observing extinction of transmitted light (Figure 8-1B). We note here that we
frequently observed small regions exhibiting heightened fluorescence near the membranes of

GUVs that we attribute to the presence of small lipid aggregates that become associated with the
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GUVs. We also note that we did not observe these fluorescent aggregates to influence the shapes
of the GUVs. Apart from these domains, we measured an approximately uniform fluorescence
signal from the lipid bilayers of GUVs in both nematic and isotropic DSCG, suggesting that the
fluorescent probe is homogenously dispersed in the bilayer. Inspection of the distribution of
fluorescently-labeled PEG-lipids in GUVs revealed these lipids to be completely miscible, as

well (Figure 8-S1).

Figure 8-1. Elongation of GUVs within the nematic phase of a lyotropic LC.

(A, B) Fluorescence and crossed polars micrographs, respectively, of a GUV (DOPC/BODIPY-
DHPE/DOPE-PEG-2000) in 15 wt% DSCG at 48°C (isotropic phase). (C, D) Fluorescence and crossed
polars micrographs, respectively, of a GUV in 15 wt% DSCG following a quench to 25°C (nematic
phase). Scale bars = 10 um.

We note that a polydisperse population of spherical GUVs was formed in isotropic DSCG
by this gentle hydration method. We measured the GUVs to have diameters ranging from 2 pum
to 20 um, although we occasionally found GUVs as large as 50 um in diameter in our samples.
The sizes and shapes of GUVs in 15 wt% DSCG at 48°C were similar to those adopted by GUVs
that we prepared in other isotropic solutions, such as water and 5.5 wt% DSCG (Figure 8-S2).

We also note that we observed some vesicles to adopt non-spherical shapes in the isotropic

solution and to possess “onion-like” structures (Figures 8-S3 through 8-S5; see Supporting
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Information for discussion). In this paper, however, we focus on results obtained with
unilamellar vesicles exhibiting spherical shapes in isotropic DSCG and their products in nematic
DSCG.

While the majority of GUVs adopted spherical shapes in 15 wt% DSCG in its isotropic
phase, we hypothesized that the GUVs would be deformed upon cooling of the DSCG solution
into its nematic phase due to elastic stresses associated with the confinement of the LC by each
GUV. To explore this hypothesis, we quenched a dispersion of vesicles in a 15 wt% DSCG
solution at a rate of ~10°C/min from 48°C to 25°C from its isotropic phase into its nematic
phase (see Video S1 in the online Supporting Information). Upon investigating the sample at
25°C, we indeed found the GUVs within the nematic phase had adopted non-spherical,
sometimes highly elongated shapes (Figure 8-1C). Additionally, by inspecting these samples
with polarized light (between crossed polarizers), we observed birefringent textures consistent
with a nematic LC phase present both inside and outside the GUVs (Figure 8-1D; discussed in
further detail below). By heating samples back to 48°C into the isotropic phase of DSCG, we
found that elongated GUVs reverted to spherical shapes (see Video S2 in the online Supporting
Information). We observed the return of the spherical shape of GUVs to always coincide with the
phase transition of the DSCG into the isotropic phase.

In addition to the highly elongated GUVs of the type shown in Figures 8-1C and 8-1D,
we also observed a population of GUVs in nematic DSCG with only slightly elongated shapes
and approximately rounded poles. Examples of these two populations are provided in Figures 8-
2A through 8-2C and Figures 8-2D through 8-2F, respectively. By performing confocal
microscopy, we confirmed GUVs in both populations possessed prolate shapes and were

symmetric with respect to rotation around the major axis (see Video S3 in the online Supporting
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Information). To quantitatively characterize the shapes adopted by these GUVs in nematic
DSCG in our samples, we analyzed fluorescence micrographs using a custom MATLAB code
(see Supporting Information for details). Specifically, for each GUV, we quantified the aspect
ratio (R/r, where R is the semi-major axis and r is the semi-minor axis), surface area, volume,
and cusp angle («) from micrographs taken at the GUV mid-plane. Inspection of the distribution
of GUV cusp angles in nematic DSCG measured through this procedure (Figure 8-2G) supports
our conclusion we reached based on visual inspection above that two distinct populations of
GUVs form in our samples. From this histogram, these two populations appear to be separated
by a critical cusp angle of a ~ 130°.

We also quantified the change in aspect ratio of the vesicles with size by plotting R/r as a
function of surface area for GUVs in nematic 15 wt% DSCG in Figure 8-2H. In this plot, we
distinguish between the population of GUVs possessing sharp cusps a < 130° and the population
exhibiting approximately rounded poles o > 130°. Whereas Figure 8-2H reveals a clear trend
that GUV aspect ratio increases with decreasing GUV size within the population of GUVs with
a > 130°, there is far greater scatter within the data for GUVs with a < 130°. Moreover, our
analysis demonstrates that while small GUVs (surface area < 50 um?) typically adopt highly
elongated shapes with sharp cusps in nematic DSCG, larger GUVs (surface area > 500 um?)
generally adopt slightly elongated shapes with approximately rounded poles. Interestingly,
GUVs with surface areas intermediate to these values commonly exhibit either cusped poles or
rounded poles. We note that Figure 8-2H includes data obtained from analysis of GUVs prepared
with both 2 mol% and 0.2 mol% PEG-lipids, plotted as filled and unfilled circles, respectively.
Although the effective rigidity of lipid bilayers increases with increasing PEG-lipid content, %’

we did not observe this difference in rigidity to lead to any significant changes to the shapes
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adopted by GUVs in nematic DSCG. These trends discussed above in the context of Figure 8-2H

are also apparent in a plot of a versus GUV surface area (Figure 8-S6).

T T 1T rrrrn T T 1 rrorrmf
1 10 100 1000 10000

Surface Area (um?)

Figure 8-2. Two populations of GUVs with distinct shapes form in nematic 15 wt% DSCG.

(A—C) Fluorescence micrographs of highly elongated, cusped GUVs in 15 wt% DSCG at 25°C. (D-F)
Fluorescence micrographs of slightly elongated GUVs with approximately rounded poles. (G) Histogram
depicting the distribution of cusp angles (a) measured for GUVs in nematic 15 wt% DSCG. (H) Plot of
GUV aspect ratio (R/r) as a function of surface area for GUVs in nematic 15 wt% DSCG. In G and H,
data in red denote GUVs with cusp angles a < 130° (e.g., the GUVs depicted in A-C) and data in black
denote GUVs with cusp angles a > 130° (e.g., the GUVs depicted in D-F). In H, filled points denote
GUVs containing 2 mol% PEG-lipid and unfilled points denote GUVs containing 0.2 mol% PEG-lipid.

Scale bars are 5 pum.



261

Overall, the results above provide evidence that elongated GUVs form in the nematic
phase of 15 wt% DSCG, consistent with our initial hypothesis regarding the influence of LC
elastic stresses. However, the observation of two distinct types of non-spherical shapes was not
anticipated. Based on this observation, we organize the remainder of the Results section into two

parts focusing on each population in turn.

8.3.1 Slightly elongated GUVs with a > 130°

First we sought to develop insight regarding the processes leading to the formation of the
population of slightly elongated GUVs with a > 130°. The GUVs in this population all exhibited
aspect ratios of R/r < 1.54. To do this, we considered that in order for a spherical GUV in
isotropic DSCG to adopt an elongated shape upon guenching into the nematic phase of DSCG,
the surface area of the GUV and/or the volume encapsulated by the GUV must change. Previous
studies have employed micropipette aspiration experiments to measure that the apparent surface
area of GUVs prepared in isotropic agueous solutions and comprised of DOPC can expand up to
~ 5% through suppression of thermal undulations and an increase in the average area per lipid
molecule prior to rupturing at a critical tension of T = 10 mN/m.**° To assess the likelhood that
elastic stresses associated with the nematic LC dilate the GUV surface area in order to give rise
to this population of slightly elongated GUVs, we calculated the fractional expansion in surface
area, esp = (SA, — SA;)/SA;, required for an elongated GUV measured in the nematic phase
(with surface area SA;,) to encapuslate the same volume as a spherical GUV (with surface area
SA;:) (Figure 8-3A). This plot reveals a modest 3% expansion in membrane surface area is

necessary to give rise to the most asymmetric GUVs in this population (R/r ~ 1.54). This result
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nternal volume is approximately conserved in GUVs during the

DSCG phase transition to lead to formation of this population.
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Figure 8-3. Changes in surface area and volume potentially accompanying LC-induced GUV shape

transformations.

(A) Surface area expansion (gsp)

required if volume is conserved as GUVs transform from spherical

shapes in isotropic DSCG to elongated shapes in nematic DSCG. (B) Decrease in internal volume (&y)

required if surface area is instead conserved during the GUV shape transformation that accompanies the

DSCG phase transition. Data in re
GUVs with cusp angles a > 130°.

d denote GUVs with cusp angles a < 130° and data in black denote
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If GUV volume is indeed conserved during the transformation from a spherical shape to a
slightly elongated shape accompanying the DSCG phase transition, then there should be no
change in composition of the DSCG phase within and outside the GUVs and thus the
termperatures at which phase transitions take place should be approximately the same in both the
DSCG solution inside and outside each GUV. To determine whether this is the case, we
compared the phase behavior exhibited by the DSCG solutions inside and outside GUVs upon
heating and cooling. First, we heated a GUV-containing sample from 26°C to 50°C at a rate of
~0.5°C/min. In Figures 8-4A through 8-4F, we provide an example of the sequence of phase
transitions we observed inside and outside a GUV with an initial aspect ratio of R/r ~ 1.14 in the
nematic phase (see Video S4 in the online Supporting Information). We found that isotropic
phase domains nucleated near the surface of GUVs at temperatures approximately 1°C lower
than those at which isotropic domains first appeared in the bulk of the continuous nematic DSCG
solution outside of GUVs (N = 5) (Figures 8-4C and 8-4D). (Note that these isotropic domains
do not appear dark between crossed polarizers due to the birefringence of the nematic DSCG
outside of the GUVs.) It was difficult for us to determine whether these domains intially formed
on the inside and/or the outside of the GUV membrane. Upon heating the sample through the
range of temperatures in which nematic and isotropic phase domains coexisted within the DSCG
solution inside and outside the GUVs (see Supporting Information for additional discussion), the
DSCG solution throughout the sample (both inside and outside of GUVSs) transitioned to the
isotropic phase and GUVs adopted spherical shapes (Figures 8-4E and 8-4F).

Upon cooling the sample from 50°C (Figures 8-4G through 8-4L; also see Video S5 in
the online Supporting Information), nematic domains appeared outside of GUVs at temperatures

~2.5°C higher than inside the GUVs (N = 4) (Figures 8-41 and 8-4J). Additional cooling of the
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sample led to the growth of nematic phase domains both inside and outside of GUVs (see
Supporting Information for additional discussion) followed by the eventual disappearance of
remaining isotropic phase domains (Figures 8-4K and 8-4L). We note that we also occasionally
observed coexistence between isotropic and columnar phase domains in our samples at

temperatures above 41°C when performing these experiments.**

Cooling

T=42.1°C B 7 -06.2°C

Figure 8-4. DSCG phase transitions inside and outside GUVs.

Crossed polars and corresponding bright field micrographs obtained while (A-F) heating a GUV-
containing sample from 26°C to 50°C and (G—L) subsequently cooling the sample from 50°C to 26°C at a
rate of ~0.5°C/min. Micrographs were collected at the temperatures indicated in the figure. Dotted lines
outline the GUV in crossed polars micrographs when the internal DSCG solution is largely in its isotropic
phase. In C and D, isotropic phase domains are indicated with arrows. Scale bars = 20 um.
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The lack of an increase in the phase transition temperatures of the internal DSCG solution
in these experiments compared to the external DSCG solution suggests that the DSCG
concentration inside GUVs in the nematic phase is not enriched relative to the outside solution.
We hypothesize that the observed shift of phase transitions to lower temperatures inside the
GUVs might reflect i) heightened elastic strain associated with confinement of LCs inside GUVs
or ii) local depletion of DSCG near the surface of the GUV membrane. Although the origin of
the shift in DSCG phase transitions within GUVs to lower temperatures remains unclear, our
measurements are consistent with the hypothesis that slightly elongated GUVs form in the
nematic DSCG phase as a result of surface area expansion rather than volume reduction.

Based on these experimental observations, we hypothesize that the population of large,
slightly elongated GUVs with rounded poles likely forms via stetching and expansion of the lipid
membrane in nematic 15 wt% DSCG. Moreover, because this GUV shape transition occurs in
concert with the DSCG phase transition into the nematic phase, we hypothesize that elastic
stresses imparted by the nematic LC phase might induce this expansion. To gain insight into the
nature of the LC elastic energy (E.c) and interfacial energy of the GUV (Es) acting in our
system, we analyzed how an interplay of these energies might give rise to the equilibrium shapes

adopted by GUVs with a > 130°. For this population of slightly elongated GUVs,*®

2

Ec = CKR(%) (8-1)

where K is an average elastic constant of the LC (K ~ 10 pN for 15 wt% DSCG*) and C is a
constant. Given our conclusion that this population of GUVs forms at constant volume, the major
and minor axis of each slightly elongated GUV s related to Rj, the radius of the initially

spherical GUV in the isotropic phase of DSCG, by the expression
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R, = (Rr?)/3. (8-2)
On the other hand, the interfacial energy is given by
Es = TSA, (8-3)
where SA; is the surface area of the slightly elongated GUV in nematic DSCG and t is a
parameter that might be a function of many factors, including R/r, €5, and SA,.
Previously, Prinsen and van der Schoot demonstrated that the optimal aspect ratio of
nematic tactoids that form at temperatures within the two-phase nematic-isotropic coexistence

range of lyotropic chromonic LCs is given by

% — CK3/5 T_3/5V_1/5 (8 - 4)

by minimizing the total free enegy E = E, ¢ + Es at constant volume (V), where C is a constant
and Ec is given by Equation 8-1."° For the case of tactoids, T is defined as the interfacial tension
between the coexisting nematic and isotropic phases and thus is a constant. In order to determine
if Equation 8-4 might also describe the equilibrium shapes of GUVs in nematic DSCG for some
constant value of t, we solved Equation 8-4 for t. For our case, we found the constant in
Equation 8-4 to be C ~ 15 by solving the Ericksen-Leslie equations with strong tangential
anchoring for nematic LC inside and outside of prolate spheroidal bodies with aspect ratios
matching those we observed experimentally. Then, by using our experimental data, we were able
to investigate whether the value of T that leads to the optimal GUV aspect ratio (t = Toptimat)
based on this expression varies with &g, the fractional extension in GUV surface area (at
constant volume). Inspection of Figure 8-5A reveals that T,pmar is Nearly constant over the
entire range of e, values we calculate for the population of GUVs with o > 130°. In contrast, if
the interfacial energy of the GUV is predominantly dictated by the elastic energy associated with

stretching the GUV membrane, given by*
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K
Ej ~ 753A155A2 (8-5)

where K; is the elastic stretch modulus (Ks ~ 300 mN/m for DOPC®) and SA; = 4mR?, we

instead would expect T o« £g,2. This relationship between T = Tejastic and g, is also plotted in

Figure 8-5A.
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Figure 8-5. Plots of T as a function of fractional surface area expansion (gs4) and GUV aspect ratio
(R/T).

(A) Log-log plot of T,ptimal as a function of eg, for the population of GUVs with a > 130°. The slope of
a power law fit to the data is indicated in the figure. The relationship between T stic and g, is also
provided in the figure. (B) Log-log plot of toptmar @s @ function of R/r. Data in red and black denote
GUVs with cusp angles o < 130° and a > 130°, respectively, prepared with 0.2 — 2 mol% PEG-lipid.
Data in yellow denote GUVs prepared with 0 mol% PEG-lipid, all of which had o < 130°.
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Our calculation of Toptimar based on our experimental data and comparison to Tejastic thus
somewhat surprisingly leads to the suggestion that the interfacial energy of GUVs in our system
is dominated not by an energy penalty associated with stretching the GUV membrane but rather
by a surface energy resembling that present in the case of nematic tactoids considered by Prinsen

and van der Schoot. Moreover, T,pimal rémains approximately constant with a magnitude of ~

0.1 mN/m across the entire range of experimental values of &g, for this population of GUVs,
which is the same order of magnitude as the interfacial tension previously measured between
coexisting nematic and isotropic DSCG phases.”* We comment further on this apparent coupling
between LC elastic energy and a surface energy due to interfacial tension that appears to
influence the shapes adopted by this population of GUVs in the following section.

Next, in order to better understand the nature of the LC-mediated elastic stresses acting
on GUVs in the population of slightly elongated GUVs with approximately rounded poles, we
sought to characterize the anchoring and configurations adopted by the nematic 15 wt% DSCG
inside and outside the GUVs. We found birefringent “tails” to extend outward from the poles of
these GUVs when examined between crossed polars in the direction parallel to the orientation of
the far-field director in the continuous nematic LC phase (Figures 8-6A through 8-6C). These
tails, which have previously been observed around spherical particles and emulsion droplets with

1644 are indicative of a twisted

diameters greater than 6 um and that anchor DSCG tangentially,
configuration of the LC that is favored due to the small twist elastic constant (K;) of nematic
DSCG.*” Our observation of these optical signatures (and other observations reported below)
leads us to conclude that nematic DSCG is also anchored tangentially on the lipid bilayers of

GUVs in our experiments. Consistent with past studies, we found that the tails extending from

the poles of a GUV could exhibit the same handedness of twist (Figure 8-6A) or opposite
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handedness of twist (Figure 8-6B). However, we did not measure the shapes of GUVs to

measurably differ depending on the handedness of the twisted tails.

Figure 8-6. Configuration of nematic DSCG inside and outside of slightly elongated GUVs (a >
130°).

(A-C) Crossed polars micrographs and (D-F) corresponding bright field micrographs of slightly elongated
GUVs in nematic 15 wt% DSCG at 25°C. Boojums are indicated in the bright field images using arrows.
Scale bars = 10 pm.

While the configuration of the nematic DSCG outside of GUVs is readily inferred from
polarized light micrographs, assessing the configuration of DSCG inside GUVs is less
straightforward since birefringence from the DSCG phase outside of each GUV contributes to
the optical appearance of the GUVs in these micrographs. However, surface defects (“boojums”)
associated with the internal configuration of the DSCG were evident in bright field micrographs
of these GUVs (Figures 8-6D through 8-6F). We found each GUV to have two boojums
diametrically opposed from one another, reminiscent of a bipolar configuration (although

depending on the orientation of the GUV, only one defect can be clearly observed in
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micrographs). However, we were surprised to find that the two surface defects commonly were
positioned on or near a minor axis of each GUV (Figures 8-6D through 8-6F).

Recently, Jeong et al. reported that spherical droplets of another lyotropic chromonic LC,
Sunset Yellow (SSY), adopt a twisted bipolar configuration.** We wondered whether there also
might be twisting in the nematic DSCG phase confined within GUVs in our experiments that
perhaps would help to explain the surprising orientation of the symmetry axis. A twisted director
configuration is energetically favored over an untwisted configuration within a spherical droplet
when the elastic constants of the LC meet the Williams condition:
Kas/Kqq < 2.32(1 — Ky, /Kq1).%* While the elastic constants of SSY satisfy this criterion,*®
those of nematic DSCG do not.*> Thus, based on this calculation, we do not expect the LC
confined inside nearly spherical GUVs to relax via twist distortions.

Our analysis above reveals that in this population of slightly elongated GUVs with
approximately rounded poles, there appear to be two boojums commonly located along the minor
axis of the GUVs and that twisting of the internal director field is not expected. Based on this
information, we cannot yet make a definite determination of the exact configuration(s) adopted

by nematic DSCG inside GUVs in this population and additional studies are required.

8.3.2 Highly elongated GUVs with a < 130°

Next, we turn our attention to characterizing and elucidating the formation of the
population of highly elongated GUVs (R/r > 1.54) with cusped poles (a < 130°) that also forms
upon quenching into the nematic phase of DSCG. First, we considered whether the highly
anisometric GUV shapes in this population might also develop as a result of LC elasticity-

induced expansion of the GUV surface area at constant GUV volume, similar to the population
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of slightly elongated GUVs described above. However, inspection of Figure 8-3A reveals that
this is not likely to occur, as such a process would require greater than a 50% expansion of
membrane surface area for the most asymmetric GUVs in this population, which is far greater
than the ~5% expansion that DOPC membranes are expected to tolerate.*® *°

Since the internal volume of DSCG solution in this population of GUVs does not appear
to be conserved during the transition from the isotropic phase to the nematic phase, we
considered whether the loss of internal volume might be accomplished via an efflux of pure
water from the GUVs since lipid bilayers are highly permeable to water*® but may be relatively
impermeable to polyaromatic DSCG molecules. This process would give rise to an osmotic
stress acting on the GUV membrane and, based on phase diagrams of aqueous solutions of
DSCG, lead to a shift in the phase transition temperatures of the internal DSCG solution to
higher values relative to the external DSCG solution.**° To determine whether this might be the
case, we compared the volume of each elongated GUV in the nematic phase (V) to the volume
of a spherical GUV (V) possessing the same surface area and noted that this shape
transformation would require a 50% reduction in volume for GUVs with the highest aspect ratios
within this population (Figure 8-3B). Such a large change in volume would be expected to lead
to a very large increase in the phase transition temperatures of the internal DSCG solution and
possibly even to the condensation of higher order phases.**** However, inconsistent with the
hypothesis that this volume change reflects efflux of pure water, we found that phase transitions
in the DSCG solution inside of elongated and cusped GUVs occurred at the same or lower
temperatures than in the continuous DSCG phase (see, for example, Videos S1 and S2 in the

online Supporting Information).
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The results described above are consistent with the hypothesis that efflux of both water
and DSCG leads to the formation of this population of highly elongated and cusped GUVSs. Since

lipid bilayers are much more permeable to water than polyaromatic molecules,**°

we expect that
the efflux of 15 wt% DSCG solution likely does not occur simply by permeation through intact
GUV membranes. Instead, we hypothesize that in response to some critical level of tension
within the membrane imparted by LC elastic stresses, the lipid bilayer may partically rupture,
leading to the formation of transient pores within the membrane.>*>* In this way, 15 wt% DSCG
solution might efflux from GUVs until the membrane relaxes sufficiently to allow the pores to
dynamically reseal.>*™° Such a decrease in the internal volume of 15 wt% DSCG solution from
the GUVs thus could allow for the significant elongation of GUVs we measure in this

population.

Inspection of Figure 8-5A reveals that while Toptimal > Telastic for most GUVs within
the population of slightly elongated GUVs with a > 130° we calculate T, 10 become
comparable in magnitude t0 Toptimar for the smallest and most highly deformed GUVs in this
population. This suggests that the heightened energy penalty associated with stretching the lipid
membranes of GUVs smaller in size might indeed lead these vesicles to partially rupture and

give rise to the population of small, highly elongated and cusped GUVs in nematic DSCG.

Moreover, the fact that E.c and Es scale with GUV size as %~% is consistent with our

S

suggestion that GUVs smaller than some critical size may be elongated to the point of rupture
due to LC elastic stresses. In addition, several other experimental observations support the
physical picture we have described above. First, we note that whereas Figure 8-2H reveals a
clear trend between aspect ratio and surface area in the population of slightly elongated GUVs

with a > 1300, there is far greater scatter in the data for the population of highly elongated and
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cusped GUVs. This scatter could arise due to the potentially stochastic nature of the pore
formation and dynamic resealing processes that we hypothesize gives rise to this population of
GUVs.* It also allows us to understand why there could be coexisting populations of slightly
elongated and highly elongated GUVs exhibiting surface areas within the range of 50 pm? to 500
um?, as depending on the configurations adopted by the nematic LC phase, varying amounts of
elastic stresses are imparted on the membrane. We provide information regarding the
configurations adopted by LCs inside and outside of GUVs with o < 130° later in this section.
We next sought to determine if the equilibrium shapes adopted by GUVs with a < 130°
following the efflux of 15 wt% DSCG solution appear to be set by an interplay between the LC
elastic energy and a surface area arising due to interfacial tension, as was found for the
population of GUVs with o > 130° described in the previous section. To do this, we used our

experimental data in conjunction with Equation 8-4 to generate a plot of T,pimar Versus R/r
(Figure 8-5B). We found that t,ptmar Varied weakly as a function of R/r for the population of

GUVs with a < 130° (similar to the population of GUVs with a > 130°) with values that ranged
between 0.01 mN/m and 0.1 mN/m, suggesting the same coupling between LC elastic energy
and a surface energy due to interfacial tension dictates the shapes adopted by all of the GUVs we
observe in nematic 15 wt% DSCG.

These results hint that the local concentration of DSCG may be depleted near the surface
of GUV membranes in our experiments, effectively creating an “interface” between DSCG-rich
and DSCG-poor solutions that influences the bending of the membrane. Consistent with this
hypothesis that DSCG becomes locally depleted near the GUV membrane, we note that upon
heating GUV-containing samples, we observed isotropic domains to form first near the surface

of GUVs (Figures 8-4C and 8-4D). In particular, we hypothesized that depletion of DSCG near
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membrane surfaces might be promoted in our experiments by the presence of PEG-lipids within
the lipid bilayer, as a previous study has reported that the addition of PEG to bulk DSCG
solutions leads to condensation of higher order DSCG domains at a given temperature compared
to DSCG solutions without PEG.?® Condensation of these domains was attributed to depletion
interactions, as PEG molecules likely become expelled from high order DSCG phases. To test
this hypothesis, we created GUVs from lipid mixtures that did not contain any PEG-lipids (99.5
mol% DOPC/0.5 mol% BODIPY-DHPE). Although the yield of GUVs was very low in these
nematic 15 wt% DSCG samples, the few GUVs we did observe all had a < 130°. Moreover, the

values of t,ptmar Calculated with Equation 8-4 for these GUVs with 0 mol% PEG-lipid were

approximately independent of R/r with values of ~ 0.1 mN/m, similar to what we measured for
GUVs containing PEG-lipids (Figure 8-5B). This result suggests that DSCG becomes locally
depleted near the surface of GUV membranes even in the absence of PEG-lipids and that the
presence of small amounts (< 2 mol%) of PEG-lipids in the GUVs does not dramatically change
the physical properties of the membranes.

To provide insight regarding the LC elastic stresses acting on highly elongated GUVs
with a < 130°, we characterized the configurations of the nematic DSCG phases inside and
outside these GUVs (Figure 8-7). Whereas pronounced birefringent tails were found extending
from the approximately rounded poles of GUVs with a > 130° in the surrounding nematic LC,
we did not observe this same optical signature in polarized light micrographs of highly elongated
and cusped GUVs (Figures 8-7A through 8-7C). In fact, there typically were no discernable
distortions in the continuous DSCG phase, suggesting that due to the slender shape of these
GUVs and the tangential anchoring condition, the nematic DSCG outside the GUV is forced to

deviate minimally away from the orientation of the far-field director. We note that Nych, et al.
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also did not observe distortions of a nematic DSCG phase outside small (< 2 um diameter)

spherical inclusions.*®

Figure 8-7. Configuration of nematic DSCG inside and outside of highly elongated GUVs (a <
130°).

(A-C) Polarized light micrographs of a GUV in which the angle between the polarizer and the analyzer is
varied. (D) Schematic depicting the orientation of the LC inside and outside elongated and cusped GUVs.

Scale bars =5 um.

We expected that inside the elongated and cusped GUVs, nematic DSCG would adopt a
configuration similar to that previously observed in nematic tactoids. Almost exclusively,
nematic tactoids have been reported to adopt a bipolar configuration with boojum defects located

17212839 although one report of a twisted configuration appearing in sessile

at the cusped poles,
tactoids exists.®’ In order to determine whether the LC inside these GUV twists, we collected

polarized light micrographs with the polarizers oriented at various angles relative to each other
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and observed the intensity of light transmission in the center of the GUV (Figures 8-7A through
8-7C). Consistent with an internal untwisted bipolar DSCG configuration, we only observed
extinction of the light in this central region when the polarizers were set at 90 degrees relative to
one another (Figure 8-7B).%° Given that we did not observe twist distortions in the more nearly
spherical GUVs above, this result is in agreement with the theoretical calculation of Prinsen and
van der Schoot that twist distortions are less likely to develop in elongated, tactoid-shaped
droplets than in spherical droplets of the same size.®* We also note that we did not observe
boojum defects positioned along the minor axis in bright field micrographs of these elongated
and cusped GUVs as we did in the case of GUVs with approximately rounded poles. Based on
these results, we conclude that nematic DSCG adopts configurations inside and outside these
GUVs as depicted schematically in Figure 8-7D.

While most GUVs in our samples (and all of those analyzed above) exhibited a largely
uniform fluorescence signal at their boundaries, consistent with an approximately “smooth” lipid
bilayer, a smaller population of elongated and cusped GUVs had a striated appearance in
fluorescence and optical micrographs (Figures 8-8A through 8-8D), consistent with the
formation of folds or wrinkles in the lipid bilayer. These wrinkles in the lipid bilayer were
always oriented along the elongated axis of the GUV. Others have previously reported the

formation of wrinkles in GUVs possessing excess surface area®*®

as well as in elastic,
polymeric sheets stretched over millimeter-sized liquid droplets®*®. In our system, an excess of
membrane area and a subsequent wrinkling instability could result in cases where long-lived
pores in the membrane allow substantial amounts of 15 wt% DSCG solution to efflux from

66,67

GUVs. In addition, we observed what we interpret to be lipid tubes occasionally extending

from the cusped poles of elongated and cusped GUVs (both wrinkled and unwrinkled) (Figure 8-
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8E). Formation of lipid tubes, which can occur, for example, when an extensional force is

%871 might occur in our system as a

applied to GUVs under high membrane tensions
consequence of LC-mediated elastic stresses driving the transformation of spherical GUVs to a

highly elongated and cusped shape.

Figure 8-8. Wrinkled GUVs and GUV-associated lipid tubes in nematic 15 wt% DSCG.

(A, C) Fluorescence micrographs and (B, D) corresponding optical micrographs (crossed polarizers) of 2
mol% PEG-lipid GUVs in nematic 15 wt% DSCG at 25°C. (E) Fluorescence micrograph of a cusped
GUV with a lipid tube extending from its pole. The inset is a micrograph collected using a shorter

exposure time. Scale bars = 10 pm.
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8.4 Discussion

The results presented in this paper show that GUVs prepared in isotropic 15 wt% DSCG
are deformed into elongated, non-spherical shapes upon quenching the solution into the nematic
phase. The observation that these shape transformations accompany the DSCG phase transition
suggests that elastic stresses imparted by the LC drive the GUV elongation. This conclusion is
also supported by our demonstration that GUVs revert to a spherical shape upon heating the
DSCG solution back into the isotropic phase. Moreover, our results indicate that two distinct
populations of GUVs form in the nematic DSCG phase. We hypothesize that these two
populations might emerge depending on whether or not elastic stresses imparted by the LC are
sufficient in magnitude to lead to partial rupture and transient formation of pores in the GUVs.

The population of slightly elongated GUVs characterized by cusp angles of o > 130°
appears to form via a process involving the expansion of GUV surface area due to elastic stresses
upon quenching from the isotropic to the nematic phase of DSCG while the GUV maintains
constant volume. Given this hypothesis, we expected the equilibrium shapes of GUVs within this
population in the nematic LC phase to reflect interplay between bulk LC elastic energy and the

energy associated with stretching an elastic GUV membrane. However, our analysis of T,ptimal

revealed it to be only a weak function of the fractional surface area expansion g, (Figure 8-5A).
Given this result, the energetic coupling appearing to underlie the shapes adopted by GUVs in
this population seems to more closely resemble that which leads to the formation of elongated
nematic tactoids in lyotropic LCs — coupling between LC elastic energy and a surface energy due
to interfacial tension. We hypothesize that this unexpected result could be a consequence of local

depletion of DSCG from the region near the surface of GUV membranes, although we note that
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our analysis suggests that this depletion is not induced solely as a result of the presence of PEG-
lipids.

On the other hand, our results suggest that the population of GUVs with a < 130° likely
forms through a process in which GUVs partially rupture due to high levels of strain within the
membrane imparted by the nematic DSCG phase, allowing 15 wt% DSCG solution to efflux
from the GUVs through transient pores in the membrane. This process allows GUVs to adopt
highly elongated shapes that give rise to configurations of confined nematic DSCG that are
distinct from those observed in the population of GUVs with a > 130°. Several experimental
observations support this hypothesis, including our measurement that the elastic energy penalty
associated with stretching a GUV membrane grows to become comparable to the surface energy
arising due to interfacial tension for the smallest and most highly deformed GUVs in the
population with o > 130° (Figure 8-5A). Additionally, our analysis suggests that following the
efflux of 15 wt% DSCG solution, the equilibrium shapes adopted by the population of highly
elongated and cusped GUVs are influenced by the same balance between LC elastic energy and
surface energy arising due to interfacial tension that sets the shapes of the population of GUVs
with a > 130° (Figure 8-5B). We note that although this coupling is reminiscent of that which
gives rise to the equilibrium shape of nematic tactoids dispersed in continuous isotropic phases in
lyotropic LCs, we measure the aspect ratios of GUVs in our system to vary more dramatically as
a function of GUV size than what has been reported for nematic tactoids. Specifically, whereas a
recent study reports the aspect ratios of tactoids that form in dispersions of carbon nanotubes in
chlorosulfonic acid to vary between 2 and 6 for tactoids characterized by major axes ranging
from 5 to 200 pum in length,’? in our system we measure the aspect ratios of GUVs to vary

between 1 and 10 for GUVs with major axis lengths between 2.5 pm and 50 pm.
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On extremely rare occasions, while analyzing GUVs in nematic 15 wt% DSCG solutions,
we observed that GUVs could spontaneously undergo sudden transformations in shape.
Specifically, we have observed one example in which a slightly elongated GUV with a > 130°
transformed into a highly elongated and cusped shape with a < 130° as well as one example of
the inverse transformation. We note that in both of these instances, the surface area of these
shape-changing GUVs was between 50 um? and 500 pm?, the range of GUV sizes in which we
commonly found GUVs to exhibit cusp angles of both a > 130° and a < 130° in our samples
(Figure 8-2H). These isolated observations hint that our system may exhibit bistability.

In a previous study by Varghese, et al.,”® it was shown that the addition of certain anionic
and nonionic surfactants at very high concentrations (> 6 wt%) gave rise to surfactant-decorated
nematic domains when dispersed in 5.5 wt% DSCG solutions at room temperature, conditions at
which DSCG solutions ordinarily exhibit an isotropic phase. The authors suggest that the
formation of these nematic domains, which were both tactoidal and spherical in shape, might
proceed through the formation of lipid bilayers surrounding these domains. However, reports that
the addition of similar high concentrations of non-amphiphilic molecules, such as PVA,” PEG,®
and spermine® condense DSCG solutions and lead to the formation of nematic and columnar
phase domains suggest the nematic domains observed by Varghese, et al.”® are not GUVs.
Condensation of DSCG into higher order phases by polymers is likely the result of depletion
effects while electrostatic interactions also may contribute in the case of spermine.®® We suspect
that these effects may also contribute to condensation of nematic DSCG domains in the study of
Varghese, et al.” In contrast, we note that a very small amount of lipid (~ 0.04 wt%) is dispersed
in DSCG solutions in our experimental procedure, hinting that nematic domains form in our

experiments via a mechanism distinct from any of these past studies. We also note that we did
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not observe nematic LC phases to form inside or outside GUVs prepared via gentle hydration of
lipid films with 5.5 wt% DSCG (Figure 8-S2).

We note before concluding that our GUV samples in nematic 15 wt% DSCG were
frequently marked by additional heterogeneity beyond the two most common GUV populations
that we focused on above. For example, we often observed that domains exhibiting heightened
fluorescence were localized near one or both of the poles of slightly elongated GUVs (Figures 8-
9A and 8-9B). Similar regions displaying a heightened fluorescence signal rarely were localized
near the cusped poles of highly elongated GUVs. We note that we observed these domains of
heightened fluorescence near the poles of GUV poles with o> 130° both when the
fluorescently-tagged lipid species was BODIPY-DHPE as well as DSPE-PEG-2000-CF. We
hypothesize that the polar localization of these domains may be the result of aggregates of lipid
partitioning to the sites of defects in the nematic DSCG phase outside the GUV to reduce strain

in the LC within these highly strained regions,” "

although curvature strain within the GUV
membrane might be responsible if this phenomenon instead reflects phase separation within the
lipid bilayer.®**! We also identified examples of multiple GUVs interacting with one another in
nematic DSCG (Figures 8-9C and 8-9D). It was unclear in these examples whether these

interactions were the result of a “budding” process or the association and fusing of two initially

separated GUVSs.
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Figure 8-9. “Exotic” structures of GUVs in nematic 15 wt% DSCG.

(A, B) Fluorescence and crossed polars micrographs, respectively, of a GUV with regions of enhanced
fluorescence signal at the poles. (C, D) Fluorescence and crossed polars micrographs, respectively, of two
GUVs that are either fused together or in which a smaller GUV is budding from the larger GUV. Scale
bars = 10 um.

8.5 Conclusions

In conclusion, this paper reports a facile method to create elongated, non-spherical GUVs
by utilizing an aqueous lyotropic chromonic LC. Specifically, we demonstrate that the GUV
membranes are deformed from initially spherical shapes into two distinct classes of non-
spherical shapes by elastic stresses imparted by the nematic LC phase. Whereas we find the
formation of a population of slightly elongated GUVs with o > 130° to be consistent with
expansion of lipid membrane surface area at constant GUV volume, our results suggest
formation of highly elongated GUVs with a < 130° involves a loss of 15 wt% DSCG from
GUVs, perhaps through transient pores that form in the membrane.

Our analysis of the interplay between LC elastic energy and the interfacial energy of

GUVs that dictates the shapes adopted by GUVs leads to the surprising conclusion that the
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interfacial energy of the GUVs is dominated by some surface energy arising due to an interfacial
tension rather than an energy associated with stretching the GUV membrane. This result, in
addition to our observation that isotropic domains nucleate near the surface of GUVs at
temperatures ~1°C lower than in the bulk 15 wt% DSCG solution, suggests a local depletion of
DSCG near the GUV membrane surface. This depletion of DSCG appears to significantly
influence the energetic coupling that sets the shapes adopted by elastically strained GUVs in our
experiments. Overall, these insights and others regarding the coupling between LC elastic strain
and strain within flexible lipid membranes developed in this study should guide future
fundamental studies of GUVs and other soft, deformable particles in LCs.

In addition, the demonstrated coupling between particle shape and strain within nematic
LCs suggests new possibilities for the design of LC-based systems that exhibit potentially useful
dynamical and equilibrium behaviors. In particular, we envision that these elastically strained
GUVs might be attractive model cell membranes and could serve as versatile synthetic platforms
to investigate further, for example, how curvature strain influences localization of lipids and
proteins in biological membranes. We also note that the possibility to dynamically and reversibly
switch GUVs between isometric and anisometric shapes simply by adjusting the temperature to
change the phase of the DSCG solution is a unique and attractive feature of this system that

might be employed in biophysical studies or in other potential applications.
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8.6 Supporting Information

GUVs in isotropic 15 wt% DSCG at 50°C

Prior to quenching experimental samples containing vesicles formed in 15 wt% DSCG
solution from 50°C to 25°C, although a majority of vesicles were spherical in shape, we also
observed a significant number of non-spherical vesicles as well as vesicles that possessed more
than one lamellae (Figure 8-S3). Such non-spherical and oligolamellar vesicles also appeared
when we prepared and characterized vesicles in other isotropic solutions, such as pure water
(Figures 8-S4 and 8-S5). Included in the diverse GUV shapes we observed were slightly
elongated prolate and oblate GUVs, fused GUVs comprised of multiple compartments, and
tubular membranes (that we occasionally observed to exhibit pearling instabilities’’. Moreover,
the membranes of these non-spherical GUVs are highly “floppy” and exhibit dynamic
undulations and shape changes as a result of thermal fluctuations. Such fluctuating, non-spherical
GUVs have been shown to form in isotropic solutions when GUVs possess excess membrane
area as a result of osmotic pressure differences or fusion events between multiple GUVs and also
when a mismatch exists between the number of lipids comprising the inner and outer leaflets of a
lipid bilayer forming a GUV.®®"®®% \We suspect this apparent diversity of GUV shapes in
isotropic 15 wt% DSCG might contribute to the resulting varied landscape of shapes GUVs
adopt upon quenching the solution into the nematic phase. For example, we hypothesize that the
excess surface area exhibited by non-spherical GUVs in the isotropic phase might lead to the
formation of wrinkles (Figures 8-8A through 8-8D) upon quenching to the nematic DSCG phase.
We note, however, that it is not exclusively this population of initially non-spherical GUVs that
adopts elongated shapes in the nematic LC (see, for example, Video S1 in the online Supporting

Information). In addition, we note that such thermal shape fluctuations were entirely suppressed
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in GUVs upon quenching into the nematic DSCG phase, consistent with previous studies
showing that shape fluctuations vanish upon application of even small (~0.001 mN/m) tensions

to GUVs®82,

Quantitative analysis of GUVs

The analysis of the GUVs was performed in MATLAB using a custom analysis script.
First, the user inputs the objective lens utilized (60x or 100x) to collect the image to be used
later to convert from pixels to um. Next, the image was imported and the region with the GUV to
be analyzed is selected using a graphical user interface (GUI). The selected GUV is thresholded
to be used to perform edge detection and a user drawn line is input on the thresholded image to
bisect the GUV from one cusp to the other. Using a GUI, the user may choose to erase regions
around the GUV boundary that the threshold was unable to remove due to intensity gradients
within the microscope image. High intensity regions that might cause overexposure within the
image and blur the boundary are masked, if necessary, so that the pixels are not included in the
edge data when performing the fit. The boundary of the GUV is then detected, the high intensity
masked pixels are removed, and each half of the bisected GUV is fit to a circle, where the center
and radius are determined by the fit (Figure 8-S7). The major and minor axes of the GUV are
determined respectively from the point of intersection of the two circles and the points where a
line connecting the circle centers intersect with each circle. These lengths are used to calculate
the aspect ratio of the GUV. Finally, the cusp angles of the GUV are calculated from the circular
fit of the GUV by the angle between the tangent lines of both circles at each intersection point.

From this analysis, we found that two distinct populations of GUVs formed in our

samples: slightly elongated GUVS with rounded poles (a > 130° and highly elongated and
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cusped GUVs (a < 130°) (see main text for details). The GUVs in the population with o > 130°
were approximately prolate spheroidal in shape. So, to quantify the surface area and volume of

these GUVs, we used the expressions

R
SAq >1300 = 2mr? 1+ Esm_l(S)

_ 2
Vas130° = §1TR1”

where §2 = 1 — ;—22. The semi-major axis (R) and semi-minor axis (r) of GUVs were measured

using the MATLAB script.
Alternatively, the shapes of GUVs in the population with a < 130° were best described as
bodies of revolution of parabolic curves. Thus, we quantified the surface area and volume of

these GUVs using the expressions

n 2r
SAa<130° = T3 [21‘(81‘2 —R?)y/4r? + R? + (16r*R* + R*) sinh ™! (E)]

16

Va<1zoe = 15 mRr?

where R and r are again the semi-major and semi-minor axis of GUVs, respectively.

Observations of GUV-containing samples at temperatures within the two-phase coexistence

range of DSCG

In Figure 8-S8, additional micrographs collected at tempetaures within the two-phase
nematic-isotropic coexistence range during the temperature ramp and quench experiments
described in the main text (Figure 8-4) are presented. During the heating of the GUV-containing
sample, following the nucleation of isotropic domains near the surface of a GUV membrane

(Figures 8-4C and 8-4D), isotropic domains subsequently also appeared within the bulk of the
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continuous DSCG phase. As these isotropic domains grew in size, we found GUVs to be pushed
along by the advancing nematic-isotropic interfaces defined by the domains (Figures 8-S8A and
8-S8B). Interestingly, as we continued to increase the temperature within the two phase
coexistence range of DSCG, we frequently observed a circular disc-shaped nematic domain to
form inside of GUVs separating two isotropic domains (Figures 8-S8C and 8-S8D) prior to the
DSCG solution throughout the sample transitioning to the isotropic phase (Figures 8-4E and 8-
F).

Upon cooling the sample, nematic domains nucleated inside of GUVs (Figures 8-S8E and
8-S8F) at temperatures approximately 2.5°C lower than outside of the GUVs (Figures 8-41 and 8-
4J). As the temperature of the sample was further reduced, the nematic phase domains grew
inside and outside of the GUVs (Figures 8-S8G and 8-S8H) until no isotropic domains remained

(Figures 8-4K and 8-4L).
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Figure 8-S1. Uniform distribution of PEG-lipid in GUVs prepared in 15 wt% DSCG.

(A, B) Fluorescence and crossed polars micrographs, respectively, of a DOPC/DSPE-PEG-2000-CF GUV
in nematic 15 wt% DSCG at 25°C. We observed the encapsulating lipid bilayer of each GUVs prepared
with this lipid mixture to exhibit a uniform fluorescence signal, suggesting that PEG-lipids do not phase

separate within the bilayers. Scale bars =5 um.

Figure 8-S2. GUVs prepared in isotropic solutions at 25°C.
(A) Fluorescence micrograph of a DOPC/DOPE-PEG2000/BODIPY-DHPE GUV in water. (B, C)
Fluorescence and crossed polars micrographs, respectively, of a DOPC/DOPE-PEG2000/BODIPY-DHPE

GUV in 5.5 wt% DSCG. Scale bars = 10 pm.
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10 um

Figure 8-S3. Examples of non-spherical GUVs as well as vesicles exhibiting “onion-like” structures
in isotropic 15 wt% DSCG at 50°C.

GUVs with a single lamella

10 um

GUVs with two lamellae

10 um

Figure 8-S4. Examples of spherical unilamellar GUVs as well as vesicles exhibiting “onion-like”

structures in DI water at 25°C.
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(seconds later)

. . . .
(seconds later)

Figure 8-S5. Examples of non-spherical GUVs prepared in DI water at 25°C.
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Figure 8-S6. Plot of GUV cusp angle (a) as a function of surface area for GUVs in nematic 15 wt%
DSCG.

Data in red denote GUVs with cusp angles a < 130° and data in black denote GUVs with cusp angles a >
130°. Filled points denote GUVs containing 2 mol% PEG-lipid and unfilled points denote GUVs
containing 0.2 mol% PEG-lipid.
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¥ Fitted data

Figure 8-S7. Quantitative analysis of GUVSs.

(a) Fluorescence micrograph of a GUV in nematic 15 wt% DSCG and (b) the resulting fit from the GUV
perimeter (pixels in green), including both circular fits (red lines), the user drawn line (orange line), the
major and minor axes of the GUV calculated from the circular fits (yellow and blue lines respectively),
and the cusp angles calculated as the angle between the light green lines and separately the light blue
lines. The aspect ratio is calculated using the major and minor axis lengths of the GUV.

Figure 8-S8. Micrographs of a GUV-containing sample obtained at temperatures within the two-
phase nematic-isotropic coexistence range of DSCG.

Crossed polars and corresponding bright field micrographs were collected at the temperatures indicated in
the figure while (A — D) heating the sample from 26°C to 50°C and (E — H) subsequently cooling the
sample from 50°C to 26°C at a rate of ~0.5°C/min. Dotted lines outline the GUV in crossed polars
micrographs when the internal DSCG solution is largely in its isotropic phase. The phase (nematic (N) or

isotropic (1)) of selected DSCG domains is indicated in the figure. Scale bars = 20 um.
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Supplementary Video Captions

Following the publication of this manuscript, supporting videos will be available in the online SI.

Video S1. Bright field microscopy video of a GUV changing shape in 15 wt% DSCG as the

sample is quenched from 50°C to 25°C . Played at 20X speed.

Video S2. Bright field microscopy video of a GUV changing shape in 15 wt% DSCG as the

sample is heated from 25°C to 50°C. Played at 10X speed.

Video S3. Z-stack of fluorescence images obtained via confocal microscopy of a GUV in

nematic 15 wt% DSCG at 25°C.

Video S4. Z-stack of fluorescence images obtained via confocal microscopy of a GUV in

nematic 15 wt% DSCG at 25°C.

Video S5. Polarized light (crossed polarizers) microscopy video of a GUV in 15 wt% DSCG as

the sample is quenched from 50°C to 26°C at 0.5°C/min. Field of view has width = 350 pum.
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Chapter 9: Summary and Future Directions

9.1 Summary

The first three studies presented in this thesis describe a new class of active and
anisotropic soft matter formed by dispersing motile bacteria (Proteus mirabilis) within a
biocompatible nematic lyotropic chromonic LC phase. Specifically, in the first study, we found
that the anisotropic elasticity of the nematic LC phase orients P. mirabilis cells and directs their
motion parallel to the direction of LC alignment when dispersed in nematic DSCG films
exhibiting a uniform planar alignment. In addition, the elasticity of the LC generates inter-
bacterial forces that drive the formation of bacteria into linear multi-cellular assemblies. These
assemblies form reversibly due to the interplay of forces generated by the flagella of bacteria and
the elasticity of the LC, both of which are comparable in magnitude (tens of pN) for motile P.
mirabilis cells.

The second study revealed motile bacteria to adsorb to the interfaces of tactoids, which
form at temperatures where nematic and isotropic DSCG phases coexist, and also to orient and
move parallel to the local director due to the influence of the nematic elasticity. Interestingly, we
observed that adsorption to the nematic-isotropic interfaces was reversible, as bacteria generated
sufficient propulsive forces to escape from tactoids near one of the two surface topological
defects of the tactoids into the encompassing phase. Whereas individual bacteria could escape
from nematic tactoids into the continuous isotropic phase, for isotropic tactoids in a continuous
nematic phase, the elasticity of the LC generally prevented single bacteria from escaping.
Instead, in these cases, assemblies of bacteria escaped through a cooperative, multicellular

phenomenon also mediated by defects. In this study, we also demonstrated that the combined
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effects of nematic elasticity and topological defects can be thermally tuned to dynamically corral
and release bacteria from isotropic domains.

The third study uncovered additional changes to the dynamical behaviors of motile
bacteria that emerge when the bacteria are dispersed in LC films confined by pairs of substrates
that cause either uniform homeotropic or hybrid anchoring of the LC. Moreover, by employing
two different P. mirabilis cell types (short vegetative cells approximately 3 pm in length and
swarm cells 10 — 60 um in length), we demonstrated how the motility of the cells changes in
limits where the cells are small and large compared to the thickness of the confining LC film.
Specifically, we showed that while short vegetative cells align and move perpendicular to the
bounding surfaces of homeotropic films due to the elastic suppression of a wall-induced
hydrodynamic torque that typically reorients motile bacteria near confining surfaces of isotropic
solutions, steric constraints force swarm cells to orient and move in directions orthogonal to the
far-field director. We also established that the elastic strain stored in hybrid LC films can be used
to rectify the motion of vegetative cells and to impart elastic stresses that deform the bodies of
long swarm cells in a predictable manner within the film.

These studies, which unmask a range of colloid and interfacial phenomena involving
motile bacteria in a nematic LC, establish principles for the design of active and anisotropic soft
matter that may be extended in the future to systems involving synthetic self-propelling active
particles in complex fluids. In addition, they define new methods that permit manipulation of
bacteria in ways that are not possible in isotropic fluids. Because nematic LCs recapitulate key
physical properties of certain native bacterial environments that can exhibit viscoelasticity and

long-lived anisotropic states, this series of investigations also provides new insight into the
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manner in which fundamental dynamical behaviors of bacteria might change in these biological
environments.

In the last two studies reported in this thesis, we revealed two experimental approaches
leading to the formation of emulsions comprised of multiple LC phases and demonstrated several
unique and interesting properties of the resulting emulsion systems. First, we established that
stable LC-in-LC emulsions comprised of micrometer-sized droplets of nematic thermotropic LCs
(e.g., 5CB) dispersed in a continuous nematic lyotropic chromonic LC (DSCG) phase can be
prepared due to the immiscibility of these two LC phases. Significantly, we found the directors
of the continuous and dispersed LC phases to be coupled, as revealed by the preferential
alignment of the symmetry axis of bipolar nematic 5CB droplets orthogonal to the far-field
director of the nematic DSCG phase. Through experiments involving perturbations of the
alignment of the droplets using magnetic fields and comparison to a simple theoretical model, we
showed that this coupling of orientations is consistent with the influence of van der Waal’s
interactions between the two phases that arise from the anisotropic polarizabilities of nematic
5CB (An = +0.18) and DSCG (An = —0.02).

Finally, we demonstrated that by hydrating dry lipid films with an aqueous DSCG
solution, we can create GUVs that both encompass and are encompassed by nematic DSCG.
Whereas GUVs prepared with isotropic aqueous solutions, including isotropic phase DSCG,
typically adopt spherical shapes, we found that elastic stresses imparted on the GUVs by nematic
DSCG lead them to adopt non-spherical, sometimes highly elongated shapes. Specifically, we
measured two distinct populations of GUVs to form in the nematic DSCG. Whereas formation of
a population of slightly elongated GUVs with approximately rounded poles was consistent with

expansion of lipid membrane surface area due to LC elastic stresses while GUV volume is
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conserved, our results suggested that formation of a population of highly elongated GUVs with
sharp cusps instead involves a loss of 15 wt% DSCG from GUVs, perhaps through transient
pores that form in the membrane. Surprisingly, information regarding the interplay between LC
elastic energy and the interfacial energy of the GUVs obtained through analysis of the
equilibrium shapes adopted by GUVs in our experiments led to the conclusion that the interfacial
energy of the GUVs is dominated by some surface energy arising due to an interfacial tension
rather than an energy associated with stretching the GUV membrane, suggesting DSCG may be
locally depleted near the GUV surface. In this study, we also demonstrated the ability to
transform elongated GUVs in nematic DSCG back into spherical shapes simply by heating the
DSCG back into its isotropic phase.

The LC-in-LC emulsions described in these final two studies define exciting new classes
of materials characterized by emergent properties arising due to the presence of multiple,
spatially separated LC phases. While we report on the method of formation and present initial
characterization of two such LC-in-LC emulsions, there remain a number of opportunities, as
described below, for further investigation. Moreover, due to the biocompatibility of aqueous
lyotropic chromonic LC phases, such as DSCG, these emulsion systems also may be well-suited

for investigating research questions posed by the biochemical and biophysics communities.

9.2 Future Directions
The research described in this thesis as well as several preliminary experimental
observations | describe below suggest many avenues for future investigation. In this section, |

briefly outline and recommend a few future directions based on my research.
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First, while the results described in Chapters 4 through 6 define a number of new
methods and approaches to manipulate the motility and organization of bacteria in non-trivial
ways due to interplay between elasticity-mediated LC forces and flagella-derived forces, no
devices or platforms have yet been developed to truly leverage these phenomena in a
technological context. In general, such efforts have been hampered by the relative difficulty of
aligning lyotropic chromonic LC phases in desired orientations (especially orthogonal to a
surface) relative to more conventional thermotropic LCs. However, recent research in this area®
as well as additional advances that are likely to arise as a result of burgeoning interest in
lyotropic chromonic LC phases in the soft matter community should support creation of LC-
based platforms for sensitively controlling bacteria dynamics. Future research efforts could be
focused on developing, for example, LC-filled microfluidic devices that direct the motion of
bacteria and facilitate quantification and/or spatial concentration of the cells. In addition, the
observation reported in Chapter 6 that elastic stresses imparted by hybrid LC films deform P.
mirabilis swarm cells could serve as the basis for a new means to measure mechanical properties
of bacteria, such as cell rigidity and bending stiffness. In order for this to occur, though, a more
precise theoretical model must first be developed to estimate and compare energies associated
with bending the cell body and locally straining the LC phase.

Second, ongoing preliminary experimental studies that | have performed in collaboration
with Dr. Joel S. Pendery and Rishi R. Trivedi suggest that coupling between the chiral
propulsion mechanism of bacteria (which involves the rotation of a helical flagella bundle) and
the chirality of a twisted DSCG film produces forces that induce motile bacteria to accumulate
over time near one of the two bounding substrates (depending on the handedness of the twist

cell). We currently are working with Prof. Saverio E. Spagnolie to describe this phenomenon
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theoretically. This coupling could serve as the basis of a novel method to separate and spatially
concentrate bacteria.

Third, while LC elasticity-mediated, dynamical inter-bacterial interactions in uniform
planar nematic LC films and at nematic-isotropic interfaces were discussed in detail in Chapters
4 and 5, respectively, interactions between bacteria in thin hybrid and homeotropic films were
not covered in Chapter 6. However, | have made preliminary observations that groups of
vegetative P. mirabilis cells can dynamically form two-dimensional, rotating, hexagonally-
packed assemblies near the graphene substrates of homeotropic, and especially, hybrid DSCG
films. This phenomenon appears qualitatively similar to the recent report that nearly spherical
Thiovulum majus self-organize into rotating, two-dimensional ‘“bacterial crystals” when
dispersed in an isotropic fluid and dynamically bound to a surface as a result of hydrodynamic
and steric interactions between cells.? In light of this recent report, it could be particularly
interesting to further investigate the rotating crystals of vegetative P. mirabilis cells that form in
hybrid LC films and document how they compare to the bacterial crystals observed by Petroff et
al.?

Fourth, the research in Chapters 4 through 6 of this thesis was performed entirely with
rod-shaped P. mirabilis bacteria that propel through biocompatible nematic LC phases using a
rotating bundle of flagella (so-called “pushers™). It would be interesting in the future to
investigate how the fundamental behaviors of motile bacteria differing from P. mirabilis in terms
of shape (e.g., spherical or helical)* or propulsion mechanism (e.g., “pullers” that use flagella to
draw fluid in along the long axis of the cell body and expel it from the sides)® change when
dispersed in a nematic LC. As a result of differences in the elastic distortions of LCs around

bacteria with alternative shapes or in the interactions between LCs and the flagella of “pullers”,
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the dynamic behaviors of these bacteria in nematic DSCG phases could be distinct from those of
P. mirabilis.

Fifth, the principles uncovered in Chapters 4 through 6 for the design of active and
anisotropic soft matter were based entirely upon studies of biological active particles (i.e.
bacteria) dispersed within a nematic LC phase. These studies could be extended and their
implications potentially broadened by the development and investigation of a purely synthetic
analogue to this experimental system. With the assistance of two undergraduate students, Eddie
B. Ramos Hernandez and Chaval Punyatanasakchai, | have performed preliminary experiments
on such an experimental system involving 3 pm-diameter synthetic Palladium/silica “Janus”
microparticles sedimented onto the interface between a thermotropic LC (5CB) and an aqueous
solution containing hydrogen peroxide. These synthetic active particles exhibit spontaneous
motion when in contact with aqueous hydrogen peroxide solutions as a consequence of the
asymmetric, metal-catalyzed decomposition of hydrogen peroxide at the particle surface.>® We
hypothesized that when adsorbed at the nematic LC interface, these particles (which anchor 5CB
tangential to the particle surface) would actively move preferentially parallel to the nematic
director (planar anchoring at the 5CB-aqueous interface), similar to the motion exhibited by
bacteria at interfaces of nematic tactoids discussed in Chapter 5. Although we found in our initial
experiments that the Janus particles deposited on the LC-aqueous interface actively propelled
upon addition of hydrogen peroxide to the aqueous phase, the motion of the particles was not
strikingly direction-dependent. Correspondingly, the diffusion coefficients we measured for
these particles (in the absence of hydrogen peroxide in the aqueous phase) lacked anisotropy and
had magnitudes consistent with the particles being located almost entirely on the aqueous side of

the interface. Future investigations of this experimental system might employ silica particles



305

functionalized with DMOAP,’ a surface treatment which should allow the Janus particles to
immerse into the LC to a greater extent and thus give rise to anisotropic particle motion. In
addition, one potential experimental realization of synthetic active particles propelling within
bulk LC, as opposed to an LC interface, might involve dispersing rolled up polymer microtubes
with an interior catalytic platinum layer®® in a nematic aqueous DSCG phase containing
hydrogen peroxide.

Sixth, the generality of the observation reported in Chapter 7 of coupling between
immiscible LC phases could be established through investigations of emulsion droplets of
lyotropic chromonic LCs within a continuous thermotropic LC phase. Although the high
birefringence of most thermotropic LCs relative to lyotropic chromonic LCs makes it difficult to
determine the internal configuration of droplets of lyotropic chromonic LC using polarized light
microscopy in this type of emulsion, techniques such as fluorescence confocal polarizing
microscopy'® may instead be leveraged to examine this system. In addition, investigations of the
coupling between LC orientations when the dispersed LC phase has higher geometrical
complexity (e.g., dispersions of toroidal thermotropic LC droplets™ or faceted columnar phase
lyotropic chromonic LC droplets'?) or at planar interfaces formed between two immiscible LC
phases could be performed to extend research in this area and generate additional insights.

Seventh, creating elastically strained GUVs in LCs as detailed in Chapter 8 is an exciting
and promising new technique that should open the door for several new avenues of research in
the future. For instance, these DSCG GUVs could be prepared using biologically-relevant lipid
mixtures in order to create minimal synthetic model cell membranes. The GUVs could then be
employed, for example, to investigate the hypothesis that differences in membrane curvature can

induce microphase separation of certain lipid species.**** In addition, because these elastically
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strained GUVs as well as the elastically deformed P. mirabilis swarm cells in hybrid LC films
represent, to my knowledge, some of the first reports of the deformation of flexible objects by
LC elastic stresses, these experimental systems should be of great fundamental interest to the
liquid crystal community. Further examination of the equilibrium shapes adopted by GUVs and
the accompanying LC configurations as well as investigations of the dynamic responses of this
system to the application of external electric and magnetic fields or osmotic stresses promise to
produce novel and interesting results, especially if accompanied by theoretical and computational
studies. In particular, these studies should initially aim to more fully elucidate details regarding
the unexpected coupling between LC elastic energy and the interfacial energy of GUVs
uncovered in Chapter 8 as well as to determine the LC director configuration within slightly
elongated GUVs. Preparation of GUVs such that the LC phase is only present on one side of the
vesicles with an isotropic solution chosen to match the osmolality of the DSCG solution on the
other side represents another intriguing future direction to explore. Besides simply exchanging
the aqueous solution used to form GUVs via gentle hydration, such GUVs also could be prepared

through the use of a continuous emulsion transfer technique.™
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